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List of Symbols

A Surface area; a constant

Am Area of surface or interface per molecule

A, Ag Ag Areas of vapor-liquid, vapor-solid, and liquid-solid interfaces

Ay Combined area of grain boundaries

Ag A4 Surface areas of a large and a minute crystal

Ay, Ay, A3 Areas of different crystal faces

a The longer half-axis of an ellipse; lattice parameter

B A constant

b The shorter half-axis of an ellipse

C C, Gy Solubilities

CE. Cuticular energy

c Depth or half-length of scratch

D Grain diameter; diffusion coefficient

E Modulus of elasticity; intensity of electrostatic field

Eg Internal energy of a bar

Ey Internal energy of a broken bar

e Charge of an electron

F Helmhoitz free energy

Fo Free osmotic energy

Fg Free surface energy

f Force; number depending on crystal structure

G Shear modulus; arbitrary constant; temperature gradient

H Amount of heat evolved

h Planck’s constant; half-thickness or thickness of a slice or a ribbon; depth of
scratch

hg Initial depth of scratch

K Modulus of compressibility; proportionality constant

k Boltzmann’s constant; coordination number of atoms in bulk; compressibility

ks ky Number of atoms in two-dimensional and three-dimensional unit cells

Ak Number of broken bonds per atom

L Length; thickness of a crystal

Ly L Heat of vaporization or sublimation

! Length; length of a “‘roof™’; variable length of a filament

lg Initial length of a filament

.1y Edges of two cubes

M Molecular weight; atomic mass

MW Molecular weight

m Mass of an atom; mass of hydrogen atom; mass

N Number of atoms in unit cell; Avogadro number

n Number of grain boundaries in a wire; number of molecules in unit volume

Ny, M Number of cations or anions on unit area

P Gas pressure

P, Capillary pressure

P, Vapor pressure above a plane surface

Py P2 Pressure in gas, in liquid

g Heat content

Qo Op Q= Heat of solution of large and powdered solids, and solids with zero surface

q Number depending on crystal structure; surface density of electric charge

go0:. 41 Heat of solution of unit mass

R Radius of curvature; gas constant

Ry, Ry The principal radii of curvature

R Distance at which deformation becomes negligible

2
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Radius of wires; distance from an atom or ion; cube root of molecular volume;
radius of a void

Radius at the bottom of a groove; radius at zero time
Radius of wire before and after elongation

Strain energy

Absolute temperature

Boiling and melting points

Melting point of plate of thickness .

Melting point of drop of radius r

Temperature of treatment

Time

Interatomic potential

Total surface energy of a liquid, a solid

Height of a ridge point

Displacement of neighboring atoms

Volume of unit cell; specific volume of a liquid; volume; molecular volume
Gas and liquid volumes

Load; breaking load

Equilibrium load on a filament

Breaking load of wires

Work of extending a rod

Fracture energy

Work spent on macroscopic deformation

Width; distance between two ridges

Variable depth of crack

Plate thickness

Valency of an ion; effective number of electrons per ion
Angle on a crystal surface; numerical constant; an angle
Contact angle at the edge of a solid

Surface tension of a liquid

““Critical surface tension™

Specific surface energy or surface tension of a solid
Specific free energy of an interface between UC and U vapor
Specific energy or tension of a liquid-solid interface
Surface tension of a solid in a foreign vapor

Surface tension of a grain boundary

Tensions along boundaries between fluids 1 and 2, 1 and 3, and 2 and 3
Specific fracture energy

Thickness of a line on which f acts

Thickness of surface layer; an angle

Maximum strain

Viscosity

Contact angle

The characteristic (Debye) temperature

Wave length of disturbances; heat of melting

Internal heat of vaporization, sublimation

Number of free valence electrons per atom; Poisson’s ratio
Cohesion of a solid

Density of a solid

Density of a gas, a liquid

Average stress

Local stress

Thickness of surface layer

Patential energy of a crystal
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) Work of removing an atom from its neighbor: work function; half the dihedral
angle in a liquid medium; electric potential

1 Energy of valency electrons at the Fermi level

Y Half the dihedral angle in a gas

[V Dihcdral angle in a foreign vapor

Q Volume of a molecule or atom



Surface Energy of Solids

I. Introduction

Only surface energy is mentioned in the title of this review, but surface tension also
is considered in the following text. The dimensions of (specific) surface energy
(ergs/cm2 or joules/m2 or g/sec?) and of surface tension (dynes/cm or newtons/m
or gfsec?) are identical. For typical liquids, also the two absolute values are equal;
for instance, the surface tension of water 7y at room temperature is about 72 dyne/cm,
and the (specific) surface energy is 72 erg/cm?,

For typical solids, not only is the relation between surface tension and surface
energy poorly understood, but also the very existence of these quantities questioned.
In the following brief historical sketch, an attempt will be made to indicate why
scientists felt it necessary or useful to introduce notions of surface tension and sur-
face energy (v,) of solids into science.

Apparently, the first reference to 7y, or “superficial cohesion” of a solid is found
in an Essay by Thomas Young!?. The original does not contain illustrations, but
Fig. 1 here represents the author’s idea. A solid wall (S) is partly wetted by liquid L

N3
N
N
N
N
N M4
s
Fig. 1. The hypothetical balance of forces at the 3-phase line. The
surface tension g of the solid (shaded) is supposed to be equal to
§ the sum yg + v cos 8; v is the tension along the liquid — solid inter-
N face, v is surface tension of the liquid, and @ is the contact angle

while the vapor V is in equilibrium with both S and L. The angle occupied by L is
0. Along the boundary V/L the surface tension vy of the liquid acts; Young imagined
an analogous surface tension -y to act along the boundary V/S and a tension 4 to
act along the frontier L/S. To achieve equilibrium along the solid surface, it is neces-
sary (if gravitation is neglected) to have the tension 7, equal (and opposite) to the
sum g + ¥ cos 8, or

Ycos b =v5 — 7q1 (1)

The contact angle 8 is always measured in the liquid.
As usual with Young, no attempt to prove his equation, and no attempt to jus-
tify the introduction of a tension of solid surfaces are made. A discussion of the
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above reasoning will be found in Section 1.8 of this review, but one difficulty may
be mentioned at once. Equation (1) was derived for the forces acting along the solid
surface but it disregards the force normal to it. If -y tends to contract the V/L inter-
face and if the vertical component y cos 8 of this tension is believed to pull the solid
atoms (present along the 3-phase line) downward, what effect has then the horizon-
tal component v sin §7 We would expect it to pull the above atoms out of the plane
toward the right. Young® became aware of this component many years later but
could only suggest that “the perpendicular attraction” is “counteracted by some
external force holding the solid in its situation”.

Another line of study was started by Quincke®: It has been found, experimen-
tally, that the breaking load W, of wires having different radii  could be expressed
by the equation

Wy = mr? +nr, )

m and n being empirical constants. Quincke’s guess was, that the term nr represented
the resistance offered by the surface tension of the wire. Hence,
nr=2nry, or s =n/2n. At present it is generally admitted that the breaking stress
(i.e., W,,/nr?) of thin wires exceeds that of thicker samples because their microsco-
pical structure is different. In particular, the act of drawing elongates many weak
spots in the volume of the wire material.

If a thin solid plate contains an elliptic hole of the half-axes « (the longer one)
and b, and the ellipse is oriented so that the longer axis is perpendicular to the direc-
tion of the tensile force, then the stress at the two ends of this axis is

2
Om = (1 + ?a) (41 (3)

0y being the average stress caused by the external pull. Hence, the local stress con-
centration (equal to o, /o) is greater the greater the ratio a/b. If the plate is extended
by the above pull, this ratio decreases: an ellipse perpendicular to the tensile force may
become parallel to it. Consequently, o, is lowered by drawing, and the average stress
0o must be raised to achieve that value of oy, at which fracture proceeds. Equation (3)
is the most probable explanation of Eq. (2) which, on this view, has no relation to
any surface effect.

A relation between rupture phenomena and (specific) surface energy “y” was
postulated by Dupré® almost simultaneously with the hypothesis of Quincke. Let
a cylindrical rod be broken in tension. After rupture, two new gas — solid interfaces
of nr? each are present, r being the radius of the rupture surface. Consequently, the
work of rupture ought to contain a term 27r%*y”. Dupré did not indicate how to
separate this term from the main component of the work of rupture, which is the
work required to extend the rod to its maximum elongation (or strain). The modern
development of Dupré’s ideas is reviewed in Section II1.3. below.

Soon after Dupré’s publication, Gibbs®) pointed out that, whereas for liquids
the work of extending the surface by d4 ¢m? is identical with the work of creating
a new surface of identical area, the two quantities are different for a solid. In fact,

6
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it is difficult to imagine a method for expanding the surface area of a solid without

altering the strain energy (or the stored elastic energy) of the bulk. The work required

to create a new surface is evidently identical with that considered by Dupré.
Consequently, this kind of surface energy does not imply any superficial tension

or tendency to contract. This was clear already to Gibbs and will be stressed again

in Chapter V.

II. Theoretical Approach
1. General

Laplace’s theory of capillarity (1805), confirmed for liquids in innumerable tests,
in principle embraces solids also. It is based on the notion that each material point
(or atom, or molecule) exerts an attractive force on all neighboring points but the
intensity of this attraction decreases so rapidly when the distance between two
points increases, that it is significant only when the above distance is negligible (the
attraction is “‘sensible at insensible distances only™). This notion ought to be as
valid for solids as for liquids. However, the visible or measurable consequences of
the theory would be expected to be quite different for typical solids and typical
liquids. In the latter, the mobility is so great that the equilibrium shape of liquid
bodies is to a large extent determined by the capillary pressure existing at present
and is not influenced by the pre-history of the specimen. It is possible to pour a
Newtonian liquid from a cylindrical beaker into a vessel of a most intricate design,
and then pour it back; no inspection of the resulting sample would permit us to
detect the past contortion of the liquid.

The behavior of solids is, of course, quite different. Their present shape and
their internal stresses and strains greatly depend on their pre-treatment. Thus we can
measure the capillary pressure existing in a given liquid sample simply by measuring
the shape of the sample in an external force field, such as one due to gravitation;
but a determination of the capillary pressure in a solid is an almost impossible task.
Chapter III deals with this difficulty.

Laplace could not express any opinion on the absolute values of the attraction
assumed by him. At present, our knowledge of interatomic, interionic, and analogous
forces is much greater than 170 years ago, and attempts to calculate surface energies
and surface tensions are possible.

The usual procedure, however, does not follow Laplace’s precedent, but rather
uses Dupré’s scheme. Consider a bar, of unit area cross section and containing 2n
atomic layers perpendicular to the axis of the bar; n is a large number. Let the inter-
nal energy of the bar be E. If the bar is cut in two, so that each half contains n
atomic layers, the energy of the system changes to £, . One-half of the difference
between the two energies is considered to be (specific) surface energy of the material,
that is “y” = 0.5 (£'y — Ey). The factor 0.5 appears, of course, because two rupture
surfaces are formed by one act of separation.
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The following Section I1.2. is devoted to the attempts on calculating “y” from
fundamental atomic and molecular constants. In Section II.3., semi-empirical expres-
sions for the surface energy of solids are briefly reviewed.

2. Basic Calculations

It is commonly agreed that £, is different from E because the resultants of the
forces acting on elementary particles (i.e. electrons, atoms, iomns, etc.) near the rup-
ture surface differ from those in the bulk of the material: the bulk is more symmet-
rical than the surface layer.

Three tiers of questions arise now.

1. What units must be considered? Is it enough to calculate the forces between
molecules or must atoms, ions, nuclei, and electrons all be treated separately?

2. What displacements, as compared with the positions in the bulk, are permitted
for each of the centers of force present in the surface layers?

3. Which of the many suggested laws of force (i.e., what dependence of the attrac-
tive and repulsive forces on the distance between the particles concerned) should be
chosen for the calculation?

From the above paragraph it is clear that very many different models may be
subjected to calculation. The numerical results, naturally, vary from model to model
(for a given real crystal), and at present it would be too risky to claim correctness
for any of them. Consequently, only a few (mainly recent) examples of the ap-
proaches to the computation of “y" are reviewed in this section, chiefly to indicate
the unsettled state of affairs at present. Older theories and their numerical results
may be consulted, for instance, in Ref.®),

Inert Gases. The calculation of “y” should be relatively straightforward for crys-
tals of inert gases, in which only one kind of interaction may be expected. These
crystals have a face-centered cubic structure. If each atom is treated as a point source
of attractive and repulsive forces, only the forces between the nearest pairs of atoms
are considered, the zero point energy is neglected, and no re-arrangement of atoms
in the surface region is permitted, then the calculated ““y” still depends on the equa-
tion selected to represent the interatomic potential U.

A popular equation, often attributed to Lennard-Jones, is

U=Cyr 12 —Cypr® 4)

r being the distance of an arbitrary point in space from the source of force, and C,
and C, constants which usually are calculated from crystal properties and the second
virial coefficients of the gases, assuming, of course, the validity of Eq. (4). With all
the above restrictions, *“y”" of the {100} faces of Ne, Ar, Kr, and Xe at 0 °K appeared
to be 20.5,45.0, 55.0, and 64.7 erg/cmz, respective1y7). When, instead of (4), equa-
tion

U=be ® — ¢cr6 (5)
8
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was used, in which b, &, and ¢ are constants to be determined from the heat of sub-
limation of the crystals at 0 °K, and the viscosity and the second virial coefficients

of the gases, the “y™ for the above four crystal faces became 19.9, 43.6, 55.5, and
64.7 erg/cm?. If now the external atoms are allowed to rearrange themselves so as

to lower the total energy as much as possible, the “y” decreases by about 0.16 erg/cm
for neon and about 0.6 erg/cm® for xenon.

A later calculation®, based on very similar notions, resulted, for instance, in a
value of 40 erg/cm? (or 0.040 J/m?) for the {100} face of argon, still apparently at
0°K.

If no re-arrangement of the peripheral atoms is permitted but, in addition to the
forces between pairs of atoms, also those between one atom in one, and two atoms
in the other fragment (of the initial ideal crystal) are computed, then the “y™ ap-
pears‘;) to be lowered by 4—15% as compared with the values quoted above from
Ref.”.

The above calculations may be classified as static. The energy is altered by per-
mitting the atoms to vibrate!®. Let & be the potential energy of the crystal, and u,
and u, the displacements of two neighboring atoms in the latter. The derivative
02 /®/du | - Ou,) is computed, that is, the effect of the simultaneous vibrations of
other neighbor atoms is disregarded. The dependence of ¢ on the mutual distance
of two atoms is assumed to be that of Eq. (4). No change in the structure of the sur-
face region is allowed below the melting point. With these (and other) approxima-
tions, the vibrational surface energy for the {100} surface of Ar, Ne, Kr, and Xe at
0 °K becomes 2.8, 2.7, 1.8, and 1.6 erg/cm?, respectively; thus vibrations seem to
contribute less than 10% to the value of “v”.

Ionic Crystals. Of the crystals consisting of two different atoms each, those of
lithium hydride LiH are perhaps the simplest to deal with. In this system, four kinds
of energy are taken into account!?), namely the kinetic energy of every particle, the
energy of attraction between the nuclei and the electrons, that of the mutual repul-
sion between the nuclei, and that of the repulsion between the electrons. In the in-
stance of LiH, there are only two different nuclei and only 4 electrons per molecule.
Consequently, in the bulk of the crystal, only S variational parameters are impor-
tant, namely the internuclear spacing, the ordinate of one orbital center (the Li nu-
cleus being the origin of the co-ordinates), the ordinate of the other orbital center,
and the two diameters of the orbitals. The analogous equations for the energies in
the 3 ionic layers nearest to the rupture surface are more complicated; here 12 varia-
tional parameters are needed, namely six for the external, and six for the penulti-
mate layer. There are 6 rather than 5 variables per each layer because the distance
of the Li nucleus {serving as the origin of the co-ordinates) from the undisturbed
third layer also is permitted to vary.

2

It is supposed that this displacement can occur only in the direction normal to
the rupture surface, not parallel to the latter. When all the above distances are sys-
tematically varied until the minimum of the total interaction energy is reached, then
the most probable position of all 6 centers of force is found. [t appears that the dis-
tance between the Li nuclei in the outermost and the H nuclei in the second layer
is smaller (by 0.00032 angstrom) than in the bulk of the crystal, and the distance
between the H nuclei in the external and the Li nuclei in the penultimate layer is
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(by 0.0016 angstrom) greater than in the bulk. The energy of these two layers ex-
ceeds that of two undisturbed layers in the crystal by 190 mJ/m? (or erg/cm?).

The lattice energy (L.E.) of alkali halide crystals appears to be relatively easy
to calculate, because the forces between the regularly spaced ions are chiefly of the
Coulomb type. Thus 3 different models of the NaCl crystals yielded values of L.E.
between 1.297 and 1.282 x 10~ ! erg/molecule, that is, in a good agreement with
each other. However, no such agreement is observed when the *“y”” is computed for
the same models®. Thus the earliest 9 estimates of the *“y”” of the {100} face of
NaCl at 0 °K gave!? values ranging from 77 to 210 erg/cm?.

The earliest theory (Born, Stern 1919) resulted in the simple equation

“y"=0.1173 z €2 Ja® ergfem? (6)

for the {100} face of NaCl; the numerical coefficient depends on the geometry of
the crystal, z is the valency of each ion (ie., z = 1 for NaCl), e is the charge of the
electron, and g is the lattice parameter.

Zadumkin'? considered 4 kinds of energy, namely the Madelung energy, the
Born energy, the dispersion energy, and the zero-point vibrational energy. For the
above crystal face, the values of these components at 0 °K appeared to be +367.6,
—~198.0, +50.5, and —7.3 erg/cm?, respectively. Thus the expression for “y” con-
tained two positive and two negative terms. Naturally, the final result was very sen-
sitive to the accuracy of each of them. The displacement of the ions caused by the
proximity of the gas phase was disregarded in this computation.

More recently, the temperature dependence of the above vibrational component
was studied! . Still for the {100} face of NaCl, the contribution of this component
to the total surface energy, see Section II.3., was approximately —2 erg/cm? and to
the free surface energy near — 16 erg/cmz, both at 273 °K. No correction for the
polarizability of the ions was employed.

Metals. A review of the published predictions of the “y” of metals was published,
for instance, in Ref.!¥. In that article, the idea of an uniform electron fluid in which
metal cations are embedded is rejected; the electrons are concentrated in the spaces
of the most intense electric field between the cations and thus form something like
a second lattice. This remark seems to be disregarded by the later investigators.

According to two simultaneous hypotheses!5 !¢, the principal component of
the “y” of simple metals (from lithium to aluminum) originates in the shift in the
zero-point energy of the plasma models of the system when one perfect crystal is
broken into two separate crystals. Some simplifications and arbitrary assumptions
lead finally to the relation

“'Y” = Cr—2.5 (7)

C is a universal constant (calculable from the model) and  is the density parameter
equal to r = (3/4 )13 (VN v)!/3; I is the volume of the unit cell which contains
IV atoms, and each atom contributes v ““free” valence electrons to the collective
motion. Because the actual crystal structure is disregarded, only one value of “y” is

66, 3

obtained for each metal. For lithium, for instance, *“y” seems to be 490 erg/cm? and

10
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for sodium: 220 erg/cm?, both at O °K. The values at the temperature of melting
are approximately 397 and 186 erg/cm?.

Similar approaches have been used in Ref.!”) and, apparently Ref.!® which,
however, has not been available in the original. The “y” of the {100} faces of Na
and K was obtained® as 210 and 120 erg/cm?.

A more detailed treatment of the model of Craig and others resulted!® in values
4 or 5 times as small as those quoted above for the contribution of the plasmon zero-
point oscillations to “y”; it is concluded, consequently, that **y”” must contain also
other terms.

The ion lattice model of Ref.2?, applied to metals, leads to the values of 360,
210, and 730 erg/cm? for the {111} face of lithium, sodium, and aluminum, re-
spectively, all of which crystallize in the face-centered cubic lattices. See also Ref.21).

A calculation based on the decrease of the electron density at the surface and
on the relaxation of the top lattice plane resulted®? in values such as 190 and
1234 erg/cm? for the {100} faces of sodium and aluminum, respectively. The above
relaxation, that is, the ratio of the interplanar distance in bulk to that in the exter-
nal region was calculated®®, assuming a Morse type interatomic potential. The above
ratio appeared to be, e.g., 1.13 for the {100} face of calcium, and 1.016 for the
{111} face of lead. The relaxation lowered the energy “y” by 0.5 to 7% for different
metals and crystal faces.

According to Ref.24), the “y” of the octahedral face of Al is somewhere be-
tween 730 and 760 erg/cm?. The dispersion force component of the “y” of metals
was calculated®® for the room temperature and the {100} crystal planes; it ap-
peared to be about 376, 393, 440, and 490 erg/cm2 for aluminum, copper, silver,
and gold, respectively.

3. Semi-empirical Calculations

Several computations of the total surface energy (per unit area) U, start from the
experimental value of the sublimation energy, L, of the crystal. When it is remem-
bered that the intensity of interatomic forces frequently is derived from this L, the
direct use of the experimental data does not appear to be a serious drawback. On the
other hand, this approach does not differentiate between different crystal faces and
can give only an averaged value for all of these.

The total surface energy per unit area of liquids, U, is related to measurable
surface tension or the specific free surface energy 7y by the thermodynamic equation

_ 3Y\ .
U=vy-T (57)14 ; (8)

T is the absolute temperature and A is the (constant) extent of the vapor — liquid
interface. Equation (8) is valid for reversible processes only. No proof is available
for its validity in systems of a crystal and a vapor, but the analogous relation

\

Us=7s~T(a“)A ©)

oT
11
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often is relied upon by investigators; v, is the specific free surface energy of the
solid.

For liquids, Stefan®®) long ago advanced the hypothesis that, when a molecule
is transferred from the bulk to the interface with the saturated vapor, its total energy
changes just as much as when the molecule moves on from this interface into the
vapor. Consequently,

_ML - RT

U
'™ 72N,

(10)

M is the molecular weight, NV the Avogadro number, A, is the area of the vapor —
liquid interface per molecule, L, is the experimental heat of vaporization per gram,
and RT is the part of it spent on the increase of volume from liquid to vapor, assum-
ing that the density of the liquid is much greater than that of the saturated vapor.
Abbreviate L; — (RT/M) as A; and suppose that each molecule is a cube of the edge
I Then the volume of the cube is /> = MV/N, V being the volume of 1 gram of the

. liquid, or

P =M/Np, (11)

0, is the density of the liquid. If only one face of the cube is in contact with the
vapor phase, then

Am =1 = MINp2)P (12)
Consequently

M\ 1/3 p, 23
UF(N) 27N (13)

If an analogous equation is written for the solid phase and it is assumed that the
ratio v,/7v is equal to Ug/Uj, then

(P3P (N
s 7(,02) (N) (14)
easily results®” 28); A is the conterpart of A, for solids, and p5 is the density of the
solid phase. The % at the triple point of silver and aluminum, for instance, come
out as 1045 and 570 erg/cm?, respectively.

An early calculation of the v, of metals was based®® on the equation

Ny =M + 0.5 RT, in which the heat of sublimation per gram-atom was combined
with the work ¢ of removing a surface atom from its nearest neighbor. The work of
forming a new surface (per atom) was said to be, for instance, 1.5 ¢ for the {0001}
face in dense hexagonal lattices. These hypotheses lead to v, values for Mg {0001},
Al {111}, Ag {001}, and Au {001} equal to, respectively, 728, 1674, 1934, and
2539 erg/cm?. It is worth noting that the results were given as if correct to 1 erg/cm?.
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Equation (13) must be made more complicated whenever the crystal anisotropy
is taken into account. The relation

U e M 1/3 032/37\ ko Ak s
S AN 2 fkAPk
derived in Ref.3? s a suitable example. In it, &, is the number of atoms in the two-
dimensional unit cell, &, this number in the 3-dimensional unit cell, Ak is the number
of broken bonds per atom, & the coordination number of the atoms in the bulk, and
f a numerical coefficient depending on the crystal structure. From (15), the Uj ap-
peared to be, for instance, 1950 and 1720 erg/cm? for the {100} and {110} faces
of ceiron at 0 °K.

If the compound dissociates in the vapor, the sum of the heat of sublimation
and the heat of dissociation must be used instead of A alone. If also the lattice struc-
ture is known, the v, can be calculated for metal carbides such as TiC or ZrC3Y. For
instance, v, of TiC at 298 °C should equal 3.05 J/m? for the {100} face.

Several relations for v have been derived by Oshcherin3?. Thus for fcc lattices

_ 04681V

Y= o (16)
* (@Vidp)g

r is the distance between the two nearest ions, and (d V/V'- dp), is the adiabatic

compressibility of the crystal, so that O is the amount of heat present in the latter;

0.468 is a coefficient determined by the lattice geometry. Another approximation

is

ve = 0.539 (k/h)*mMO} (17

Here the numerical coefficient is valid for fcc lattices, k and 4 are the Boltzmann

and the Planck constants, m is the mass of a hydrogen atom, M is the molecular
weight of the compound, and 6, is the characteristic (Debye) temperature of the
latter, all in the CGS system. The results for the {100} face of NaCl at a non-specified
temperature are 183 according to (16) and 226 erg/cm? from (17), taking

0o =325 °K.

What appears 10 be a strictly empirical rule (the original®® is not clear on this
point) is formulated as 7y, g/sec? = 142 cm x K g/cmsec?, K being the modulus of
compressibility of the solid, i.e., Vdp/dV, as in Eq. (16). According to this rule, -y,
of argon at 60 °K is 25 erg/cm?, of iron at 600 °K: 2240 erg/cm?, of potassium
bromide at 360 °K: 215 erg/cm?, and so on.

A connection between 7y, and the melting point T, °K was repeatedly suggested.
Thus 7, is said>? to be proportional to Ty, /V?/> V being the atomic or molecular
volume. An almost identical rule has been advocated for metals more recently34),
namely

~16 T,
Ys=4.77x 10 lé—rgL, (18)
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r being expressed in centimeters; r = V'3 However, Eq. (18) resulted in improbably
small values of v,. Consequently, the authors introduced a frankly empirical constant
and obtained the relation

¥s =760+ 4.77 x 1071 T r~? ergjem? (19)
m g

The new equation gives, for the average surface energies of aluminum and copper, for
instance, the values of 1100 and 1500 erg/cm?.

The theory of Benedek>>) also must be regarded as semi-empirical. The authors
treat the vy, of alkali halide crystals as a sum of three terms, namely v.,7v_, and 7.
The first component represents the energy required to separate the positive ions,
and the second: the analogous work for the anions. Both are calculated more or less
ab initio. On the other hand, the expression for vy, i.e., the thermal contribution,
has no theoretical foundation. It is

Yo = 0.5k(Ty ~ Tm) (24 + 1_); (20

k is the Boltzmann constant, Ty, is the boiling temperature of the salt, and n, and n_
are the numbers of cations and anions per unit area of the crystal face considered.
For the {100} planes, at 0 °K, of LiF, NaCl, and KCl the calculated v, are 341, 170,
and 158 erg/cm?.

A close relation between the work function ¢ of a metal and its y; has been sus-
pected by several investigators. Thus3?, the 7y, of fcc metals is supposed to be

m
s = const. %2 {pe — \ﬂ)z 21

@, is the energy of the valency electrons at the Fermi level, m is the mass of the
hydrogen atom, & the Planck constant, and the value of the constant depends on the
units selected. A more detailed theory>® leads to the equation

o zp3 \?*/3
=15302| —= 22
s q ( M ) ( )

if 7y, is measured in erg/cm?, ¢ in electron-volts, z is the effective number of elec-
trons per atom, ¢ is a numerical coefficient depending on the geometry of the lattice
(its value is, for instance, 0.80 for fcc and 0.93 for bec lattices), and M is the atomic
mass (grams). From (22), v, at the T, of each metal, is 285 for Na, 1070 for Al,
1330 for Au, and 1540 erg/cm? for Cu.

The work functions of different crystal faces are different, and their Kinship
with the surface energies of these faces (for W, Mo, Ta, etc.) was emphasized in
Refs.?” and3®.

Mechanical properties of a material can be used to estimate its y; or, more exact-
ly, “y””. When a tensile stress o, is applied to a bar, the latter extends along its whole
length. However, to find “y”, only the extension of one interplanar distance from
its equilibrium value a to the value a + A a (at which rupture occurs) is needed. The
corresponding work of rupture is 2 “y”, and
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2 “7” = Um, Aa (23)

if Hooke’s law is applicable to the process considered and Aa is treated as a very
small length. From the same law,

=%m_ 24
7 (24)

all
8
Q

E being the modulus of elasticity. Hence, “y” = 0.5 a02,/E. Similar expressions have
been obtained by Orowan as early as 1934, and recently in Ref.®). However, the values
thus deduced for NaCl crystals were different from those predicted from interatomic
potentials.

A related relation is

(1] E
=27 (25)

Its meaning can be made clear if, in Eq. (23), oy, is introduced from Eq. (24). Thus
“y” = 0.5 (E/a) (Aa)? is obtained. Suppose that fracture takes place whenever the
ratio Aa/a reaches 0.4. In this instance,

“y’=0.5x0.16 Ea = 0.08 £a (26)

ie., almost identical with Eq. (25). Some values derived from Eq. (25) agreed poorly,
for instance, for the {100} of copper, with those calculated ab initio.

Many scientists believe that 7y, is only a little greater than the v of the corres-
ponding melt at a near temperature; see for instance, Eq. (14). In different publica-
tions, the ratio /7y is expected to be near 1.05, or 1.10, or 1.15, and so on. The
expectation of such a rule is not obvious: for instance, the viscosity of a solid is not
by 5%—15% greater than that of the melt.

Several semi-empirical calculations are based on wetting. They are discussed to-
gether with wetting experiments in Section I11.8.

The poor agreement between different attempts to calculate ¥, from plausible
models or from semi-empirical rules underlines the importance of the experimental
determinations of y,. The main methods used for this are examined in Chapter III.

III. Experimental Methods

1. The Shrinkage or Zero-creep Method

This method was introduced by Berggren“o). In its usual form, several thin wires
(fibers, filaments) are each loaded with a different load W and suspended vertically
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in an oven kept at a temperature near 0.90 or 0.95 T, T, being still the melting
point of the fiber on the absolute scale. After such a heat treatment for several hours
or days, it is found that the filaments weighted with a small W are shorted than before
the test, whereas those loaded with larger W’s are longer. An interpolation permits
us to find that load (W) at which the wire does not shrink or extend. It is supposed
that in this equilibrium state, the force of gravity W, which tends to lengthen the
fiber is exactly compensated by the force of the surface tension of the fiber which
tends to shorten the latter. The test must be performed almost at the Ty, because
only at such temperatures the mobility of the molecules, atoms, and so on in the
solid is high enough to render the attainment of equilibrium feasible in a reasonable
length of time.

Difficulties of two types are encountered in the determination of Wy. Those
of purely experimental origin include, for instance,

(a) temperature variations between different wires during the protracted test;

(b) high reactivity of the solid near its Ty, so that impurities in the system (such
as paint marks used to define the initial length /,), which would have been innocuous
at a low temperature, become troublesome,

(c) high volatility of many solids in the vicinity of their melting point, and

(d) load variations along the filament (i.e., W at the bottom and W+ the weight
of the filament at the top).

The other type is related to the interpolation. In some instances, during the test,
the fiber length ! increases or decreases, at a constant temperature and constant load
W, linearly with time ¢, so that ] =], * &t and k is a constant. In these systems, k
can be plotted as a function of W, and the value of W at which k = 0 is taken as that
of W,. Frequently, however, the function ! = f(t) is not linear, and the inter-
polation loses its precision. An extreme instance of / being (for a time) independent
of ¢t also was observed®®. The error of the determination of W, is estimated in
various publications as = 10% or even * 15%.

A higher precision, claimed to be about 1%, is achieved*!) by employing a lever
arrangement and only one filament. No sketch of the apparatus used is shown in the
original, but Fig. 2 probably gives a correct idea of the instrument. The fiber (/) is

(7) 4)

]

Fig. 2. A method of measuring the con-
tractile force in a hot filament 1. This
force is equilibrated by the weight 4
which can be rolled along the balance
beam 3. The filament is attached also to
base 2

&)

firmly attached to the base (2). (3) is a balance beam to which the upper end of (/)
is fixed. When the filament tries to contract, the load (4) is rolled to the right so as
to keep the beam steady. Thus, /; does not vary during the heating, and the force
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W, necessary for this constancy is given by the mass and the position of (4). The
fiber is kept horizontal in a more recent modification®®) of the apparatus of Fig. 2.

The equality, referred to above, between the force of gravity and the force of
surface tension leads immediately to the relation

Wo=2nrvy 27

r being the radius of the filament in equih’brium”’. The corresponding equation
for a thin foil of width w obviously is**

Wo=2w7, (28)
However, in the last 30 years, Berggren’s result, namely
Wo =ary, (29)
was generally used. The derivation of Eq. (29) is as follows.

When the load W descends d! cm, thus losing W- dl ergs of potential energy, the
surface energy of the fiber increases by y.dA ergs, A being the area of the fiber sur-

face. Hence, it is said, the change in the (Helmholtz) free energy £ of the system
is

dF =~v,dA — W- dl (30)
Since

dr
dA=2nr-dl+21rld—ldl 31

and dr/r = —vdl/l, if v is the Poisson ratio, then
dA=2nr(1 —v)dl (32)

Berggren and the bulk of his followers assume that » = 0.5, that is, the deformation
of the solid occurs without a change in volume. Hence, d4 = wr- dl and

dF =nrydl — W- dl (33)

In equilibrium dF = 0, so that Wy = r v, see Eq. (29). The recent derivation by
Heumann*%) is not essentially different.

Both Eq. (29) and its derivation have been severely criticized*®?. The most
basic objection to Eq. (30) is that the strain energy of the solid is disregarded there.
In the theory of elasticity, the decrease W- dl in the potential energy of the load is
numerically equal to the simultaneous increase in the strain energy of the wire.
Neglect of this term means that the volume and the shape of a solid can be altered
without applying any external force, as long as 4 remains constant; it is impossible
to accept such a conclusion. This comment may also be differently formulated. The
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cross section of a wire (%) may be represented as the sum of two areas referring
to the bulk [7(r — 8)*] and the surface layer (2 77 8). Although the thickness of
this layer is only a small fraction of the wire radius r (the ratio #/8 is unlikely to
descend below 10°), Eq. (30) assumes that the whole force acts on the annulus
27r§ only, whereas the major part of the cross section remains free of stress.

It may be felt that the notion on which Eq. (30) is based is too improbable to
deserve an experimental test. Such a test, however, would not seem to be difficult.

If the filament or ribbon is made of a material showing intense stress birefringence,
the birefringence pattern caused by the load W would be compared with that cal-
culated from the strain energy. A reasonable agreement would indicate that W is
suspended by the whole volume of the solid, not by its surface layer alone. On the
other hand, if the specimen shows no birefringence when stressed by the load W,
then Eq. (30) would gain in respectability.

As far as the present reviewer is aware, no experiments of this kind have been
performed yet. It is easy to think of other possibilities for testing Eq. (30). Thus,
specimens of equal volumes but different areas A, and, in another series, specimens
of a constant 4 but different volumes could be compared; according to the theory,
the volume is irrelevant for the value of W, or for the extension produced by a
given W. Would this prediction be confirmed?

The second fundamental criticism refers to the requirement that dF be equal
to zero in equilibrium. dF = 0 whenever the process visualized is isothermal and
reversible. If the process is irreversible, the gain in the free energy of the system,
that is, y,dA is smaller than the work W- dl spent on achieving this gain. It has been
shown*® 47) that Berggren’s process always is irreversible and W- dl > y,dA. In brief:
when the filament is extended, its radius decreases (unless v = 0). Let the two radii
(before and after elongation) be r; and r,; 7, >r,. For extension to occur, W must
be greater than 2 w ¢, and the resulting force is W — 2 m ygr;. After the elongation
the actual stretching force is W — 2wy, r,, that is, greater than before. Consequently,
the extension proceeds with acceleration, and the work W- dl is spent also on this
motion, not only on an increase in surface area.

Hence, if the wire shrinkage would have been a surface phenomenon, as postu-
lated, Eq. (29) still would be incorrect from the viewpoint of thermodynamics. Equa-
tions (27) or (28) are the only ones conforming to this science. Moreover, it is as-
sumed in the derivation of Eq. (29) that v = 0.5. Most solids, especially metals, have
v nearer to 0.3 than to 0.5. If v = 0,3 is substituted in Eq. (32), then Wy = 1.4 7 r v,
follows.

Several additional objections to the method have been raised. It is assumed in
Eq. (27) and (28) that surface tension vy, acts along the vertical direction and thus
can fully balance the external force W. But all solid surfaces are rough, and the ten-
sion allegedly acting along the slope of a hill on the specimen does not act in the
direction opposite to the gravitation. In many metals, a special kind of roughness
forms during the heat treatment needed to determine the function / = f{t). The wires
recrystallize and form short grains (or “bamboo structures™), see Fig. 3, with grooves
(“‘grain boundary grooves™) between each pair of grains. It is not explained, how 7
operating in the wall of a groove can be just as efficient as the v present along the
vertical wall.
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As Fig. 3 indicates, the radius of the wire at the bottom of a groove (aa or bb)
in many instances is significantly shorter than that between the grooves. If the two
radii are r; and r,, obviously, W, cannot simultaneously be equal to both 2 77,
and 2 wry s, and no one ever showed that 2 mry7y, should be preferred to 2 wr; ;.
Several investigators produced samples similar to that pictured in Fig. 3 simply by

b L—< b
Fig. 3. The *‘bamboo structure” in a metal wire after protracted heating.

The diameter of the wire along the bottoms of the grain boundary grooves,
ie., aa or bb, is smaller than that along the main stretch of the wire

scratching the wires with a razor. This operation rendered the determination of the
elongation / — I; more exact: the distances between two razor marks were carefully
measured before and after the heat treatment. The objections raised above in reference
to grain boundary grooves are equally valid when scratches are considered.

Tammann*® pointed out that (polycrystalline) metals contain internal bounda-
ries and that their energy should be considered when calculating the area 4 which is
being extended by the load W. At present, this idea is used above all to estimate the
energies of grain boundaries**).

If the wire after annealing looks like Fig. 3 above, if the grain boundaries aa,
bb, etc. are all perpendicular to the length of the wire (i.e., also to the direction of
the external force), and the extent of each boundary is 7#2 cm? (thus the above
difference between r and r, is disregarded), then the equation

W-dl=vy,dA +v,dA, (34)

is obtained instead of W+ dl = y,dA, see Eq. (30). Here 1y, is the interfacial energy
(per unit area) of grain boundaries, and 4, is the combined area of all grain boun-
daries, equal to n 77, if n is the number of boundaries in the specimen. Obviously,
dA, =2nnr-dr =—2nnv(r?/l) dl. With Eq. (32), Eq. (34) is transformed into

Wo = y,2nr(1 —v) — y,2mnv(r,/i). Assuming again that v = 0.5, we find

Wo =nrys—mn (/i (35)

Equation (35) contains two unknowns and thus appears useless, but a hypothesis
permitting an experimental determination of the ratio v, /v, is presented in Section
11L.4. below. It is clear that all fundamental objections to Eq. (29) are equally valid
in respect of Eq. (35).

The weight of these objections is such that the shrinkage method cannot be
relied upon. Consequently, no table of the results obtained with it for the v, mainly
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of metals, is given here. Those interested may be referred to the compilation®® which
includes 177 references; a more recent table will be found in Ref.51).

Two remarkable results, still from the period covered in®® and still deserving
an independent evaluation, ought however to be described here. When a single crystal
of silver5? or copper53) was heated under conditions usual for the shrinkage deter-
mination of the v, neither extension nor contraction could be observed under a
reasonable load W. Thus single crystals appeared either to possess no surface tension
at all or, at least, to have an ability to resist the effects of v,.

The absence of deformation in single crystals was considered to be a conse-
quence of the Nabarro — Herring (1948, 1950) theory of metal flow under small
stresses, [t is postulated that the “flow” is a result of diffusion of vacancies (or vacant
lattice sites), that both sources and sinks of these vacancies are likely to be more
common in the metal — vapor interface region and in grain boundaries than in the
bulk, and that the resulting strain rate is directly proportional to the externally
applied stress. The original theory paid no attention to surface effects®, but it
easily accounted for the fact that, in a single crystal, in which no grain boundary
was present and only a few vacancies existed, no metal “flow” took place. On the
other hand, if filament shrinkage and extension require a special mechanism, then
they cannot be caused by surface tension which must be operating equally in metals
(single crystals or polycrystalline), inorganic salts, organic fibers, and so on. This is
another weakness of the zero-creep method.

Not many attempts on applying this procedure to organic filaments have been
recorded in the literature. In a relatively recent paperss), extruded fibers of paraffin
wax were examined and the conclusion was reached that the method was unsuitable
for determining the vy, of paraffinic solids.

Some of the more recent work on the shrinkage method, mainly as applied to
metals, is briefly reviewed here, to “complete” the story. It follows at once from
Eq. (35) that

Wo _

14
AL R 36
p s n! 24! (36)

in other words, the ratio Wy /mr is a linear function of r and from this function both
vs and v can be determined®. This relation was applied to indium wires, the dia-
meter of which was varied (unfortunately) only between 0.1 and 0.3 mm, at about
147 °C. The 7, of In appeared to be between 600 and 750 dyne/cm, and 7y, between
220 and 290 dyne/cm.

The modification introduced in*!) was employed>”) to find the v, for indium
(142 °C) : 633 dyne/cm; for bismuth (239 °C) : 521; for tin (215°) : 673; for thal-
lium (272°) : 562; for lead (309°) : 560; whereas for gold, at a temperature as low
as 215 °C, 7, seemed to be between 666 and 681 dyne/cm. In*!? the v, of a barium —
aluminum silicate glass was found equal to 312 dyne/cm at 600 °C.

Lead wires gave>® v, of 610 + 20 in argon, and 515 + 20 dyne/cm in nitrogen,
both at 317 °C. This strong effect of a relatively inert gas on the creep of lead should
be rechecked.

Silver wires at 1211 °K in hydrogen gave’®) y, values of 1520 + 210 erg/cm?
and v, of 480 + 110 erg/cm?. Tubes of 25 um gold foils were heated in air®®; the
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7, appeared to be 1480 + 80 at 903 °C and 1300 + 80 erg/cm? at 1033 °C if effects
observed after a heating for over 50 hours were disregarded.

Some results for higher-melting metals are®) : iron (1480 °C) : vy, = 2525 £ 125;
71 =985 % 50; cobalt (1455 °C) v, = 2595 £ 125, v, = 1010 * 50; nickel (1370 °C)
75 = 2490 * 120; v, =930 % 50 erg/cm?. The value of 1970 * 175 erg/fcm? for cobalt
(0.013 cm thick wires) at 1354 °C in hydrogen®® is not in a good agreement with
theseﬁrse)sults. For titanium at 1600 °C the value of approximately 1700 erg/cm? is

ven®?.
¥ The v, of molybdenum at 2200 °C in a vacuum was®# as high as 8800 erg/cm?,
whereas in argon at 2350° it was only 1960, The author discounts the former value
because the Mo wires (0.013 c¢m in diameter) lost 5—20% of their initial weight during
the experiment in the vacuum; this is a striking example of the volatility referred to
a few pages back. Chromium was tested in argon only and gave v, = 5200 erg/cm?
at 1550 °C. This tension also appears unusually high to the present reviewer.

Thin foils rather than wires were used in the two following investigations. The
75 of zirconium at a temperature “near the melting point” appeared®® to be
1850 + 240 dyn/cm. For a copper containing traces of bismuth, v, = 1350 erg/cm?
was found®®.

In some instances, difficulties of interpretation emerge when too much is ex-
pected from the zero-creep method. Two recent examples refer to the apparent v
of nickel®” and copper®® wires. For both metals, the rate of extension of the wires,
which rate increased with the applied load W in the usual fashion as long as the load
was not much greater than W, almost ceased to depend on W when this exceeded
W, by a factor of, say, 3. Moreover, an increase in the (small) gas pressure of oxygen
appeared to lower the v, in one region of pressures, and to raise it in another region.
The preferred values of 7y, at extremely low oxygen concentrations were 2.12 J/m?
for Ni at 1300 °C, and 1.48 J/m?® for Cu at 1027 °C.

The authors venture to express the opinion that, under some conditions, the
observed changes in the wire length are caused by effects different from surface ten-
sion. The present writer believes that these changes basically are volume rather sur-
face effects. Aslong as the experimenter does not think of processes in the volume
(stress relaxation, recrystallization, etc.) he cannot satisfactorily account for the
phenomena he observes.

It may be repeated here that all the numerical values for v, if correct, would
represent a kind of average for different crystal planes exposed along the cylindrical
surface of the wire. An additional drawback of the shrinkage method is indicated in
Section II1.2 below.

A method of “lying cylinder”, similar in principle to that of zero-creep, was in-
troduced and applied to tin®®. However, two later teams®® 7 could not reproduce
the initial results: the cylinder simply refused to deform even at temperatures as
high as T, — 0.7 °K.

2. Small Crystals

If surface tension, analogous to that in liquids, really exists in solids, then also capil-
lary pressure P, must exist (Laplace 1805). The pressure at any point on the concave
(convex) side of a curved interface would be by
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1 1
Pc=7s(R—l+R—2> 37)

greater (smaller) than in the gas phase across the boundary; R, and R, are the local
radii of curvature counted positive when they are located in the solid, and negative
when in the gas. When Eq. (37) is applied to a cylindrical wire of radius r, it follows
that the pressure within the wire must be by +,/r greater than that outside; in this
system R; =r, and R,, that is the radius swinging along the length of the wire, is
infinitely long if the wire is straight and surface roughness is disregarded.

The presumed effect of this pressure difference on the zero-creep measurements
was rarely mentioned in the literature, but its existence would not be too difficult
to test. If P, were as important as believed”?, then the W, of a prismatic wire would
have been twice that of a cylindrical wire of an identical cross section, and the W, of
a wire with a flat horizontal end would be quite different from that of a wire ending
in a hemisphere. Neither of these differences ever was observed.

On the other hand, P, is believed to cause several other phenomena that may
be used to measure or estimate y,.Two of these are reported on in this section.

1. It has been observed by some experimenters, but not by the others, that the
experimental lattice constant ¢ in crystals of ordinary size was different from that,

a + Aa, found in extremely small crystals. A recent examplen) refers to vacuum-
deposited copper grains whose “‘diameter” D (they were, of course, not spherical)
varied from 24 to 240 angstroms. The lattice constants calculated from the (111)
reflexions increased from 3.577 to 3.6143 angstroms when the grain volume de-
creased, but the particle size had no definite effect on the reflexions from the {220}
plane.

The results presumably were distorted by the unavoidable heating of the micro-
crystals occurring in the electron beam and other side effects. However, if the Aa
detected in the (111) reflexions is real, then the surface stress or rather surface ten-
sion v, causing the compression of the lattice can be calculated. If R| and R, in
Eq. (37) are supposed to be identical and equal to 0.5 D, see above, then P, = 4 v,/D.
Let & be the compressibility of the micro-crystal, i.e., ~dV/V.dp. Then the relative
compaction under the pressure, that is —dV/V, is 4 v;k/D. The ratio dV/V may be
approximated as 3 Aa/a. Hence

3AaD
4 ak

Ys = (38)

From this relation, the highest values of 4 appeared to be 5325 + 1700 dyne/cm,
and the lowest (when the A a was zero) : 0 + 450 dyne/cm.

The former value is much greater, and the latter much smaller than those quoted
in Section I11.1. The main objection is, however, against Eq. (38) itself rather than
its numerical conclusions. To derive Eq. (38) it is necessary to postulate that the
“diameter” D is twice the radius of curvature. This relation is valid for spheres but
is entirely wrong for micro-crystals surrounded by nearly flat faces. The two radii of
curvature (R, and R,) of a plane interface are each equal to infinity, independently
of the actual dimensions of the microcrystal. As long as the surface of separation is
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plane, P, = 0 everywhere, and, if small crystals appear to be denser than the large
ones, the reason has to be looked for somewhere else.

It is realized that ultramicroscopic copper crystals deposited from vapor must
have irregular surfaces of high degree of roughness, so that perfectly plane boundaries
occupy only a small part of the vapor — solid interface. If surface tension v, really
exists, then capillary pressure would be variable on a rough surface, see Fig. 4. It
would be equal to zero along the stretch aa, reach perhaps 10'® g/cm - sec? along
the corner b or corner c, and so on. Nowhere will it be equal to 4 y,/D. The atoms at
a, or at b, or at ¢ are not affected by the average dimensions of the particle, i.e., by D.

[
Fig. 4. Schematic provile of microscopic
b crystals deposited from vapor. The hypothe-
tical capillary pressure is zero along the
stretch aa, and is very strong at points b and
a a c

In a nearly simultaneous study?3), the lattice spacing of thin gold platelets was
determined (also by electron diffraction) as a function of the plate thickness. When
this was about 390 angstroms, the above 2 was 4.0769 angstroms. In crystals as thin
as 115 angstroms, @ + Aa was 4.0728 angstroms. To account for these results, uni-
axial compression of the platelets by an external force was postulated, and the most
likely value of this force (per unit length) appeared to be 1070 75 dyne/cm. Because
the physical nature of this compressive force has not been elucidated, a more detailed
criticism of the theory is not possible.

2. In the field — ion microscopy, the emitter usually is a thin single-crystalline
wire with a hemispherical head, see Fig. 5. The diameter 2 r of this head generally
is between 105 and 10~% cm. Thus capillary pressure 2 v,/ reaching, say, 5 x 10%
g/cm - sec? may be expected. When the emitter is at work, an intense electrostatic

|
DL

T Fig. 5. The electrode in a field-ion microscope.
27 is the diameter of the tip

field E exists all along the gas — solid interface. The energy density of this field is
E2/8 m (because the dielectric constant of the gas is practically = 1).

According to a hypothesis’®, the hemispherical tip preserves its shape when
the capillary pressure is equal and opposite to the electrostatic traction E2/87. A
more detailed treatment leads to the equation

¥s £ 2
T cer 39)
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in which C is 2 numerical constant which depends on the geometry of the tip. For
tungsten at 1200 °K the values 5 = 5200 and 3800 g/sec? have been calculated.

Evidently, Eq. (39) cannot be valid whenever the tip does not possess an exact
hemispherical symmetry; for instance, whenever traces of crystallographic planes are
visible in the field-ion microscope, the value of the radius of curvature becomes
nearer to infinity than to the » of Fig. 5. [t is interesting to note also that the theory
admits no direct effect of the electrostatic field on the value of 7. In liquids, the
effect of £ on 7y gave rise to a whole branch of science usually known as electro-
capillarity. An attempt to inaugurate an electrocapillarity of solids is mentioned in
Section II1.9.

The ditmensions of a crystal affect also its breaking stress; this effect is referred
to in Section III.3.

The melting point is supposed to depend on the crystal size also when the capil-
lary pressure is not involved. It is assumed that the change in free energy taking
place during solidification contains a term proportional to the volume of the prism
formed, and another term equal to the sum ¥5 4 + Y5242 + V5343, in which g,
is the specific surface energy of the first crystal face whose area is 4, and the other
symbols have the analogous meanings. If the prism is a very thin plate, then only one
kind of crysta faces (that represented by the two large opposite bases) has to be
counted. With this approximation, and some other hypotheses which cannot be
scrutinized here, the equation

2% (40)
T.=T —
1 m (1 93?\1)

is derived”®. In it, 7 is the melting point of a plate of thickness / cm, T, is the

bulk melting point, and X is the heat of melting per unit mass (erg/g). The quantity

03 (ie., the density of the solid) was selected by the reviewer, because in the original
it is not specified, whether p,, p,, or p5 is meant p, is vapor density. This uncertainty
should be kept in mind also when inspecting Eqs. (66) and (68).

Equation (40) was applied’”” to single crystals of polyethylene, about 130 ang-
stroms thick. The 7, of the {100} faces turned out to be 72, and that of the {110}
faces: 64 ergfem?. It is obvious however, that in this instance not the tension at the
vapor — solid boundary, but rather that (yg) acting in the melt — solid interface is
meant. The former tension would be expected to be much greater than the latter;
perhaps 10 or 100 times as high. — It has been mentioned above, that thin plates
are imagined to be under an uniaxial compression; thus the theories of Ref.”> and
Ref.”” are not in agreement with each other.

From another series of measurements of the 7 of polyethylene, when the lamella
thickness varied from 250 to 1000 angstroms, the 7y, or vg, still using Eq. (40),
seemed to be’®) near 100 erg/cm2 for the base faces of the crystals. A difficulty in
applying Eq. (40) to polyethylene is the uncertain value of the temperature 7, . If
the lowest probable T, is used, the calculated 7, (or ;) rises”>) with the annealing
temperature of the specimen from 29 to 72 erg/cm? ; and when the highest possible
limit of Ty, is used, the range of ¢ (or ) is from 49 to 104 erg/cm?.

A value of 102 erg/cm? for the vy, of the end surfaces of the low-melting form
of poly-rrans-1.4-isoprene was derived®® in the same manner. The lamella thickness
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was supposed to be equal to the spacing shown by low-angle X-rays and varied between
150 and 200 angstroms.

3. Surface Energy of Rupture
As mentioned in the Introduction above, this method originated with Dupre‘”. The

first task of the experimenter is to separate that part of the work of rupture which is
spent on the mechanical deformation of the sample from that used up to create a

new surface 24 (on both sides of the crack together).

A

I Fig. 6. Elongation of a bar, of length Z, by a tensile force. The maxi-
force mum absolute extension is egl

Consider a rod of length L, see Fig. 6, and suppose that its maximum strain (or
maximum relative elongation before rupture) is well reproducible and equal to .
If the force causing rupture is W, this force performs the work

718=€0Lw (41)

before the rod snaps, taking Hooke’s law to be valid. If the experimenter extends
the rod by only 0.99 €5 L cm and then permits it to contract again, the work per-
formed is 99% of the above 8, and no fracture occurs. This is a simple example of
the difference between the mechanical work and the surface energy gained, or a
simple indication of the fact that Dupré’s “y” is only a small fraction of the total
work spent on breaking the solid.

In principle, it should be possible to disentangle that part of ¥ needed to increase

the gas — solid interface by a unit area in the following manner. Let the bar of Fig. 6
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be extended almost but not quite to €y, Then a horizontal scratch is made on its ver-
tical surface. If the scratch deepens and results in fracture, this proves that the de-
crease d{SE) in the strain energy of the bar (this decrease is caused by the crack prop-
agation and the resulting contraction of the solid) is greater than, or at least equal

to, the free energy of the two nascent surfaces. In mathematical form:

—dSE)dxZ 2%y w 42)

if w is the width of the crack (normal to the direction of the crack advance, so that
dA/dx = w) and x is the variable depth of the fissure.

Whether the scratch does or does not grow, depends on its sharpness (i.e., the
radii of curvature of the gas — solid interface at the front of the crack) and on the
initial depth 2¢ of the scratch. A relation between ¢ and “y” was derived by
Griffith®Y, see also Petch®?). It is

2

w. s _TCOy
= 43
Y 2F “3)

Om is the average tensile stress causing fracture and E is the modulus of elasticity of
the bar. A simplified derivation of a similar relation may not be out of place here.

If the Hooke’s law is valid and the stretching of the bar is very slow, then the
work of extending the bar from L to L +d L cm is

2y
~Om 2

JPp=Mm 44

W > erg/cm (44)

per unit area (normal to the load). When a flat crack, 2¢ ¢cm in width and 2¢ em in
depth, perpendicular to the tensile force, is introduced, the solid can contract a little
from the area 4¢2 cm?, that is in a volume roughly equal to 4c2L. The relative degree
of contraction, at a first approximation, may be set proportional to the ratio 2¢/L.
Hence, the total strain energy of the bar is lowered (by the crack) by 8 ¢3 0%, K/E,

K being a (dimensionless) constant of proportionality. According to Eq. (42), this
quantity must be at least as great as the surface energy 4c¢* “y” of the crack. Hence

2
o < 2K20m 45)

This relation becomes identical with (43) if K is set equal to n/4.

According to a newer theory®3), see also®%, the fracture energy “y” calculated
from Eq. (43) or a similar relation has no connection with true surface energy. Energy
is needed not to create a new surface but to deform the solid to its maximum strain.
This rule is unquestionably correct for liquids. As was proved by Plateau (1869), a
liquid cylinder can be extended by an external force until its length exceeds its cir-
cumference; then it spontaneously splits into two spherical drops, and the combined
area of the drops is smaller than that of the stretched cylinder. Thus, external work
is required to stretch the cylinder, not to break it.
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When Plateau’s rule is applied to solids, it may be said that a crack advances
whenever the corresponding decrease d (SE)/dx in the strain energy is at least as great
as the work necessary to extend the material (in front of the crack) to its maximum
strain, that is, to rupture. Two semi-quantitative formulations of this idea are pos-
sible.

1. For a crack, w cm wide, to advance by dx cm in a solid, a ribbon (or curtain)
of this solid, dx cm thick and w cm wide, must be extended to its greatest possible
elongation. If the curtain of length L can extend freely, the work of extension is,
see Eq. (44), £2 Lw - dx/2 E ergs. The cohesion £ is equal to the breaking stress
0 (g/cm - sec?) of the theoretical solid, otherwise identical with the real, but free
of all defects. £ rather than o, should be used here because dx is so small that no
defect can find place in the curtain. The work per unit area corresponds to the hypo-
thetical “y”. Hence,

wp EL
= 46
LY (46)

It is clear that this quantity is not a surface property at all.
The relation between £ and oy, usually is approximated as

oo () &

if the crack is an elliptical hole of the length (perpendicular to the direction of the
force) 2¢ cm and if R is the radius of curvature of the ellipse at the most stressed
point of the latter. Introduction of Eq. (47) into Eq. (46) leads to

2
20mcl
(13 7’= 48
iy (48)

Usually it is assumed that L = R. Thus

2
wo = 20m¢C

¥ £ (49)

This relation externally is very similar to Eq. (43) but includes only volume proper-
ties.

2. In the derivation of Eq. (46) it was assumed that the curtain in front of the
growing crack could be stretched independently of the material around it. This

A Fig. 7. Force f acting along length w raises
u a ridge whose greatest height is u
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approximation, although employed in many theories of mechanics, is less than satis-
factory. An approximation, in which the involvement of the whole solid near the
crack is taken into consideration, is based on Boussinesque’s analysisss) of the effect
of a force acting along a line.

If such a force £, uniformly spread over a length w, see Fig. 7, lifts a ridge on the
solid, the height # of a point of the ridge (not too near to the line on which the force
acts) is given by the relation

_2f R
u= — In - (50)
r is the distance of the elementary volume considered from the above line, and R..
is that distance (from this line) at which the effect of f becomes negligible. Let us
find the value of u at such a distance r that In(R/r) = 10. The work performed by
the external force in lifting material from zero level to level u is fu, that is,
272In(R../r)/mwE. With In(R../r) = 10, the work becomes 3 =~ 6 f*/wE. On the
other hand, § = f/wA, if A is the thickness of the “line” along which f acts; the
dimension of fis g - cm/sec?, and the dimension of £ is g/cm - sec?. Thus 38 =
6 £2wA? /E ergs, and the work per unit area, i.e., the work corresponding to the

TPl

above “v4”, is

w68 A
Y= E G

This relation contains A instead of L as in Eq. (46).

In the foregoing analysis, the mathematical similarities between the new and
the Griffith theories are emphasized. From the point of view of physics, the dif-
ferences between the two approaches are more important. In the new approach, the
energy of fracture (per unit area) is the work required to stretch a curtain of mate-
rial, in front of the crack, to its maximum elongation or strain €. This work may be
formulated as eg£L, L being a length the exact meaning of which depends on how
rigidly the “‘curtain” is attached to the surrounding solid.

The three main advantages of the new theory are:

1. It can account for tnose experimental values of “y” (a few of which are
presented below) that are far too large to be accepted as true surface energies.

2. Tt gives a reasonable explanation for the observation that *“y” generally rises
with the maximum strain &g.

3. It explains the heat evolution during fracture: the above work I8 does not
remain in the two fragments (resulting from fracture) as their surface energy; its
major part is released as heat, and the rest remains as the frozen strain energy in the
two deformed fragments.

Experimental Determinations. Several determinations of “y”” were based directly
on Eq. (43). A crack of length ¢ was made on the external surface, or a crack 2¢ long
was produced in the middie of the specimen, and the breaking tensile stress o, was
measured for the weakened specimen. A few typical results are quoted here.
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A lead — alkali, a soda — lime, a borosilicate, and an aluminosilicate glass af-
forded®® 4" values of 1160, 1700, 3460, and 3340 erg/cm?, respectively A Pil-
kington float glass had®” “y” = 4.2+ 0.5 J/m? or 4200 erg/cm?. A soda — lime
glass, tested by three dxfferent methods®®) | appeared to have “y” ranging from
5000 to 11000 erg/cm?.

These data, when compared with the surface tension y, = 312, as determined
by Khagabanov‘“), see Section III.1, show that fracture energy in many instances
is much greater that the energy determined by the shrinkage method. As stated above,
an advantage of the new theory of “y” is, that it can account for the unexpectedly
high values of this quantity.

The g of usual glasses is much smailer than that of the common metals. Hence,
in agreement with the new theory, the *y” of metals greatly exceeds that of silicate
glasses. Thus, the *“” of a steel varledsg) between 11 x 10% and 24 x 108, and the
“y of two alummum alloys was in the range between 107 and 49 x 107 ergfcm?.

In these instances, the ratio of “y” to v (as given by the shrinkage method) exceeded
1000 or 10000; evidently, different properties are measured by the two procedures.

No convincing explanation is available at present for the observation®!) that the
“y” of single crystals of tungsten depended on their thickness . Aslong as ! was
between 400 and 800 um, “y”* was near 1.7 J/m?, but at / = 200 um it reached
30 J/m?

The values of 4" obtained for polymers also are far greater than those for glasses,
as are also their maximum strains €o- By a specxal method?® | the “y” of a poly
(methyl methacrylate) between 17° and 80 °C was found to vary 1rregularly between
3x 10% and 9 x 105 erg/cm?, in a reasonable agreement with Ref.%®) in which values
in the range 3 x 10° to 7 x 10 are recorded.

Using Eq. (43) and defining the crack length in different manners, the fracture
energy of another sample of poly(methyl methacrylate) appeared to be 1.6 to
2.6 x 10° erg/cm?. In a later study®?’ the effect of the molecular weight (MW),
varied by irradiation, of this polymer on “y” was determined. When the average MW
was varied from 2 x 10 to 10°%, “y” increased from 5.3 x 10% to 10% erg/em?, but
a further rise of MW (to 11 x 105) caused “y” to advance only to 1.7 or 2.4 x 10°
erg/cm?. If, as above, “y” = { - ¢y L, the eoL i.e., the absolute extension of the
“curtain” in front of the advancing crack, must be between 10™° and 107* cm for
the polymers of a high MW.

For a phenol-formaldehyde resin at room temperature the *y"” was 5 x 10*
erg/cm?; it decreased on heating (e.g., to 175 °C) when also the modulus E of elas-
ticity became very small®¥.

In many instances, “y” increases with temperature. The -y of pure liquids always
decreases when temperature 7T rises®®. Thus the temperature coefficient of *y” is
different from what would be expected from the true surface energy; on the other
hand, positive values of d**y”"/dT agree with the new theory of fracture energy,
because €, of many materials is greater the higher the temperature.

A striking example of this behavior was described®®’ for vanadium carbide VC.
In the temperature range of roughly 20° — 700 °C this material is brittle and its “y”
remains near 3000 erg/cm? (as for glasses). Considerably above 800°, VC may be
classified as ductile, and its **y” at 1000 °C is about 3 x 10° erg/cmz. A positive
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d*“y”/dT was ascertained also in splitting tests (see below). Thus, the “y” of a zinc

~ cadmium alloy appeared%) to be 780—1150 at —196 °C and 56205930 at 25 °C.
In many fracture tests, a splitting method was employed. Figures 8 to 10 schemat-

ically indicate three of the arrangements used. In Fig. 8, a slice, # cm thick, is sepa-

rated from the rest of the solid by pushing in a wedge which may be as thin as 0.01 cm

but may also be more robust and have one of various shapes; also the part broken off

may be as thick as the remainder. In Fig. 9, a plate, 22 cm thick and w cm wide, is

split in the middle to the depth ¢ cm, and the force f required to extend the fissure

is measured. Figure 10 shows peeling: a ribbon, & cm thick, is peeled off the main

body of an identical solid.

-

Fig. 8. A slice, 4 cm thick, is cleaved from
a solid by pushing in a wedge

——

—l—

LY

\

Fig. 9. A plate, 2/ cm thick and w cm wide, is split by force f; the preformed crack is ¢ cm deep

h
Fig. 10. Peeling. A ribbong, 2 cm thick,
is peeled from a rigid solid by an ex-
force ternal force
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In principle, in the tests of the first type (Fig. 8), the force applied to the wedge
need not be known. This force bends the two (partly separated) components of the
solid, and the work of splitting can be calculated from the shape of the bent mem-
bers. If x is the Cartesian co-ordinate along which the wedge moves forward, and
v is the height of the bottom surface of the upper member above the middle of the
slit, then®™ 98

(52)

E is still the modulus of elasticity. The £ is assumed to be independent of force, rate
of rupture, and so on. It has been pointed out recently®®) that the wedge, unless it
advances extremely slowly, is likely to cause vibrations (flexure waves) in the spec-
imen which would necessitate an alteration of Eq. (52).

At least one consequence of Eq. (52), namely the direct proportionality of the
ratio x*/y? to A3 has been confirmed by experiments'®® in which pyrographite
films, 0.2 to 0.77 mm thick, were sliced off. The *““y’* appeared to be close to
1850 erg/cm?.

If the wedge of Fig. 8 is a rigid plate of constant thickness Y and if its front is
x cm to the left of the crack orifice (x being a variable), then a relation between Y
and x can be used instead of that between y and x in Eq. (52). In this manner, the
relation

3ER3Y? [ 3{Yy\2 9(v 4]
o0 — _ 1+_ ll 7 i 3
LT 2<x> 2 (x) (53)

was derived!®V).

In the arrangements of Fig. 9 and Fig. 10, knowledge of the external force f
is needed. When the point of application of this force advances by dc cm, the work
W= f.dc is spent. However, a part 3y, of it is used up on macroscopic deformation
of the specimen and thus should be substracted from 38 to obtain the fracture
energy By, equal to 2 “y” 4, A being the newly formed area of the crack (on one
side). Apparently, there is still no unanimity as far as the calculation of W, is con-
cerned. Equation

o = 6*c* | 3af

54
EwW'h®  2Gw h (54)
was advocated in Ref.!%%; in it, ¢ is the length of the crack, w and 4 are defined

above, G is the shear modulus normal to the cleavage plane, and « is a numerical
constant between 0 and 0.5 “for elastic behavior within the constraints of elemen-
tary beam theory”. In some calculations, e.g., Ref.”®, only the first term on the
right-hand side of Eq. (54) was employed; for a criticism of this approximation see,
for instance, Ref.*°®). Deviations from Eq. (54) occurred when the ratio /i/c was
too low?%?), A semi-empirical relation between “y” and this ratio was derived by
Wiederhorn!03);
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In peeling tests, Fig. 10, the material in front of the crack is compressed in the
direction normal to the crack propagation, extended in this direction a little further
from the crack tip, and so on. This sinusoidal compression and extension, described,
for instance, in Ref.!%¥ usually is disregarded when discussing measurements of
the types illustrated in Fig. 8 and Fig. 9.

The quantitative results obtained in splitting and cleavage tests are similar to
those afforded by Eq. (43). For instance, the “*y” of the {100} face of KCl appeared
to be!9? 110 £ 5 erg/cm?. Depending on the equation used, the “y” of the {111}
face of StF, seemed!®®) to amount to 413—484 or to 252—389 erg/cm?. Three
different glasses (soda — lime, boraosilicate, and alumosilicate, respectively), all in
dry nitrogen at 300 °C, had!%® “y” of 3.9, 4.6, and 4.6 J/m?.

Single crystals of zinc were broken'%® by two cleavage and one tensile method.
The *v* was about 100, 400, and 575 erg,fcm2 , respectively, for these three arrange-
ments. Also this wide spread of results is easier to reconcile with the new than with
the Griffith theory.

A value for the “y” of pyrographite is given above in this section'®®. In a later
publication'®”, the dependence of this “y”” on the mode of preparation of pyro-
graphite is described. When the material was precipitated at 1800 °C, at 2100 °C
slowly, or at 2100 °C rapidly, the “y” was, respectively, 4000, 350, and 1500
erg/cm?®. After annealing at 2300 °C for 3 hours, the “y” of these solids became
1600, 350, and 1100 erg/cm?. It is not difficult to account for such a variability by
Egs. (46) or (51), but true surface energy would be expected to possess a more stable
value. On the other hand, the “y”* of every specimen was identical in air and in a
vacuum.

Considerable differences between the energies of cleavage of mica in vacuo and
in air have been recorded by Obreimov®”, the initiator of the splitting technique.
Unfortunately, the reproducibility of measurements on mica often is unsatisfactory.
Figure 11, taken from Ref.’®? (and simplified) shows the variation of “y” (the
ordinate) with the depth x of penetration of the wedge (the abscissa), see Fig. 8, in
a moderate vacuum, at a speed of 0.5 mmy/sec. It is seen that ““y”” changes by a factor
of 3 or even 10, when the wedge advances by 1 or 2 mm. Fluctuations of such a
magnitude cannot be attributed to true surface energy. An explanation can be searched
in Eqs. (46) and (51) or in the flexure waves®® referred to above.

An interesting observation!%8) again emphasizes the difference between “y” and
the true surface energy. According to Gibbs, traces of an impurity can greatly lower,
but cannot greatly raise the surface tension of a liquid (or a solid in a corresponding
equilibrium). The cleavage energy “y” of calcite was 3 times as great for crystals con-
taining traces of Cu, S, and Fe than for particulary pure crystals of Iceland spar.

Many recent publications contain *“y” values calculated from Egs. (43), (§2),
etc., but this specific fracture energy is not identified with any energy residing in a
surface; rather it is treated as a material constant whose true nature is not specified.
The derivative —d(SE)/dc is viewed as “‘the force conjugate to time rate of crack
extension and as a measure of elevation of stress near the end of a crack”!%®). The
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term fracture mechanics frequently is applied to the corresponding branch of science.
Its findings are outside the scope of this review.

4. Grain Boundaries and Scratches

The energy associated with grain boundaries in polycrystalline solids, i.e., ¥y erg/em?,
has been mentioned in Section IIIL.1. It is reviewed here even more briefly than the
surface energy (7y, or “y’) with which this paper is primarily concerned.

In the most popular method of estimating vy, , not this quantity itself but only
its ratio to the surface energy, that is, v, /7, is determined. Let Fig. 12 be a highly

Fig. 12. A grain-boundary groove. The hypothetical
tensions OM and ON balance the hypothetical ten-
sion acting along the grain boundary OK. The space
above the line MON is occupied by a gas (vacuum)

magnified profile of a spot where the boundary KO between two identical crystals
(or grains) A and B reaches the gas — solid interface. If it is assumed that tensions
act along the surfaces MO and NO (both against the gas phase) and the interface KO,
and if the upward continuation of the line KO divides the angle MON (the dihedral
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angle 2 ) in two equal halves, then the three tensions balance each other''? as long
as
Y1 = 295c08 . (56)

Tension v, acts downward along the line OK, and the two tensions v, act along MO
and NO, respectively.

The latter two tensions are supposed equal because the two grains A and B are
presumed identical. It is possible, of course, and often happens in real specimens,
that the two gas — solid interfaces exposed on two adjagent grains belong to two
different crystallographic planes. Then, in theory, also their surface energies should
be different; thus, the tension along MO would differ from that along NO, and an
equation more complex than (56) is needed. Several experimenters referred to this
doubt, e.g., Allen®®, but a separate determination of y, of two neighboring grains
is so difficult and unreliable that almost everyone was satisfied with Eq. (56) and
blamed the discrepancies observed on the neglect of the difference between the two
tensions (along MO and along NO).

An equation related to (56) is known in the capillarity of liquids; see, for in-
stance, Ref.>®, p. 128. If, in Fig. 13, 1 means the gas phase, and 2 is a drop of an
immiscible liquid floating on liquid 3, then, from the equilibrium of forces,

Yi2 _ Y13 _ 723
= = 57
cos3 cos2 cosl 57

Y12 is the tension in the interface between 1 and 2, angle 3 is that occupied by

phase 3, and the other symbols have analogous meanings. This relation was applied!!"
to an assembly of three aluminum crystals, all oriented along their [100] axes and
grown together at 640 °C; naturally, only the ratios v,3/v,2 and ¥53/7,2, not the
actual values of each tension, could be determined in this manner.

1

3
Fig. 13. Capillary equilibrium of a drop 2 floating on an immiscible liquid 3; 1 is the vapor

Doubts have been expressed, see Ref.>*, p. 128—129, regarding the validity of
Eq. (57) for gas — liquid systems, but the validity of Eqgs. (57) and (56), when applied
to solids, is much less convincing. Typical liquids can attain the shape prescribed by
capillary forces because their yield point is zero so that they can follow, in time,
even the weakest deforming force (which does not significantly alter the density of
the liquid). Marked deformations of solids are not so easy.
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Moreover, most solids have a preferred crystalline shape and tend to preserve it
or to revert to it. Hence, a solid, or an agglomerate of solids (grains, crystals) is not
free to adjust to capillary forces, as postulated in Eqs. (56) and (57). The profile of
a single crystal may look, for instance, like the line KLMN in Fig. 14, and the angle
a usually is determined by the crystal structure. In a cubic crystal, frequently « = /2.

K L
7777777777
,//‘u Fig. 14. Schematic profile of a single crystal. If tensions
Y, ?7}77777777777 act along the surfaces KL, LM, and MN, they cannot
M N balance each other

The surface tension, if it exists, acting along the face LM in principle is identical with
that acting along MN. Obviously, these hypothetical tensions do not balance each
other. Nevertheless the crystal is stable enough to survive several geological epochs.
It is difficult to believe that capillary equilibrium, which is not needed for the stabil-
ity of this crystal, becomes all poverful in a system of Fig. 12.

In addition to these fundamental doubts, experimental difficulties render the
determination of cos ¢, Fig. 12, rather uncertain. The lines MO and NO of Fig. 12
in reality are not straight. Usually the profile is strongly curved as depicted in Fig. 15.
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Fig. 15. Common profile of a grain boundary emerging on the metal surface (i.e., interface with
a gas). The angle at the groove bottom is 2 . The distance between the summits of the two
ridges on both sides of the groove is w

The angle 2 ¢ of interest is that within, say, 10 angstroms from the star point 0. It

is still impossible to determine this angle experimentally with a reasonable degree

of precision. Some experimenters''? used profilometers to measure i, but usual
profilometer styluses have a diameter of 25 microns so that that part of the groove
which is narrower than 25 um is not explored at all. Also the bending of the inter-
ference lines (of light) across the grooves is not exact. In similar unfavorable circum-
stances, the contact angle between liquids also may be in error by * 5°. In solid — solid
systems the error presumably is at least as great, although more optimistic evaluations
suchas 4°, Ref. 113 or even £ 2° (Ref.%) for 2  are found in the literature. On many
metals, Y appears to be near 80°. The values of cos (80° + 5°) and cos (80° — 5°) are re-
spectively, 0.087 and 0.259; thus it is easy to commit a large error in cos y and, con-
sequently, in the ratio v, /7s.
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In some experiments, e.g.,' '3, the metal surface was electroplated. Then the
specimen was cut parallel to the plane of Fig. 12 and polished. The angle ¢ was
estimated on these metallographic sections. To rely on the data thus obtained, the
experimenter must believe that

(a) the capillary forces which were all-important before the treatment (i.e., elec-
troplating etc.) remained dormant during the treatment, and

(b) that cutting and polishing did not alter the position and directions of the
three interfaces within, say, 10 angstroms of the point 0, Fig. 12 and Fig. 15.

If the solid is not chemically pure, that is, practically always, some impurities
tend to gather in the grain boundary regions; see' 14) on bismuth accumulation in
an alloy of Cu 99.8, Bi 0.02 weight-%. Thus, instead of an almost two-dimensional
interface preferred by theoreticians, a grain boundary in most cases is three-dimen-
sional. It differs from the adjoining grains in its composition and, we may be sure, in
its state of stress. A groove, such as illustrated in Fig. 12, may be affected by stresses
in its vicinity, but it is hazardous to attribute a true interfaciai tension to such an
interlayer.

In Section III.1, the upsetting influence of vaporization has been pointed out.
Determination of the groove profile also is performed after a protracted heating
(intended to achieve equilibrium) and thus may be hampered by evaporation. This
effect was blamed for the observed®® spread of the values of 2 { in heated mo-
lybdenum foils: “preferential loss from the groove root was likely and would account
for the low dihedral angles’. This surmise reminds one of an explanation given over
60 years ago!!") to the high rate of vaporization of finely grained metals: these con-
tain more grain boundaries than coarsely grained samples do; the crystal lattice near
the boundaries is less perfect than in the bulk; and the looser the lattice, the higher
the rate of its evaporation.

Experimental Determinations. The simplest test procedure consists in heating a
polycrystalline solid to, say, 0.8 Tp,, or 0.9 Ty, Ty being again the melting point on
the absolute scale. In many cases, as in the shrinkage method of Section III.1, this
treatment causes grooves to appear near the 3-phase lines in which two grains and
the gas phase meet. If the heating, also known as thermal etching, was protracted,
the experimenter usually assumes that the equilibrium state has been reached. Now
he selects those spots in which the line KO, Fig. 12, seems perpendicular to the main
gas — solid interface (far from the groove), and measures the angle 2 ¢. Alternatively,
many (say, 100) grooves are inspected, and the most common value of 2 y is accepted
as that belonging to grain boundaries perpendicular to the above main surface. It
seems, however, to the present reviewer that the most common angle 2 ¥ on a poly-
crystalline solid should depend on the crystallographic orientations in it.

As soon as 2y is known, Eq. (56) affords the ratio 7, /v,. In some papers, this
is the only numerical result. In other studies, -y was determined by an independent
method, so that the absolute value of v, also was established.

Perhaps the most striking result of the measurements of the ratio v, /v, is that
so many values of it are confined to the range 0.25—0.40. As a matter of fact, an
earlier review®® refers to ““the general observation that the grain-boundary free
energy is about one-third of the solid-surface free energy.” Also in a latter study on
UC, the ratio 7, /v was found to vary between 0.36 and 0.41!'®), Because so much
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of the usual treatment of surface effects in solids is based on the alleged analogy
between them and the surface effects in liquids, it ought to be pointed out, that a
corresponding ratio in liquids would be equal to zero.

Several attempts on theoretical prediction of ¥, are found in the literature;
according to some models, v, is more closely related to the cuticular energy defined
in Chapter V than to the true surface energy, but cuticular energy implies no contrac-
tile tendency and cannot pull along the line KO of Fig. 12.

The absolute value of v, can be found from a theory!!”), which neglects the
essential difference between solids and liquids, by measuring the gradual alteration
in the shape of the groove region depicted in Fig. 15. The distance w between the
two ridges is supposed to increase at a high temperature following the relation

w =5 (v5/kD)'? (nD Q*0)'13 (58)

as long as the profile changes are caused by the diffusion of the material in the gas
phase. In this equation, # cm ™3 is the number of molecules in the unit volume of the
gas phase, D cm?/sec is the diffusion coefficient in the gas, 2 cm3 is the volume of
a molecule, ¢ sec is time, and 7, k, and T have their usual meaning.

The above w was measured* !, for instance, for polycrystalline surfaces of UO,
kept for various times in a helium atmosphere at various high temperatures. The slope
of the curve In w = f(In t) was between 0.33 and 0.37 so that the exponent 1/3 in
Eq. (58) seemed to be confirmed. When an approximate value for D was selected,
the 7, of UO, appeared to vary irregularly between 385 and 806 erg/cm?; the anneal-
ing temperature ranged from 1660 °C to 1940 °C.

An analogous treatment is possible also for scratches of arbitrary depth and
arbitrary position, independently of any grain boundary. The depth # of a scratch
should decrease in time according to the relation

h=hyexp (—mystin N (59)

hg being the depth at that moment when the theory starts to be valid, ¢ is time,
the viscosity, and X the wave length of the periodic disturbance of the solid surface.
This A also is supposed to vary with time, and 7 is supposed to be constant (as in a
Newtonian liquid!). When this theory was applied? 12) to scratches made by a dia-
mond stylus on a selenium film, 60 um thick, deposited on aluminum, the vy, at

39 °C appeared to be, for selected scratches, near 100 erg/cm?. The disregarded
scratches had irregular profiles “which may be attributed to crystallites a few hun-
dreths of a micron high”. The theory disregards crystallization and any crystal struc-
ture in solids.

In a similar investigation''®, from the rate of flattening of (artificial) micros-
copic ridges on nickel at 1219 °C in a vacuum, the vy, was calculated to be
1820 + 180 and 1900 * 190 erg/cm? for the {100} and {110} planes.

In some instances, a thin metal film, freely hanging or deposited on a solid sup-
port, gives rise to holes on a heat treatment. This effect, noticed long ago, also is
supposed to be influenced by surface energy. Silver films, about 400 to 2000 ang-
stroms thick, on silica were heated'?® in the presence of oxygen and kept at 266 °C
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for several hours. After this treatment, a few holes were visible on each square micron
of the film. The average area of each was supposed to be proportional to 72‘8 but
no attempt was made to derive the absolute value of y,.

Under some conditions of cooling from the melt, small bubbles near the inter-
face of the metal and the metal oxide form spontaneously in tin and some other
materials of a relatively low melting point. A subsequent moderate heating (e.g., to
223 °C for Sn) causes disappearance of these voids. If it is assumed that this effect
is caused by the capiilary pressure 2 v, /r, r being the radius of the void, then the
equation

3_,3_0DQyt
rorg s s (60)
results*2D; D again is the diffusion coefficient (in the solid!), £ the volume of a tin
atom, ¢ time, and ry is the radius at # = 0. Two values for v, (about 350 and 990
erg/cm?) were found in this manner, depending on the crystallographic direction
along which the diffusion was believed to take place. Even more upsetting is the
observation that the voids had tetragonal shapes so that the interfaces were plane;
thus the values of 7 had no physical meaning and no capillary pressure was possible.

Equation (60) was used earlier'2%) for bubbles (of uncertain composition) in-

troduced in pure aluminum wires by plunging these from 650 °C into a saturated
solution of calcium chloride kept at 100 °C. The bubbles were up to 500 angstroms
across. They were characterized as octahedral but treated (in calculations) as spheres.
The +y; appeared to be at 150 °C, 175 °C, and 200 °C, respectively, 1160, 930, and
960 erg/cm?.

5. The Bubble Method

The theory of this method is simple and directly based'??) on Laplace’s law of capil-
lary pressure. The experimental procedure, on the other hand, requires less common
facilities than those employed in the shrinkage or the rupture methods. a-Particles!2?
or ions of another noble gas are implanted in the surface layer of a metal. They re-
main very near to the irradiated surface and are invisible unless the specimen is heated
(to e.g., 500 °C for copper). Then they assemble to ultramicroscopic bubbles. The
number of these bubbles and their approximate radius » can be determined by isolat-
ing the damaged region and viewing it in an electron microscope. The total mass
{(n moles) of gas trapped can be determined by chromatography.

If the pressure inside the bubble is 2 v¢/r (Laplace’s law) and the laws of
ideal gases are applicable, then with the volume V = (4/3) nr3 the relation

;inysr?:nRT 61)

is found, R being again the gas constant. Thus, as soon as » and # are known, y, can
be calculated. However, the inside pressure P computed from » and r amounted, for
instance, to 1500 atmospheres (1.5 x 10° g/cm - sec?), so that the product PV was
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too great for ideal gas laws to be valid. Using the experimental values of P =f(V)
for the gas in question, estimates for the ¢ of Cu at 500 °C were between 1400 and
2000 erg/cm?.

The method has been criticized!>* because it assumes zero stresses in the metal
around the bubble. When a nail is driven into wood or a bullet is lodged in a stone
wall, they are kept in place, as everyone agrees, by the compressive stresses created
in the surrounding solid by the introduction of a foreign body. There is no reason for
disregarding this explanation for the system of gas bubbles in metals. In some cases,
bubble formation gave rise to visible deformations of the outside surface of the spec-
imen; obviously, the high pressure in the bubbles was not balanced then by capil-
lary pressure. In some other instances, the interface between the gas in the bubble
and the surrounding metal appeared to be plane. That no capillary pressure acts
across planes, is stressed already in Section I11.4. The bubbles were, in general, too
small to ascertain their shape, so that the sphericity implied in Eq. (61) remains a
groundless hypothesis. An experimentum crucis would consist in producing bubbles
in a transparent material of a high stress birefringence; the stress pattern in the vicin-
ity of the bubble would then be directly visible; compare an analogous remark in
Section IIL.1.

6. Capillary Pressure and Vapor Pressure

Numerous instructions on determining vy, or the specific energy 7, of the melt —
solid interface use the equation first derived by W. Thomson (Lord Kelvin) in 1871.
One of its derivations follows.

When the vapor phase has volume V'; and pressure p; and is in equilibrium with
a liquid phase of volume V', and pressure p,, then the differential of the free energy
of the system is dF = —pdV, — p,d¥,. The function F + p, V, also depends on the
present state of the system only, so thatd(F +p,V,)=—p,V, + V,dp, is a com-
plete differential. Hence

_(a_p; =(?&)
8p2 Vl aVl P2

When the volume dV; of the liquid evaporates, the volume of the vapor increases by
dVy; the two partial differentials refer to the same mass of substance. Thus

(8 V[0 Vi)p, =—pilp2, py and p, being the densities of the two phases. Integra-
tion of the equation (0p,/0p2)y, = p1/p2 affordspy — po = (01/p2) (P2 — Po)-
The pressure py is that on both sides of a plane liquid surface. Pressure p, is dif-
ferent from po whenever the liquid surface is curved. If its two principal radii of
curvature are R and R,, then

1 1
_ = —+ 2
P2 —Po =7 (Rl Rz) (62)
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Thus Thomson’s equation

1 1 1
P — = — _—t — 63
17 Po P2 7(R1 Rz) (63)

is arrived at.

When the sum (1/R ) + (1/R4) is positive, as in a drop, the vapor pressure is
greater than above a plane surface; and when this sum is negative, as for a meniscus
of a water column rising in a capiilary tube, then p; <p,.

Equation (63) was employed'?®) to determine the %, of the end surface of po-
tassium needles (whiskers), about 0.2 um thick. These needles terminate in a “roof”
of 3 inclined identical planes of the {110} indices. The planes are, of course, flat
except for the unavoidable roughness. The author hypothesized, however, that one
of the radii of curvature was equal to 1.22 1, if 1 is the length of each of the roof
inclines. No credence can be given to this assumption, which is equivalent to stating
that an atom (in the surface) situated, say, 5000 angstroms from the edge, vaporizes
differently from one located, say, 6000 angstroms from it. With this unadmissible
assumption, ¥, of K appeared to be about 170 erg/cm?, when p; — p, was calculated
from the rate of needle growth at different vapor pressures of potassium around it.

The derivation of Eq. (63), which can be found in textbooks, was repeated here
to stress the fact that only curvature of the vapor — solid interface can cause differ-
ences between p; and pg; no other length may arbitrarily be substituted for
R; and R,.

The triple point of a substance is reached when the vapor pressure of the solid
phase is equal to that of the liquid phase. If both solid and liquid are subjected to
external pressure (which may be caused by capillary forces), their curves of “vapor
pressure versus temperature” lie above those for uncompressed phases and intersect
at a temperature different from the triple point. The melting point 7', observed at
atmospheric pressure, as a rule, is very near to the triple point. Thus the freezing
temperature T, of a drop of radius r should be different from T,.

The difference Ty, — Ty is given by the Clapeyron-Clausius equation. Neglecting
the variation of the latent heat of melting A (erg/g) and of the derivative dp,/d T in
the narrow temperature range of interest,

Vay —V
T =T =Ty 2 X 2 Py — p2); (64)
v, and »3 are the specific volumes of, respectively, the liquid and the solid. Hence,

Ty 1 1

Tmr—Tm=—m‘;\—sL (R_1+R_2> (v2 —v3) (65)
Equation (65) is similar to Eq. (40). However, the former is, essentially, a con-

sequence of the laws of thermodynamics, whereas Eq. (40) is a hypothesis and con-

tains, instead of the radii of curvature, the thickness / which has no connection to
curvature. Also, the difference between the densities of a liquid (p5) and the cor-
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responding solid (p3) is small, so that the expression (1/p,) — (1/p3) should have
been used in Eq. (40) rather than 1/p5 alone. This error is rather common*??.

A modification of Eq. (65) was applied'?®) to melt — solid interfaces. The treat-
ment was restricted to interfaces of a single curvature, so that 1/R was used instead
of the general term (1/R,) + (1/R,). Let the interface profile be as indicated in
Fig. 16, that is, at large values of x, the melt — solid boundary is flat and lies in the

Melt -_————
Solid
Fig. 16. Profile of a melt — solid
) interface. Far from the groove, the
y ordinate of the interface isy = 0

plane of y = 0. It is assumed further that T, is equal to Gy, G being an arbitrary
constant. From this assumption, the radius R of curvature is a function of y such
that

_ Tyl (
= 66)
pZ)\(Tm - Gy)

The laws of capillarity lend no justification to this hypothesis.

As long as the shape of an interface is determined only by the capillary force,
this shape can be an infinite plane, an infinite cylinder, a sphere, a catenoid, a nodoid,
or an unduloid; this was found by Plateau over a century ago; see, e.g. Ref.°¥, p. 8.
Thus the shape assumed in Fig. 16 cannot exist unless other forces, such as gravita-
tion, are operative, but no such force is considered in deriving Eq. (65). A second
weakness of the theory lies in the use of 1/p, instead of (1/p,) — (1/p3); this error
may raise the calculated difference T, — Ty, by a factor of, for instance, ten. A
third weakness is, that the interface is implied to be perfectly smooth. Surface rough-
ness can be detected even on precision — made ball bearings; thus the assumption
of zero roughness on freely solidified solids is not convincing. A fourth defect is
caused by the neglect of the crystalline nature of so many solids; a freely growing
solid is likely to be bounded by crystallographic planes rather than by smoothly
flowing curves. Finally, if the temperature Ty, really varies along the profile, then
no thermodynamic equilibrium is possible; in this equilibrium, the temperature is
identical in the whole system. Also no mechanical equilibrium is possible as long as
the capillary pressure ¢ /R is different in different points of the solid phase and,
consequently, internal pressures are present. The material wouid tend to flow from
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the regions of a smaller R to those of a greater radius, and vacancies in the crystal
lattice would move in the opposite direction.

Experimental Work. Experiments related to the theory of Ref.!?® are briefly
reviewed here. Figure 17 is redrawn from Fig. 1(a) of Ref.12?). A flat glass cell (or
box), of only 0.25 mm inside thickness, is filled with water. A source of heat is
attached to the right-hand wall, and a cooler to the left-hand wall. The ice — water
interface would have been a vertical plane but, whenever a grain boundary (approxi-
mately perpendicular to this plane) is present, a groove, as shown in the sketch,
forms. Assume, as a first approximation, that the temperature gradient G (=d7/dy,
see Fig. 17) is constant in the box. Then the ice — water interface along the walls
of the groove is at a lower temperature than that at, say, point P. If no supercooling

Fig. 17. An ice — water system with a
grain boundary. Heat flows along the
coordinate y from the right to the left.
P is a point on the vertical interface

of ice and water. Redrawn from
Ref,129)

occurs, the temperature at point —y, (situated in a groove wall) is by Gy, lower
than that at P. Hence, Ty, — Tnr = Gy. The radius of curvature of the groove walls
can be determined from the curve y = f{x/, observed in a microscope. If the radius
isR; at —y, then Eq. (66) can be used to calculate v, because Ty, p; and A are
known from other sources.

The approximation of a constant G was dropped later'3? and different heat
conductivities of ice and water were used to calculate the temperatures of the inter-
face at various distances y; the convection in the liquid was, however, not taken into
account. Moreover, the function y = f{x) was believed to depend on the distance
between two nearest grain-boundary grooves.

In the latest experimental work!3 1) not only the heat conductivities of ice and
water, but also the latent heat of fusion were considered, but convection still dis-
regarded. The importance of the refinements of the theory is clear from the com-
parison of the most recent value for the 7, of the ice — water interface, namely
29 erg/cm?, with the early result'?®) of v = 41 erg/cm?. The probable limits of
error were given as + 9 erg/cm? in the early, and as * 2 erg/cm? in the later paper;
the former estimate appears to be too optimistic. For the interface of solid and
liquid lead, v, = 76 erg/cm? was calculated!3®.

It is clear that all objections to Eq. (66) formulated above are applicable to these
experiments, in spite of their ingenuity. Additional doubts are raised by the following
details:

(a) The theory assumes that only one radjus of curvature (R ) is finite while the
other (R, ) swinging in the vertical plane, is infinitely long. But the observation'?%)
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illustrated in Fig. 18, redrawn from Fig. 1(c) of the original, shows that also the
vertical profile of the ice — water interface was curved, at least near the top and the
bottom of the cell. It is difficult to believe, and was not proved, that R, was equal
to infinity along the middle stretch of this profile; the vertical profile of every drop
has finite radii of curvature at every point.

Glass
AONNNSONONONOOUOSONOONOONSONNOONNNN NN

Ice Water

Fig. 18. The vertical profile of the water - ice
7SS A7 777777777 interface at a larger magnification. Redrawn
Glass from Ref.129)

(b) Not only the above R, but also the curvature at the root of the groove is
disregarded. Contrary to the roughly cylindrical interface, concave toward the solid,
in the middle between the grooves or far from the only groove, the interface is convex
on the ice side at the bottom of the groove, see point 0, Fig. 15, The horizontal
radius of curvature at this point is much shorter than that near point P of Fig. 17;
thus the root of the groove should have a much higher melting point than the T\,
valid for a plane interface. The rapid evaporation from the groove bottom is mentioned
in Section ITI.4; an analogous effect would be expected to occur also in the systems
of this section but no reference to it could be found in the original publications.

(c) The radius of curvature R in the deeper parts of the groove is at least as
difficult to measure as the angle 2 ¢ discussed in Section II1.4. In the work on lead,
the result of which was mentioned above, the metal contained 0.04 weight-% Sb. The
melt — solid system ‘““was frozen rapidly™. “The sudden accumulation of antimony
adjacent to the interface at the start of solidification remains as a permanent ‘mar-
ker’ of the equilibrium shape”!3?. No experiments supporting this hypothesis are
described by the authors.

The theory is simplified if the angle 2 ¥ is equal to zero'3?), This situation is
almost impossible to prove and, from Eq. (56), the equality 2 iy = 0 is possible only
as long as

Ti =271 (67)

which can happen in exceptional circumstances only. If v, > 2 vy, the depth & of
the groove would indefinitely increase in time. Consequently, the relation

2Tm sl
h2 - ms (68)
sz)\
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derived from (67) is not convincing; G is again the temperature gradient (degree/cm)
across the phase boundary. However, succinonitrile (T, = 58.1°) really gave values
of h? proportional to 1/G. From these observations, v, =9 * 1 erg/cm? was cal-
culated.

If p, differs from pg, as in Eq. (63), then the rate of evaporation of a small
droplet should be different from that from a plane surface of equal extent. This
reasoning was extended!3% to the vaporization of minute silver crystals (e.g.,

600 angstroms “in diameter”) in an electron microscope, that is in a good vacuum.
During the evaporation the particles appeared faceted. Nevertheless, Eq. (63) was
applied and a y, of about 1.2 J/m? at 1000 °K was obtained.

7. Capillary Pressure and Solubility

Solubility C g/cm? is fully analogous to vapor pressure, and the effect of surfaces
on tlhai )C of solids has been pointed out long ago by Ostwald (1899) and Freund-
lich™**%.

Suppose that a solution contains one small cube, of edge /; ¢cm, and one large
cube, of edge I, cm, both solids consisting of an identical material. When dm grams
of the first dissolve and then precipitate on the second cube, the interfacial area of
the first decreases by 12 I, (d!, /dm)dm, and that of the second increases by
121, (dly/dm)dm cm?. The two derivatives are, respectively, dl, /dm = 1/3 Bp
and dl,/dm = 1/3 % p, if p is the density of the solid. The total change in the inter-
facial area A associated with the above transfer is 12 1, (d!,/dm)dm — 121, (d!, [dm)dm,
that is

This dA4 is negative because I, is greater than /;, thus, the free surface energy F; of
the system decreases when the isothermal transfer takes place: dF = y4dA.

On the other hand, this event causes a decrease in the osmotic energy of the
system. The osmotic pressure of the saturated solution around the small cube is
(RT/M)C,, M being the molecular weight of the solid substance, R the gas constant,
and T the absolute temperature. Analogously, the pressure near the big cube is
(RT/M)C,, C, and C, being the two solubilities. When the amount dm is reversibly
moved from the first to the second region, the decrease in the osmotic energy is
dFy = (RT/M) In (C,/C,)dm. The two expressions dF and dF,, referring to the same
process, must be equal, so that the relation

RT, C, 4vq [1 1
Mhme2=%Ya (22 69
M nCI P 12 11 ( )

results. If correct, it would afford measurable values for the interfacial tension vy;.
Equation (69) is incorrect because, as stressed above, it is the curvature which
affects properties such as vapor pressure and solubility, not the actual extent 4 of
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the surface (or interface) area. As long as the vapor — liquid interface is plane, these
properties are identical for water in a shallow trough (large 4) and in a narrow test
tube (small A). Moreover, the argument used by Ostwald is based on the notion that
all six faces of each cube take equal part in the dissolution and the deposition pro-
cesses.

Imagine, on the contrary, that the two solids fill truncated cones, as illustrated
in Fig. 19. Then, the exposed area 4, of the small crystal increases when dm g dis-
solves from it, and the exposed area 4, of the large crystal decreases when the dm g
is deposited on it. The sumdA4 =dA, +dA, may easily be positive. It is true, that

Liquid

Fig. 19. The extent of the liquid — solid interface, as long as this is plane, has no effect on
solubility. When the small solid 1, in a conical container, dissolves, its interface with the solvent
increases. When a material is deposited on the large solid 2, the surface area of the latter de-
creases

also the interfacial area between the crystals and the container walls varies when the
envisaged mass transfer takes place, but this is a small effect which, in general, can-
not reverse the sign of the differential d4. Thus the dependence of solubility on
surface area would appear to be a function of the shape of the solid; another im-
probable conclusion.

As soon as it is agreed that Eq. (69) is unjustified, two questions arise, namely:
do phenomena predicted by it regularly occur in nature? If they do, how else can
they be accounted for?

Coarsening of fine precipitates kept in the mother liquor for protracted time
was observed in numerous instances: the number of very fine particless in the pre-
cipitate decreased in time, and the volume of several large particles simultaneously
grew. This effect, after 1899, was frequently referred to as Ostwald ripening.

Quantitative studies of this ripening afforded a less clear picture. Many scien-
tists attempted to determine the composition of slowly aging suspensions (contain-
ing particles of various sizes) by measuring the electric conductivity of the liquids.
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The errors in this procedure, and the consequent uncertainty of the conclusions
arrived at, were pointed out'3% in 1940. When a polarographic method was used
instead, the ion concentrations proved to be identical in a solution in equilibrium
with large crystals only, and in one containing both large and small particles. Pre-
cipitates of barium sulfate were observed for up to 14 years, but no change in the
distribution of particle sizes could be detected!>®. Some other systems in which
the coarsening was “‘extremely slow” are referred to in Ref 137,

In spite of these findings, it cannot be denied that coarsening of precipitates is
a common process, In all probability, it is caused by an equally common rule, ac-
cording to which very small solid particles are less perfect (or even more defective)
than larger particles of the same kind. When small crystals are obtained by crushing
or grinding, the defects (dislocations, vacancies etc.) in them (per unit volume) are
very numerous; cutting a metal foil can increase the frequency of dislocations in it
to over 10'! per square centimeter'3®), When the method of preparation is by
“precipitous” precipitation (for instance, by mixing two highly concentrated solu-
tions), again very imperfect crystals are formed, contrary to large particles obtained
by pouring together two dilute solutions. In the systems of the latter kind, only
relatively few nuclei emerge and then grow by nearly regular capture of additional
ions or molecules.

In disordered lattices, every ion or molecule is attracted to the rest of the par-
ticle less firmly than a corresponding unit belonging to a perfect lattice. Hence, the
former escapes into the solution more easily than the latter. Careful experiments
to test this explanation would be welcome.

Ostwald’s method of estimating the -y, of liquid — solid interfaces is not popular
at present. Consequently, only two relevant papers are reviewed here.

Different silica sols were prepared”’g) by heating the initial colloidal solution
of Si0;, + n H, 0 at 80 °C for different lengths of time. The author points out that
particles polymerized at 80—100 °C “consist almost entirely” of amorphous SiO,,
whereas those obtained at lower temperatures “appear to contain appreciable amounts
of sitanol groups” in their internal structure. Nevertheless, the whole difference in
the solubilities of different particles was attributed solely to that of their specific
surface areas. Thus the specific energy of the SiO, — water interfaces was calculated
to be about 107% cal/cm?, that is near 42 erg/cm?.

Aescin, a saponin-related acid, was poorly soluble in water, but became readily
soluble after thorough grinding!*®. Grinding had also other effects: the X-ray dif-
fraction pattern of the particles changed from sharp (characteristic for good crystals)
to diffuse (as from a distorted lattice). The melting point was lowered from 225 °C
to 221 °C. The curves of the differential thermal analysis were grossly altered by
comminution. Nevertheless, the change in solubility was relied upon to compute
the v of the interface of aescin and its aqueous solution; the result was about
9 erg/cm?. The v, of aescin (in air) was said to be near 45 erg/cm?. — No experimen-
tal study of the Ostwald ripening after 1968 could be found by the present reviewer.

Coalescence of drops is caused by capillary pressure. Analogously it may be ex-
pected that sintering of metals, which is an important industrial process, also would
be governed or at least influenced by the surface energy of the metal particles. An
instance of the theoretical treatment of this problem can be found in Ref.!*4?).
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8. Wetting

This group of methods is based on Young’s equation of wetting, i.e., Eq. (1) of the
Introduction above. Two proofs of this relation are known, one dealing with forces,
and the other, with energy.

(a) The force proof is indicated in Fig. 1. The two main assumptions, namely
that v, and vy, exist as tensions, are rendered suspect by the existence of surface
roughness on solids and its persistence for many millenia; if tensions, analogous to
the surface tension in liquids, really were operative along surfaces and interfaces of
solids, these would have been as smooth as liquids are. The positive capillary pressure
acting on every hill on the surface would flatten the hill, and the corresponding
negative P, under every valley would raise the bottom of the latter.

It is mentioned in the Introduction that Young himself noticed that the com-
ponent v sin 6 remained unbalanced in his theory. This defect was re-discovered'4?,
and several experiments!4> 6% 14% 195) ghowed, that a ridge is raised along the 3-
phase line, in which the vapor, the liquid, and the solid meet. This is true for mer-
cury on gelatin, liquid tin on molybdenum, sodium borate melts on iron, and so on.
Unfortunately, the precision of the experiments thus far (the height of the ridge
usually is less than one micron) is insufficient to decide whether the operative force
(per unit length) is equal to the component v sin & or to the whole tension . The
second alternative is preferred in Ref.>?, p. 242.

Whatever the force raising the ridge, the existence of the latter disproves Eq. (1).
It is supposed in the “force proof” that v, and v both act along one straight line.
In reality, the directions of v, and 7y, as indicated in Fig. 20, may form an angle
estimated as 168° in one, and 177° in another system, rather than 180° postulated
by Young.

Drop Vapor
Fig. 20. Surface tension of a liquid drop raises a ridge
Solid on the supporting solid

(b) The energy proof starts from the equation
dF =vdA + ysdAg + ¥dAg (70)

for the free energy F of the system in which 4, 4 and A, are the areas of the vapor
— liquid, vapor — solid, and liquid — solid interfaces. This expression is incomplete
because the free capillary energy of a system depends, in general, also on the curva-
ture of the liquid surface (and on the curvatures of the other two boundaries, if v
and v, are real quantities). If, however, Eq. (70) is accepted as true, and if a move-
ment of the 3-phase line along the solid surface is considered, such that d4; = —dAg,
then dF = ydA + (v — 7vs) dAg . If it is further assumed that dA =dAcos 8, then
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dF

Ay =ycos 8 + v — 7 (71)

In equilibrium, dF/dAg = 0, and Eq. (1) results.

Unfortunately, d4 is equal to dAg, cos 8 only in some, but not in all geometries,
even when roughness is disregarded. When the drop is a part of a sphere (i.e., the
gravitational effects are neglected), and its perimeter expands or contracts a little,
the changes in A and 4 agree with the hypothesis. On the other hand, when the
meniscus rises in a cylindrical capillary, the vapor — liquid area remains constant as
long as the contact angle  is constant, whereas 4 and A continuously vary, and
dAg remains equal to —d4 ;.

Moreover, the formation of a ridge along the drop perimeter demonstrates that
Eq. (70), which neglects the changes in curvature, neglects also the deformations of
the solid, which often appear to be of significant dimensions.

Usually it is easy to determine the value of angle § in a given system but too
often this angle does not correspond to an equilibrium. This is caused by the effect
known as hysteresis of wetting and which cannot be described here. However, an
example of the error caused by this hysteresis, when calculating the v, of a metal,
may be found in Ref.149).

Thus Eq. (1), in spite of its venerable age and its wide popularity, must be con-
sidered a wrong guess. In addition, it contains two unknowns (y, and 7y,) and, con-
sequently, can be used only to calculate the difference v — 75 but not these two
quantities separately. To find 4 and vy, each for itself, more hypotheses are needed.

In many instances, cos 6 appears to be a linear function of the v of the liquid,
so that

cos & = 1—b(y— 1) (72)

b and vy, are empirical constants, and 7, is referred to as the “critical surface tension”.
Elimination of y from Egs. (1) and (72) leads'#” to the relation v = v, — 7.

cos 8 — (cos 8/b) + (cos® 8/b). If 7y, is supposed to be a function of cos 8, whereas

7, is supposed to remain constant, the 87v5/8 cos 8 = —vy, —(1/b) + (2 cos 8/b). This
derivative is equal to zero when 2 cos § =b, + 1. The value of v, corresponding to
this minimum of 7y, (as a function of cos 8) is vy =y — 0.5 v (byc + 1) —

[(B7ye + 1)/2b] + [(b . + 1)?/4b]. If now it is assumed that g = O at this point,

then «y, can be calculated from the equation

Ys =057 (b ye + 1)+ {(bye + 1)/2b] — [(bye + 1)2/4D]

Thus v, = 19.5 erg/cm? was found for poly(tetrafluoroethylene). For further develop-
ment of these hypotheses see Ref.!4®).

An assumption of a comparable audacity was published in Ref.1#9). A drop
covers the whole top surface of a truncated cone, as indicated in Fig. 21. Again, V,
L and S refer to the vapor, the liquid, and the solid phases. It is proposed that, in
this instance, the tension v, acting along the inclined slides of the cone does not
affect the value of 8. Thus the latter is determined only by the two tensions operat-
ing in horizontal directions, that is, v, (pulling point M to the right) and the horizon-
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s

Fig. 21. If surface tension v of the inclined planes of a solid (on which drop L rests) had no
effect on the contact angle 4, then the value of ¢ would be determined by two tensions only,
namely v cos 8 and g

tal component vy cos § pulling it to the left. Thus vy = vy cos § in the absence of mo-
tion. On the other hand, if an identical drop rests on a plane surface chemically iden-
tical with the above S, then Eq. (1) is said to be valid. Thus the rule

¥s =7 (cos § + cos @) is arrived at, in which, in principle, all quantities except s are
directly measurable. Unfortunately, as already Laplace has noticed, the angle §, that
is the contact angle at the edge of a solid, is indeterminate. At present, this uncer-
tainty is attributed to the hysteresis of wetting. Consequently the values of v, cal-
culated by the author (e.g., 130 erg/cm? for the cube face of potassium chloride)
cannot be considered trustworthy, even if the underlying theory were less objection-
able.

Experimental Work. An experimental determination of v, of ice was based'%%
on measurements of the dihedral angles, see Section I11.4. Figure 22 is a cross section
of a joint between two ice crystals in their vapor; the dihedral angle again is 2 .
Figure 23 is an analogous profile of this joint when the crystals were immersed in

Vapor
i
:"“4’ Fig. 22. The hypothetical tension between two ice
grains is supposed to be balanced by the tensions
Ice Ice acting along the vapor — ice boundaries. The di-
hedral angle is 2 ¥

Fig. 23. The hypothetical tension between two ice grains is supposed to be
balanced by the tensions acting along the water — ice interfaces. The di-
hedral angle is 2 ¢
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liquid water; here the dihedral angle is 2 ¢. If we assume that v,, i.e., the tension
along the interface between the two grains, is not affected by the change in the
medium from vapor to water, then v, =¥,/2 cos {, see Eq. (56), and

Yo =1L (73)

If these two equations are introduced in Eq. (1), then the result is

cos @, cos 0
COS ¢ — COS Y/

(74)

The accuracy of the numerical results obtained depends, in addition to that of
the assumptions made, also on the correctness of the experimental values of the
angles ¥ and . For the determination of v/, a formvar replica of the region pictured
in Fig. 22 was prepared, then removed and coated with silver; the y was measured
interferometrically on this coating. The reliability of the replica method recently
was questioned!S!). Also the authors!*? state that the values obtained by them
for Y were considerably greater than the true values determined by cutting a razor
blade at precisely 161° “and observing it under the interference microscope”. It is
regrettable than many other experimenters omitted checking their precision in this
or another manner. After correction, ¥ was said to be 72 + 1° so that only an error
of + 1° was admitted. The value of ¢ appeared to be 10  5°, that is, the error con-
ceded was much greater. The ¢ was estimated to be about 1°. The calculated -y, was
near 110 erg/cm?, and 74, near 33 erg/cm?. The effect of the local melting of ice
and the local freezing of water on these results is impossible to estimate.

A similar scheme was resorted to later'5%). The measured angles were those of
grain boundaries of UQ; in argon (), those of identical grain boundaries in molten
nickel (y), and the contact angle made by a drop of nickel on solid UQ, in argon
at 1500 °C. The spread of the { values was 149—158°, and of the v angles
144—180°. The 7y, of uranium oxide in argon seemed to be 750 + 150 erg/cm?,
and the ratio v, /v, was near 0.45.

Fig. 24. Supposed equilibrium at a ridge raised by surface tension on a solid. The angles between
the horizontal plane (parallel to the main solid surface) on one hand, and the directions of «,
7> and gy on the other hand are, respectively, 8, 6, and o
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A tittle more elaborate was the “multiphase equilibria” approach, adopted
earlier in Ref.%®. Equations (56) and (73) are still used, but Eq. (1) is not because
direct observation proved that the drop (e.g., of liquid tin) raised a ridge on the solid
(e.g., molybdenum) so that the vertical cross section of the system looked like
Fig. 24, see also Fig. 20. Let the angles formed by the tension v and the hypotheti-
cal tensions v and v, with the horizontal plane be, respectively, 0, a, and §. Asa
correction, symbol v, was substituted for v, because the energy of the vapor —
solid interface presumably was influenced by the vapor of the liquid (i.e., molten
tin). Of course, the y of tin melts presumably also was altered by dissolution of
molybdenum, but this possibility was disregarded. For equilibrium of all horizontal
forces, the equality

Yoy COS & = Y51 COS & + ¥ cos (75)

is required. On the other hand, from Eqgs. (56) and (73) writing v, for ¥, the equa-
tion

cos ¥

cos ¢ (76)

Ys1 = Vsv

results. Since 7y and all angles are measurable, Eq. (75) and (76) permit calculation
of the two unknowns (i.e., v and v,y ).

It is clear that the above mode of computation suffers from the defect pointed
out at the start of this section, in the discussion of the “force proof™ of the Young
equation (1). If the forces are supposed to cancel each other along a vertical, rather
than a horizontal, projection, then the relation obtained

ysin @ =g sin § + 7y, sin & 7

is different from Eq. (75) but, on the face of it, is just as legitimate as the latter.

The values for the 7 (or v4) of Mo at 1600 °C, derived from Eqs. (75) and
(76), ranged from 940 to 1990 erg/cm?. For v;, supposed to be independent of
whether the grain boundary ended at a vapor or a liquid phase, an even greater spread
was found, namely 390 to 1100 erg/cm? in 8 experiments. In this series, the ratio
¥, /s exceeded 0.5, that is, was unusually high, compare Section II1.4.

The “multiphase equilibrium technique using silver as the liquid phase™ was
resorted to in Ref.!53) but the details were not given. The v, of stainless steel con-
taining 0.001 — 0.006% boron appeared to be near 880 erg/cm? at 1050 °C, and
the 7y, again was unusually high, namely about 620 erg/cm?.

Four equations and 5 independent angles have been used'># to estimate the
7, of the uranium carbide of the composition near to UC. In addition to Eq. (56)
supposedly valid for the point at which a boundary between two UC grains emerges
toward an argon atmosphere, also the relation

= 71 .
¥ 3 cos v* (78)
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was employed, in which y* was the specific free energy of the interface between
solid UC and saturated uranium vapor and ¢ * was the corresponding angle; ¥, on
the contrary, was not allowed to change when uranium vapor was added to argon.
The third relation needed is Eq. (73): the carbide was immersed in liquid uranium
metal. The fourth was a “compromise” between the Young equation (1) and Eq. (75)
in that cos & of the latter was implicitly equated to unity, so that

v =ys1c088 +ycosd (79)
Here again, only the horizontal components of the tensions cancel each other, while
the vertical components are left to shift for themselves. The 4 equations solved for

the surface tension of UC afford

cos @ - cos p*cos P*
cos Y (cos v — cos § - cos Y*)

Ys=7 (80)

all quantities in the right-hand side of this equation are, in principle, directly measur-
able.

Unfortunately, the system selected was not in physico-chemical equilibrium:
uranjum carbide was gradually going into solution in liquid uranium, and “inter-
granular penetration and erosion of UC occurred to an extent which increased with
temperature” that was varied between 1180° and 1720 °C. No wonder then, that
the 6 observed in different tests was as low as 37° and as high as 110°. Also for the
surface tension vy of liquid uranium values from 780 to 1510 dyne/cm have been
obtained at a constant temperature of 1600 °C. The vy, of UC in argon was estimated
to be approximately 730 erg/cm? at 1325 °C, and 74 (at the boundary U — UC)
appeared to be near 140 erg/cm? at 1100 °C.

The angle §, see Fig. 23, was treated as negligibly small in a following paper
so that Eq. (79) reverted to Eq. (1). Thus only 4 angles (6, v, ¥, Y *) were needed to
solve the four equations appearing in'*®_ The systems studied were those of UO,
in argon (y), in argon + vapors of copper (Y*), in liquid copper (y), and of UO, on
which a drop of molten copper was resting. At temperatures below 1500 °C, the 8
remained near 100°, y and y* were near 142°, and ¢ was about 158°. The v, and
v¥ values were 350 erg/cm? at 1400 °C, and the v (i.e., the interfacial tension
between UO, and liquid copper) was about 560 erg/cm?.

155)

9. Miscellaneous Methods

Nucleation. As explained in Section HI.6, small droplets have a higher vapor
pressure than plane surfaces of an identical composition at an identical temperature.
The difference between the two pressures is given by Eq. (63). This effect renders
condensation of vapors more difficult than it would have been aty = 0.

A vapor mechanically separated from the liquid phase and rapidly cooled (for
instance, by expansion in a cloud chamber) to a temperature T, at which its pres-
sure is p’ and greater than the saturated vapor pressure p, above a plane liquid sur-

52



Surface Energy of Solids

face at T} °, in many instances still experiences no nucleation, that is, no formation
of liquid phase occurs. Condensation would give rise to minute droplets; and it takes
place spontaneously only as long as the pressure p’ is not only greater than p, but
also exceeds p, this p; being again the pressure of the vapor in equilibrium with the
liquid nucleus formed.

When formation of condensation nuclei just starts, we may assume p' to be only
a little greater than p, . If the radius of the nucleus is known, the vy can be computed
from Eq. (63). Usually, however, the v in this equation is supposed to be equal to
the surface tension of the liquid in bulk also for the smailest drops. This supposition
was rejected by several scientists; see, e.g., Ref.>, p. 63. Thus, application of
W. Thomson’s equation even to the formation of liquid droplets is beset with dif-
ficulties.

The situation is even more uncertain when the nucleus is solid. A solid particle
of, perhaps, 10 or 100 atoms or molecules has no reason to be spherical or to pos-
sess definite radii of curvature (R, and R,); hence, utilization of Eq. (63) in the
vapor - solid systems is not feasible.

However, at least one attempt was made on calculating the free surface energy
of a solid condensation nucleus'®). The material was argon, and the interatomic
potentials were calculated using the Lennard-Jones aplproximation. The above energy
of a cluster containing 7 atoms came out to be A y 1> + Bn'/3. The values of the
constants 4 and B were, but the magnitude of -y, was not calculated.

As would be expected, it is even more difficult to asses the importance of v,
for heterogeneous nucleation (i.e., formation of nuclei on other solids). Only one re-
levant reference is quoted here!S”).

Apparently, the direct transition from vapor to solid is less common than the
double transition vapor — liquid — solid, see, e.g., Refs.}58=19 From the rate of
solidification of metal droplets (average diameter near 0.005 cm) at temperatures
60° to 370° below their normal melting points, the v, was concluded '*® to be,
for instance, 24 for mercury, 54 for tin, and 177 erg/fcm? for copper. For this cal-
culation it was necessary to assume that each crystal nucleus was a perfect sphere
embedded in the melt droplet; the improbability of this model was emphasized
above.

When a similar theory (which appears objectionable to the present reviewer also
on other grounds) was applied to the formation of ice in water droplets'¢?, “the
critical nucleus < was > assumed to be a hexagonal prism of height equal to the short
diameter”. No capillary pressure acts across plane faces of a prism. Nevertheless the
author found a value (for the v, of water — ice) near 20 erg/cm? for drops of about
0.002 c¢m in diameter at —37 °C.

Electric Effects. The science of electrocapillarity exists for over 100 years. When
a liquid surface is electrically charged, its tension changes, and these changes can be
followed quantitatively with the standard methods of measuring . It is tempting to
apply the notions of electrocapillarity to solid surfaces, and a recent book!®?) is a
particularly rich example.

Figure 25 indicates the principle of one of the arrangements used. A metal
ribbon 1 is loaded with a weight 2 and suspended from a membrane 3; it is surrounded
by the electrolytic solution 4. When alternating current passes through the ribbon,
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4 4 Fig. 25. One of the arrangements used to demon-
strate the effect of electric charge on the y;. 1 isa
metal ribbon loaded with weight 2, suspended on
D 2 membrane 3, and immersed in an electrolyte solu-
tion 4. The vibrations are recorded by piezoelectric
indicator S. Simplified from Ref.162

the latter vibrates; the vibrations are picked up by the piezoelectric indicator 5 and
suitably displayed on an oscillograph.

The author believes that these vibrations are caused by changes in the v of the
electrode, produced by charging and discharging it, but no convincing proof of this
belief could be found in the book by the reviewer. The method is not supposed to
afford absolute values of the v but, unfortunately, also the derivatives dyq/dg
and d v, /d ¢ are not given in customary units; q is the surface density of charge on
the ribbon, and ¢ is the potential of the latter.

An older method may be mentioned here although it also never led to numerical
values of v,. If a single crystal of zinc, cut to a wire, is axially extended, the force
needed for this deformation is reduced when the wire is electrically charged'$%.

IV. Methods of Measurement and the Basic Notions

A perusal of the foregoing chapter demonstrates, it is believed, that no procedure
suggested so far for determining the v or vy is valid. It may be worth while to sum-
marize here the main reasons for this failure.

The most common cause of it is the neglect of 3-dimensional effects as compared
with those in two dimensions. Thus, all stresses in a loaded wire or ribbon are dis-
regarded in the shrinkage method, Section IIl.1. The work of deformation leading
to rupture is a bulk effect which does not receive its due consideration in the calcula-
tion of fracture energy, Section III.3. Bulk deformations associated with thermal
etching, Section III.4, demand more attention than was alloted to them by many
scientists. The method of bubbles, Section IIL.5, is invalid both because of the above
neglect (that is, that of the volume stresses around the bubble) and because of another
popular error, namely an erroneous treatment of capillary pressure P,.

The local value of P, depends on the local curvature and has no direct relation
with the total surface area. Disregard of this rule invalidates the theories of Sections

54



Surface Energy of Solids

I1.2, III.6, and II1.7. Solids tend to be crystalline; crystals in equilibrium tend to
have plane surfaces; and P, across these is always zero. The vapor pressure of perfect
crystals is independent of their dimensions. What is true for vapor pressure, is true
for solubility also.

Surface roughness is a third ubiquitous source of error of the approaches sum-
marized in Chapter III. It will be recalled again in a subsequent paragraph.

The methods based on wetting, Section I11.8, all are undermined by the proved
faultiness of the fundamental Eq. (1). Some of them employ additional hypotheses
unlikely to be true. It is difficult to avoid the impression that, the more elaborate
the experimental work, the more doubtful hypotheses are needed to evaluate the
results of the measurements.

The conclusion, that none of the known methods of measuring v, (or v4) is
satisfactory, in spite of the ingenuity and the industry spent, raises the question:
perhaps our failure is explained simply by the fact that the quantity we are seeking
does not exist? The preferred answer, be it yes or no, probably would be erroneous,
as long as the physical meaning of v, (and ) is not defined more precisely. Chap-
ter V reviews the theoretical and experimental studies concerning the cuticular
energy of solids, which undoubtedly exists, so that the questions here may be for-
mulated more exactly, namely: do solids have a surface tension analogous to that of
liquids? do they possess a surface energy of the kind known in liquids?

In liquids, the work needed to extend the surface is the work required to pull
the necessary number of particles from the symmetric into the asymmetric field.
This reasoning appears to be immediately applicable to solids also, but difficulties
arise as soon as the problem is examined with more diligence.

As has been repeatedly stressed in this review, all solid surfaces are rough. Let
the irregular line in Fig. 26 represent the profile of a vapor — solid interface, greatly
enlarged. An atom in position A is almost surrounded by the gas phase; consequently,

B

Fig. 26. Profile of a rough solid surface. The work of bringing a molecule from the bulk to
position A is much greater than that valid for position B; and for position C the work has a
middle value

the work of transporting it from the bulk to its present site was large. On the other
hand, the work of moving an atom from an internal position to position B was small.
Hence, the vy, would be much smaller at B than at A, and have a middle value at, say,
C. Equilibrium of these different tensions is impossible without involving stresses
and strains in the volume of the solid; but then the idea of surface tension ceases
to be useful or justifiable.

By mechanical necessity, surface tension along a curved surface entails capillary
pressure P, normal to the surface. The capillary pressure at A would push the hill
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around A down, and the capillary pressure at B would push the valley bottom up.
No equilibrium is possible in a system of these pressures, and the persistence of
roughness proves that the pressures, if they really exist, are counteracted by other
forces which cannot be left out when discussing the 7.

Ideal crystals are perfectly smooth, but the above difficulty is present in them
as well. Ideal crystals have extremely sharp edges, whose radius » of curvature (swing-
ing in a plane perpendicular to the edge) may be as short as 1 or 2 angstroms (while
the other radius is equal to infinity). Hence, P, acting on the edge and equal to
vs/r, would be 1000/10™8 g/cm - sec? if the value of 1000 g/sec? is accepted for
the 7. Such a pressure (10'! g/cm - sec? or 105 atmospheres) would crush most
crystals.

An additional difficulty was introduced many years ago by the hypothesis that
different crystal faces possess different surface tensions. If, for instance, the prism face
has a vy, greater or smaller than the y; of the basis, then the edge between the two
is pulled in two different directions by two unequal forces in the absence of any other
force which could stabilize the system. It is usual, however, to hide this defect by
stating that a crystal face has its characteristic surface energy, that is, admitting that
s is not analogous to 7.

The belief in a close similarity between solid and liquid surfaces is weakened
also by the common observation that the surface layers on typical solids are thicker
and less uniform than the corresponding layers in typical liquids. The exterior stratum
(whose properties differ from those in the bulk) has no definite thickness 7 in liquids,
but the order of magnitude of 7 usually is believed to be 10 angstroms for liquids
ranging from argon to water. In solids, this r may reach several microns. A glass ex-
posed to moist air usually is covered with a degraded region of a low refractive index,
whose 7 may exceed 1 um. The hardness of a machined metal is greater in the ex-
ternal 25 um than in the deeper strata. Numerous additional examples are listed in
Ref.®%, pp. 184, 187. If a metal plate is surrounded with an oxide of variable com-
position, it is impossible to allocate the (supposedly) measured 4 to any of the sub-
stances present there.

V. Cuticular Energy
1. General

The surface layers of solids usually differ from the deeper zones of the same specimen
in their chemical composition, their degree of lattice perfection (e.g., the frequency
of dislocations), their state of stress, and so on. This renders unpalatable the notion
of a surface tension in solids, but suggests the existence of a kind of surface energy,
unknown in liquids, which it was proposed to designate as cuticular energy.

A particularly simple example would be the energy of a sample of aluminum
metal in air. The surface of the metal is covered with a continuous layer of aluminum
oxide which may be less than 20 angstroms in thickness in a dry atmosphere but will
be much thicker in moist air or after contact with hot water. Consequently, the
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energy of the specimen is the sum of two different terms, one referring to the metal-
lic bulk, and the other to the oxide coating. The difference between cuticular and
true surface energy will be clear after comparing Eqs. (81) and (82) with Egs. (83)
and (84).

A cube of aluminum, of 1 cm edge, is dissolved in a suitable solvent, and the
heat Q of solution is carefully measured. If the oxide coating was 10~7 ¢m thick,
this cube consisted of 6 x 107 cm?® of Al, 04 and 1.000 cm?® of metal. An identical
cube is cut into 10'2 cubes, the edge of each being 10~* cm long, and the powder
obtained is dissolved in the above solvent. The heat of solution is Q. Its magnitude
is different from that of Oy above all simply because the powder, prepared in air,
contained 10’2 x 6 x 1078 x 107 cm3 = 6 x 10~3 cm? Al,0; for each 0.995 cm?
of metal (after accounting for the different densities of the two substances). Hence,
if q¢ is the heat of dissolution of 1 cm® of Al, and g, is that of 1 cm® of Al,03,
then, with sufficient precision,

0o=go+6x1077 g, (81)
and
0, = 0.995 go + 0.006 ¢, (82)

The two measurable values are significantly different.

The above example suffices to formulate the 3 main differences between the
true surface energy (as in liquids) and the cuticular energy.

(a) The specific cuticular energy (joules/m? or erg/cm?) is a function of the
specimen rather than of a substance as such. The thickness of the oxide film on
aluminum metal varies from sample to sample. A liquid has a specific surface energy
characteristic of the substance.

(b) Cuticular energy usually is not an equilibrium property. Oxide films exist
on aluminum only as long as the equilibrium with oxygen of the air has not been
attained; in equilibrium practically no metal is left. Surface energy of liquids exists,
and commonly is measured, when the vapor — liquid system is in a stable equilibrium.

(¢) The third distinction is perhaps the most important. Surface energy in liquids
implies surface tension, that is, limitless tendency to contract. No such tendency is
caused by cuticular energy. The oxide layer on aluminum may be in a state of tensile
stress, but this stress would disappear after a very small contraction. Generally speak-
ing, a compressive stress in the oxide film is just as probable as a tensile stress. If a
cube of aluminum (with its oxide coating) is rolled into a thin sheet in the absence
of oxygen, the area of the specimen would increase manifold but the total cuticular
energy may, in principle, remain constant because the amount of Al, 05 did not
change.

Usually, however, the other sources of cuticular energy (C.E.), referred to at
the start of this section, also must be taken into account.

Now it is possible to discuss the question: is the calculated surface energy Uy or
“y”, reviewed in the second chapter of this article, more similar to the true surface
energy 7 (as in liquids) or to the C.E.? It appears that the similarity between Uj
and C.E. is the winner.
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The energy excess possessed by a broken, as compared with an unbroken, crystal
exists because the atoms (or ions, or molecules) at the rupture surface are attracted
by the solid stronger than by the vacuum. This field of force causes re-arrangement
of the particles but produces no surface tension.

It was shown in some calculations!®® that the external layer of jons in ionic
crystals (or atoms in noble gases) is “unnaturally” spread or contracted over the
fracture surface, so that its energy would be lowered by a little closer (or less close)
mutual approach of the atoms or ions (in the plane parallel to the fracture surface).
This effect, if real, still is completely different from those observed in liquids. The
maximum lowering of the energy of the above distorted layer would be achieved by
a small change (about 1%) in the average distance between the atoms (ions); further
extension or contraction would raise the energy instead of lowering it. In liquids,
surface tension tends to contract the surface area incessantly.

The first two peculiarities of the C.E. also seem to be encountered in the Us.

The excess energy of a real crystal fragment depends on how this was obtained; usual-
ly, the fracture surface is imagined to be perfectly smooth, but real surfaces are rough,
have steps, and so on. The surfaces assumed in theoretical calculations are not in con-
tact with any other substance. If a gas, however, is admitted, then the “unsaturated
valencies” will be “‘saturated” with adsorbed gas molecules, and the asymmetry

of the field will be reduced. Thus the structure calculated for the external layer may
be in equilibrium only in excellent vacuum, and the duration of this equilibrium would
depend on how rapidly gases and vapors leak into the evacuated vessel. This remark
shows, by the way, how illogical are the attempts to correlate the experimental
estimates of 7, or “y” with those calculated from the theories of Chapter II.

C.E. presumably affects also some experimental results on the ;. In particular,
the effect of particle size on vapor pressure and solubilities, Sections I11.6 and 1I1.7,
are related to C.E. more than to the true surface energy; as already pointed out,
small particles usually have a less perfect crystal lattice than do larger crystals. A
more direct estimate of C.E. is afforded by the measurements of the heat of dissolu-
tion.

2. Heat of Solution and Dispersity

In this section, mainly older results are quoted because the method seems to be out
of fashion at present. The principle of the method is outlined in the foregoing sec-
tion: the Q¢ of large, is compared with that, 0, of many minute particles. If the
total, as distinct from the free, surface energy of the solid is Uy, see Eq. (9) in Sec-
tion I1.2, per unit area, then the corresponding energy of a large crystal is UgA4,, and
that of the n powder particles obtained from an identical specimen is nU A4y, Ao
being the surface area of the big crystal, and 4, the average surface area of a powder
particle. Of course, 1, is much greater than 44, and in many systems 4, may be
disregarded in comparison with n4 .

If, however, all terms are considered, then Qy is supposed to be

Qo = Qe t Us4y (83)
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if 0., denotes the heat of solution of a specimen with zero surface. The analogous
equation for @, is

Qp = Q. t nlUsA, (84)

The surfaces vanish during dissolution, and the energy which resided in them must
be a part of the experimental heat. The contrast between the Egs. (81) and (82) on
one hand, and Eqgs. (83) and (84) on the other hand renders the distinction between
the two approaches (i.e., C.E. versus surface energy) particularly evident.

In perhaps the earliest experimental work on the subject!®®), fine-dispersed
sodium chloride was prepared by sublimation and rapid cooling. In a microscope,
the particles appeared to be, on the average, 1.3 um “in diameter”, corresponding
to a specific surface area of 2.14 m?/g. Unfortunately, the shape of the particles
necessary to establish this correspondence is not specified in the original. The Q,
differed from the Qg by only about 1%, and the calculated value of Us was approxi-
mately 400 erg/cm?. In a subsequent paper'®®), the product n4,, was estimated also
from the number of particles in 1 g of powder, and the U appeared to be between
360 and 400 erg/cm?. In the third publication'®”), NaCl powder was obtained by
grinding in an agate mortar, and the value of U; for particles of 1.2—1.4 um “in
diameter” was roughly twice as great as that of the sublimed particles; presumably
the crystal lattices of the former were even more defective than those of the latter.

The next group of relevant studies deals with metal hydroxides. These com-
pounds will have a peculiar C.E. whenever their external region contains fewer or
more hydroxyl groups than an equal volume far from the surface (e.g., because of
evaporation). Particles of Mg(OH), were prepared“’s) by wet precipitation, and
their average shape and dimensions were estimated from the X-ray analysis. The finest
particles were prisms, 90 angstroms long and 250 angstroms thick. The difference
between Qg and (), amounted to roughly 3%. The calculated U; was 330 erg/cm?.
Various ferric hydroxides seemed ') to have U, ~ 350 erg/cm?.

Cadmium oxide prepared at 800 °C had coarser particles (about 2500 angstroms)
than those obtained at 300 °C (= 200 angstroms) and had a smaller heat of dissolu-
tion in a mixture of HF, HCI, and H3POy; the difference @, — Qp was'’® about
0.015 Q, * A U, of roughly 500 erg/cm? was computed from the test data. A specimen
of y-Al, 05 consisted of “primary” particles whose average edge length was calculated
from the width of the X-ray lines and varied between 24 and 41 angstroms'”V. The
heat of dissolution of these samples in a mixture of HF and HC! was a linear func-
tion of the specific surface area, arrived at on the assumption that the particles were
cubes. The Uj turned out to be approximately 560 erg/cm?.

Highly dispersed gold sols evolved more heat during dissolution in ICl5 than did
coarse gold suspensions! 7). A value of 670 erg/cm? for the Uy of Au was derived
from these data. The authors considered it to be too low for the “true” Us but, if
the difference between the two experimental heats was caused by the cuticular
energy present in the gold particles and the quantity 670 erg/cm? belonged to the
C.E. rather than to Uy, then no objection can be raised.

The area of a MgO powder was determined from its gas adsorption capacity and
its heat of dissolution was taken from the literature!”). The U, appeared to be
about 1000 erg/cm?.
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When oxides of cobalt and nickel were reduced with hydrogen'”® at various
temperatures (300—420 °C), the dispersity of the resulting metal was greater the
lower the temperature. Unfortunately, the method of determining the dispersity
is not specified in the original. When the surface area per gram increased, for instance,
from 5 m? to 17 m?, the heat of solution in hydrochloric acid rose by over 3%. The
values of U computed from the experimental data were 3700 for nickel and
3600 erg/cm? for cobalt. From the point of view of the new theory, these values
indicate, perhaps, a high degree of disorder in the obtained microcrystals.

Round sodium chloride particles of 0.2 mm “in diameter” were prepared by
rapid cooling of droplets of a NaCl melt!?%). Their heat of dissolution in water ex-
ceeded that of large crystals by about 0.3% only. Consequently, the precision of the
U; values was low; the results of 3 pairs of experiments ranged from 4000 to
30000 erg/cm?. This high range may have been caused by the fact that the minute
“spheres” were far from internal equilibrium.

Much smaller crystals, still of NaCl, obtained by electrostatic precipitation of
smoke, gave smaller values of Us. The dimensions of single particles have not been
determined but the specific surface area nd, of the powder was found from the
isotherm of nitrogen adsorption and varied between 1 and 50 m?/g. The difference
Qp— Qo was proportional to nd,. The recommended value of Us was 276 erg/cm®
at 25 °C'79). A larger energy was calculated in an earlier paper177) but the sodium
chloride used then was shown to contain sodium nitrate. The nitrate tended to con-
centrate in the external layers of the NaCl crystals and raised the cuticular energy
of the specimens analogously to the oxides considered in the foregoing section and
the water referred to above in this section.

Gas adsorption was used also for determining the specific surface area nd,, of
the powder in several other investigations. The n4,, of CaO varied!”® from 0. 3 to
8 m?/g, and that of Ca(OH), from 0.1 to 26 m? /g Each sample was dissolved in
nitric acid. The preferred values of U; were 1370 + 250 for CaO and
1180 + 100 erg/cm? for Ca(OH), at 23 °C. When precipitated silica gels were dried
at different temperatures for different times, the nd,, of the dry material obtained
varied!”® from 382 to about 700 m?/g. The heat of dissolution in a mixture of
HF and HNO; was greater for the fine-dispersed than for the coarser powder. From
the difference, U, of 259 + 3 erg/cm? was calculated, at 23 °C. The Uy of hydrated
silica was estimated to be near 130 erg/cm?, that is, not significantly greater than
the total surface energy of liquid water (118 erg/cm? at 25 °C).

Other papers in this series dealt with silicates which, unfortunately, were not
chemically uniform. The mineral tobermorite (Ca3Si; O, 2 H,O) was made from
Ca; Si04 under various experimental conditions*®?). Strangely, the values of nd,
derived from the adsorption of nitrogen were in some instances only one-third or
one-quarter those calculated from the adsorption of water vapor. When only the
latter data were counted, then Qp, appeared to be a roughly linear function of nd,
and U was 388 + 30 erg/cm The Uj for the trihydrate Ca3Si, 04, 3 H,0 was Sald
to be 320 + 70 erg/cm?.

When a trihydrate of an identical composition was prepared by grinding in a
ball mill with water'8?, the powder showed only one X-ray line near 3 angstroms,
in contrast to the crystalline tobermorite which had two strong lines in this region.
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The U of this powder was 415 % 89 erg/cm?. Presumably, these results are less
trustworthy than those obtained for chemically homogeneous crystals. The most
recent study'®? leads to 450 erg/cm? as the U of tobermorite.

Magnesium oxide samples resulting from dehydration of magnesium hydroxide
had a greater heat of solution when the thermal treatment was performed at tem-
peratures below 400 °C than had bulk specimens of MgO'8%). As the authors state,
this difference “may be due to the powder having a higher specific surface or to the
existence of strain energy in the lattice, or to both”. Additional measurements con-
firmed, in the reviewer’s opinion, the second alternative, that is, the importance of
cuticular energy for the observed dependence of Q, on nd,,. When the temperature
T, of the treatment was raised from 380° to 1380 "C, not only the Qp decreased
by over 3%, but also the water content of the samples was lowered from 3.7 to
0.12%, the density increased from 3.32 to 3.53 g/cm?, and nAp became 4.5 instead
of 270 m?/g. Nevertheless, the change of Qp with T was attnbuted above all to the
change in the nd,,. If the value quoted above of 1000 erg/cm? for the Uy of MgO
was introduced m the equations, the calculated variation in @, was not very different
from that observed.

Calcium carbonate crystals whose n4, was 1218 m?/g (from gas adsorption)
had a Q,, greater (by, e.g., 10%) than those with a nd of 0.2—1 m? /g, but the re-
producibility of the results was too low to calculate the surface energy'®¥. Perhaps,
comparison of @, with the chemical composition, the degree of lattice imperfection,
and so on, would have shown a better correlation. When the n4; of goethite FeOOH
and a-Fe, O3 varied from 0.003 to 3.6 m?/g, 0, increased'®*) by about 30%. The
calculated U was 1170 for goethite and 770 erg/cm? for Fe,05.

When sodium trimetaphosphate Na3P304 was ground in humid air, the relative
volume of the amorphous ingredient (determined from the X-ray diffraction data)
and the lattice distortion increased with the duration ¢ of the grinding®®. The
authors concluded that the variation of 0, was “mainly attributable to production
of an amorphous material”. It is hoped that comparisons similar to those in
Motooka’s work will be more common in the future.

A thermal method independent of the heat of solution was invented and tested
in Ref.'®7)_ It is based on the differential thermal analysis. When a powder, such as
a dried polystyrene latex (consisting of almost identical spheres) is gradually
heated, the heat H evolved is the difference between the energy losses in the system,
such as the decrease in the quantity nUs4,, caused by sintering, and the energy
increases, such as the rise in the heat content of the bulk. The two ingredients of
H can be separated by repeating the treatment on the already sintered material: the
reversible components of A (related to, for instance, heat capacity) will be as prom-
inent as during the first treatment, but the irreversible components will be absent
(because nA, has already reached its minimum value). The irreversible part of His
assumed to be equal to nUsAp, see Eq. (84). The U was 36 to 47 erg/cm? for 3
different polystyrene samples, and 83—90 erg/cm? for two samples of poly(vinylidene
chloride).
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VI. Conclusions

At least five conclusions may be formulated after perusing this review.

1. No method so far suggested for measuring the surface energy or surface tension
of solids is satisfactory.

2. This failure may be caused, above all, by the fact that solids, contrary to
liquids, cannot aiter their shape without changing the strain energy in their volumes.
The changes in strain energy are so much greater than those in surface energy that
the latter remain unrecognized.

3. Solids possess an energy unknown in typical liquids. This cuticular energy
exists because the surface region of innumerable solids has a chemical composition,
a frequency of lattice defects, and so on, different from those in the bulk.

4. Small solid particles obtained by cooling of vapors, by grinding, or many
other methods, usually have a less perfect lattice and more impurity than have bigger
crystals of nominally identical composition. Hence, the cuticular energy of the for-
mer exceeds that of the latter.

5. Cuticular energy implies no tendency of the surface to contract, i.e., no sur-
face tension. The theoretical calculations of the difference in energy between a
broken and an unbroken crystal, if correct, afford a quantity which is related to
cuticular energy and, like this, causes no contractile tendency.

Note Added in Proof

To p. 11. According to N. H. Fietcher, J. Crystal Growth 28, 375 (19735), the free energy of
solid — melt interfaces in many systems (e.g., water — ice) is determined above all by the low
entropy of the liquid layers adjacent to the solid surface. This loss of entropy occurs because
the above layers are more ordered than the melt far from the solid.

To pp. 41—43. The criticism of the methods based on Eq. (65) was expanded by J. J. Biker-
man in a paper submitted to a magazine. These methods are not justified also because the quan-
tities py and py in Eq. (64) refer to two different systems, in each of which a uniform pressure
(pj or pj) acts. In the experiments of Fig. 17 and the analogous tests, two different pressures
are supposed to act in one system. A detailed consideration of such systems shows that in them
no reversible melting and solidification, fully depending on the local curvature, can take place.
Moreover, the actual pressures in the containers used depended on the flexing of the container
walls, mentioned in Ref, 131,
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1. Introduction

Thermogravimetry (TG) is one of the classical methods of thermal analysis (TA). It
measures the loss or gain in weight of a sample as a function of temperature, time,
and also of the atmosphere. In agreement with the general definition it is a typical
TA-technique, because it follows the changes of a physical parameter as a function
of temperature (Fig. 1). Compared to DTA (Differential Thermal Analysis), which
probably is still the most important thermal analytical method, TG was not used so
broadly however. This limitation had some historical reasons and has been due orig-
inally to the lack of sensitivity and reproducibility, to the time-consuming opera-
tion and later on to the emphasis on thermochemical information which is directly
available from DTA-data. However, continuing modifications in equipment design
have resulted in great improvements in measuring capability and sensitivity and have
led to broader applicability. Especially the combination of TG and DTA in one sys-
tem has proved to be very useful since it allows one to measure simultaneously and
quantitatively various physical and chemical transformations which occur during
heating up of the material to be studied.

The development of apparatus for thermogravimetric analysis, the so-called
“thermo-balances”. from Wagner’s spring balance!? to the modern semi-automatic
recording instruments, is an interesting example of the rapid progress made by mod-
ern technology in the field of chemical apparatus design. The expression “thermo-
balance” was first used by K. Honda?) in 1915 for a balance designed to measure
the loss or gain in weight of a heated sample as a function of temperature (Fig. 2).
These balances were originally applied to the solution of analytical problems, some
years later they were used also in physico-chemical work. The following develop-
ments were concentrated on the recording and registration of the data, that is to
say on the simuitaneous and automatic recording of the weight against time and
temperature. The leading workers in this field were M. Guichard® and P. Chevenard®.
After this period much of the fundamental work was done by C. Duval®), During
the last two decades it was the application of electronics which made it possible to
design recording balances without retroactive effects, either by using the principle
of magnetic force compensation or by using an electromechanical transducer to fol-
low the position of the balance beam. Modern methods of temperature measurement
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Fig. 1. Typical TG-curve with corresponding temperature curve
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Fig. 2. Comparison of the classical Honda thermobalance with present, frequently used equipment

and control allowed linear heating programs which are of great importance in all ther-
mal analyses®~ 1), This is true also for the control of atmosphere which has a pro-
nounced effect on the reactions taking place in a material (Fig. 3). All modern ther-
mobalances therefore are equipped with a high vacuum system which not only allows
one to work in vacuum (down to 10~® mm Hg) but also to change the gas atmo-
sphere in the furnace chamber very rapidly e.g. from oxidizing to neutral, reducing
or even reactive. The attachment of apparatus like gas chromatograph or mass spec-
trometer to the thermobalance made it possible to analyze continuously the gaseous
decomposition products evolved during the heating of a sample, and to control the
reaction atmosphere.

The information available from TG-data can be increased further by deriving
and recording simultaneously the differentiated weight curve, dW/dt. This first deriv-
ative of the weight change is commonly referred to as derivative thermogravimetry
(DTG). It is very useful for kinetic studies, for the determination of reaction rates
and for interpreting complex thermogravimetric curves. Such curves may be caused

| CaCO:,
in air
in vacuum 720 torr
p- 1-10"*torr 5.7 i/h I
-CO,
T in CO2
2mg 720 torr | l
i 57 I/h
<4 Ca0
L b, 1 . L " A o
400 500 600 700 800 °C

Fig. 3. Example for thermal decomposition in different atmospheres

69



H. G. Wiedemann and G. Bayer

TG CURVE

" DTG CURVE
[72)

O

vt

’:':' IO‘Smg/min

Qo

w

2

{

2.5 = 200 — 200 I 500

TEMPERATURE °C
Fig. 4. TG-curve and its first derivative (DTG) for the reduction of o-FeO(OH) to Fe

Table 1. Thermogravimetric methods, simultaneous techniques and experimental
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by changes in the order and rate of reaction or by overlapping of several reaction
steps (Fig. 4).

Thermogravimetric instruments are important in many fields of research and
industry'?. They are particularly suitable for studies on reaction kinetics in the
presence of a special gas atmosphere. In metallurgical work, thermobalances are used
to investigate the oxidation and corrosion of metals and alloys. Furthermore, it is
possible to measure the vapor pressure of substances at low and at high tempera-
tures by Knudsen’s effusion method, thereby following the vaporisation process
thermogravimetrically. Adsorption equilibria, which are important in determination
of specific surface area, may be investigated also. The use of TG in a magnetic field
allows thermomagnetic measurements to be made, a. g. determination of Curie tem-
peratures. One combination which is especially important both in basic and in ap-
plied research, apart from TG-DTA, is that of TG and X-ray diffraction. It will be
obvious that many other combinations and applications of thermogravimetric meth-
ods are possible (Table 1).

For demonstrating the versatility and general usefulness of thermogravimetric
methods, a large number of experiments was carried out in different areas of physi-
cal and inorganic chemistry and in various fields of applied research. The results of
some of these investigations will be described in what follows.

2. Apparatus, Accessories and Experimental Technique

The different types of thermobalances which are used today in research laboratories
and in industry are usually bound to and designed for specific applications. They
may either be commercially available instruments, or assembled from individual com-
ponents or completely homemade® 7> *3~ 15, As an example, the set-up of a modern
thermobalance is shown schematically in Fig. 5. This type of instrument with its

THERMOBALANCE [ DATA INPUT AND PROCESSING |
FURNACE CONTROL
TEMPERATURE PROG. TEMPERATURE
SAMPLE TEMPERATURE
OTA OTA- SIGNAL
WEIGHT SIGNAL
DIGITA
WEIGHT INDICATION VOI:TMETER
-4 VACUUM INDICATION RECORDER
N\ - GAS FLOW
DIFFUSION /7 ™\ THERMO -/ INTERFACE
PUMP £
A COMPUTER TAPE PUNCH
TAPE READER
DATA OUTPUT | RESULTS

Fig. 5. Instrumental set-up and important components of a modern thermobalance
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modular construction principle, allows different measurement techniques which are
adapted to the special problem. In making specific measurements, a simpler system
can be used which is still capable of being expanded to cover the most diverse va-
riants of a multi-purpose instrument.

All measured values are normally registered by means of a recorder. In addition,
an improved method for data collection and processing is possible today by use of
a computer. This has the advantage of automatic, safer data collection in an easy-to-
read form. Comparison with standard values, correction of the buoyancy effects,
control of linearity, control of standard deviations and peak integrations are thus
possible.

When the fields of application of thermo balances are considered, a compromise
between an analytical balance and a micro balance in regard to sample capacity and
weighing accuracy has to be found for various experimental methods. The ratio of
loading capacity to sensitivity is of importance since thermo gravimetric curves should
be measured with adequate sensitivity even when small samples are used, when, for
example, the amounts available are small, and for reasons of uniform heat distribu-
tion. It is also possible to perform experiments with additional instrumention, e.g.,

a measuring head for differential thermal analysis, or a high temperature Knudsen
cell for vapor pressure determination. Toploading balances are very suitable for high
temperature in investigations because of better temperature distribution in the reac-
tion chamber and because of the smalier effects of temperature on the balance. The
modern thermo balance is so designed that weighing can be made above or aiso below
the balance, depending on the temperature range and auxiliary apparatus required.
It is usually provided with measuring instrumentation protected against external
influences such as shocks, corrosion, or temperature variation. Modern, well-equip-
ped thermo balances facilitate carrying out precise physical and chemical experi-
ments on the balance pan within the following limits: temperatures from —160 °C
to +2400 °C, pressures from approx. 107 to 760 torr, stationary or flowing gas-
eous atmosphere of varied composition, including corrosive gases.

2.1. Balances

The balances used in thermogravimetric apparatus are distinguished by the different
types of weight compensation, elastic forces in the case of the spring balance and
counterpoise for the beam balance. Spring balances are rarely used in commercially
available equipment, but rather in home-made, special thermogravimetric apparatus.
They may show fatigue problems depending on the material of the spring, however,
they are quite sensitive and applicable in corrosive atmosphere. The predominant
role of the beam balance is due mainly to its high sensitivity also at high load. Fur-

Weight Electromagnetic

change compensation

Gain +

Loss lll - Fig. 6. Null-ty pe balance system
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Balances
Weight signal o
Types Accessories
—» Computer
4
Macro Micro l
\j_l First derivation e
Weight capacity Automatic tare
T T s DTG-signal
Weighing range Balance arrest
[ |
it Electrical Recorder
Sensitivity compensation
[ 1 ,
Printer
Reproducibility Thermostat

thermore, they have a solid construction and better mechanical resistance which
also means better reproducibility. Most of these balances used in TG operate on the
substitution principle and are of the null-point type. The construction is similar to
that of a normal analytical balance but adapted, in respect to material and design,
to the operating conditions of thermogravimetry. The balances are equipped usually
with electro-magnetic compensation for continuous readout of results (Fig. 6). The
weight changes are converted into an electrical signal which replaces the optical
scale readout. The beam position is sensed here by photo-transistors and set by a
control circuit. This proportional differential control also performs the balance
damping which, in contrast to air damping, is effective both under normal condi-
tions and in high vacuum. Built-in weights compensate for weight variations which
exceed the electrical range. Calibration weights permit the sensitivity of the balance
to be checked from the outside. Adjustment, if required, is made electrically. Crucible
holders are provided instead of a balance pan which also accommodate the thermo-
couples. The measuring points of the thermocouples are in direct contact with the
sample or its container.

Balances

As mentioned above, mainly two types of balances are used: beam balances and
spring or torsion balances. Spring or torsion balances show a special relation between
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sample weight and sensitivity: small sample weights give high sensitivity and large
sample weight means small sensitivity. The sensitivity and sample weight capacity
for beam balances depends on their construction.

Macro Balances

These too can be very sensitive in the case of large sample weights when the adapted
electrical system for weight indication is based on “force compensation”. The advan-
tage of this system is that it can be used for both, small and large samples. The larger
weight capacity especially offers the possibility of applying special crucibles, e.g.
Knudsen cells, DTA cells, ball value cells etc. Other advantages are the built-in ther-
mocouples with direct contact to the crucible/sample, long-time stability of the weight
signal also at very high temperatures, larger sample quantities in case of of inhomo-
genous samples.

Micro Balances

These are used for relatively small sample weights (0.1—20 mg) and for low but also
for very high heating rates. For many technical products this thermogravimetric meth-
od is not so time consuming and gives results with adequate reproducibility. For

all equilibrium measurements one can only use slow heating rates, and sample weights
in the order of 10 mg.

Weight Capacity

Large weight capacities are required when sample holders with a high dead load are
used. The same is also true for samples that are very inhomogeneous, or when very
large pieces must be investigated in bulk form.

Depending on the instrument (thermobalance), the weight of the sample is fol-
lowed and recorded within a specific sensitivity range. This means that one obtains
the weight change expressed in a single weight curve. Some balances however allow

TG1
TG2
T
Ta
Fig. 7. Simultaneous registration of weight
curves with different sensitivity (TG 1:1x,
T TG 2:10%)
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the registration of the weight change simultaneously in two curves with different
sensitivities. The advantage of this method is that the overall weight change is evi-
dent from one curve, while the other, with a 10 times higher sensitivity, allows very
high resolution in case of very small weight effects. Figure 7 shows that the weight
curve 1 gives the whole weight change of a sample during a linear heating period in
one piece. The sensitivity in weight curve 2 is 10 times higher and therefore the evalu-
ation of the onset temperature of the decomposition, Tg, is more accurate here than
in the case of weight curve 1 where T4 is derived. In conclusion, one can generally
state that the selection of the sensitivity depends on the material to be investigated,
on the kind of reaction and on the type of experimental equipment.

Reproducibility

The number of influences in a thermobalance, which is a “continuously weighing
balance”. is relatively large. To a great extent these are dependent on the construc-
tion of the balance. Normal macro balances are not affected by small vibrations if
they are properly installed, regardless of whether this is on an upper or lower floor.
Important for good reproducibility are:

good thermostated housing

reproducible gas flow conditions

constant humidity of the atmosphere in the balance (null point/drift)

efficient transport of the condensable reaction products away from the balance

parts

If these conditions are fullfilled, a precision or standard deviation of £0.5 mg

in the 1 g range, £0.05 mg in the 100 mg range,
+0.015 mgin the 10 mg range, can be reached.

The accuracy — readability in the various ranges is as follows

Range lg 100 mg 10 mg I mg
Accuracy 5 mg 0.1 mg 0.05 mg 0.01 mg
Readability 2mg 0.2 mg 0.02 mg 0.005 mg
Accessories

Automatic tare is an important accessory apart from the mechanical tare so as to
be able to start on the chart strip at any place one wishes.

As with any normal analytical balance, it is necessary to arrest the balance for
all operations between the measurements. Also in case of unexpected, explosion-
like reactions which can displace the sample holder from its normal position it is
better to arrest the balance for a moment and then continue the measurement.

In balances which give two TG-curves with different sensitivity, an electrical
compensation device switches automatically the expanded cutve to the next passage
in the chart strip (see Fig. 7 with the two recorded TG-curves).

The thermostat is necessary for holding the surrounding temperature of the
balance constant; it is of special importance for “high temperature long-time runs™.
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The weight signal is normally recorded in the manner indicated above, The first
derivation can be performed with a derivative computer and is recorded simulta-
neously. Another way today is the use of a small or large programmable desk calcu-
lator which is connected to the thermobalance with an interface. The print-out of
weight change per time unit gives the same information as the DTG-curve.

For quantitative evaluation of the results, both the TG-curve and the output
of the printer of the computer are important. The recorded curve is important at
every point during the experiment for handling the whole run. The first outprint
is the starting point for further calculations.

Crucibles

\

Selection of crucible
material, crucible o Substance
size, crucible holder
I ;
Material [ Size + form Preparation of sample |
| 1 I
Ceramic Temperature ——gylinder E/pe of investigation
and —Cone
an glass atmosphere —Plate—type
limits of —-Screen—type Amount
Metal material T T
B! - Spec. crucibles Particle size
Cleaning
of crucibles —Knudsen cell l
T Alliaﬁgmluir cellll Drying
. —Ball valve ce
([){fe f:}rlzglglges —DTA—crucible [
—Sample arrangement Mixtures
l for magnetic measurements
One—way —High pressure crucible [
crucibles l Vibro—spatula

2.2. Crucibles

Crucibles must be suitable for the required experimental conditions with respect to
their material, capacity and shape. As in the techniques of the chemical laboratory,
crucible materials are selected to avoid the possibility of reaction between crucible
and sample material. The main materials used are the precious metals, oxide ceramics,
quartz and graphite. The size of the crucible is determined by the volume to be
weighed.

Table 2 shows a compilation of different crucible materials, the working tem-
peratures, atmospheres and some important physical data. Metal crucibles are used
more for the investigation of clays, oxides, ceramics, glasses, inorganic materials as
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Crucible Usable in Usable in Fusion Density Gas Resistance  Chemical
material air to vacuum point tight- against properties
to ness temperature
changes
°C °C [°Cl lg-cm™]
Ceramic and glass
Pythagoras- 1550 - 1820 2,9 Excel-  Satisfactory Better resistance
material lent than porcelain
Si0, 12001y 12001) 1750 2,1 Good  Excellent  Above 1200 °C
devitrification.
Acid-resistant
except concen-
trated H3P°O4
above 300 Cand
HF
MgO 2200 1600 2700 2,8 Porous  Good High temperature
resistant
Al,O3 1900 1900 2050 3,4 to Good Good Resists alkaline,
39 alkali- and other
metals
Magnesium- 1950 1950 2135 3,8 — Poor Intermediary to
spinel MgO and Al; O3
BeO 2200 2100 2550 2,9 Good Excellent Resists alkaline
substances as
well as reducing
influences of
metals.
Zr0, 2500 2300 2700 5,4 Low Poor- Acid- and basic
Porous resistant in high
temperatures
ThO, 2700 2200 3000 9,2 Good Very poor  Resists basic
substances
BN ~1000 1700 Subl. 2,25 Good Excellent Sensitive to water
vapor
C 550 2300 Practically ca. 1,5 Porous  Excellent Resists nonoxidizing
unmeltable acid- and basic
fluxing agents
Pyrex 400 400  500-600%) 2,3 Good  Good
Glass
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Table 2. (continued)

Crucible Usable in Usable in Fusion Density Gas Resistance  Chemical
material air to vacuum point tight- against properties
to ness temperature
changes
°C °C °C] [g-cm™®]
Metals
Pt 1600 16003) 1679 21,4 Good Excellent Vaporization
takes place
Au 900 900 1063 19,3 Good Excellent Practically non:
Ag 700 700 960.8 10,5 Good Excellent  reactive with n
Al 550 550 660 2,7 Good  Excellent  metallic substa
Ni 800 800 1453 8,9 Good  Excellent ~ Not usable for

reactive substar
and atmosphert

Nb 250 2000 to 2497 8,55 Good Good Acid resistant e
2100 cept HF and co
centrated hot s

phuric acid

Mo 400 2300 2610 10,2 Good Good Resists nonoxi-
dizing acids

Ta 250 %88 to 2997 16,6 Good Good Similar to Nb

W 500 2800 3380 19,3 Good Good Similar to Mo

1y For short periods up to 1450 °C.
2) Annealing point.
3) Vaporization takes place.

salts etc. The ceramic materials are used mostly for metals, alloys and chemical
compounds which are not inert towards metal crucibles. As already mentioned above,
the crucible material must be suitable for the investigated material, for the expected
highest test temperature and the surrounding atmosphere. Organic samples are in-
vestigated frequently in aluminium cells (in open or sealed capsules). For those or-
ganic compounds which attack aluminium, gold or platinum crucibles are preferred.

Cleaning of Crucibles

Depending on the material of the crucible, various cleaning agents may be used.
Whenever possible, water and mild abrasives like sand are preferred. Cleaning with
acids is usually applicable to platinum crucibles, but should be avoided in the case
of alumina crucibles. Platinum crucibles can be cleaned especially thoroughly in a
melt of potassium pyrosulfate. In all such operations it is important for the crucibles
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to retain their smooth surface, any scratches in the crucible wall may act as starting
points for cracks and corrosion.

The Fig. 8 a shows tools for reshaping crucibles after use. During physical and
chemical treatment crucibles are often deformed, especially noble metal. This results
in a loss of good heat transfer to the thermocouple which records the temperature
during experiments. Plastic tools are available for reshaping crucibles.

The points discussed before do not apply to the one-way crucible. Especially
for organic compounds in the temperature range up to 500—600 °C, aluminium
crucibles are used. Also for other compounds which are compatible with aluminium
this type of crucible can be used.

Normally the size of the crucible is chosen according to the amount of sample
to be studied. The type of thermoanalytical investigation is also important for the
construction and form of the crucible (see special crucibles).

The most common crucible form in the laboratory is the cylindrical form (see
Fig. 8 b). The size with respect to volume depends mainly on the expected weight
change and on the homogeneity of the studied sample. For these types of crucibles
lids are often used which do not close the liner hermetically, but rather influence
the temperature homogeneity and the equilibrium of reaction by the self-generated
atmosphere.

Cone. This type of crucible shape (Fig. 8 c¢) provides an increased contact area
between crucible and its counterpart on the crucible holder. Especially in the com-
bination TG-DTA this decreases the thermal resistance and allows a better resolution
of the measured DTA-effect.

The flat crucible (Fig. 8 d) facilitates the spreading of the sample in the form
of a thin layer. This kind of preparation is especially important for equilibrium studies
and for reactions between the sample and the surrounding atmosphere. [t also avoids
any loss of substance during spontaneous decomposition reactions in high vacuum.
The horizontal temperature gradient in these rather large crucibles (e.g. 20 mm dia-
meter) must be taken into account and can be determined by a second thermocouple.

For larger samples, for achieving equilibrium conditions and for improved con-
tact with the atmosphere the e-type of has proved to be very useful. When covered
with a lid it also avoids any loss of substance during decomposition reactions.

Special Crucibles

Knudsen cells (effusion cells) are exclusively used for vapor pressure measurements
(see vapor pressure) in the pressure range from 1 torr to 1078 torr. In the low tem-
perature range (—20° — +400 °C) pyrex glass cells are applicable. Especially the vapor
pressures of dyes, organic compounds can be measured in such cells, because metal
cells may sometimes cause catalytic decompositions of the investigated materials.
The Fig. 8 f shows a glass cell which is positioned on a four-hole capillary. The diam-
eter of the cells is 20 mm. Cells with an orifice diameter of 0.5—5 mm are needed
depending on the vapor pressure of the sample. The position of the thermocouple

is so arranged, that the hot junction is in the center of the substance without direct
contact. In the same temperature range metal cells (Al or stainless steel) can also be
used when the above mentioned effect of catalytic dissociation does not occur. Alu-
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mina cells are used from low to high temperatures (400—1600 °C) especially for met-
als, alloys, salts ect.

Another high-temperature cell (Fig. 8 g, up to 2400 °C, can be produced from
tungsten. Tungsten Knudsen cells are used primarily for high-temperature vapor pres-
sure measurements, e.g. for metal oxides. They are suitable also for metals when
graphite linings are applied to the inner surface. The vapor pressure can be determined

from the effusion rate %Tm of the vapor emerging from the orifice by using the

Knudsen equation p = Am _1 7 2m RT [dyn/cm?]. The calibration of
At w-r M
such cells will be discussed in the following Sects,

Langmuir cells (Fig. 8 h) are very similar to Knudsen cells. Here the vaporization
of a solid from its uncovered surface can be measured in a similar way by thermo-
gravimetric methods.

The ball-value is a special type of vaporization cell (Fig. 8 i) which is used for
the high pressure range from 10 to 760 torr. Depending on the temperature range,
the material of the cell and of the ball may be Al, steel, gold or sapphire. The ball
is situated on top of the cell so as to form a valve which opens when the inside pres-
sure is higher than the outside pressure plus the weight of the ball.

In the combination TG-DTA normally two crucibles of identical shape and size
are used, one for the sample and the other one for the inert reference material. The
crucibles may be e.g. cylindrical, conical, plate-type or any other form which favors
a good contact between the sample, thermocouple and sample holder (Fig. 8 j). The
thermocouples are placed either on the bottom of the crucible or in the center of a
cylindrical crucible. The latter type allows the element to be brought protected or
unprotected into the center of the substance.

DTA compares the sample temperature (T), with the temperature of a thermal-
ly inert material (T, ), as both are heated or cooled at a uniform rate. Temperature
changes in the sample are due to endothermic or exothermic reactions which are
caused by phase changes (fusion, structural transformations, boiling, sublimation,
and vaporization), dehydration, dissociation or decomposition, oxidation and re-
duction, breakdown of crystalline structure, and various chemical reactions. General-
ly, phase transition, dehydration, reduction, and some decomposition reactions show
endothermic effects, whereas crystallization, oxidation, and some decomposition
reactions produce exothermic effects. When a reaction occurs in the sample the
Ts — T, curve deviates from a horizontal position to form a peak in either the up-
ward or downward direction, depending upon the enthalpic change. These peaks may
be used as a first qualitative identification of the substance under investigation. Since
the area under the peak is proportional to the heat-change involved the technique is
useful for semiquantitative or quantitative determination of the heat of reaction. As
AH is proportional to the amount of reacting substance, DTA can also be used to
evaluate quantitatively the amount of substance present if the molar A H is known.

Sample holders for determination of the Curie point exist basically as two dif-
ferent types. A compact sample, e.g. a metal block can be investigated by attachment
on a normal, rod-type TG-sample holder (Fig. 8 k). The sample must be provided
with a hole for the TG-rod, the built-in thermocouple should not have any contact
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Fig. 8. Types of crucibles and auxiliary tools (a — m)
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with the sample. The second type of holder is a closed crucible which protects the
powdered sample from jumping out, due to the magnetic forces of the magnet during
measurement. The dimension of the crucible is similar to that of the metal block.

An optional high-pressure crucible (Fig. 8 1) may be used for chemical reactions
in solutions with an inherent vapor pressure of up to 100 atmospheres. The crucible
is equipped with a centering pin for exact positioning on the measuring sensor.

Preparation of Samples

Instructions on how to prepare samples for thermal analyses can be given only very
generally since the variety and complexity of the problems involved makes it im-
possible to specify strict rules of procedure. In carrying out series of tests on any
particular material, it is advisable to make this up in sufficient quantity and also to
test it by other analytical methods such as X-ray and IR. All samples should be as

far as possible homogeneous. Sample conditioning, i.e. adjustment to a predetermined

degree of moisture content, may be carried out either before or after samples are

weighed and loaded on the thermobalance.

The sample weight is dependent on the homogeneity of the material and on the
expected weight change. For very pure substances mostly sample weights from
10—20 mg are adequate for TG-investigations, smaller samples will show a more ho-
mogenous temperature distribution and shorter times for driving out the gaseous de-
composition products.

Apart from tests carried out on singie crystals, also fractions of uniform particle
size should be tested in order to obtain precise readings and to ensure reproducibility
of results. For runs in vacuo the use of particle sizes under 60 (0.25 mm) mesh should
be avoided, since the gaseous products in the case of thermal decomposition may eject
particles of the test material from the crucible.

In TG and simultaneous DTA procedures it is advantageous to free the samples
of any physically adsorbed water and similar matter. Desorption can be effected by
adopting the following procedures:

a) Pre-drying of the sample in a desiccator, drying cabinet or the like.

b) Placing the sample on the thermobalance and drying it for at least one hour under
a vacuum of approx. 1075 torr (any change in weight can be recorded in the course
of this drying process), followed by flushing of the balance housing with the ap-
propriate dry testing gas, and finally conducting the test in the usual manner.
Samples where the reactions take place above 500 “C, can also be heated slightly
during evacuation for faster drying.

When mixtures of substances are investigated, e.g. in solid state reactions, the
mixture should be completely homogeneous and of uniform particle size. Smaller
particle size, i.e. higher ratio surface area/volume, are important for such types of
reaction:

A spatula is used not only for fast and precise filling of powdered substances, but
also for vibration packing of samples in crucibles. A special holder allows the simul-
taneous vibration of crucibles (Fig. 8 m).
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Crucibles of various forms and sizes can be vibrated. Uniform packing of the
sample and reference is thus possible.

The spatula with a funnel and flow regulator can be used for weighing into very
small crucibles or narrow-necked containers. The flow regulator is adjustable and
holds back coarse granules assuring an even flow of fine substance.

Sample holder

Components Type Temperature rangﬂ

| TG—rod I
Crucible connection

Thermocouples

—160 to 400°C

20 to 1200°C

Baffle, plugs
DTA-holder
Cold junction °
Micro 20 to 1600°C
Macro N
20 to 2400°C
Calibration/Standards Block

2.3. Sample Holders

TG and DTA are thermoanalytical methods which are very suitable for simultaneous
investigations. Experimental parameters for both methods are almost identical. Many
thermobalances combine these two methods. The construction of the special sample
holders required is such that for DTA, as well as for the simultaneously measured TG,
optimum conditions are possible. Low-mass sample holders assure that temperature
gradients within the system are reduced to a minimum. Each sample holder is equip-
ped with two thermocouples for A T measurements and for measurements of the
furnace temperature. The elements for the A T measurement are designed so that
large surface contact with sample and reference is achieved, thus reducing thermal
resistance and increasing reproducibility of measurements. The thermocouples are
placed either on the bottom of the crucible or in the center of a cylindrical crucible.
The latter type allows the elements to be brought protected or unprotected into the
center of the substance. The interchangeability of all sample holders and easy ex-
change of crucibles are important features.
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TG — Rod

The basic components of a TG-rod and of a DTA-holder are very similar (Fig. 9).
All special type crucibles are compatible with the TG-rod, only for different tem-
perature ranges are changes necessary.

The different types of TG-crucibles which can be used with this kind of rod were
shown in Sect. 2.2.

A thermocouple is built into the rod, the “hot junction” is positioned at the end
of the rod. The crucible bottom is in direct contact with this measuring point.

The built-in thermocouples can vary depending on the temperature range
platinum — platinum/rhodium (10% Rh) 25 — 1600 °C

nickel — chrom/nickel 25— 800°C
tungsten — tungsten/rhenium 25 — 2400°C
gold — nickel 25— 550°C

The baffle mounted on the rod is primarily designed to catch any substance which
may jump out of the crucible during measurement. In addition, it provides the balance
with protection against heat radiation. When the crucible support is inserted, the baffle
rest in a socket and thus separates the reaction chamber or furnace chamber from the
balance housing.

The plug permits the sample holder to be exchanged rapidly, e.g. for substitu-
tion of a DTA-sample holder by a holder with thermocouples fitting another tem-
perature range.

It is important to know the temperature of the “cold junction™ for evaluation
of the exact temperature in a measured curve. In the case where the temperature is

Fig. 9. TG sample holder with individual components
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0 °C, no correction is required. For higher temperatures at the “cold junction” cor-
responding corrections have to be made.

Temperature Standards

For exact temperature evaluation the thermocouple must be calibrated with tem-
perature standards. Today commercial temperature standards are available: Nat.
Bureau of Standards (NBS) Washington offers standard reference materials (No 759,
758, 760) as DTA-temperature standards'®*~®) for 3 temperature ranges:

125—435 °C[295—675 °C/570—940 °C.

The materials are listed in Table 3.

Table 3. DTA-Temperature Standards
NBS-ICTA standard reference material

Transition Temperature Data (°C)
DTA Mean Values?)

Equilibrium Extrapolated Peak
Material Valuel) Onsel
Ta Tg

KNOj 127.7 128 135
In (metal) 157 154 159
Sn (metal) 231.9 230 237
KClO4 299.5 299 309
Ap,sSOy4 424 433
5i0, 573 571 574
K,S04 583 582 588
K5CrO4 665 665 673
BaCO3 810 808 819
SrCQ4 925 928 938

1y NBS Circ. 500 (1952).
2y NBS Special Publication 260—40 (1972).

The procedure is to heat up a sample of these materials in the thermobalance.
Figure 10 shows the DTA-curve and the evaluation of point A and B. These can be

Extrapolated onset
temperature

AT

-«—— Peak temperature

W B Fig. 10. Evaluation of onset- and peak tem-
Temperature perature of a DTA-peak
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compared with the data given for the NBS standards, which have resulted from
measurement in 34 cooperating laboratories with 28 different types of commercial
or custom-made instruments.

Manual Evaluation of the Calorimetrie Sensitivity

The following diagram (Fig. 11) shows the original DTA melting curve of indium
and the inserted calibration rectangle which is required for the manual evaluation.
The experimental parameters which were used for the calculation of AH are given
below, and also the evaluation of uV - sec for the peak area.

» .L. ;L.E.L .il.}. ol -t. .I.ZT. .f .

'F'° DTA-PEAK:
' MELTING PROCESS OF

<

CALIBRATIONJGO,,V |
RECTANGLE

i3

»

8

F——‘!BO sec—P

- -
w o

INDIUM

q0 -0+

Experimental Parameters

Sample weight of indium:  4.81 mg
Heating rate: 1°C/min
Chart speed: 2 cm/min

Weight of the pcak area: 70,57 mg

|

(cut out from chart paper)

J

Weight of the rectangle area: 373,62 mg

Calibration rectangle: 60 uV x 180 sec =
10800 uV - sec

(AR RN RN NNARRRNNRRRRE))
Fig. 11. Quantitative evaluation of DTA-peaks

Peak area evaluated in uV - sec:

Peak area
in pV-sec

- BV - secox weight v_10800 x 70.57 _
weightg 373,62

2039,92 uV - sec
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" weight of Indium sample in mg
Er = uV - secv
Calorimetric Sensitivity: In = Weight In x 6.80 mecal/mg

N AHgysion = 6.80 mcal/mg Indium

V-
2039,92 Eqn = 62,37 pyosee (see “‘example” p. 87)

fn = 4,81 x 6,80 mcal

The calorimetric sensitivity Ejq is then used for calculating an un-
known AH of an investigated substance:

eak area (uV - sec)
AH= P AH=..... mcal/mg
pV:secr mg

cal sensitivity E
mcal

Calorimetric Sensitivity in Function of Temperature

Ejp=1

EReL
E=En XEREL

156.6 °C Tx
The calibration curve, where the sensitivity Egpp can be determined
at other temperatures Ty, depends on the type of used thermocouples.

DTA-Holders

The components of the DTA-holder (Fig. 12) are similar to those of the TG-rod.

The crucibles of DTA-holders are chosen according to the sample weight. That
means that for small samples or large samples one has to decide between macro and
micro holders.

Some of the “hot junctions’ are so formed that the crucible fits in it. Others
are similar to the arrangement in the TG-rod.

Different, built-in thermocouples are used for covering the whole temperature
range from —160 up +2400 °C. The selection of the thermocouple-type depends on
the investigation which is to be carried out.

Baffle: See TG-rod.
Plug: See TG-rod. Also for “cold junction”, calibration
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Tig. 12. Typical DTA sample hoider

DTA-Microholders

Microsample holders are made from four-hole alumina capillaries. Small receptacles
for the crucibles containing reference and sample are welded to the two thermo-
couples of the DTA holder at the hot junction points (Fig. 13 a).

The other end of the capillary tube carries a plug type connector which allows
the crucible holder to be rapidly removed and replaced. The connector is adjustable
with a centering device.

Technical Data: Temperature Range, 25—1600 °C. Crucible Material, Aluminum,
for 25—580 °C range, Platinum, for 25— 1600 °C range. Sensitivity ranges and maxi-
mum heating rates, for 5004V 15°C per minute, for 100 uV 10 °C per minute, for
20 4V 4 °C per minute. This crucible holder may be used in oxidizing and in inert
gaseous atmospheres (e.g. air, N, Ar, He, CO, and the like), and also in reducing
atmospheres, but in this latter case only up to a temperature limit of 1400 °C
(Fig. 13 b).

A special type of micro DTA-holder (Fig. 13 c) uses large-surface, vapor-depos-
ited thermopiles as the AT sensor which assure excelient heat contact with the cru-
cibles. No undesirable heat exchange occurs at the sensor leads which are also vapor-
deposited. This results in high sensitivity and precision.

The AT sensor is resistant to oxidation and to many corrosive gases over the
temperature range up to 600 °C and is easily replaced.

The standard aluminum crucibles can be sealed vapor-tight (Fig. 13 d).
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Another type of Micro TG/DTA sample holder is shown in (Fig. 13 e). It can
be equipped with Al, Ni, or Pt crucibles with a miximum volume of 0.15 cm?. For
use with the low-temperature furnace, or for sensitive DTA in the middle-range tem-
perature furnace up to a maximum of 600 °C.

For very high temperatures up to 2400 °C a different Micro TG/DTA sample
holder (Fig. 13 f) must be used which usually is equipped with tungsten crucibles.
The thermocouple in this case is a combination of W — W 26% Re. This type can
be applied for thermoanalytical measurements in high vacuum and in inert atmo-
sphere (noble gases).

DTA Macroholders

The Fig. 13 g shows the sample holder with the two hot junctions of the DTA- and
temperature control thermocouple. The two crucibles (sampie and reference) must
be placed in position so as to ensure satisfactory contact between hot junction and
base of the crucible. After the cxperiment, any adhering crucible should be loosened
carefully by heating, and the holder freed of impurities by annealing at approx.

1000 °C. Technical Data: Temperature Range, 25—1600 °C. Crucible Material, Alu-
minum, for the 25—580 °C range, Platinum, for 25—1600 °C, Alumina, for

25—1600 °C. The crucible holder may be used in all oxidizing and inert gaseous at-
mospheres, in high vacuum and in reducing atmospheres up to a working temperature
of 1400 °C.

The sample block cell 13 h consists of an aluminum oxide block which can be
removed from the base plate. The thermocouples serving for DTA and temperature
measurement are reinforced up to the hot junction by ceramic oxide capillary tubes.
The sample cell can be mounted in either of two alternative positions, according to
the quantity of test substance used. The DTA thermocouples extend into either the
large or the small hole.

The usual thermocouple materials are Pt and Pt-alloys. For increasing the rather
low thermovoltage, thermoelements with “pallaplat™ are very suitable, only however
up to a maximum temperature of 1200 °C.

Whereas alumina ceramics are the usual materials for sample holders in the range
up to 1600 °C, a special sample holder made of tungsten is necessary for ultra high
temperature ranges. The thermocouple consists of W-W 26% Re. Such sample holders
can be used only in high vacuum or in inert atmosphere.

U0

(a) (b)
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() (g) (h)

Fig. 13. Special types of DTA micro- and macro-sample holders (a — h)
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Furnaces
Position of
the furnace
Heating program H Temperature range Special furnaces
For simultaneous
mass spectrometry
{+]
Linear —160 to 400°C T

heating + cooling For simultaneous
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20 to 1200°C T

Isothermal

For molecular
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Stepwise 20 to 1600°C T

isothermal T For
vapor atmospheres

|
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For
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2.4. Fumnaces
Heating Program

Of main importance is the linear heating and cooling of a sample during a thermo-
analytical investigation: (Fig. 14 A).

Heating rate: 0.2 °C/min — 100 °C/min

Reproducibility of the used heating rate for comparison with other investigations. Selection of
small and large heating rates depending on the type of investigation. Equilibrium measurements
(e.g. 0.2 °C/min) or stepwise isothermal. Exploratory runs (standard rate 4—6 °C/min).

Some investigations require isothermal conditions (Fig. 14 B). The main point
is usually to reach the temperature rapidly, so that one can follow the whole process
under isothermal conditions.

There are two recommended procedures:

1) Separate heating of the furnace up to the required temperature and position-
ing of the furnace over the sample.
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ISOTHERMAL STAGE
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Fig. 14. Heating programs: linear heating and cooling (A), isothermal (B), stepwise isothermal
(C), multistep program (D), cycling (E)

2) Heating up of the sample to the selected temperature with a high heating rate
(e.g. 100 °C/min).

In such cases where even slow linear heating is too fast, stepwise isothermal heat-
ing is recommended (Fig. 14 C). Some apparatus have a built-in device or, alternative-
ly, the realization is very simple made possible with two electrical switch clocks (see
Sect. 4.1).

Selected Program

Some investigations require a preselected temperature program. For example, a sub-
stance should be dried at a special temperature, and afterwards one wants to know
the complete heating behavior from room temperature to the selected temperature,
with an isothermal step and uncontrolled cooling (Fig. 14 D). For such problems
some of the commercial instruments are prepared either by computer, or by simple
switching clock-programs which allow one to follow a preprogrammed course.

Mast of the thermobalances have built-in, simple heating programs which aflow
e.g. linear heating and cooling with different rates, change to isothermal conditions,
or to cycle the temperature between two preselected values (Fig. 14 E). The appli-
cation of the latter is to check the reversibility of certain decompositions, or the
reproducibility of DTA-peaks.
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TS50 ° i

Fig. 15. Positions of the furnace with respect to the balance (A, B, C)

Position of the Furnace

There are basically three possibilities for arranging the furnace which used is with
a thermobalance. Above, below and beside the balance housing. The common ar-
rangement (Fig. 15 A) today is placing the furnace above the balance. The advan-
tages of this combination of balance and furnace are:
Very easy to change samples and sample holders and to carry out other opera-
tions; simple compatibility with other apparatus for simultaneous measurements;
convection goes the natural way, no additional shielding is required for protec-
tion of the balance against radiation from the furnace. The other two arrange-
ments 15 B and 15 C which are used besides the first variant are equal in the dis-
tribution of use. The advantages of variant C are similar to that of A:
Very good temperature homogenity over a wide temperature range. Convection
in the furnace has only a very small influence on the balance without necessity
for special shielding. The disadvantages of this construction are the position of
the sample holder and its lever arm, its sensitivity to vibrations.
The arrangement B shows only few advantages and special applications in ex-
periments which require the positioning of the sample below the balance e.g. in
thermomagnetic measurements.

The disadvantages are: Strong shielding for protection of the balance is required,
poor temperature homogenity, change of samples is complicated and time consum-
ing.

The horizontal temperature distribution in various furnaces was measured around
a circle of 15 mm ¢ diameter in the height of the crucible position. Heat shadows
between the heating elements could be seen in the temperature distribution curves
of the high temperature furnaces which is connected with geometry. At 1000 °C the
differences are within the order of several degrees.

Special Furnaces: For Simultaneous Mass Spectrometry

Figure 16 shows a schematic sketch of a thermobalance for TG, DTA and mass spectrometer
measurements. — In the center is the thermobalance, enclosed in a vacuum-tight tank, with a
thermostatically controlled water jacket. The reaction chamber (R) is surrounded by the fur-
nace and is clearly separated from the balance housing by a diffusion baffle. Diffusion pumps
(K) evacuate the balance housing and the reaction chamber.
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Fig. 16. Thermobalance combined with mass spectrometer

The decomposition gases immediately pass the mass analyzer (F) which, in turn, is connected
to a recorder (J) through the mass spectrometer control panel,

Total pressure, required for detailed interpretation of the mass spectra, is determined with
an ionization gauge (S). The gas inlet system (A, B, C) is used for calibration purposes. The rela-
tion between measured total pressure and the ion current of an injected specific gas permits
calibration of the mass spectrometer in absolute partial pressure units or amps/torr.

A second gas inlet system (M, N, P) serves to set starting conditions and to vent the system
after a test.

Operating data:

pressure range for the combination described — 10~ to 10~° torr

mass range — 1 — 100 and 10 — 400 amu

scan speed per mass unit, for line recorders — 1, 3, 10 sec. for oscilloscope recording — down
to 0.001 sec.

This means that even very rapid reactions (detonations) may be followed on the thermo-
balance. Range, or single-mass recording is possible; thus, the pressure behavior of a specific mass,
take for instance water, M/el18, or CO, M/e28, can be traced all over the complete decomposi-
tion range simultaneously with the thermal decomposition.

If the same chart speed is selected for TGA, DTA, total and partial pressure curves, the curves
can be interpreted simultaneously as a function of temperature by making a simple overlay.

Working at Different Atmospheres

The Fig. 17 shows an experimental set-up for investigations of thermal decomposition accomplished
in different atmospheres and atmospheric pressure.

In experiments which are carried out under normal pressure, the gaseous products are taken
from a modified, commercially available low temperature furnace. The gas flows viscously in the
specially designed capillary through an intermediate volume to the peristaltic pump. Hereby the
gas pressure in the intermediate volume is reduced to approx. | mm Hg. By means of a variable
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A balance G turbomolecular pump

B furnace H needle valve

C peristaltic pump K rotary pump

D capitlary P pressure measurement

E variable leak valve T temperature measurement
F analysator mass spec T 7”7 heated area

Fig. 17. Thermobalance for investigations in different atmospheres

leak valve, part of the gas enters under molecular conditions into the mass spectrometer located
in the high vacuum region of the system.

Simultaneous Gas Chromatography

Compared to mass spectrometric analysis, gas chromatography is slower. As far as the quality
of the results is concerned, both methods may be considered to be equal.

The Fig. 18 shows a schematic layout for simultaneous TG and GC measurements.

An interesting device is the furnace tube with a volume of only 35 cm3, made of quartz. A
small volume is essential, in order to keep the time delay low during gas transportation.

The decomposition gases are taken to the sampling valve which, according to the gas to be
analyzed and the retarding column used, can be operated at specific intervals. A helium gas stream
flushes the reaction gases into the gas chromatograph.

To the gas chromatograph
!

AL Sample loop
,,Injection/,;ﬁgg%ﬁ
Gas 4’ “‘l\ ‘ Gas Ry
sampling  He(? hundfu_.;ra(\‘x"‘\* %
valve
,,Samplir% Electro

Fumace

magnet Timer,
Outlet All|l |
Magnetic loutiet B
putiet 8

valve
-

=y,

d:

Thermobalance

Fig. 18. Thermobalance with simultaneous gas chromatography
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Molecular Beam Analysis

The combination of a heating X-ray camera with a conventional thermogravimetric apparatus

is difficult, mainly because of geometrical and focussing problems. Therefore a different, new
approach was taken in which the weight change of the sample is followed via its gaseous decom-
position products. This method has the advantage that the sample can be mounted as usual in

the sample holder of the X-ray camera and be heated up continously during exposure of the

film without changing its position. The gaseous reaction products are then carried from the
camera to the thermoanalyzer through a vacuum-tight link. They form a molecular beam which
is directed to the balance pan. Due to the special, flat shape of the inlet orifice and of the balance
pan, the arriving molecules bounce back and forth several times before they are removed through
the vacuum system. The force of the impacting molecules is proportional to the first derivative
of the weight change with time. Therefore the peak area of such recorded curves is directly propor-
tional to the total change in weight of the sample. This new thermoanalytical method is called
“Thermo Molecular Beam Analysis’’ (TMBA).

The Fig. 19 shows schematically a typical instrumental set-up in which a thermobalance is
combined with a high temperature X-ray camera and with a quadrupole mass spectrometer.

The camera is mounted directly above the thermoanalyzer, its furnace is connected to the
heated system of the impact plates through the heated vacuum-tight link. The vacuum in the
balance is maintained by means of a shut-off valve, only the camera has to be opened during
the sample change and evacuated afterwards.

The sample is used in finely powdered form and spread on a fine platinum wire mesh which
is mounted in the sample holder frame (Pt). The thermocouple (PtRh 10%) for temperature
measurement is directly in contact with the sample holder.

A special film holder allows transportation of the film with various rates. Time marks are
printed automatically on the film for correlating the X-ray patterns to specific times and tem-
peratures in the TMBA curves. The temperature program of the X-ray camera furnace is re-
gulated by the thermobalance heating control system. Up to the maximum temperature of
1200 °C usual heating rates can be varied from 0.2 to 4 °C/min. The temperature of the impact
plates can be held constant between room temperature and 450 °C and is recorded during the

! Il/camera
2] molecular beam
K3 —
o
&
sample J mass spec
ST SN
/ N 2
/ x ray h-lbe
—— —
/)(\‘\
———

vacuum system

Fig. 19. Instrumental set-up of thermobalance, X-ray high temperature camera and mass spectro-
meter
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Fig. 20. Thermobalance with furnace for special
vapor atmospheres

experiment. The distance of the impact plates is variable from 0.5 to 4 mm = 0.01 mm by means
of a micrometer.

Vapor Atmospheres

The Fig. 20 illustrates schematically the system for tests in special vapor atmospheres.

The crucible “B™ containing the substance is placed on top of a sample holder in the center
of the furnace heating zone. The sample holder is attached to the balance stirrup. In the flask
“A” water vapor is generated, which is carried by the gas entering at “‘C” into the furnace through
the insulated connecting tubes. The condensed water runs back to the flask “A™. The gas enter-
ing at “D” flows up through balance and inner gas flow tube and prevents water vapor from the
furnace to enter the balance housing. The gas leaves at “E” after passing through the back flow
condenser.

Measuring the amount of water vapor passed through the furnace is possible only by feed-
ing the water condensate into a graduated measuring cylinder instead of draining it back into
blask “A". To compensate for the evaporated water, flask “A” has to be continuously replen-
ished by a drop feeder.

If, for isothermal conditions, a constant gas flow through the flask “A” is used, the amount
of water vapor carried by the gas into the furnace is also constant. The amount of water vapor

40-1

354

30

Water Vapor I/h
"(under standard conditions

®-8-35 1/n G0, Fig. 21. Diagram showing the water vapor

N A 13 1/h CO, transport for two gas flow rates of CO,
25 through the reaction chamber (furnace of
E A — the thermobalance) as a function of tem-
© 100 200 300 400 500 600 700 800 900 perature under standard conditions*
TEMPERATURE °C (20 °C and 760 torr)
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carried along by the gas will constantly change with the temperature, when a linear heating rate
is used for dynamic studies.

Tests were therefore made to establish the amount of water vapor that flows through the
reaction chamber of the thermobalance at different temperatures. Resuits are shown in the Fig. 21
for two different CO,?) gas flow rates. The curves show the water vapor flow measured as con-
densate, as a function of temperature.

Fig. 22. Thermobalance for vapor pres-
sure measurements., Schematic drawing
of experimental equipment. A-Knudsen
cell; B<old trap; C-lonization gauge;
D-Balance and housing; E-Diffusion
pumps; F-Thermostatically controlled
reaction chamber

Vapor Pressure Measurements

The apparatus and the special accessories necessary for this work are schematically illustrated

in the Fig. 22. The reaction chamber used for the Knudsen effusion method is positioned above
the balance. The reaction chamber is thermostatically controlled and connected with a cold trap.
Both of them are protected from outside temperature effects by an insulating material. This pro-
tection leads to a more constant temperature and a straight line in the recorded loss in weight.

Magnetic Measurements

For magnetic measurements a special furnace is not required; only some details must be
considered (Fig. 23):

1) The furnace which is used together with the magnet should not shield too strongly the
magnetic forces from the sample.

2) The magnet must be protected against heat radiation from the furnace. This means that
during a long-time run at higher temperatures the magnet must be cooled. Only a magnet of
constant temperature gives the same homogeneous magnetic field for the sample to be examined.

2} Carrier gas in this case CO, (see Application 4.9, p. 130) for other gases is a special caliberatron
required.
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magnet

— furnace
reflector

sample

balance
Lran)
| I vacuum system
I ] Fig. 23. Thermobalance for magnetic measure-
ments

3) Measurements of metals and alloys in a inert atmosphere show only the magnetic trans-
formation ferromagnetic < paramagnetic. In oxidizing atmospheres the weight change of oxida-
tion overlaps the effect of the magnetic transformation and cannot in this case be clearly iden-
tified.

For many ferrites the measurements of the ferrimagnetic — paramagnetic transformation
can be carried out in air.

Low Temperature Furnace

This glass furnace (Fig. 24) can be operated with non-corrosive gas atmospheres, e.g. helium,
air, nitrogen, etc. Nitrogen is used as a coolant. The heating device F/E allows the speed of vapori-

4

Fig. 24. Low temperature furnace for thermogravimetric measurements
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zation of the liquid nitrogen to be modified and to cool down the furnace. D 1s the separate out-
let of the vaporized coolant. The built-in bifilar heating coil permits heating up samples from
—140 °C to 400 °C. The temperature is measured in this range with NiCr/Ni thermocouples. Two
carrier gas inlets A and B permit operation in defined atmospheres. The fastest heating rates which
guarantee a linear heating with respect to cooling are not higher than 4 °C/min.

Gas atmospheres Vacuum
¥
Vacuum -
for gas Partial pressures
Gas flow exchange I
control system - J
ore vacuum
L
o BRI s Medium vacuum J
Dry gas Wet gas -
High vacuum J
—

i s .
Corrosive ga Ultra high vacuum

2.5. Gas Atmospheres

The fields in which the thermobalance can be applied depend on the possibilities of
varying the conditions which affect the sample. The course of the reaction is partic-
ularly dependent on the ambient atmosphere and pressure. In the case of the balance
design shown, it is possible to operate not only in a flow of air, but also in other
defined atmospheres such as hydrogen, nitrogen, oxygen or gas mixtures.

Figure 25 shows a section of the entire vacuum system and its arrangement in

Cold Trap

Corrosive Gas inlet —=

Manometer

(i: Gas Outier

B

Flowmeter |-
Gas Inlet J

Ditfusion Pump Oittusion Pumg

§ Rotary Pump

Fig. 25. Gas flow and vacuum system of a thermobalance
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relation to the thermobalance. When the atmosphere is changed, the balance must

be evacuated and then refilled with the appropriate purified gas by means of the
needle valve A. When atmospheric pressure is reached again, the outlet valve H is
opened. From that point on it is possible to work in a gas flow without affecting

the weighing result. The path of the gas stream is indicated in Fig. 25. The labyrinth
arrangement shields the balance from corrosive decomposition products and con-
densable substances. For measurements in corrosive gases, an inert gas must be pumped
in through the gas inlet and a separate inlet used for the corrosive gas.

Because the balance housing is separated from the reaction chamber (cf. Fig. 25),
one diffusion pump evacuates only the balance housing whereas the other evacuates
the reaction chamber. The reaction chamber is connected to the diffusion pump by
a cold trap. The decomposition products can be taken from the gas outlet for analysis
or condensed on the cold trap by means of a coolant.

In the case of operations ranging between 760 and 10~2 torr, the two-stage ro-
tary pump is adequate. Ultimate vacuum, using the diffusion pump installation, is
better than 1076 torr.

A precision aneroid manometer is used for measurements in the 760 — 1 torr
range. Thermocouple gauges are used in the 1 — 1 x 10™3 range. A cold cathode ioni-
zation gauge is used in the high vacuum range down to 1076 torr.

Guas Flow Control

The gas flow should be in the order of 0 — 10 l/h and is normally kept constant dur-
ing the measurement. If higher rates are necessary their effect on the weight curve
should be determined by calibration runs. Usually noncalibrated flow meters are
used. The amount of the gas, that means the flow rate through the balance, depends
on the density and viscosity of the gas. Such values are either listed in tables or must
be taken from calibration experiments.

For the reproducibility of all measurements it is very important to use a gas of
constant composition, this is true especially for the humidity. The control of gas
composition is possible either by special measuring cells (e.g. for H,0, SO,, CO,)
or by gas chromatography. Normally thermogravimetric measurements are carried
out in dry gas atmosphere, this is important for kinetic studies.

Such special atmosphere is often necessary in decomposition and rehydration
studies of hydroxides, hydrates etc. Furthermore also the catalytic effect of water
vapor on certain reactions is of interest. For such studies the gas is saturated with
water, or other vapors e.g. D, 0, alcohol, CS,, etc. When higher water vapor concen-
trations are required special furnaces are available (see Sect. 2.4).

For investigations on dry and wet corrosion of metals and other materials ad-
ditional components must be used. Shielding and protection of the balance parts
against the corrosive gas is necessary.

For changing the gas atmosphere, the entire balance housing and the sample
chamber must be evacuated down to approx. 10~ torr. In cases where evacuation
cannot be applied, the flowing exchange of the gases is recommended. Depending
on the volume of the sample chamber and on the flow rate, this procedure may take
around 3 hours for a total volume of 15 liters and a flow rate of 5 1/h.
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Vacuum

The operating steps are very similar as for a gas exchange, except that a defined par-
tial pressure is maintained during the whole experiment. Care must be taken that
any gaseous reaction products generated do not change the pressure set. If necessary
the pressure must be controlled and kept constant by means of a manostat.

The combination of a vacuum system and a thermobalance facilitates carrying
out measurements at various pressures (vacua). Figure 25 shows the vacuum system
connected to the thermobalance. Normally the vacuum system consists of a ro-
tary pump, diffusion pumps, valves, cold trap, the actual recipients and the ba-
lance housing with reaction chamber. The balance housing may be evacuated sep-
arately by one diffusion pump while the other evacuates the reaction chamber
which is connected to it by a cold trap. Reaction products may be collected for
analysis at the gas outlet or condensed into the cold trap using a coolant, For
work in the 760 to 1 x 1072 torr range, a two-stage rotary pump is adequate. The
final vacuum attainable with the diffusion pumps may be in the order of 1 x 107° torr.
An aneroid fine vacuum gauge is provided for measurements in the fore vacuum
range; for the medium vacuum range, thermocouple type pressure gauges are used
and for the high vacuum range a cold-cathode ionization vacuum gauge. During
measurements under vacuum, most substances give off their adsorption water even
without heating. This is evident in the “running away” of the weight curve. The at-
tainable final vacuum sets is only after the water has evaporated or been pumped
out.

Table 4. Typical pumping times for reaching vacuum (system without sample)

From normal pressure

To medium vacuum To high vacuum
Pumping time approx. 1 x 1073 torr approx. 1 x 1076 torr
With frequent 5 min. 25 min.
vacuum measurements
After long 10 min. 45 min.

break

There are many applications for high vacuum thermogravimetry, e.g. determina-
tion of vapor pressures, degradation and degassing of materials in vacuum, reactions
without oxidizing or reducing atmosphere. Of special importance are mass spectro-
metric gas analyses in combination with thermogravimetry. These require at least

a vacuum of 103 to 107 torr. There exist also thermobalances for the ultra high
vacuum range 1078 to 10~ torr. Special vacuum seals and turbomolecular vacuum
pumps are necessary in this case.
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3. Effects of Sample Properties and of Experimental Parameters

The information which may be derived from thermoanalytical measurements
generally depends on a number of experimental conditions'”. Parameters such as
heating rate, geometry of sample holder and of furnace, crucible size and shape, but
also the amount, volume, particle size, packing density and thermal conductivity of
the sample are to some extent difficult to define and to reproduce. This is true
especially also for the atmosphere around the sample which has to be controlled
carefully. The factors which are of pronounced influence on the thermogravimetric
curves and also in most of the thermoanalytical investigations will be discussed in
some detail, referring to specific examples. For better clarity they will be subdivided
into two categories, sample properties and experimental parameters.

3.1. Sample Properties

The nature of the material to be studied, which means its degree of crystallinity and
perfectness of crystal structure, may have a significant effect on the thermoanalytical
behavior. In spite of identical chemical composition of a certain material the varia-
tions with respect to structure, imperfections, grain boundaries, etc. are almost infinite.
Of course many of these will not show in normal thermogravimetric analysis, with
very sensitive apparatus characteristically different TG curves'® ') may be obtained
however. As an example Fig. 26 shows the thermal decomposition of hydrozincite,
Zn5(OH)¢(CO3),, whereby equal amounts of samples from natural origin and synthe-
tic preparations are compared.

The weight of the sample and also its volume should preferably be small since
this minimizes such effects as inhomogenous temperature distribution, retention of
gaseous decomposition products etc. [n most cases sample weights of the order of

100% DECOMPOSITION

25 100 200 300

°C

Fig. 26. Thermal decomposition of natural and synthetic hydrozincite. 1) Good Springs, USA;
2) Durango, Mcxico; 3) Santander, Spain; 4) Synthetic from zinc-hydroxide; 5) Merck-product
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TG - CURVES

SAMPLE WEIGHTS: 1.57045g (1)
1.62 mg (2)

HEATING RATE : 4 °C/min
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Fig. 27. Effect of sample weight and volume on the thermal decomposition of calcite

10 mg will be adequate. The effect of sample weight and volume is shown in Fig. 27
for the thermal decomposition of calcite.

The homogeneity in a sample during the course of a decomposition reaction is
another test for the effects of sample weight but also of crucible shape and of the
surrounding atmosphere. As an example the decomposition of zinc-hydroxide-
carbonate (Merck, 250 mg) was investigated in flowing, dry air using a semi-spherical
Pt/Rh-crucible, and 0.5 °C/min linear heating rate'®). After reaching 185 °C, the
sample was held at this temperature for 5 hours. This resulted in 50% decomposition
(o= 0.5) to ZnO. After cooling to room temperature, concentric zones of the sample
material were taken out of the crucible (see Fig. 28 and investigated by X-rays. The
photometer tracings of the diffractograms proved the differences in composition of
the various zones. The upper layer A had the highest proportion of ZnO (~70%),
the middie parts B and C contained about 50% ZnQ, and the bottom layer D showed
only approximately 25% decomposition.

Another important factor is the shape and particle size of the sample. It is known
that some materials e.g. clays, hydrates and carbonates may show changes in com-
position and in crystal structure after very fine grinding. Very generally speaking,

Fig. 28. X-ray diagrams showing differences in composition of various zones during heating of
zinc-hy droxide-carbonate
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Fig. 29. Effect of heating rate and particle size on the dehydra-
tion of whevellite. A: 8 °C/min, B: 2 °C/min. Solid line: pow-
dered material (150 mesh), dotted line: single crystal
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Fig. 30. Decomposition of natural gypsum under various partial pressures of water vapor
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a sample consisting of large particles, which means low ratio surface area/weight,
will often react more slowly than a sample of equal mass but comprised of very fine
particles. Smaller particles also allow closer packing which in turn may effect the
shape of a thermal decomposition curve. A loosely packed, coarse material leaves air
spaces which reduce thermal conductivity, besides which, such particles may rear-
range during heating. Particle size distribution and packing density are parameters
which are not so easy to reproduce, therefore they have to be given special attention.
As an example Fig. 29 shows the effect of particle size on the decomposition of
whewellite, Ca(COO), - H,0, in high vacuum?®. 6 mg of powdered and of single
crystal material are compared. The pronounced effect of the particle size, especially
at the higher heating rate is obvious.

Finally, the atmosphere surrounding the sample has to be mentioned here, since
it may play an active part in certain decomposition reactions and especially in oxida-
tion and reduction processes. Some examples have been given already in the preceding
sections. Figure 3 showed the effect of the atmosphere on the decomposition of
calcite?") and Fig. 4 the TG curve of a sample of a-FeOOH during heating up in a
reactive atmosphere of hydrogen?? 23),

Another example is the decomposition of gypsum CaSOy4 * 2 H,0 under various
partial pressures of H,O (Fig. 30). In these experiments cleavage plates of natural
gypsum (selenite) of identical size and weight (10 mg) were heated up with 2 °C/min
at 20 torr, 120 torr and 600 torr water vapor partial pressure24=27), At the lowest
partial pressure the dehydration goes directly to y-anhydrite, during cooling rehydra-
tion to the hemihydrate takes place. The intermediate formation of hemihydrate is
characteristic for the other two curves. The curve at py,o = 600 torr shows the over-
lapping of the dehydration to anhydrite and of the rehydration to the hemihydrate
due to back diffusion of water. This leads to a small intermediate maximum at
153 °C. A corresponding reaction in form of a shoulder appears at 184 °C in the TG
curve recorded at py,o = 600 torr. This particular dehydration and rehydration
behavior of calcium sulfates is related to structural similarities and to the high
mobility of the water molecules between the CaSOy, layers.

3.2. Experimental Parameters

The rate at which the sample is heated up is very important, especially in the case of
slow or complex reactions. Fast heating rates shift the reactions to higher tempera-
tures and decrease the resolution when several reactions follow each other closely.
As a consequence the heating rate must not only be linear but also adapted to the
type of reaction which is to be expected. In certain cases stepwise heating may be
chosen, since this better approaches the isothermal conditions. Figure 31 shows the
effect of the heating rate on the shape of the TG-curve in the case of palygorskite,

a complex layer silicate 28)_ Only the low heating rate (0.5 °C/min) allowed to resolve
the individual dehydration steps.

The effects of stepwise heating®® in shifting the reaction to lower temperatures
and in decreasing the interval AT as compared to linear heating is shown schematically
in Fig. 32. By such special heating techniques it is possible to obtain thermodynamic
data also by thermoanalytical methods. This has been demonstrated recently for the

107



H. G. Wiedemann and G. Bayer

TG T T

iR

linear stepwise heating

Fig. 32. Schematic presentation of the dependence of dissociation on the heating schedule. The
dissociation temperatures used in Fig. 33 correspond to Tax
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Fig. 33. Dissociation pressure of barium peroxide

dissociation reactions 2 PdO == 2 Pd + O, and 2 BaO, = 2 BaO + O, (Fig. 33). From
the linear relation between log of dissociation pressure and 1/T the heat of dissocia-
tion can be calculated30—33),

For illustrating the importance of the parameter time the application of thermo-
gravimetry for vapor pressure measurements>*~3%) will be discussed. The substance
is placed into a Knudsen effusion cell which rests on the crucible holder of the
thermobalance. The evaporation occurs through the small, calibrated, orifice of the
cell at constant temperature and pressure as a function of time. The original curve in
Fig. 34 shows the effusion of benzoic acid at 17.25 °C and at a pressure of 1.5 x 1073
torr outside the cell. The straight slope is in accordance with a constant rate of weight
loss, which was in the order of 10~7 g sec™!. The vacuum outside the effusion cell
should be generally one order of magnitude better than the vapor pressure to be
determined. A cold trap near the orifice of the Knudsen cell serves to condense the
vaporized species and stabilizes the external pressure. This technique can be applied
over the pressure range from 1 to 107° torr. By simple calculations it gives the vapor
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Fig. 34. Vapor pressure of benzoic acid measured on a thermobalance with Knudsen effusion
cell

pressure and the heat of vaporization of the substance. However, a number of experi-
mental conditions like sensitivity and reproducibility of the balance, uniform tem-
perature of the sample and of the effusion cell are very critical. In a trial run lasting
10 to 20 hours, the maximum drift of the balance should not exceed *5 ug, the
temperature should be constant within 0.1 °C. (See Sect. 2.4.)

The possibility of automatic collection and evaluation of thermoanalytical data
should be mentioned here in connection with the thermogravimetric vapor pressure
measurements. Principally, any desired quantitative evaluation procedure in thermal

THERMOBALANCE

WEIGHT SIGNAL

TEMPERATURE
SIGNAL
DIGITAL
RECORDER VOLTMETER
STARTER
INTERFACE
ON LINE TAPE PUNCH
OFF LINE
COMPUTER TAPE READER Fig. 35. Data processing for thermogravimetric
vapor pressure determination
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Table §. Input of measured TG-data, processing for vapor pressure determination, output of

results

LISTING OF RATE OF VAPORIZATION (G/SEC) AT CONSTANT TEMPERATURE

CALCULATION OF AVERAGE VALUES AND STANDARD DEVIATION (EXAMPLE FOR 1 HOUR)

NO. WEIGHT L0SS EMF NO. WEIGHT LO55 EMF NOos WEIGHT LOSS EMF
(G/SECY {MV) {G/SEC) (MV) (G/SEC) {MV)
1 ~0.597E-07 10.80900 2 «0.604E-07 10,80800 3 -0,583E-07 10,80900
4 ~04590E-07 10.80900 5 -0.583E-07 1G.80900 ] ~0.5%0E-07 10.80700
7 ~-0.590E~07 10,81200 8 -0.576E-07 10,81200 9 -0s576E-0T 10,81100
10 ~0+590E-07 10,80500 -11 ~0.604E-07 10.80800 12 -0,590E-07 10.80900
13 ~0+604E-07 10.80800 14 -0.,597E-07 10,e1100 15 «04,597E-07 10,80900
RESULTS AFTER FIRST HOUR:
WEIGHT LOSS EMF TEMP.
{G/SEC) (MV) {DEG.CEL.)
MEAN VALUES : =0,592E-07 10,8093 1117.8
STANDARD DEVIATION: 0.886E-09 0.00145 0.12
SEE FIG. 66

STEP 2

DATA INPUT

DATA OF RATE OF VAPORIZATION
TEMPERATURES FOR CALCULATION OF VAPOR PRESSURES

GOLD VAPOR PRESSURE

196,967 ATOMIC OR MOLECULAR WEIGHT

NUMBER OF TEMPERATURE RATE ORIFICE
MEASUREMENT DEG C MG/ H SQCH
1 1076.10 0.0918 0,032590
2 1117.80 0.2113 0,032590
3 1099,00 0.,0143 0,005685
4 1143,20 0.0266 0.005685
5 1150,00 0,0472 0,005685
6 1203450 0.,1385 0,005685
7 1252,00 0.2956 0,005685
8 1299,00 0,6220 0,005685
23 1400,00 4.1880 0.0086200

KNUDSEN EQUATION

F; =

AT DIFFERENT CONSTANT

Am 1

2%« R T d -2
At T V m yne cm

MEASURED VALUES

REGRESSION ANALYSIS OF VAPOR PRESSURE DATA

CALCULATED WITH KNUDSEN EQUATION

REGRESSION ANALYSIS

CALCULATED VALUES

TICELS) T(ABS) lo00/7 LOGlO P T(ABS) 1000/7 LOG1o P
1076.10 134%9.26 0s74115 =4,45529 1349.26 Oe74115 -4,60863
1117.80 1390496 0471893 -4,08663 1390,96& 0.71893 -4,20687
109¢9,00 1372.16 0.72878 ~=4,50079 1372.16 0.72878 =4,38498
1143,20 1416436 0.70604 -4,224236 1416,36 0,70604 -3,97375
1150.00 1423.,16 0e70206 =3,97426 142316 0.70266 -3,91275
1203.50 1476466 0,67720 =3.49874 1476466 0,67720 -3,45243
1252.00 1525.16 0e65567 =3,16247 1525416 0465567 ~3,06305
1299,00 1572.16 0.63607 =2,83279 1572.16 0.63607 -2,70862

DATA OUTPUT
FUNCTJON

LOG{P) =

GOLD VAPOR PRESSURE

AR1000/T » B

THERMODYNAMIC PROPERTIES

DEL H(TO) DEL 5(TQs760TORR)
KCAL/MOL CAL/MOL/D

82.6787 27,0302
+- 1.7065 += la1354

110

DATA OUTPUT OF THERMODYRAMIC PROPERTIES OF GOLD
FOR THE INVESTIGATED TEMPERATURE RAKGE 1060 - 1500 K

(STANDARD REFERENCE STATE TO 1555.,65 DEG K}

DEVIATIONS COEFFICIENTS
AVERAGE  MAXIMUM A 8
0.098829 0,250609 -18.0816 8.7925
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analysis could be realized by means of a suitable interface and a computer. Such
automatic methods for collecting and processing large numbers of individually mea-
sured values would be extremely useful; they are available commercially so far only
for a small number of thermoanalytical instruments. Figure 35 is a schematic presenta-
tion of the components necessary for on-line data processing of vapor pressure data
determined by thermogravimetry. The four main steps which are important for the
evaluation of the measured values are listed in Table S which in some parts has been
copied directly from the computer output.

The atmosphere and the pressure are experimental parameters of general im-
portance since they also determine whether a reaction will take place at a certain
temperature or not. One special parameter which connects the atmospheric effect
and the balance system is the often neglected buoyancy effect®>~49, This effect has
to be taken into account in all accurate measurements. It is of importance not only
for the parts of the balance system and crucible, but also for the sample which
changes its weight and volume during the experiment. This is true in many cases
also for the surrounding atmosphere. The extent of the buoyancy effects and its
correction are shown in TG curves recorded during decomposition of a particularly
large sample of CaCO; in a CO, atmosphere (Fig. 36). This experiment has been
carried out for testing to accuracy of the thermobalance. Apart from the actually
measured, uncorrected weight curve, a second one is shown in which a correction for
the buoyancy effect of the crucible and of the curcible holder as a function of tem-
perature was applied. The third curve shown on the TG record takes into account
also the buoyancy change of the sample. In addition, the exact sample weights at
room temperature, after loss of the adsorbed water at 800 °C, and at the end of the
experiment at 1100 °C are shown for CO,-atmosphere and after correction for
vacuum. The extent of necessary corrections can be seen in the figure. It becomes
evident therefore that accurate results are obtained only under consideration of the

weight
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buoyancy contributions of the sample, of the crucible and of the crucible holder, all
dependent on the temperature. At high temperatures the nearly parabolic buoyancy
correction curve may show a pronounced deviation starting from about 700 °C. As
could be proven by Wiedemann, this effect is caused by thermal radiation and con-
vection respectively, which lead to a heating of certain parts of the balance system.
This problem can be avoided however by placing an intense cooling system between
the furnace and the adjacent balance housing.

One important experimental parameter is also the furnace which is used in the
thermogravimetric apparatus. There always exist pronounced radial and vertical tem-
perature gradients which can be found by calibration runs. As an example, the deter-
mination of the vertical temperature distribution by Wiedemann®? may be referred
to. Also the amount and shape of the sample can contribute to a temperature gradient.
This fact is of special importance for kinetic studies. Considerable temperature dif-
ferences — up to several °C — can exist at different locations of the sample holder.
Of course this depends to a great extent on the thermal conductivity of the crucible
(Pt, Au, Al, Al,03, vitreous silica, graphite) and of the sample holder. Information
about the temperature distribution in the furnace may be derived from experiments
with specially designed multi-sample holders where equal amounts of the sample are
placed into symmetrically arranged small pans.

In all thermoanalytical investigations it is very important how the substance is
placed and positioned on the sample holder. This was illustrated in simultaneous
TG-DTA measurements in connection with gas analytical investigations by Wiede-
mann??. The three profiles shown in Fig. 37 correspond to the water vapor pressures
recorded with a mass spectrometer during thermal dehydration of fine-grained calcium
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TG CURVES

FURNACE B

THERMOBALANCE
VACUUM TEMPERATURE

Fig. 38. Explanation for the apparent weight increase at the beginning of decompositions. For
curve A the sample was placed outside the balance pan, for curve B the sample was in the usual
position on the balance pan

oxalate monohydrate. Arrangements A and B lead to similar, almost symmetrical
peaks with rapid dehydration. For arrangement C complete dehydration is delayed,
leading to a shift of the peak maximum of almost 40 °C. For thermoanalytical investi-
gations in vacuum, the layer of the substance in the crucible should be as thin as
possible, not exceeding 0.5 to 1 mm. In this connection an interesting case of initial
weight gain during dehydration of a powdered whewellite sample (Ca(C0OQ), - H,0)
in high vacuum?® (10~° torr) will be discussed briefly. The effect of particle size on
the dehydration of this mineral has been already mentioned and is shown in Fig. 29
Part A of this figure proves that the powdered sample shows a strong apparent weight
gain when heated at a rate of 8 °C/min, followed by the expected weight decrease

due to dehydration. For a better understanding of this effect, another test was carried
out whereby equal amounts of the sample were placed into a ring around the empty
crucible {Fig. 38, A) and in the other case inside the crucible (Fig. 38, B). The experi-
ment resulted exactly in the same apparent weight increase for both arrangements as
can be seen from the corresponding TG-curves for A and B. Simultaneously with the
weight increase, a characteristic temporary pressure increase of one order of magnitude
occurred in both runs. The test proved that only a fraction smaller than 0.5% of the
apparent weight increase can be attributed to a recoil of the molecules leaving the
balance pan, practically the entire effect is due to a re-impact phenomenon. It was
possible to simulate this effect on a vacuum thermobalance by introducing measured
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Fig. 41. Melting peak heights of aluminum at
various rates of heating

quantities of gases through a separate inlet above the balance pan. As a practical con-
clusion such dynamic effects always should be taken into consideration when gas
producing substances are heated up relatively fast in high vacuum. This helps to
avoid wrong interpretation of such measurements. It was found in various experi-
ments that this dynamic effect decreases with smaller heating rates, and that it can
also be avoided when much larger pumping cross sections are used. This same phe-
nomenon offers on the other hand an interesting method for calibration of the tem-
perature in the immediate vicinity of the sample container®®. For this purpose the
weight effect of defined pressure impulses Ap on the balance pan was investigated
Fig. 39 shows the apparent weight increases caused by impact of gas molecules
(CO,. N,, O,, Ar, NH3) on the balance pan during constant pressure changes from
1-1075 torr to 5 - 10~3 torr for different isothermal conditions. In agreement with
Maxwell’s theory, the measured impact forces are proportional to the square root of
the absolute temperature and also to the mean velocity of the gas molecules. Thus it
is possible to calculate an unknown temperature from the weight effect measured.
The method is limited however to the vacuum region <1073 torr. Standard devia-
tions of the temperature in the order of 5 °K and #1 °K were found at 1225 °K
and at 300 °K respectively. This same method was also used by Wiedemann®® to
follow continuously the evolution of gaseous decomposition products with simulta-
neous recording of the heating X-ray*%) diffraction pattern (TMBA-X-ray method).
The number of experimental factors which influence the results increases con-
siderably when thermogravimetry is combined with other techniques such as DTA,
gas chromatography*®, mass spectrometry, X-ray etc. A systematic discussion of
all these additional factors would lead too far, therefore only a representative example
will be discussed here. One of the often-applied multiple techniques is the combina-
tion TG-DTA. Besides the actual thermal reactions of the sample, the important
factors in DTA are the heat capacity and the thermal conductivity of the sample.
Optimum heat transfer is required for such thermoanalytical measurements therefore
the shape of the sample and its contact with the crucible is of special importance.
This problem was investigated by Wiedemann and Van Tets*” by thermoanalytical
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characterization of melting and freezing processes and by calorimetric calibration of
DTA equipment with metal standards respectively. A series of DTA runs was carried
out with metal samples which fitted exactly into the cavity of graphite crucible. After
repeated melting and freezing operations a pronounced change in the shape of the
DTA-peak was observed. Figure 40 explains this effect, which is caused by the defor-
mation of the metal sample due to surface tension after its first melting. This leads

to a change in the contact area between metal sample and crucible wall. This problem
can be solved by using a covered crucible whereby the weight of the cover prevents
the sample deformation and maintains the contact between sample and crucible wall.
Tests were carried out with different metals in pure argon, varying the heating and
cooling rates between 0.5 and 10 °C/min. It is very important to keep the gas flow
rate constant during such measurements of melting temperatures. Graphical evalua-
tion of the results proved that the maximum temperature deviation ATy is approxi-
mately proportional to the square root of the heating rate, in agreement with the
theory. The melting time for pure samples under the assumption of an isothermal
melting process would be equal to the height of the endothermic peak AT, divided
by the heating rate v. Figure 41 shows the actual melting peak heights of aluminum
at various heating rates, compared to the theoretical maximum peak height line which
was derived from the heating rate v times the melting time t, — t,. The deviation
from the maximum peak height becomes more pronounced at higher heating rates,
probably due to surface tension effects.

48)

4. Examples of Application
4.1. Thermal Stability of Platinum Group Metal Oxides

The oxidation behavior of platinum metals is of importance for their applications

at high temperatures. These metals form solid oxides and also volatilize as oxides at
higher temperature in an oxidizing atmosphere. Most of the gaseous oxides are stable
only at high temperatures and usually contain the metal in its highest oxidation states.
Palladium is an exception since it dissolves oxygen in the solid state and only forms
the solid oxide PdO which dissociates at temperatures above 800 °C.

The platinum metals used in the experiments were catalyst powders with specific
surface areas of 10~30 m?/g and purity >98%. The oxidation of metals and the
decomposition of oxides was investigated with a thermobalance*? which was com-
bined with an Enraf Nonius High Temperature X-ray Camera. Sample weights were
in the order of 5—40 milligrams. TG and DTA curves were recorded under different
atmospheric conditions (air, oxygen, vacuum) and with different heating rates and
heating schedules.

Figure 42 and Table 6 show results on the formation and dissociation of the
oxides PdQ, RuO, and [1Q,. The TG-curves were obtained under reduced oxygen
pressure {100 torr) and heating rates of 10 °C/min. The assignment of reaction tem-
peratures was carried out according to Fig. 43. The formation and dissociation of
the oxides depends strongly on the oxygen pressure, on the heating rate and on the
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Fig. 42. Formation and dissociation of PdO, IrO, and RuO;. Sample weights 50—100 mg
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Fig. 44. Dissociation pressure of palladium oxide

surface area of the metal powders. Decrease of oxygen pressure favored the complete
oxidation of the metal powders.

A series of experimental runs was carried out on the dissociation of PdO at
oxygen pressures varying from 717 torr down to 10 torr. The dissociation tempera-
ture (T 4 ) of PAQ decreases in this range from 872 °C down to 689 °C at 10 torr.
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Table 6. Formation and dissociation temperatures of PAO, IrO, and RuO; (oxygen pressure
100 torr, heating rate 10 °C/min)

Oxidation (°C) Dissociation (°C)

Starting Tiy Trax Te Ti1 Tmax Tey
material Ti2 Ten Ti2 Te2
Pd-black, 196 567 664 762 806 819
8.5m?/g 258 740 775 828
Ir-black, 142 560 685 945 1005 10311)
21.2 m?%/g 408 907 975 -
Ru-black, 118 405 500 928 1490 -
17.0 m?/g 312 698 1438 -

D Temperature influenced by simultaneous vaporization.

Table 7. Dissociation data of PdO, IrO, and RuQ,

AHZ98 ashos Tiss. (°C)
(kcal/mole) (cal/mole °C) (PO, 1 atm.)
PdO -27.37 —24.00 877
IrO, -52.42 -40.52 1124
RuO, -71.17 -41.40 1580

A plot of these dissociation temperatures versus the equilibrium oxygen pressures is
shown in Fig. 44 in the usual logarithmic form. The oxygen dissociation pressure
reaches 1 atm at 877 °C. The heat of dissociation of PdO was calculated from the
slope of the line by regression analysis. The medium temperature in the measured
range was 777 °C = 1050 °K. Calculated values for AH g5 = —25.65 + 0.86 Kcal/mole
and ASSgso = —22.30 + 0.77 cal/mole °C are in agreement with the data reported
in the literature. Using the heat capacity equation given by Kelley 5 AC, = -6.08 +
12.32x 1073 T+ 0.20 x 10° T~ 2 it is possible to convert these values to the standard
state: AH%qg = —27.37 Kcal/mole and AS%g¢g = —24.00 cal/mole °C for the reaction
PdO) = Pd(s) + 1/2 O,. These values correspond directly to the heat and entropy
of formation of PdO from the elements. The relationship between equilibrium oxygen
pressure and temperature which is given by the equation in Fig. 44, log pg, =

11.220

+12.63, applies to 2 PdO, = 2 Pd,, + O,. Therefore the molar values

AH and AS correspond to half of the values derived from the slope of the line in
Fig. 28. A comparison of the dissociation data of PdO to those reported for 110,
and RuO, is given in Table 7. RuO,, which has the closest packed structure, also
is the most stable oxide.

These measurements on the oxidation of palladium prove that it is possible to
obtain thermodynamic data also by dynamic, thermoanalytical methods. The values
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compare favorably with those obtained by static, calorimetric methods. The slight
discrepancies observed at present are due to the effect of the heating modes used in
these measurements. Stepwise heating approaches more the isothermal conditions,
whereas a linear, even slow heating is often in advance of the actual reaction.

4.2. Formation and Decomposition of Calcium and Cadmium Chromate

These investigations were concerned with the formation of alkaline earth chromates
Me 2*Cr%*Q, during solid state reactions with Cr,05. Thermogravimetric methods
are especially useful for such studies and allow one to follow the oxidation
Cr3*—— Cr%" in relation to the oxygen pressure and to the thermal behaviour of
the alkaline earth compounds used®?). First of all. the reactions between hydroxides
or carbonates and Cr,05 were studied. Figure 45 shows the differences in the case
of calcium. Whereas the decomposition of the calcium compound and the oxidation
of the Cr,05 are clearly separated in the case of the hydroxide, these two reactions
overlap each other when CaCQj is used. This overlapping was even more pronounced
for the mixtures 1 SrC03/0.5 Cr,05 and 1 BaC0O5/0.5 Cr,05. All these reactions
were complete when carried out in air and lead to formation of the chromates
MeCrQ, - CdCrQ4 on the other hand could be prepared by solid state reaction be-
tween CdCO3 or Cd(OH), and Cr,03 only when pure oxygen was used. Even so,
the reaction was not complete, the CdCrO,4 decomposed already before all the Cr3t
was oxidized to Cr" (Fig. 45).

The effect of the oxygen pressure on the completeness of the CdCrO4-formation
was investigated and is shown in the TG-curves in Fig. 46. Overpressure of about 1
at increases the yield to about 50%. Heating X-ray photographs (Fig. 47) show the
various reaction products which are formed during heating up of a mixture
2CdCO3/1 Cr,05.

TG

1CaCO, +05Cr,0; 1CdCO; +0.5 Cr,0,

DTA

1Ca(OH), 405Cr,0,

Tc

500

100

400

800
T°C

Fig. 45. Formation of CaCrQO4 and of CdCrO4 by solid state reaction between different mixtures.

A) Sample weight: 96 mg, heating rate: 2 °C/min, atmosphere: air; B) Sample weight: 38 mg,
heating rate 2 °C/min, atmosphere: air; C) Sample weight: 43 mg, heating rate 0.5 °C/min,

atmosphere: oxygen

118



Trends and Applications of Thermogravimetry

CdO + 05 €r,0,+0750,—» CaCr O,

DECOMPOSITION of Cd Cco,

GAIN

FORMATION of CdCrO,

M ] N
WEIGHT 05mg and DECOMPOSITIO

LOSS

902
760 Torr
920Tarr
SAMPLE WEIGHT
10 mg
HEATING RATE
0,5°C. min
1120 Yorr
1480 Torr . -
— Ao Fig. 46. Effect of oxygen pressure on the forma-
20 200 400 600 ©OcC .
TEMPERATURE tion of CdCrOq4

This thermal instability of CdCrO,4 is probably related to the easy formation of
the rather stable spinel CdCr,0,4 with 3-valent chromium. The same is true also in
the case of MgCrOy4, which can be prepared only at high oxygen pressures. These
results and the course of the reaction in various systems with Cr,03 could be con-
firmed and followed by heating X-ray runs in addition to the TG/DTA investigations.
The chromates of the alkaline earth oxides MeCrO4:MgCrQOy4, CaCrQ,4, SrCrO,
and BaCrQy, all have different crystal structures. The coordination number of the

oc CdCO,
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Fig. 47. X-ray heating photograph of the formation and decomposition of CdCrO4 (Heating rate:
1 °C/min, atmosphere: oxygen)
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Me-ion increases with the ionic size from 6 in MgCrQy, to 8 in CaCrQ4 and ~8 in
StCrQy, to 12 in BaCrQy,4. On the other hand, the oxygen coordination around Cré*
is the same in all chromates, that is, tetrahedral. The thermal stability of these com-
pounds is primarily related to the size of the Me **-ion, it increases from <600 °C
for MgCrO, to ~1000 °C (CaCr0y,), 1190 °C (81Cr0,) to 1380 °C for BaCrO,. In
the case of the heavier chromates complete decomposition according to the reaction
2 MeCr®*0, —MeCr3*0, + MeO + 1.5 O, is difficult to achieve at these tempera-
tures in an oxygen-containing atmosphere.

4.3. Melting and Freezing Behavior of Metals

These measurements were carried out with a combination thermobalance-DTA, the
metal samples were placed in graphite crucibles. A covered crucible was used, the
weight of the cover maintained the uniform contact between sample and crucible
wall. As an example the melting and freezing curves for pure aluminum are presented
in Fig. 48. The DT A-curve of the diagram shows the endothermic melting peak and
the exothermic freezing peak during the heating cycle. The TG-curve proves that no
weight changes occur, which is possible for certain substances by vaporization already
below the melting point. Therefore it is important for quantitative measurements to
record not only the DTA-curve but also the TG-curve simultaneously. The lower part
of Fig. 48 shows the course of the temperature in the sample during the melting and
freezing process, both the DTA-curve and the T-curve were recorded with the same
sensitivity to show the principal difference.

TG CURVE ——— -
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1mg . 663mg Sn
: y/
L o 663mg Bi
DTA CURVE —— P //o
- /e ‘
20t (::’ - ;, 140mg Al
~~ - 0 -
i i (&) w R " 890mg Pb
o T . , e /
10°c 1o0uv : | x i A ° 931 mg Ag
i ] < | ¥
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Fig. 48. Melting and freezing curves of Fig. 49. Melting peak heights (AT) of
aluminum. Sample weight 238 mg, heat- different metals at various heating
ing rate 1 °C/min, argon atmosphere rates
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Melting and freezing curves were recorded for various metals*” at different
rates of heating and cooling (0.5, 1, 1.5, 2, 4 and 6 °C/min). The tests were carried
out in an atmosphere of purified, dry argon. Figure 49 shows the linear relationship
between heating rate and the maximum temperature deviation AT in the DTA-curve
during the melting process. The temperature deviation AT is mainly effected by the
thermal conductivity of the metal. One can evaluate the measurement of the tem-
perature T (which lies between sample temperature T* and furnace temperature T,)
in accordance with the expression

T= R, T*+ Ry Ty

Ra + Ry
where R, is the external thermal resistance between furnace and measuring point
and Ry is a contact resistance between sample and differential measuring point.

The exothermic or endothermic heat effect, Q, resulting from chemical reactions
or transformations can be determined by means of the equation

17

= AT, dt
Q Raof b

in which ATy, is the transient deviation from the base line during a DTA peak due to
the thermal effect. For a constant chart speed and a linear heating rate within the
range concerned, the time integral is proportional to the DTA peak area. With the
equipment available today, this evaluation of the peak area can be carried automati-
cally by use of an on-line desk calculator. Data like heats of melting, transformations
etc. are processed in accordance with the experimental parameters used in the experi-
ments.

4.4. Growth of Alumina-Whiskers

Another, less common application for thermogravimetric methods, is in the area of
crystal growth32~55), Thereby it is possible to follow not only reactions connected
with weight change, but also to control various experimental parameters such as the
heating program and the atmosphere. As an example, the growth of alumina whiskers
will be discussed. These experiments were carried out by volatilization and oxidation
of aluminum in a wet argon/hydrogen atmosphere by use of a thermobalance’®. The
aluminum source was an iron-aluminum alloy Fe; Al (sample weight lg), the total
pressure was kept at 100 torr. Under these conditions alumina whiskers could be
grown in the temperature range from 1400 to 1600 °C. The heating rate was

10 °C/min; at the highest temperature the samples were held isothermally for

15 hours. Figure 50 shows a schematic record of such an experiment, the interpreta-
tion of the observed weight increase is given in the following diagram (Fig. 51).

M, is the original sample weight of the Fe3 Al sample, x corresponds to the weight
increase resulting from oxidation and deposition of the vaporizing aluminum. The
amount of vaporized aluminum (y) was determined by weighing the Fe; Al sample
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! FORMATION OF ALUMINA WHISKERS
§ (GROWTH RATE 004 MG MIN)
o
-
I
o
w 200 MG
; .
TG-CURVE
T 1555°C

/

HEATING 10°C MIN 10°C MIN COOLING
/r 25°C \
T-CURVE HOURS
0 5 10 15 20

il i 1 1 1 1 1 1 1 1 1 1 I S W SR I N B 1 A 3
TIME

Fig. 50. TG curve showing the formation of alumina whiskers during oxidation of iron-aluminum
alloy in wet hydrogen (2%)/argon mixture (isothermal at 1555 °C). Sample weight 1000 mg
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Fig. 51. Schematic presentation of the course of the reaction during formation of alumina
whiskers

before and after the run. With covered alumina crucibles, about 90% of the vaporized
aluminum was oxidized to alumina and precipitated within the crucible in the form
of whiskers. The typical growth of such whiskers in the crucible is shown in Fig. 52.
The results proved that the so-called a-whiskers grow in the direction [1120] prefer-
entially at lower temperature e.g between 1450 and 1500 °C. Above this tempera-
ture, hexagonal, c-whiskers grow perpendicular to the a-whiskers in the direction
(0001 ]. The orientation of the whiskers to each other can be seen in Fig. 53. Whisker
growth did not occur in dry argon/hydrogen atmosphere, besides which the effect

of the crucible material is very important. The best results were obtained with closed
alumina- or thoria-crucibles, in magnesia crucibles only a polycrystalline reaction
layer of the spinel MgAl,04 was formed. Graphite crucibles caused carburization of
the Fe3 Al alloy. This means that alumina whiskers can be grown in such crucibles or
containers as do not react with the metallic source or with the transported aluminum
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Fig. 52. Typical growth of alumina whiskers in an alumina crucible
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| ¢ - whisker
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a-whisker Fig. 53. Orientation of a and ¢ whiskers

relative to each other

oxide. When Al-richer alloys were used, strong volatilization of aluminum occurred
above 1200 °C without the formation of whiskers. It is important to match the
amount of vaporizing aluminum with the H,O partial pressure available for oxidation
of Al to Al-suboxides and finally to Al,03. In using the composition Fe3Al, it was
possible to control the growth rate and the morphology of the alumina whiskers by
variation of temperature and time. There is also a difference in whether the whisker
growth is carried out in open or in closed crucibles. Considerably more but smaller
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whiskers were formed in open crucibles, whereas the better temperature homogeneity
and the decreased oxidation rate in closed crucibles resulted in fewer but longer
whiskers of perfect crystal forms. The thickness of the c-whiskers usually varied be-
tween 10—40 um with lengths up to 500 um. The longest a-whiskers observed were

in the order of the crucible diameter (8 mm) with thickness from 5 ym down to
about 200 A.

4.5. Formation and Dissociation of Barium Peroxide

This is another example of the application of thermogravimetry for determination
of equilibrium temperatures in dissociation studies. This also enables one to calculate
the heat of dissociation from the linear relation between log of dissociation pressure
and I/ T. Determination of the specific heat by means of DTA was used afterwards
for conversion of the heat of dissociation into the standard values of formation at
298 °K. BaQ, was chosen for these investigation®® because it has been investigated
in the past by calorimetric methods and therefore gives a possibility for comparing
those values obtained from static methods with those obtained from values from
dynamic methods.

BaQ, is the most stable of the alkaline earth peroxides. It is the only one which
may be obtained by direct, dry oxidation of the oxide. The close relationship be-
tween the structures of BaO (NaCl-type) and BaO, (CaC,-type) is shown in Fig. 54.
Peroxide-ions are oriented parallel to the tetragonal c-axis, the [110]-direction in
BaQ, corresponds already to the [100]-direction in BaO. During the dissociation of
Ba0, to BaO the peroxide ions are changed to oxide ions. This results in a shrinkage
of the tetragonal c-axis of BaO,, which now corresponds to the cubic a-axis of BaO.

The preparation of BaO, was carried out by decomposition of BaCOj; in high
vacuum 10~% mm on the thermobalance (METTLER Thermoanalyzer) at 800 °C
to BaO and subsequent oxidation with dry oxygen (Fig. 55). The complete oxida-
tion could be achieved only after cycling in the temperature region 500 to 600 °C.
The dissociation of BaO, during stepwise heating at 100 mm Hg is shown in Fig. 56.
This heating process allows a rather precise determination of the dissociation tempera-
tures. A diagram where the dissociation temperatures thus obtained are plotted versus

BaO, BaO

tetragonal

p—— ——i
377 &

Fig. 54. Structural relation between BaO, (CaCj; structure) and BaO (NaCl structure)
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Fig. 56. Dissociation of BaO, during stepwise heating, approaching quasi-isothermal conditions

the equilibrium pressures of oxygen, was shown already in Fig. 33. At 1 at oxygen
pressure the dissociation temperature is equal to 833 °C. The heat of dissociation of
BaO, could be derived from this data for a medium temperature of 1040 °K as —
17.8 kcal/mole.

Specific heat measurements on BaO, were carried out by DTA for conversion
of this value to 25 °C

— . -3 g2
ACPBa02 =8575-0.11T+0.14-107° T*.

The calculated standard value for the heat of formation
2 BaQ t+ Oy = 2 BaOyy
is AH%gg = +19.3 kcal/mole.

These data obtained from TG and DTA are in good agreement with the literature
values based on calorimetric data.
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TG-CURVES OF DOLOMITE

SAMPLE WEIGHT _ CO, PRESSURE
| 433mg 3 Torr
] 407 mg 10 Tore
L 435mg  _ 50 Torr
HEATING RATE 059C/min

05mg
e Ca
[ . A L I 1 | A ” A i il 1 1 1 i o Mg
620 660 780 oc 740 780
TEMPERATURE
Fig. 57. Decomposition of dolomite at Fig. 58. Dolomite structure

different CO4-pressures

4.6. Thermal Dissociation of Carbonates in Different Atmospheres

During investigations on dissociation equilibria by means of thermogravimetry, it
was observed that the detailed mechanism of certain carbonate decompositions®?
is still not completely clarified. The reason for this is that differences in the decom-
position mechanism can be introduced by the nature of the substance, by structural
variations and especially by even minor changes of the gas atmosphere around and
in the sample. Of course, also the effect of the usual experimental conditions has to
be taken into account.

The present investigations were carried out on dolomite (CaMg(CO3),), smith-
sonite (ZnCO;) and otavite (CdCO;) by means of TG, DTA, heating X-ray and
thermomicroscopy. Different partial pressures of CO, and H, O were used in addi-
tion to normal atmosphere and high vacuum. All these carbonates show a very pro-
nounced effect of the atmosphere on their decomposition temperature and on the
decomposition products which were formed. The effect of the CO, partial pressure
on the decomposition of dolomite can be seen from the TG-curves in Fig. 57. The
interesting point is that the dolomite structure (Fig. 58) first breaks down com-
pletely with the formation of MgO, CaO and evolution of CO,. If the partial pressure
of CO, in the atmosphere is higher than 3 torr, the free CaO reacts immediatly and
forms calcite which decomposes again at higher temperatures. Therefore, two de-
composition steps are present in TG-curves where the CO,-pressure exceeds 3 torr.
These results could be confirmed by heating X-ray. For comparison also mixtures of
CaCO, and MgCO;, in the dolomite ratio were investigated.

The nucleation of these decomposition processes was studied by means of
thermomicroscopy on single crystal cleavage plates of calcite, magnesite, dolomite
and smithsonite (Fig. 59). The shape of the nuclei was found to be different for
these carbonates, which might be also of importance for the decomposition mecha-
nism. The partial pressure of water vapor has a pronounced effect on the decomposi-
tion of transition metal carbonates such as ZnCO3 and CdCO;. The evolution of
CO, is probably catalyzed in the presence of water vapor and shifted to considerably
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Fig. 59. Nuclei formation on a
cleavage plate of calcite

lower decomposition temperatures. The reaction mechanism here is different from
dolomite or calcite due to formation of basic carbonates.

The effect of the partial pressure of oxygen and of CO, is also very important
for the decomposition behaviour of siderite and rhodochrosite. The formation of
the iron oxides was followed by TG and by high temperature X-ray diffraction.
Below 10~% mm Hg oxygen pressure only Fe30,4 was formed.

4.7. Thermomolecular Beam Analysis of CaCQ;-Dissociation

Experiments on the thermal decomposition of calcite single crystals were carried

out in air, in vacuum and in CO, 7). Electron micrographs show that the decomposi-
tion nuclei are different in shape and in morphology depending on the atmosphere
(Fig. 59). These differences will also effect the kinetics of calcite decomposition. The
decomposition starts preferentially at distocations and also along twin boundaries.
preferred growth of CaO may occur topotactically on the rhombohedral cleavage
planes (100) and on (111) and (111).

The simultaneously recorded heating X-ray pattern of calcite in vacuum, the
TMBA-curve and the mass spectrometric curve for CO, are shown in Fig. 60 and
in Fig. 61. It can be seen that the decomposition of calcite in vacuum (10~ * torr)
starts already at 420 °C and that it is complete at 660 °C. The equipment and
experimental procedure for thermomolecular beam analysis has been discussed in
detail in Section 2.4.

The simultaneous presence of the CaCO;-reflections and of the CaO-reflections
over a wide temperature range, and the persistence of certain calcite reflections point
to topotaxy. This behaviour was generally observed during decomposition and re-
crystallization processes. The growth of the CaO crystallites with increasing tempera-
ture can be also seen in Fig. 61 (decrease of line broadening in the diffraction pattern).
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Fig. 60. TMBA- and MS-curves of the decomposition of calcium carbonate. Heating rate
0.5 °C/min

Due to the strong expansion anisotropy of calcite, the reflections move into
different directions and even cross each other in the case of high index reflections

(e.g (300) and (0.0.12) during heating (Fig. 61). Linear thermal expansion coefficients
which can be calculated from this X-ray pattern (a, = ~5.107%/°C, a, =27.107%/°C
between 20 and 600 °C) agree with the data reported in the literature. Therefore this
method can give information on the thermal expansion as well, provided that the
temperature range is large enough for causing measurable shifts of the reflections.
respectively (Fig. 62). This means that the thermal stability of such blue pigments
increases with increasing ionic radius or atomic weight of the alkaline earth ion.
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Fig. 61. Simultaneously recorded X-ray heating pattern of the CaCO3-decomposition
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4.8. Formation and Stability of Egyptian Blue

Egyptian Blue, CaCu[Si40 ], and the isostructural sheet silicates StCu(Siq0, ] and
BaCu{Si40,¢] can be synthesized by solid state reaction methods. Information on
the reaction steps may be obtained by use of a thermobalance®®: 5%). It was possible
thereby to establish the effect of various Ca-, and Cu-containing compounds on the
formation of the Ca—Cus-silicate and also the importance of adding fluxing agents
such as sodium carbonate, borax, PbO. Without such additions the reaction proceeds
very slowly leading to fine-crystallized, impure products which do not show the
striking and intense blue color of these alkaline earth copper silicates. One of the
most effective agents for accelerating the reaction was borax. The compound
CaCu[Si40, ] forms at about 900 °C. With heating rates of 2 °C/min it remains
stable in oxidizing atmosphere up to about 1080 °C. Above this temperature it
decomposes due to the reduction Cu?—- Cu'” which is reversible. However
CaCu[Si40,] does not form again during cooling down in spite of the reoxidation
of Cu'*— Cu?". Thermoanalytical runs proved that the stability of the correspond-
ing compounds SrCu[Si;0,] and BaCu[Siz0,,] is higher, e.g. 1155 °C and 1170 °C
respectively (Fig. 62). This means that the thermal stability of such blue pigments
increases with increasing ionic radius or atomic weight of the alkaline earth ion.

TG CURVE ]
CaCufSi 0y
\
N
OTA CURVE
L
TG CURVE X‘Omg

Sr Cu[5i40y0) xo /prv

OTA CURVE //*E'N_D—O*:HERM
Ba Cu[SiAOm}
TG CURVE q

—
1200°C
/\\”00

HEATING COOLING

\

J

DTA CURVE

Fig. 62. Decomposition and reoxidation

1000 of Egyptian Blue and of the isostructural
2°¢/MiN 900| Sr and Ba compound in air, heating rate
2°C/min

N\

T CURVE

It is interesting to note that the thermal decomposition is completely reversible
in the case of BaCu[Si40,¢) which reforms during cooling down. Single crystals of
Ca-, S1- and Ba-copper-silicate could be grown using borax, PbO or Na,S0, as fluxes
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Fig. 63. Scanning electron micrograph of
Egyptian Blue crystal (200x)

and heating times of 30 hours at about 900 °C. These quadratic platelets with their
characteristic intergrowth are shown in Fig. 63. Some of original, Egyptian samples
which were also studied by these methods were exceptionally pure and well-crystal-
lized and showed identical properties as the synthetic samples.

Thermal stability tests were carried out in inert and reducing atmospheres such
as N, and CO. In both cases the decomposition started at lower temperatures, at
about 950 and 800 °C respectively, with formation of red-brown colored reaction
products due to the presence of Cu,0.

4.9. Thermal Synthesis of Pentazinc Hexahydroxide Dicarbonate

Investigations on the reaction of solid hydroxides with gaseous carbon dioxide and
water vapor have shown the formation of compounds similar to pentazinc hexa-
hydroxide dicarbonate. In a series of investigations, tests were made to establish
how far the zinc hydroxide carbonate (Merck), which was completely decomposed
to zinc oxide in an atmosphere of CO,—H,0 vapor, could be synthesized again
during the linear programmed cooling®®. A special furnace was developed for this
kind of investigation (see Section 2.4.).

The zinc hydroxide carbonate sample (Merck) was weighed on the thermobalance
and linearly heated or cooled in the water vapor furnace. The H,0—-CQO, atmosphere
was generated by a flow of CO, through the water vaporizer into the sample chamber.
The condensed water flows back into the flask. the CO, leaves through the gas outlet.
An additional flow of CO, through the balance prevents any water condensation in
the batance chamber or on the sample holder. The tests could only be started after
both CO, gas flows were adjusted to a constant rate and the vaporizer showed a
constant return flow of condensed water. Flowmeters were used to adjust and control
the gas flow rates.

Figure 64 shows several curves of these measurements. The clearly visible weight
gain at the beginning of the test is the resuit of water vapor adsorption on the original
sample at room temperature. After constant flow conditions of the vapor mixture
were reached, heating was started at 10 °C min™!. Due to heating an even larger
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amount of water adsorption is noted. [n the range of 50—100 °C the adsorbed water
is released again and the actual decomposition of the sample starts only then. Com-
pared to air as atmosphere, the decomposition temperature is increased in a
CO,—H,0 atmosphere.

The decomposition is nearly completed from 300 °C on. Continuous heating to
600 °C yields only little additional weight loss, until pure zinc oxide finally remains,
During each test, the sample was held isothermally for a certain time after reaching
the corresponding maximum test temperature, to enable it to establish decomposition
equilibrium, During the following cooling, a noticeable weight gain was detected be-
tween 200—150 °C. The results of these qualitative investigations confirmed that a
substance similar to pentazinc hexahydroxide dicarbonate is formed in a gas environ-
ment of CO,-water vapor and within a temperature range from room temperature to
200 °C.

As the test showed, the formation of the hydroxide carbonate and the speed at
which this takes place are dependent on the composition of the test atmosphere,
especially on the water pressure. The zinc oxide did not show any weight gain in a
CO, atmosphere with a moisture ratio (p/p, ) less than 0.1; i.e., no formation of
hydroxide caibonate takes place. Only above a moisture ratio of 0.35 did the zinc
oxide take up more water in a relatively short period of time than was necessary for
the formation of basic zinc carbonate. In the moisture ratio range of 0.1-0.3, the
formation was slower and did not lead to complete formation of hydroxide carbonate.

TG‘CURVES I € 2ng0H1, I OA Y, g3 0BT HLO
q o
600°C
TEMPERATURE S e _
PROGRAMMES TEMPERATURE - ——

L

1 N 1 1 I}

o ‘r P 3 pl 5"

TIME -

Fig. 64. TG curves of the decomposition and formation processes of zinc-hydroxide-carbonate
as a function of different heating programs
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All samples for the tests discussed here were formed during more or less linear
cooling. If, however, a stepwise isothermal cooling process was used and stopped
above room temperature, a better crystalline substance was obtained.

4.10. Vapor Pressure Determinations by TG and DTA Measurements

The thermogravimetric analysis for vapor pressure is based on the effusion method.
The Knudsen effusion method uses measurements of the flow rate of vaporized
molecules leaving the effusion cell by an orifice (see Section 2.2.). For the calcula-
tion of vapor pressure, it is necessary to record the following data: Loss in weight as

a function of time simultaneously with sample temperature and pressure measured
outside the effusion cell. Measurement of vapor pressure of organic and inorganic
compounds by use of the Knudsen effusion method are possible in the range from

1 to 10~° torr. A second method for measuring vapor pressure data is simultaneous
thermogravimetric and differential thermal analysis. Thereby the heat of vaporization
and vapor pressure data can be calculated. This simultaneous method allows measure-
ments in the range from 1 te 760 torr, under isobaric conditions assuming that the
measured pressure is identical to that of the vaporized substance. The apparatus used
for this work was schematically illustrated in Section 2.4. The reaction chamber used
for the Knudsen effusion method is positioned above the balance. For vapor pressure
measurements, the effusion cell is partly filled with the sample and placed in the reac-
tion chamber. The measurements are done under high vacuum conditions. For the
simultaneous differential thermal and thermogravimetric analysis sample and reference
were measured in special closed aluminum crucibles®!), A steel ball was put on each

I1G (@

'10!119

OTA (8 maealting process

weight loss

»

~ g ~ 400 torr
3\00,.»1

DTA(b) c

DTA () A

20 torr

exo

endo

{ - 1 ' 1 '

s
25 100

L 1 i J
200 300

Temperature °C

Fig. 65. Simultaneous TG-DTA curves of o-acetophenetitide measured at various pressures.
A: start of vaporization, B: boiling point, C: end of vaporization
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crucible acting as a valve which opens if the inside pressure is higher than the outside
pressure plus the weight of the ball.

As an application of the simultaneous TG- and DTA-method, the characteristic
thermograms of o-acetophenetidide which were recorded at various pressures are
shown in Fig. 65. The experimental details were as follows: sample weight 25 mg,
heating rate 4 °C/min, pressure range 10—500 torr.

4.11. Vapor Pressure Measurements and Data Processing by Thermogravimetry/
Computer Combination

The present work demonstrates the application of thermogravimetry for vapor pres-
sure determination®? 3. The optimum use of the apparatus by automation of the
measuring program, collection of the data and possible sources for errors will be
discussed with some examples.

For measuring low vapor pressures within the range from 1 to 10~° torr, the
well-known Knudsen effusion method was applied (see Section 2.2.). The alumina
Knudsen cell was used for vapor pressure measurements of gold and of sodium
chloride. The orifice is located in the center of the lid.

A schematic TG-curve of the vaporization of gold under isothermal conditions
is shown in Fig. 66. The temperature and the rate of vaporization are recorded in
usual form and simultaneously punched on a tape by means of a data transfer system
(see Fig. 35 and Table 5).

TG-CURVE

02113mg h VAPORIZATION OF GOLD

ALUMINA KNUDSEN CELL
ORIFICE 003259 CM’
HIGH VACUUM 1-10"°TORR

00918mg h (RATE OF VAPORIZATION)

T-CURVE

T=11189C |

. 00385 mg h

T:1076°C

(TEMPERATURE PROGRAM)

TIME 721035° Fig. 66. Stepwise, isothermal vaporization
SRS RO N S S N SR I of gold in a thermobalance with Knudsen
0 5 10 15 20

HOURS cell
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31 32 33
1000 T on measured vapor pressure data

The rate of vaporization (g/sec), the EMF voltage and the temperature are listed
in Table 5.

The optimum data are selected in step I by using a precalculated standard devia-
tion, which is directly related to the constancy of temperature. These selected sets
of data are used in step 2 for calculation of equilibrium vapor pressures by means
of the Knudsen equation. A regression analysis of these vapor pressure data is then
carried out in step 3.

The printed data output step 4 lists the values for the constants A and B of the
general vapor pressure equation and the enthalpy and entropy of vaporization or
sublimation.
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VAPOR PRESSURE OF NacCl

KELLEY (68)
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Fig. 69. Vapor pressure of sodium chloride

Fig. 70. Thermal ctch figures on
sodium chloride

The calculated vapor pressure of gold is shown as a function of the temperature
in the usual form in Fig. 67. It is compared to data which were measured by the
National Bureau of Standards and evaluated by analogous procedures®?®.

An important requirement for such vapor pressure measurements with Knudsen
cells is the temperature distribution in and around the cell. If the temperature is not
homogeneous within the cell, condensation and crystallization of the vaporized
species may occur in the colder regions. This was observed e.g. with gold. In other
cases the orifice was reduced in diameter up to complete blockage when vaporized
metals like aluminium where oxidized due to the partial pressure of oxygen. To
prevent these deposits, ultra high vacuum is necessary or the use of graphite cells
instead of alumina cells.

Ideally, the Knudsen effusion method can be applied for determination of vapor
pressures if molecular flow is verified (p < 1073 torr). Precise measurement of vapor
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pressures is possible in the intermediate region between molecular flow and laminar
flow (p > 1073 torr-1 torr) if the dimension of the cell orifice is compatible with
the mean free path of the gas molecules. According to Winterbottom®®), the cell
orifice should be in the order of 1/10 of the mean free path. Therefore larger orifice
diameters are required for relatively low vapor pressures, since the effusion rate is
directly proportional to the vapor pressure. The influence of the orifice shape and
diameter on the vapor pressures calculated from the effusion rate will be shown in
one example.

For this purpose a special Knudsen cell with exchangeable orifice plates has been
designed. When the equilibrium pressure, which corresponds to the saturation pres-
sure pg is reached, effusion of a part of the vaporizing substance takes place through
the orifice. The amount depends strongly on the shape and length of the orifice
(Fig. 68). From the substance which vaporizes in all directions, only a partial beam
can pass freely through the orifice.

The effusion rate Am/At at identical orifice diameter and temperatures was
slowest for the cylindrical hole with long effusion channel and fastest for a cylindrical
orifice with very short effusion channel. This means that the back scattering of the
vapor molecules is strongly reduced if the ratio L/D between length L of the effusion
channel and diameter D of the orifice is small, which is in agreement with theoretical
calculations by Clausing®® 7). There are three contributions to the Knudsen cell cur-
rent which originate from the cell interior, from the channel wall, and the cell lid.

To prove that this method can be applied also to solids with strong ionic bond-
ing, NaCl was investigated as an example. Also in this case an aluminia Knudsen cell
was used, the orifice diameter was calibrated with gold. Figure 69 shows a graphical
presentation of the vapor pressure data obtained, compared with data from the
literature (Kelly)®®).

The slight shift results from the differences in dissociation in such measurements.
This could be proved by simultaneous mass spectrometric measurement which showed
the presence of various vaporized species.

23Na", 35C1%, 37C1", 22Na®5Cl*, 22 Na *7Cl", 2% Na, *5C1", 23Na, > Cl’ ete.

The main dissociation occurs at a temperature of 650 °C in high vacuum. For
such substances which show dissociation, special equations have been derived by
Stranski and Hirschwald®®. Therefore it is very important in such vapor pressure
measurements to control the process by simultaneous mass spectrometry in order to
avoid wrong interpretation of the data obtained.

The crystalline NaCl-deposits formed outside of the Knudsen cells showed dif-
ferent morphology. Besides bulk crystals, mainly dendrites but also whiskers were
formed.

Thermal etching in high vacuum proved that growth faces were mainly (100).
The depth of the quadratic, terrace-like etch figures depends strongly on the satura-
tion of the vapor atmosphere. [t increases with increasing undersaturation which
means a high rate of vaporization. Figure 70 shows such typical etch figures in the
case of high rates of vaporization.
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4.12. Dehydration of Copper Sulfate Pentahydrate

In the decomposition of CuSQO, -5 - H205 7) in a flowing air atmosphere, nucleation
begins only after a substantial loss of water (approx. 1 1/2 mole H,0), similar to the
case of gypsum. The nucleation starts from the surface and proceeds rapidly through-
out the crystal. The first step is the formation of bubble-like craters on the crystal
surface which is followed immediately by the peripheric crystallization of

CuSQ, - 3 H,0. Figure 71a, b shows some features of such nuclei after crystalliza-
tion. They all have a spherical habitus and a geode-like cavity in the center. In addi-
tion to such nuclei, fissures in the direction of the c-axis are observed when the
crystals are heated rapidly. Individual nuclei may separate from the surface, due

a(260x) b (740 x) c(180x)

Fig. 71. Surface nucleation during thermal decomposition of CuSO4 - 5 H,0
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probably to the different expansion behavior of both phases. Figure 71 ¢ shows the
surface after complete loss of 2 H,O; there are no intermediate spaces left between
the nuclei. Further dehydration causes only small changes of the surface until an-
hydrous CuSQ, is formed. Photometer curves (Fig. 72) of a heating X-ray photograph,
which was taken under identical conditions as the microphotographs, showed that

all known intermediate phases — CuSQOy - 3 H,0, CuSO,4 - 1 H,0 and CuSQ,4 — are
formed during the dehydration reaction. The TG-curve of the decomposition of
CuSO, - 5 H,0 to CuS0Qy, is presented in Fig. 73.

5. Conclusions

One of the main points of this review on modern thermogravimetry was to show the
versatility and some of the areas where TG-methods may be used. The main trends
of the rather rapid developments in this field are the following:

Automatic data collection and processing is becoming more and more common
in modern instrumentation. This not only shortens the time for accurate evaluation
of the results, but also makes it possible to take into account various experimental
factors and to make necessary corrections.

As far as the equipment is concerned, the miniaturization of many components
has lead to construction of smaller apparatus without sacrificing the accuracy, effi-
ciency or versatility. Of importance for this development was also the availability of
better and new construction materials, e.g. for measuring heads, thermocouples,
furnaces etc.

The theoretical background of various thermoanalytical methods is now well
established. An important contribution to the quantitative evaluation of the results
was made by the use of standard reference materials. These allow not only the cali-
bration of the instrument but also the comparison and correlation of results which
were obtained with different instruments.

The possibilities for combining thermoanalytical methods like TG with other
techniques and to carry out such measurements in certain cases simultaneously are
increasing. This is of great significance for the easier and sometimes unambiguous
interpretation of results.

Thermoanalytical methods, including thermogravimetry, have been used originally
in the earth sciences and in chemistry. With todays multifunctional and highly sensi-
tive instruments, these methods are becoming important for many other, new fields
of science and technology.
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Determination of Molecular Weights by Light Scattering

I. Introduction

The scattering of X-rays, neutrons and visible light is different in origin, since it
occurs respectively on free electrons, neutrons and bound electrons. Consequently,
what has been termed by Serdyuk and co-workers!) the scattering capactiy per unit
volume of the substance is dictated, in the same order by the electronic density, the
scattering length and the refractive index. The joint use of all three types has recently
been deployed to quantify the distribution of RNA and protein within the 508 sub-
particle of £. coli ribosomes?” as well as to elucidate the structure of synthetic co-
polymers in solution®, There is, of course, a large difference in the wavelengths ap-
propriate to small angle X-ray scattering and light scattering (LS), but the essential
complimentarity of both seems conveniently to extend the range accessible to either
method alone, and the relevant theoretical expressions can be deduced from the same
basic approach'”. It is possible, although not yet immediately feasible, that the wave-
length range in scattering studies may be extended yet further, when the Synchrotron
is fully developed.

LS from solution is an invaluable tool for yielding the dimensions® ® of the
scattering particles and thermodynamic information’ '3 such as virial coefficients,
chemical potentials and excess free energy of mixing. Its main use is to provide the
molecular weight® 6 14-16) of the scattering substance, i.e. the solute. If the differ-
ence in refractive index between solute and solvent is large enough and with the
availability of sufficiently sensitive apparatus there is, in principle, virtually no limit
to the range of molecular weight measurable via LS. Thus, the molecular weights of
diethyl ether!” (74) and bacteria'® (ca. 1 x 10'V) have been determined by this
means. Nonetheless, for molecular weights below ca. 2 x 10% it is probably more con-
venient to utilise vapour pressure osmometry, although this technique does yield a
differently averaged value,

1. Molecular Weight Averages

If the solute is monodisperse with respect to molecular weight, as in the situation

for purified globular proteins for example, then the same value for the molecular
weight will be yielded irrespective of the experimental method and its underlying
theory. Many synthetic polymers as well as such naturally occurring ones as cellulose,
rubber and bacterial dextrans are polydisperse and the experimentally determined
molecular weight is an average value. Two of the most important averages are the
number average molecular weight M, and the weight average molecular weight M,
which are defined as:

M, =Z(nmM;)/Zn (1)

M,, = z (niMiz)/Z(ﬂiMi) @)

Here the whole solute is considered to comprise n; moles of species i having molecu-
lar weight M; (the definitions are unaltered if n; is considered as the number of
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molecules of species i). A typical colligative property such as the osmotic pressure
IT exerted by the solution is related under ideal conditions to the overall concentra-
tion of the solution ¢ (g/ml) and to the molecular weight M of the solute by an
expression of the form:

M« c/M 3)

The total osmotic pressure is the sum of the osmotic pressure II; exerted by each
species, viz

=2 Il & Z(cy/My) 4)
] 1
Denoting mass of species i by g; and using the relation n; = g;/M; reduces Eq. (1) to

M, = Zg;/Z(gi/My) (5)

Moreover, the mass in both numerator and denominator of Eq. (5) may be
replaced by mass per unit volume, i.e. concentration, thus

M, = Zc¢;/ Z(ci/M;), whence
z:(ci/Mi) = zci/Mn = C/Mn (6)

Combination of Eqgs. (4) and (6) shows that the molecular weight yielded by a mea-
surement of osmotic pressure is a number average value:

I o« ¢/M,, ()
As will be demonstrated later, LS can be quantified by an experimental quantity

termed the excess Rayleigh ratio between solution and solvent, R, which is related

to the concentration and molecular weight of solute by the following expression

valid under ideal conditions:

R «cM (8

As before, we may write

R = ZR; « Z(c;M;) )

and Eq. (2) as

M,y = Z(g:Mi/ Zg; = Z(e;My)f Ze; (10)
E(CiMi) = M_wzci = CM_W (1 1)

Combination of Egs. (9) and (11) shows that the molecular weight yielded by
LS is a weight average quantity, viz
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R xcM,, (12)

The conventional colligative properties, all of which yield M, are depression of
freezing point, elevation of boiling point, osmotic pressure and relative lowering of
vapour pressure (on which vapour pressure osmometry depends). We have noted
that LS yields a different type of molecular weight average and it is commonly con-
sidered not to belong to the group of colligative properties. Eisenberg® has pointed
out that LS is, in fact, colligative (i.e. depends on the number of mols of scattering
solute per unit volume) and only appears otherwise since the practical equations are
expressed in terms of concentration in mass/volume. Although this is perhaps a
semantic point, it is nonetheless correct. Verification can be accomplished by recast-
ing the concentration (mass/volume) in Eqs. (3) and (8) [or equally in Egs. (7) and
(12)] in terms of the number of mols/volume, n, where n = ¢/M. The following
results show that I and R are both proportional to n, that is, they are both colliga-
tive in nature. LS has the additional characteristic of being also strongly dependent
on M:

MMon
R o« nM?

For ease of notation, the weight average molecular weight M,, will henceforth
be written simply as M. Relative molar mass of a substance is defined'®) as the ratio
of the average mass per molecule of specified isotopic composition of the substance
to one twelfth of the mass of an atom of the nuclide '2C. It is dimensionless. When
it is obtained from an experiment involving a known mass of substance or a known
concentration (mass/volume) of it in solution, the value obtained is a molar mass or
molecular weight expressed in practical units of mass/mol. The customary c.g.s.
system employing concentration in gram/vol will yield M in units of g/mol, whereas
the value of M in units of kg/mol will be a thousand times smaller if the practical
concentration are the S.1. one of kg/volume. In this review molecular weights are
taken to be in the familiar units of gram/mol.

2. Types of Light Scattering

The basics of LS were formulated a considerable time ago by Mie, Zernicke, Prins,
Smoluchowski, Rayleigh, Gans and Debye. Scattering by independent particles is
usually classified into three types, although there is not complete unanimity about
which name should be attributed to each. Here, we shall follow Oster?? and refer
to them as {a) Rayleigh, (b) Debye and (c¢) Mie scattering. The class is dictated by
two parameters namely the relative refractive index 1, and the relative size parameter
D/\. The former is the refractive index of the particle relative to that of the surround-
ing medium, whilst in the latter D denotes the major dimension of the particle and A
is the wavelength of the light in the scattering medium. Approximate criteria for the
classification of LS are given in Table 1.

When unpolarised light of intensity I is incident on a particle, a small fraction
of it, of intensity iy, is scattered at an angle § between the directions of incident
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Table 1. Criteria for classification of LS

Type Refractive Index Relative size
requirement requirement
Rayleigh Hne — DI 1 (D/A) <1720
Debye Iy — D1 <1 1> (D/a) > 1/20
Mie [{(@e — )Inot < 1 (D/A) > 1
Rayleigh

Rayleigh - Debye

Mie

\%\e

Fig. 1. Polar scattering diagramzl): Scattering envelopes according to the three LS theories for
particles of increasing size but the same scattering power

beam and observation. The resultant polar scattering diagram?!? in Fig. 1 illustrates
the effect of increasing particle size but the same relative scattering power according
to types (a), (b) and (¢). For type (a). scattering is symmetrical about 90° (or 270°).
For type (b) wherein the particles are larger, interference effects (to be considered
more fully later) between parts of the same particle are destructive in the backward
direction with the result that scattering is dissymmetrical about 90° (or 270°). Type
(c) is much more complex and diffraction patterns begin to appear in the polar scat-
tering diagram. The rigorous Mie theory has been developed for spheres and poses
formidable computational problems in order to calculate the intensity of scattered
light. We shall be concerned here only with Rayleigh and Debye scattering.

II. Theory

Many standard texts include sufficient LS theory to render a detailed account un-
necessary here. Reference is particularly recommended to treatments by Flory 22,
Morawetz?®, Tanford?¥, Tsvetkov, Eskin and Frenkel?3, Kerker?®’, and Oster2?,
Other books® ¢ 27) are devoted exclusively to LS from polymer solutions. It will be
useful, nonetheless, to summarise the approach?® in order to emphasise some signifi-

cant features of the final result.
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1. Scattering by Dilute Gases

If the electric field strength of the incident light is E,, then the magnitude of the
dipole induced in the irradiated material will be directly proportional to Eq via a
proportionality constant termed the polarisability, a. This dipole acts as a source of
new scattered radiation of a different electric field strength Eg, the magnitude of
which depends on the second derivative with respect to time of the dipole moment.
The useful experimental quantities are the intensities of scattered (is) and incident
(Io) light. They, in turn, are proportional to EZ and E3 respectively averaged over a
vibrational period, that is, from time = 0 to time = Ay/<, where A is the wavelength
of light in vacuo and ¢ is the velocity of light. One obtains thereby:

ig = 16 % sin? 8, /A§r? (13)

In Eq. (13), 8, is the angle between the dipole axis and the line joining the dipole to
the observer. The distance from observer to dipole is r and, because it is typically
ca. 105-10° times greater than the size of the dipole itself, r is effectively the distance
between observer and all parts of the dipole. As might be expected a priori, the scat-
tering is enhanced by a large incident light intensity and a highly polarisable material.
The observation that scattering of sunlight by gas molecules or dust particles imparts
a blue (i.e. short Aq) coloration also leads one to anticipate some form of inverse
dependence of scattering intensity on Aq. The fact that light scattering photometers
do not all necessarily exploit this dependence by using very low wavelength sources
will be discussed later.

The number of particles per unit volume, n, as well as « govern the value of the
dielectric constant e:

e=1+4ana (14)
Moreover, Maxwell’s relationship, € = 2 where 1 is the refractive index affords
n?=1+4nmna (13)

Changing from number concentration to weight concentration and initial Taylor
series expansion of n give ¢ as

a=M(dn/dc)/2 nt” (16)

where _#"is the Avogadro number, ¢ (mass/volume) is the concentration of particles
of molecular weight M (mass/mol) in the gas, and dn/dc (volume/mass) is the varia-
tion of the refractive index of the dilute gaseous solution with concentration. Hence
the mass of a particle is M/_4+" = ¢/n and the intensity of LS from a single particle is,
via Egs. (13) and (16):

iy = 4 72M?I, sin? 6, (d7/dc) 2/ 4" 2 \3r2 (17)
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A noteworthy feature of this result is the dependence of the scattered light intensity
from a single particle on the molecular weight of the particle raised to a power greater
than unity. As pointed out by Flory 22, if this were not so, the method would not be
amenable to the measurement of molecular weight. Experimentally, one determines
the scattering per unit volume. Hence there are n (=.# " ¢/M) particles per unit volume
and multiplying is in Eq. (17) by this number shows that the scattering per unit
volume depends directly on M, viz:

iy = 4 m2Mcl sin? 6, (dn/dc) /4" Adr? (18)

If we were considering a different property such as heat capacity for which the par-
ticle makes a contribution directly proportional to its mass raised to the power of
unity, the observed value would depend solely on the total quantity of particles in
the given volume and would be independent of the number of molecules into which
the particles are divided. Measurements of this type of property cannot yield molecu-
lar weights. Similarly, for example, an aqueous solution containing 72 g of poly-
acrylic acid is neutralised by 1000 ml of 1.0 M NaOH and no information regarding
the molecular weight of the polymer is afforded, since the titre depends only on the
total quantity of acid groups present. Exactly the same titre would be needed to
neutralise a solution containing 72 g acrylic acid or even 72 g of a mixture in any
proportion of acrylic acid and polyacrylic acid.

With vertically polarised light, is will be independent of angle and sin26, will
vanish from Eq. (18), because it has a value of unity. For more commonly used un-
polarised light it is readily shown that Eq. (18) reduces to:

ig = 2 m3(dn7dc)*Mc(1 + cos?8)/ 4" Agr? (19)

where the angle of observation § means the angle between the direction of the inci-
dent beam and the observed scattered beam of intensity iy in this direction.

2. Scattering from Polymer Solutions

Since the scattering from a single particle is proportional to the square of its molecu-
lar weight, macromolecules are especially suitable for study by LS. Moreover, the
presence of any smaller molecules makes a relatively minor contribution unlike the
situation prevailing in osmotic pressure measurements. In a binary solution of poly-
mer and solvent, scattering from the latter comprises a finite, but small, part of the
total and we shall term the difference between scattering from solution and solvent
the excess scattering and use the same symbol for it, ig, as in the preceding Sec-

tion II. 1.

Assuming in the first instance that the polymer molecules are quite independent,
then the situation is analogous to that in the preceding section, except that the scat-
tering molecules (polymer) are now surrounded by solvent molecules of refractive
index 1, instead of by free space of refractive index 1.0. The analogue of Eq. (15)
becomes
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n? —n3=4ma (20)

and the expression replacing Eq. (19) is

ig = 2 m¥03(dn/dc)?(1 + cos?8)Mclo/+"Agr? (21)

It is convenient to recast this as

Ry = KMc (22)

where

Ry =ipr?(1 + cos26)/1, (23)

and

K=2n2n3(dn/dc)?/ 4" a4 (24)
= K'(dn/dc)? (25)

The total polarisability per unit volume of solute plus solvent has been invoked in
Eq. (22) so that the dimensions of the Rayleigh ratio Ry in Eq. (23) are not cm? as
it appears, but actually cm ™. For pure liquids and polymers of small-moderate
molecular weight, scattering at an angle of 90° is used and the Rayleigh ratio in such
instances is given simply as

Rgq = igor?/lg (26)

With unpolarised light in the visible region and at room temperature, the value of
Rgg for common liquids is usually 26 28 2% in the range 5 x 107 —~ 50 x 10~® cm™!,
whilst for polymer solutions in these liquids Rgq is much greater, to an extent de-
pendent on the values of ¢, M and dn/dc. When dealing with a solution, it is strictly
more exact to write the Rayleigh ratio in Eq. (22) as ARy instead of Ry, since the
difference between solution and pure solvent is implied (and is also determined
experimentally). Similar imprecise usage of the word “scattering” intended synony-
mously as “Rayleigh ratio” is also to be noted and accepted. Hence Eq. (22) states
that for a solute of a certain molecular weight M, the scattering increases directly as
the weight concentration; for a solute of exceedingly high molecular weight it is only
necessary to use very dilute solution to obtain appreciable scattering. Also, fora
series of solutes of differing molecular weight but all at the same concentration, the
scattering is proportional to M. In general, the ratio ¢c/Ry for solutions of different
concentration should always have the same value, constant x M~!, just as for osmotic
pressure measurements the ratio Il/c should also always have the same value, constant
x M5 !. The nature of the constants differs; in the former the constant is K=!, whilst
in the latter it is 2# T, where %7 is the Universal Gas Constant.
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3. Allowance for Non-Ideality

To obtain a correct form of Eq. (22) allowing for thermodynamic non-ideality of
the solution, fluctuation theory originally developed by Einstein, Zernicke,
Smoluchowski and Debye has been adapted to polymer solutions.

The solution is regarded as comprising arbitarily chosen volume elements 6§V
which

(a) are very small relative to the wavelength of light in the medium A
(A= No/T = Ao/T, for dilute solution) and

(b) contain a small number of polymer molecules and a large number of solvent
molecules.

Fluctuations in refractive index occur within a volume element and arise from
variations in density and concentration. The former are responsible for scattering by
the solvent and may be ignored in the present context since solution and solvent scat-
terings are subtracted. Regarding the dissolved polymer, it is only necessary, there-
fore, to consider scattering caused by local fluctuations in concentration,

The concentration ¢ of the solution may be written as

c=c'+éc 27

where ¢’ is the fluctuating concentration over the whole solution and 8¢ is the
(positive or negative) magnitude of the small concentration fluctuation.

Correspondingly, the actual polarisability « of a volume element at any instant
of time is

a=o +8a (28)

where « is the average polarisability of a volume element and §a is the contribution
due to the concentration fluctuation &c. Since §V is the volume of one volume
element, there are 1/6V volume elements per unit volume and Eq. (13) yields even-
tually for the scattered intensity per unit volume:

ig=167%sin%0 | 1o (5a)?)/Adr26V (29)

where ((§a)?) is the time average of (§a)? for a single volume element or, equiva-
lently, the average value at any instant for a large number of volume elements. At
constant pressure p and temperature T:

5a=(%) . bc (30)
dac T.p

The quantity (da/dc)t p, is obtained from Eq. (20) using n = 1/6V, whence Eq. (29)
reduces to the following expression after conversion to conditions of unpolarised
light:

ip = 2 w2 n%(dn/de)?(1 + cos8) 1 {(5c)2)/Ngr? (31)
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Fluctuation theory gives Eq. (32), which is converted to Eq. (33) via thermodynamic
transpositions and approximation of partial molar volume of solvent to its molar
volume V:

G =k T/ (@’) (32)
dc T.p
Y AR W
« T/<CV1) (ac )T-P 33)

Here, k is the Boltzmann constant (=27 / " ); is the Gibbs free energy of the whole
solution and u, is the chemical potential of the solvent in solution. Moreover,

au B3
(), (2),

and the concentration dependence of osmotic pressure 1 for a non-ideal solution is a
virial expansion involving coefficients A, and Aj. This expansion enables 8I1/0c to
be formulated so that Eqs. (31), (33) and (34) yield

2 w23 (dn/de)?14(1 + cos?8)c
ANGA(L+ 2 Apc+ 3 A5c%+..)

ig = (35)

For most practical purposes the influence of the third virial coefficient Ay is slight
in dilute solution so that the following form of Eq. (35) is adequate

Kc/Rg = 1/M+2 Asc (36)

As the second virial coefficient of non-ideality, A,, is generally finite, the molecular
weight is given by

M = 1/Lim(Kc/Rg) (37)

c—+0

4. Allowance for Destructive Interference

In the Rayleigh scattering just outlined the relative size parameter was small. Table 1
indicates that a rough criterion of this is that the major dimension of the scattering
particle should not exceed ca. A/20. For example, for a dilute aqueous solution of
the particles irradiated with green mercury light the upper limit of the dimension
would be given as

N20 = (Xo/1)/20 ~ (No/ W)/ 20 = (546/1.33)/20 ~ 200 A

Debye scattering deals with the situation wherein the relative size parameter is
large. Since the root mean square radius of gyration of the particle, GHY2 isa
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Fig. 2. Destructive interference for a particle having a large relative size parameter

dimension independent of the precise shape, the size parameter is conveniently
expressed as {s2)!/2/A_If the dimensions of the particle begin to approach A in
magnitude, light scattered from different regions of the large particle reaches the
observer with different phases. Consequently, the value of iy is reduced due to inter-
ference and the measured scattered light intensity is less than it should be.

Figure 2 illustrates the incident light reaching a reference plane in phase and
being scattered subsequently from two different points A and B of the large particle.
Perpendicular planes P', P” and P" are drawn in the scattered beam for three scat-
tering angles 8’ < 6" < 0" Considering the last of these, for example, the path
length between 0 and P” vig A is smaller than the corresponding length viz B so that
the scattered light from A reaches the observer out of phase with the light scattered
from B. A similar situation obtains for scattering at the two other angles, but the
effect is less pronounced the smaller the angle. At a viewing angle of zero the scat-
tered light intensity is not weakened at all by interference. The particle scattering
factor P(8), which is a function of both relative size parameter and angle of observa-
tion, describes the angular dependence of LS from a large particle. It is defined as>?

P(6) = Scattered intensity for the large particle _ Ry

= s 38
Scattered intensity in absence of interference R, (38)

where R signifies the Rayleigh ratio for a viewing angle of zero and P(0) varies in
magnitude according to the angle. P(8) = 1 only when 8 = 0. It may be shown that
with small particles P(8) = 1, because there is no reduction in LS intensity at 8 > 0.
For large particles considered here, P(8) serves as a correction factor in Eq. (36),
the amended form of which is now

Ke/Rg = (1/M){1/P(8)]+ 2 Agc (39)

For low values of 8 the truncated expansion of P(8) yields
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Ke/Rg = (1/M)[1 + (1%/3) s+ 2 Ayc (40)
where
B =(4 /N sin(8/2) (41)

The two types of correction thus give the molecular weight as

M = 1/Lim(Kc/Rg) (42)
c—*0
g0

A full treatment of particle scattering functions has been written by Kratochvil®>®

and the modes of effecting the limits indicated in Eqs. (37) and (42) will be described
in a later Section (111.4).

An alternative3'), but less frequently used, formulation is to regard the scattering
factor as a function of the whole parameter 4 instead of merely 8. Appropriate
changes of subscript then render the relevant variables as P(&), Ry and K.

5. Subsidiary Aspects: Turbidity, Depolarisation, Absorption, Refractive Index
Increment

By analogy with absorption spectroscopy we may identify an extinction coefficient
due to scattering with the turbidity 7 which is defined as:

7=(1/9n(le/1y) (43)

I, is the intensity of light transmitted by a sample of path length £. It can be shown
that 7 = (16 n/3)Ry so that Eqgs. (22) and (40) may be expressed with 7 in place of
Ry and an optical constant H (= 16 7K/3) in place of K. Although 7 is usually too
small to be measured as such directly, some experimental results are often reported
in the form of Hc/7 even though K¢/Rg is the measured quantity.

So far the scattering particle has been assumed to be optically isotropic. For
anisotropic particles the direction of the electric field associated with the incident
light may not coincide with the induced movement of the electron cloud. Conse-
quently, the light scattered at 90° is not plane polarised perpendicuiar to the plane
of the incident beam and the direction of observation; it exhibits a weak component
in the horizontal direction. The ratio of the horizontally to vertically polarised com-
ponents of the unpolarised incident beam (known as the depolarisation ratio p,,,
although polarisation ratio might be a better term) will, therefore, not be zero. The
general expression for p,, involves the three principal polarisabilities of the scattering
molecules and, from the form of this expression, p, attains a maximum value of 0.5
for long rod-shaped particles in which one of the polarisabilities is much larger than
the other two. Values of p, range from 1073 for the rare gases to 0.10 for gaseous
carbon disulphide and from 0.01 to 0.05 for low molecular weight organic molecules
in the gaseous state2), A depolarisation ratio can refer to any specified scattering
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angle 0 (see Casassa and Berry>?), but most commonly relates to 90°. The intensity
of light scattered at 90° from anisotropic molecules is increased over the value
predicted on the basis of isotropy by the Cabannes factor. For unpolarised (u) inci-
dent light at an angle 90° the Cabannes factor f} is given by

f&=(6+6p,)/(6—7py) (44)
where:

_ Hy(solution) — Hy(solvent)
V, (solution) — V ,(solvent)

u

H, (solution) and H, (solvent) are the readings using a horizontal analyser, whilst
V,(solution) and V(solvent are the corresponding data with a vertical analyser.
When using vertically (v) polarised incident light the Cabannes factor (7 is given by

fg = (3 +3 pv)/(3 -4 pv) (45)

where the depolarisation ratio p, is obtained as

_ Hy(solution) — H,(solvent)
V. (solution) — V (solvent)

v

H,(solution) and H(solvent) are the readings using a horizontal component analyser
whilst V (solution) and V,(solvent) are the corresponding data with a vertical analyser.
The expressions for scattered light intensity (and Rayleigh ratio) must be cor-
rected by dividing by the appropriate Cabannes factor. Effectively this is equivalent
to replacing the optical constant K as defined in Eq. (24) by Kf¢' and by 2 KfY for

unpolarised and vertically polarised incident light respectively.

For solutions of high polymers the Cabannes correction is close to unity, although
the occurrence of stereoregularity can present a notable exception. The necessity to
apply the factor to oligomers will be apparent from Fig. 3 where a value of f = 1
is only attained for polyethylene oxides®>) of M > ca. 10%. In a later section (Iv.1)
it is shown how LS can be used to measure M for a low molecular weight simple
solute. In such circumstances it is imperative to employ the isotropic Rayleigh ratio.
Thus, the measured Rgq for pure benzene (Ag = 546 nmand T = 25 °C) is
16.3 x 1075 cm ™" and the measured value of p, is 0.42, whence from Eq. (44),

& = 2.78. Hence the isotropic Rayleigh ratio is 16.3 x 107%/2.78 = 5.85 x 10~ cm~ .
A marked concentration dependence of £° is often observed for simple compounds

or oligomers3# 35) and in such circumstances the limiting value at infinite dilution
is employed in the LS equation by some workers. In common with Maron and Lou>®
the author is inclined to believe it more theoretically sound to use the separate dif-
ferent f,. values for each concentration.

Stabilisers introduced to suppress degradation of polymers at elevated tempera-
ture can introduce errors due to their absorption or fluorescence. Absorbing groups
are frequently active in the UV region. In general, neither absorption nor fluorescence
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poses a serious problem within the range Ay = 400—600 nm used for most LS experi-
ments. Since it is the excess scattering which is measured, fluorescence from solvent
need not be corrected for, unless the solute has a quenching action on it. Brice

et al. 3™ have described a procedure for correcting for fluorescence from solute which
has proved adequate in many instances. Alternatively, special filters may be inserted
into the nosepiece of the LS photometer, which transmit a negligible amount of
fluorescence.

When a polymer absorbs very strongly in the visible region, near IR incident
radiation is used. In a very coloured solution the scattered intensity is reduced by a
factor exp(—ek) where e is the absorption coefficient of the solvent. Hence ig must
be multiplied by exp(+ef) in order to obtain the true scattered intensity undiminished
by absorption effects. For small values of €%, the quantity exp(ef) approximates
well to (1 + €9) so that Eq. (42) becomes®®),

M = 1/Lim[Kc/Ry (1 + €Q)] (46)
c—=+0

0=0

An example is provided by the work of Valtasaari>® on solutions of cellulose in the
coloured complex solvent FeTNa, which necessitates this correction even though the
transmittance maximum of this solvent lies conveniently at Ay = 546 nm. In the
absence of an absorption correction the molecular weight obtained will be lower
than its true value.

An important characteristic of a solution with regard to its LS is the specific
refractive index increment dn/dc (frequently denoted also by the symbol v). As will
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Fig. 3. Cabannes factor as a function of molecular weight for solutions of polyethylene glycol
in methanol33) at T = 25 °C and Ap = 546 nm. [Inset — refer to Section 1V.2: Dependence
of Cabannes factor on concentration for solutions indicated in Fig. 59]
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be apparent from Eq. (19), the scattered intensity is proportional to the square of
this quantity. The difference between the refractive indices of solution and solvent

is measured by either differential refractometry or interferometry*®, Separate
absolute measurement of each refractive index is insufficiently accurate. The quantity
(n - ?1'0)/ ¢ sometimes exhibits a concentration dependence and extrapolation yields
the value appropriate to the expressions in which it is used:

v =dn/dc = Lim (n — nip)/c (47)

c—>0

For a given solute, » depends on 1, Ao and T, the last two of these being maintained
constant. For a molecular weight determination one attempts to select a solvent
affording the largest value of | dn/dc| (since the value can be positive or negative).
The value of dn/dc is constant for a given polymer — solvent pair and independent

of M except for oligomers, in which case dn/dc only attains constancy above a certain
molecular weight>%), as illustrated in Fig. 4.

v (ml/g)

0.09

—0

0.08-
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0 2000 4000
M

Fig. 4. Dependence of » on molecular weight for polypropylene glycol35) in acetone at 25 °C

6. Brillouin Scattering

An alternative to the common device of determining relative intensities is a study
of the fine structure of the scattered beam. This entails resolving the spectrum of
scattered light into its three peaks, viz. a central peak and two side ones. The need
is thus obviated to refer to I or, according to the apparatus, the scattering power
of a standard calibration material. The method is used mainly for determining dif-
fusion constants and thermodynamic properties of liquids.

In the Brillouin scattering method the side peaks serve as references and a
measurement of the ratio of the intensity of the central peak to the sum of intensities
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of the side peaks, J, is related to M in a manner analogous to Ry for the total iso-
tropic LS. Under thermodynamically ideal conditions, the expression (48) is the
analogue of Eq. (22), viz.*"

K\Kae/(J = Jo) = 1/M (48)

whilst allowance for non-ideality [cf. Eq. (36)] gives:

Klec/(J—Jo)= 1/M+2A2C+... (49)
Here J, is the value of J for the pure solvent. The constant K, (cm> gm ™2 mol) is
defined as

K, = (C,/2#T?[dn/dc)/(dn/dT))? (50)

where the heat capacity at constant pressure Cj, relates to 1 cm? of solvent. Because
of the presence of dn/dT, the value of K, is affected by both solute and solvent. On
the other hand, the constant K, depends only on the solvent. For a relaxing solvent,
K, =I,, but for a non-relaxing one, K, <J, viz

K, =(Jo + DI(C,/Cy) — 1)(C,/CH(1 + 1) (s1)
where, f = [2b/(1 —b)] +(C,/C,)b%/(1 — b)? (52)
b = 1 + B¢(dn/dT)/a(dn/dp) (53)

Here, C, is the heat capacity of solvent at constant volume; & (deg™') is its coefficient
of thermal expansion; 7 (cm? dyne~!) is the coefficient of isothermal compressibility.
From Eq. (49) it is seen that the molecular weight of solute is simply:

III. Instrumentation

In recent years much information has accrued from the study of LS under the influence
of external factors® 42 such as applied electric field, applied pressure, hydrodynamic
flow etc. Pulse induced critical scattering has also been developed to investigate in an
elegant manner phase equilibria and changes in polymer solutions. These refinements
are not, however, germane to the objective of molecular weight determination, for
which the fundamental instrumental requisites are>% 3}

(a) stable light source to provide a collimated beam on the sample,

(b) optical components for detecting scattered light,

(c) a cell assembly for solution and solvent, which allows for passage of incident

and scattered light — preferably with temperature control,
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(d) electrical and electronic components, comprising a circuit for operation of
light source, photomultipliers in the monitor and scattering detector and some form
of instrumentation (e.g. galvanometer) to provide a read out.

As well as requirements (a) — (d), most (but not all) photometers include the
facility for measuring polarisation and altering the wavelength by means of filters.
Neutral transmittance filters can be inserted to reduce I by a known amount so as
to render the reading comparable in magnitude with that of the much smaller quan-
tity, ig. The scattered intensity may be decreased similarly under warranted condi-
tions e.g phase separation studies at temperatures approaching the critical separation
point. The range of A available from a single source is not exceptionally wide. The
following sources and wavelengths have been used: Hg lamp 365, 436, 546 and
578 nm; Ar ion laser 476, 480, 514 and 533 nm; Kr ion laser 531, 547 and 568 nm;
He-Cd laser 442 nm; He-Ne laser 633 and 1080 nm; Nd-YAG laser 1064 nm. A quan-
tum doubling substance in conjunction with a laser halves the wavelength; e.g. barium
sodium niobate with an IR nyodinium laser gives Ag = 532 nm.

Only light from within the scattering volume should impinge on the receiving
phototube, and the incident beam should be correspondingly large enough. Con-
comitantly, the beam must be sufficiently narrow that measurements at small angle
can be made without picking up the transmitted beam (which eventually falls on the
light trap). A useful criterion of good resolution is that the volume viewed by the
receiver should vary directly as 1/sin 8, which condition is generally found to hold
to within better than 1% in well alligned instruments. Effectively, the product of
sin 8 and the galvanometer or recorder deflection Gy should remain constant at all
angles. An example*® is provided in Fig. 5.
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Fig. 5. Angular variation of scattering from benzene (T = 30 °C, Ag = 436 nm) measured on the
LS photometer LS-2 of Utiyama and Tsunashima®4), Gg and Ggg denote the recorder deflec-
tions at angles 8° and 90° 1espectively

1. Light Scattering Photometers

Critical reviews of LS photometers, especially those which are commercially available,
have been made recently enough to render all but the main points and recent develop-
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ments unnecessary here. The main instruments are (a) Brice-Phoenix (U.S.A.),

(b) Shimadzu-Seisakasho (Japan), (c) Sofica (France), (d) Aminco (U.S.A.), (e) Poly-
mer Consultants (U.K.). Instrument (e), known also as the Peaker photometer, is
manufactured now only to special order by A. D. Whitehead, Ardleigh, Colchester,
U.K. and must be regarded as obsolescent. It has been reported recently ' that
instrument (d) is unlikely to remain long in production.

If the geometry is precisely defined, as in photometer (d), there is no need for a
calibration standard. Rqgq is proportional to G¢/Gy where Ggg and G are the photo-
current readings at 90° and 0°, the known constant of proportionality involving the
size of the slits and the photocell nosepiece and their distance apart. No temperature
control is provided. Correction factors and calibration procedures for instrument (a)
have been covered over the years by Kratohvil and co-workers*** *®. In particular,
reflection effects constitute important corrections with this instrument. When they
are made, the results agree to within 3% of those obtained on an apparatus [photo-
meter (c)] which is virtually free from such effects. A modification of photometer
(a) by Roche and Tanner*” enables the intensity of scattered light to be measured
free from reflection effects, over an extended angular range of 30°—150° and with a
higher resolution than is possible with the unmodified model. A resolution of 0.02°
has been achieved by Aughey and Baum*® in their modified low-angle Brice-Phoenix
photometer, which is now available from the same manufacturers who supply the
unmodified instrument. Details have been described by Livesey and Billmeyer*®,
and more recently, by Levine ez al. 5. The latter report on its use within the range
2°-35°.

The Shimadzu is a basically similar instrument to photometer (a), but has much
superior facilities for temperature control. The low angle PG-21 instrument, super-
seded subsequently by an improved version LS-2 are both modifications of the
Shimadzu by Utiyama er al.** 1), In the later version the temperature stability
within 5°~100 °C is probably the best available in any instrument, and this photo-
meter is capable of allowing routine measurements at angles down to 9°.

13
Lo
12
=15\ 14

3 4 8 ?

Am 1 n ¢ 1 M
Al 5 ] 7|7
o1 —»|e—06 T ) ! )
I:__ N
7 10

1
Fig. 6. The Sofica LS photometer: 1 — Hg Pump cooled by high pressure water, 2 - total re-
flection prism, 3 — achromatic condensing lens, 4 — wavelength filters, 5 — glass diffuser,
6 — iris diaphragm, 7-reference photomultiplier, 8 — polariser, 9 — variable slit, 10 — constant
temperature vat, 11 — entrance slit, 12 — total reflection prism, 13 — manual shutter, 14 -
photomultiplier, 15 — exit slit, 16 — air blade total reflection prism, 17 — light trap
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The Sofica (Fig. 6), which is of a more radical design than instruments (a) and
(e), is unique in that the sample cell and observation prism are immersed in a bath
(normally containing toluene for T 3 ca. 70 °C; mesitylene can be used for tempera-
tures up to ca. 120 °C), that not only serves as a thermostat, but also eliminates un-
wanted refraction and reflection effects. For all the photometers, the detector is a
photomultiplier tube rotatable to the desired angle either manually or, in instrument
(c), by a motor. The newer, so-called automatic, version of instrument (¢) (Fica 50)
probably offers the widest versatility of commercial non-absolute photometers. The
temperature range is from —10 °C to 300 °C with a stability of 0.1 °C. The lowest
angle of measurement is claimed to be 15° (instead of 30°), although this is still in-
sufficient for the instrument to qualify as a low angle LS photometer. A high degree
of sophistication is provided, particularly with regard to extended range of wave-
lengths (Ao = 365, 436, 546 and 578 nm), dilution, subtraction of solution and solvent
readings, repetitive calculations and print-out.

Serious errors are inevitable, if extrapolations to # = 0° are made from data ob-
tained for insufficiently low angles. Commenting on the feasibility of accurate mea-
surements in the 6°—10° range, Levine ef al. ® quote the views of other workers as
“unlikely”3?, “unfeasible’%%), “impractical”># or “impossible”>%). Nevertheless,
these quoted workers and others®® 57 stressed the need for very low angle data to
supplement those obtained fairly readily at 8 = 30°-150°; a need especially critical
for measuring the molecular weights of biopolymers of high M. Some low angle
instruments have been constructed, but two recent commercial ones merit particular
mention.

The Bleeker small angle LS photometer®® comprises a primary beam section,

a sample chamber and a rotatable detection system, the first and last parts being
provided with diaphragms and filter holders. The scattered light can be detected with
an accuracy of better than 0°2' within the range 0°30'~130°. The detector is a photo-
multiplier tube intercepting a very small angle for higher angular resolution. Modula-
tion of the primary beam by means of a built-in chopper can be effected for very low
LS intensities. The source is a 100 W high pressure Hg lamp with neutral density
filters. For its primary intended use a planparallel solid sample is contained between
glass slides in a holder. For solutions and gels, special cuvettes are available which
have planparallel walls, the separation of which is adjustable so as to alter the thick-
ness of sample, that is, volume of solution. The Rayleigh ratio is obtained without a
secondary scattering standard, because the geometry is such that energies rather than
intensities are measured. If Eq. (23) is written so that the relevant symbols imply
intensities rather than intensities per unit volume, then

Ry =igr?/1oV (55)

where V is the scattering volume. In the focal plane of lens L2 (Fig. 7) before the
photomultiplier, two pinholes are mounted. Using the one of large diameter at § = 0°,
all the primary beam is collected onto the photocathode. Hence the incident inten-
sity is:

Ip=€o/A (56)
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Fig. 7. The Blecker small angle LS photometerss): La — light source, LI condenser lens,

Ch — chopper disc, Fhl — filter holder, D — iris diaphragm and interchangeable pinholes of
various sizes, Sch — sample chamber, S — sample holder, ID — iris diaphragm, L2 — receiver
lens, Ph2 — detector photomultiplier, A — measuring arm, Fh 2 — filter holder, Phl - detector
photomultiplier

where e is the energy measured at 8 = 0° and A is the cross-sectional area of the
primary beam. For scattering at § # 0°, the pinhole of smaller diameter is used to
increase the angular resolution. In this case, therefore, the scattered energy is mea-
sured over an area 7 “tan®y (where 7 = radius of smaller pinhole used/focal length
of lens L2). Hence if €, is the scattered light energy, the scattered intensity is

ip = eg/mr2tan2y (57)

Since the scattering volume is given by V = AL, where ® is the thickness of sample,
Eg. (56) and (57) in conjunction with Eq. (55) yield

2
_ (73 A _ [ € 1 _ Gg 1 )
Rg=—=0 2 =[S ~ _y=(F)(_~ 58
€oMr2AL tan?y (EO ) (thanz'y) (Go mltan?y (38)

where the ratio eg/eq has been replaced by the measured ratio G4/G, of photocur-
rents. The cuvette is not ideally suitable for dilution in situ to obtain solutions of
different concentration, but the angular range and the realisation of absolute Rayleigh
ratios render this a potentially very attractive photometer meriting wider use than is
so far apparent from the literature.

The newest addition is the expensive Chromatix KMX-6 low angle LS photometer
(Fig. 8). This also yields absolute values of Ry via two measurements, viz. (a) a read-
ing of the photomultiplier signal G, from the sample at an angle § and (b) a reading
of the signal Gg caused by the illuminating beam transmitted through the sample.
Since the former is much weaker than the latter, attenuators are inserted when mea-
suring Gy so that Gy may be obtained as a signal reading that is ca. 25% of the full-
scale reading of Gy for the same setting of amplifier gain and photomultiplier voltage.
The final expression for the Rayleigh ratio is

Ry =(Gg/Go)/(q/08) (59)
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Fig. 8. Schematic of the Chromatix KMX-6 low angle laser LS photometersg)

The factor (q/o?) may be obtained from independent optical and geometrical measure-
ments, since q is the transmittance of the attenuator used for the incident beam, o is
the solid angle of detection of scattered light and £ is the thickness of sample.

The philosophy of design of this instrument is founded on the limitations imposed
by conventional light sources such as a Hg lamp, which requires good collimation to
allow resolution of the scattering signal as a function of angle. This obstacle is nor-
mally met by a collimated beam of large cross-sectional area, which in turn demands
consideration as two further problems viz (a) limitation of angular resolution by the
change in scattering angle across the scattering volume as seen by the detection
aperture and (b) high probability of dust or other contaminant being in the relatively
large scattering volume. A laser beam permits a very large power output to be trans-
mitted through a very small cross-sectional area, while maintaining a small angle of
divergence. However, early applications of lasers to LS concentrated on their high
power output without due recognition of the significance of spatial aspects. Such
sources were thus incorporated with optical systems that were geared for use with
Hg lamps, without regard to optics more appropriate to a laser.

The radically different approach in the Chromatix instrument is to implement a
low power (3 mW) He-Ne laser (Ao = 633 nm) so that its spatial characteristics enable
scattering to be measured at angles below 2° and with an illuminated sample diameter
of only ca. 100 microns; this alleviates the power angular resolution. Furthermore,
there is only a very slight probability of adventitious dust particles being present
within the small illuminated area. The small sample volume (ca. 0.15 ml), also, is of
importance when the quantity of available polymer is strictly limited on economic or
other grounds. Fluorescence absorption is unlikely for most substances at the wave-
length in question and, despite the dependence of iy on Ag*?, a signal to noise ratio of
better than 100 is claimed even from such a weakly scattering liquid as water. The
high sensitivity affords sufficient scattering even for very dilute solutions. In general,
as intimated by Utiyama, a LS photometer should possess a sensitivity such that the
Rayleigh ratio of the most dilute solution used is at least twice that of the pure solvent
alone, that is, the excess scattering should not be less than the scattering of the solvent.
A nomogram®® (Fig. 9), relating to the Chromatix instrument, shows the lowest con-
centration ¢y, (g/ml) at which the excess Ry equals the Rayleigh ratio of water, as
a function of M for aqueous solutions of several biologically important macromole-
cules. Because this is a low angle photometer, (8 from 7° down to 2°), obtaining and
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manipulating data for molecular weight determination is greatly simplified. Readings
of Ry at a low angle of, say, 4° may be taken effectively to be the same as Ry at

8 = 0°. Hence extrapolation to zero angle is unnecessary and Eq. (39) reduces to

Eq. (36), requiring only extrapolation to infinite dilution.

For solutes of exceptionally high molecular weight there has been a discernible
move towards conducting LS experiments in the near IR region (A¢ =~ 1000 nm),
which effectively reduces the relative size parameter (sHY2 )\, even though {(s*)1/?
itself is very large for such materials. The associated problems of absorption and

-
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Fig. 10. LS photometerﬁo) for use at Ag = 1086 nm: A — laser, B — lens, C — shutter, D —
rotating chopper, E — shutter, F — entrance window, G — thermostat vessel, H — metal shield,
I — shutter, J — thermostat liquid, K — cylindrical LS cuvette, L — light trap, M — shutter,
N — shutter, O — prism, P — shutter, Q — photomultiplier, R — amplifier, S — x-t recorder
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calibration have been discussed by Meyerhoff®® and Jennings'®), the instrument
constructed by Meyerhoff and Burmeister®® being illustrated schematically in

Fig. 10. Modification'® of an existing commercial instrument for use with a Nd YAG
laser (Ay = 1060 nm) is shown in Fig. 11. It is clear from Egs. (40) and (41) that, for
a given sample, data extrapolated to infinite dilution will require a much smaller sub-
sequent extrapolation to g2 = 0 (that is; to a value of 1/M) for, say, A, = 1086 nm
than for Ao = 436 nm. Examples will be provided later and it will be demonstrated
also that in certain circumstances the LS behaviour falls outside the Rayleigh-Debye
region unless the relative size parameter is reduced by using light of large wavelength.
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Fig. 11. Modification!8) of Sofica photometer for use at Ao = 1060 nm: pd — monitoring photo-
diode, bs — beam splitter, i — iris, pm — photomultiplier, irc — infrared converter, ps — power
supplies, cro — cathode ray oscilloscope, a — aperture, p — refiecting prism, ¢ — celi

2. Subsidiary Aspects: Clarification, Refractive Index Increment and Calibration

An indispensable requirement for reliable LS data is the freedom of the medium from
extraneous matter such as dust particles. Clarification procedures have been re-
viewed®" and consist of (a) centrifugation followed by careful removal of the upper
clarified portion and/or (b) filtration; through ultrafine filters. Contamination during
transference in (a) can be overcome by using the LS cell as centrifuge tube; the dust
therein remains held at the bottom for the duration of the LS readings. For aqueous
solutions, which are notoriously difficult to clarify, the addition of salt is often found
effective in bringing down the dust. Electrostatic attraction of dust particles by
organic droplets appears to be the underlying cause of the effectiveness of a rather
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specific expedient due to Bernadi®®. Aqueous nucleic acid solution is emulsified by
shaking with a binary organic mixture which, after gravity separation and centrifuga-
tion, yields a highly clarified aqueous solution. Filters are selected on the basis of
their chemical resistance to the solvent used as well as their efficiency, viz. pore size
0.1 um Polycarbonate filters (Nuclepore Corporation, U.S.A.) have been reported>®
to produce markedly clearer solutions at faster flow rates than the more commonly
used cellulose ester filters (Millipore Corporation) of the same nominal pore size.
The special problems associated with solutions of native DNA have been discussed.
A useful microfiltration apparatus, which prevents re-introduction of dust into
filtered solution through contact with laboratory air, has been described by Levine
et al.59, and is shown in Fig, 12. The liquid is placed in the upper chamber and the
lid closed. Filtration into the LS cell and recycling back into the upper chamber are
carried out and repeated several times by manipulation of the stopcocks. Finally the
filled cell is sealed and placed in the LS photometer. A rather similar device has been
reported by Casassa and Berry32).

As indicated, the specific refractive index increment is best measured by differ-
ential refractometry or interferometry. Experimental procedures as well as tabulated
values of dn/dc for many systems have been presented elsewhere*® 53, The relevant
wavelength and temperature are those used for LS. The value of A, is invariably 436
or 546 nm, but with the advent of laser LS, values of dn/dc at other wavelengths are
required. These can be estimated with good reliability using a Cauchy type of dis-
persion (dn/dc « 1/A3). For example the values of dn’dc for aqueous solutions of
the bacterium T-ferrioxidans at 18 °C are 0.159, 0.141 and 0.125 ml/gm at A, = 488§,
633 and 1060 nm respectively 54

Modifications of existing differential refractometers have been made for precise
evaluation of dn/dc at high Ay, which has been particularly necessary where values
at other wavelengths are not known. The apparatus of Jennings ez al.** is based on
the immersed prism technique of Debye (also used in the commercial Shimadzu-

m Filter
{ Filter support
_
% o
Filter ———» === -
/
Vacuum ling ———»

Ground glass joint - d

Filtrate drain tube

A\

LS cell ——» Cork
stand

Fig. 12. Microfiltration appa:atusso): a, b, c and d denote respectively the upper vacuum stop-
cock, the lower vacuum stopcock, the cell stopcock and the recycling stopcock
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Seisakusho differential refractometer). For a solution of known concentration, the
difference in refractive index, (n — ny), between the liquid in the prism and that in
the solvent bath causes refraction of the light beam, which is observed as a displace-
ment & of the image at a distance d from the prism centre. The overall sensitivity de-
pends on the precision of measuring 6 and the refractive index difference is given by

~

0 —ng=68/2dtan(y/2) (60)

where 7 is the angle of the prism, that is, the angle subtended by the sides through
which the light beam is transmitted. Advantages of the laser beam used include (a)
high intensity, which is especially critical for systems such as bacterial suspensions
that strongly attenuate the beam because of their intense scattering power. This is
probably the reason for the dearth of experimental dn/dc values for such systems at
visible wavelengths, (b) the low divergence and high penetrability of the beam enable
emergent light to be projected over a large distance d, thereby yielding a higher value
of 8.

The instrument of Meyerhoff¢® (Fig. 13) is based on the differential refracto-
meter of Bodmann. It measures an image displacement which is proportional to
(n —Mp) viz an instrumental calibration constant the value of which must be estab-
lished by means of standard solutions of known (1 — 1y). Values of the latter
quantity have been collated for several aqueous salt solutions, but relate mainly to
Ao =436, 546 and 589 nm. Calibration at Ay = 1086 nm and T = 20 °C may be
effected with aqueous KCl for which dn/dc (at ¢ = 0) has a reported®S) value of
0.135] ml/g. This datum and other useful data relative to the increasingly used
(laser source) wavelengths are assembled in Table 2.

As will be seen later (Section V.1), meaningful molecular weights in multicom-
ponent systems can be determined, if the specific refractive index increment apper-
tains to conditions of constant chemical potential of low molecular weight solvents
(instead of at constant composition). Practically, this can be realised by dialysing
the solution against the mixed solvent and then measuring the specific refractive
index increment of the dialysed solution. The theory and practice have been re-
viewed® 14, 15,72).

There is little doubt that the disagreement among many reported molecular
weights can be attributed in some measure to uncertainty in calibration procedures
and/or failure to effect calibration in conjunction with associated corrections. Refer-
ence is recommended to full discussions by Utiyama2®, Kratohvil”® and Casassa,

HG L R F Lo Sy La TK Ls Ls Solg DM

|
(@-(%—liﬂej{-—e B ool

Fig. 13. Differential refractometer9) for use at Ag = 1086 nm: H - hollow mirror, G — in-
candescent halogen lamp, L, — Lg — lenses, R — heat reflector, F — interference filter, S; — S,
— slits, T — heating mantle, K — differential cell, D - silicon photocell, M — micrometer thread
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Table 2. Refractometric and LS data at less common wavelengths Aq

Determination of Molecular Weights by Light Scattering

System Quantity Value Ag{nm) Temp (°C) Ref.
Acetone fip 1.3574 633 23 66)
Benzene iy 1.4971 633 23 66)
Carbon disulphide iy 1.6207 633 23 66)
Carbon tetrachloride g 1.4582 633 23 66)
Chloroform g 1.4444 633 23 66)
Cyclohexane o 1.4254 633 23 66)
Methanol fg 1.3274 633 23 66)
Methy! ethyl ketone fig 1.3773 633 123 66)
Toluene fip 1.4921 633 23 66)
Water fiy 1.3324 633 23 66)
Water iy 1.324 1060 25 67)
Bacterium S. marcescens in

water dfi /de(ml/g) 0.175 488 18 64)
Bacterium S. marcescens in

water di /dc(ml/g) 0.158 1060 18 64)
Bacterium E. coli in water dft /de(ml/g) 0.152 1060 18 64)
Bacterium T. ferrioxidans in

water dii fdc(ml/g) 0.125 1060 18 64)
Bacterium T. ferrioxidans in

water dfi /dc(ml/g) 0.159 488 18 64)
Bovine plasma albumen in water dn/dc(ml/g) 0.192 488 18 64)
Bovine plasma albumen in water dn’/dc(ml/g) 0.181 1060 18 64)
g-Lactoglobulin in water di /de(ml/g) 0.171 1060 18 64)
p-Lactoglobulin in water dfi [dc(ml/g) 0.184 488 18 64)
Tobacco mosaic virus in water  dn'/dc(ml/g) 0.181 488 18 64)
DNA in water dit/de(ml/g) 0.183 488 18 64)
Sucrose in water div/de(ml/g) 0.144 488 18 64)
Cellulose trinitrate in acetone  dfi /dc(ml/g) 0.0982 1086 25 60)
Polystyrene in benzene dn’/dc(ml/g) 0.102 633 25 41)
Polystyrene in benzene dn'/de(ml/g) 0.1021 644 20 68)
Polystyrene in toluene dn'/de(ml/g) 0.1060 644 20 68)
Polystyrene in toluene dit/dc(ml/g) 0.1065 633 25 41)
Polystyrene in toluene dfi/dc(ml/g) 0.1051 1086 25 60)
Polystyrene in toluene dfi /dc(ml/g) 0.1034 1086 20 60)
Polystyrene in dimethyl

formamide di /de(ml/g) 0.1064 644 20 68)
Polystyrene in methyl ethyl

ketone dii /de(ml/g) 0.2110 644 20 68)
Polybenzyl acrylate in methyl

ethyl ketone dii/de(ml/g) 0.1623 644 20 68)
Polyethyl acrylate in methyl

ethyl ketone dff fdc(ml/g) 0.0852 644 25 68)
Polymethy! acrylate in methyl

cthyl ketone dfi/de(ml/g) 0.0915 644 20 68}
Polymethyl methacrylate in

methyl ethy!l ketone dii /de(ml/g) 0.1102 644 20 68)
Polymethyl methacrylate in

acetone dn’/de/ml/g) 0.1276 644 20 68)
Polyvinyl bromide in tetrahydro-

furan dif /dc(ml/g) 0.112 644 - 69)
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Table 2. (continued)

System Quantity Value Ag(nm) Temp (°C) Ref.
KCl in water dfi /de(ml/g) 0.1351 1086 20 65)
NH4NOj5 in water dii/dc(g/g) 0.1239 633 - 66)
NaCl in water dn’/dc(g/g) 0.1766 633 - 66)
KCl in water dfi/dc(g/g) 0.1371 633 - 66)
Carbon disulphide Pu 0.653 633 23 66)
Carbon disulphide Pu 0.632-0.669 633 23 70)
Toluene Pu 0.491 633 23 66)
Toluene Pu 0.506-0.528 633 23 70)
Benzene Pu 0.419 633 23 66)
Benzene ou 0.438-0.453 633 23 70)
Chloroform ou 0.211 633 23 66)
Chloroform Pu 0.204 633 23 70)
Carbon tetrachloride Pu 0.036 633 23 66)
Carbon tetrachloride fu 0.031-0.099 633 23 70)
Cyclohexane Pu 0.046 633 23 66)
Cyclohexane fu 0.059 633 23 70)
Acetone Pu 0.155 633 23 66)
Acetone fu 0.226 633 23 70)
Methanol Pu 0.049 633 23 66)
Methanol Pu 0.050 633 23 70)
Carbon disulphide oy 0.485 633 23 66)
Carbon tetrachloride Py 0.0184 633 23 66)
Chloroform Py 0.118 633 23 66)
Cyclohexane oy 0.0235 633 23 66)
Benzene Pv 0.265 633 23 66)
Toluene Py 0.325 633 23 66)
Acetone oy 0.084 633 23 66)
Methyl ethyl ketone oy 0.077 633 23 66)
Methanol Py 0.025 633 23 66)
Water oy 0.025 633 23 66)
Benzene 106xRgg(cm—1) 8.765 633 23 71)
Toluene 106xRgg(cm™1) 10.31 633 23 70
Methanol 108xRgg(cm~1) 1.349 633 23 71)
Water 108xRgg(cm™1) 0.490 633 23 71

and Berry>?); illustrations involving several modes of calibration have been provided
by Levine et al. 50) and by Jennings and Plummer”®. The latter workers appear to
have been the first to have conducted a completely reliable calibration of a LS photo-
meter on the basis of Mie theory for solutions of large monodisperse latices. Calibra-
tion involving calculation from the geometry of the apparatus is generally complex
and is rarely used now. In general for non-absolute photometers the purpose of the
necessary calibration is to relate in instrument response (such as a galvonometer read-
ing Ggq at an angle 90°) to the actual Rayleigh ratio. The three major modes are (a)
comparison of Ggq for a standard substance with the known value of Rq, for that
substance (b) comparison of Ggq from a colloidal suspension of small spheres with
the turbidity 7 determined by subsidiary photometric transmission measurements,
(c) use of a polymer of accurately known M, and comparing the known value of 1/M
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with the result of extrapolating Kc/Gy to infinite dilution and zero concentration.
Provided the standard is stable, free from fluorescence and exhibits sufficient
scattering, method (a) is the simplest and most frequently used. Benzene has long
been employed for this purpose, although there was a controversy for many years
regarding its true Rq values at Ay = 436 and 546 nm; two schools of thought sub-
scribed to values which differed between them by about 40%. Today, the situation
has been resolved in favour of the higher values and, indeed, when adopting them
for calibration, one obtains the same value of M as that found by an absolute tech-
nique*! not requiring any calibration, The most recent values”® of Rgq (cm™")
and p, for benzene as a function of temperature T(°C) and at Ay = 436 nm are:

Rop = 1076 (45.4 + 0.109 T)
pu =0.486 — 0.00148 T

It is convenient to employ a secondary standard of known Rayleigh ratio relative to
that of the primary standard. Thus a solid cylindrical rod of flint glass (manufactured
by Schott and Gen, Mainz, W, Germany) is recommended for use with the Sofica
photometer and the value of the ratio of the relative scatterings ry, of benzene to
glass is quoted; ry has a value of the order of unity. The relation between the true
Rayleigh ratio Rgq and the observed galvanometer reading Ggq for the solution in
question is

Roo = [Goo/rpg Goo (glass)] Rgg (benzene) [?f/?f (benzene)]2 (61)

In Eq. (61), Gy (glass) is the galvo reading for the glass standard and the product
rpg Goo (glass) denotes the reading which would have been obtained, if benzene itself
had been used instead of glass. The final factor in Eq. (61) is the “‘refractive index
squared” correction of Hermans and Levinson?® which is unity only if the refractive
index of the substance studied, 1, is the same as that of the primary calibrant, T
(benzene). Although this correction for the different refracting powers is very fre-
quently used, results of Jennings and Plummer’® in Table 3 suggest that the true
form of the correction might be some intermediate function between “refractive
index” and “refractive index squared™. In fact, within experimental error, the factor
seems to be simply /0 (water) for these data involving calibration with aqueous
solutions.

Since the scattering due to dust is negligible relative to the very large scattering
from colloidal suspensions, procedure (b) is inherently attractive. Using the definition
of turbidity 7 and the interrelation between 7 and R oq, the calibration constant & of
the instrument is given by

(c/Ggg)e=0/(c/T)e=o = P(167/3) exp(79) (62)

Hence c(g/ml) is the concentration of colloidal suspension; Ggq is the reading on the
LS photometer at # = 90°, £ is the path length, which equals the cell diameter when
using a cylindrical cell; 7 is the turbidity obtained from measurements of optical
density. Table 4 gives the results of calibrating a Sofica instrument with colloidal
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Table 3. Molecular weight M of a monodisperse polystyrene fraction in solvents of different
refractive index fg; role of refractive index correction factor74)

Solvent ng Apparent M!)  M?) using Correction in ng
correction in i 3

Benzene 1.50 51300 65300 57800
Dioxan 1.42 54200 61900 57900
Methyl ethyl ketone 1.38 55400 60100 57500

1y Obtained from LS readings and average value of calibration constant & for the wavelength
used (546 nm).
2y QObtained from LS readings, average value of @ and invoking correction factor.

Table 4. Calibration constants obtained with colloidal silicas and with
Mie particles?%)

@ x 105 (em™1)

at Ag = 436 nm at Ag = 546 nm
Ludox HS 48.0 14.6
(colloidal silica)
Syton 2X
(colloidal silica) 47.0 14.7
Polystyrene latex 47.5 15.2

(Mie particles)

silica as well as with a larger Mie scatterer. Excellent accord is evident among the
values of ¢ obtained. For subsequent use in an actual molecular weight determina-
tion, the value of ® must be multiplied (as indicated in Table 3) by the appropriate
refractive index correction. Tomato bushy stunt virus, in aqueous solution is such an
intense scatterer that its optical density (and hence 7) is measurable. It is rarely used,
since it is a far less accessible material than Ludox (E. [. du Pont de Nemours) or
Syton 2X (Monsanto Chemicals Ltd).

Just as analysis of pure urea gives two amino groups and one carbonyl group per
molecule and a calculated molecular weight of 60, so also is the exact number and
identity of amino acid residues in a protein molecule often known. Thus, irrespective
of the accuracy of a molecular weight measurement, the molecular weight of intact
un-jonised human haemoglobin must of necessity be exactly 64458 (including four
haeme groups)®?. Appealing as the use of such a material for procedure (c) is, the
increasing current availability of highly monodisperse synthetic polymer makes these
latter substances the preferred choice today. In comparison with method (a), more
work is entailed when using polymer solutions as calibrants, since effectively one has
to conduct an entire LS experiment at different angles and different concentrations
of standard polymer in order to obtain the calibration constant. Similar considerations
apply to silicotungstic acid which is of lower molecular weight but which has been
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recommended and shown suitable as calibration standard for several types of LS
photometer. In solution it is a Rayleigh scatterer and allows measurements free from
the complication of dissymmetry. The formula is SiO, 12 WO;3 - 26 H,0 and
M =3311. In aqueous salt solution, the dissolved molecule is H4SiW,,04¢ and
M = 2879. These solutions develop colour on contact with metal, and only glass and
plastic cells and filtration apparatus must be used®?.

Some Rayleigh ratios at less common wavelengths have been assembled with
cognate refractometric data in Table 2.

3. Brillouin Scattering

The whole field of Brillouin scattering spectroscopy is a rapidly developing one with
regard to instrumentation. For the present purpose it will suffice to reproduce
schematically a device which has been used to measure molecular weights*!* 7", In
Fig. 14 the source is a low power (10 mW) He-Ne laser and the sample is contained

in a standard Brice-Phoenix square turbidity cell. The scattered light is analysed with
a piezoelectrically driven scanning Fabry-Perot interferometer (Fig. 15). Typical
spectra’ ) for pure solvent and solution of known concentration are shown in Fig. 16.
Occasional spikes in the traces are due to the presence of dust particles passing
through the incident light beam.

(ot

Fig. 14. Schematic of Brillouin LS appara-
tus’?): a — He ~ Ne laser, b — square cell,

¢ — cylindrical lens, d — interferometer,
D g e — spherical lens, f — pinhole, g — photo-
multiplier
P M, Mo
——————————— X
c—— Y
— e —— _‘._ _____
N
() (+) -1 f-a

Fig. 15. Simplified diagram of scanning Fabry — Perot interferometer??) showing piezoelectric
ceramic tube (P), multilayer dielectric mirrors (My, M3), micrometer adjustment for parallelism
(X, Y). Mirror spacing (d) is adjustable
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(o]

(a] Fig. 16. Brillouin LS spectra77) at 25 °C for (a) pure water
and (b) solution of 300 g of glycerol/kg of water

4. Treatment of Experimental Data

LS data necessitate extrapolation to infinite dilution. The clarification procedure

may well introduce a small change (usually, an increase) in concentration from the
initially known one. The values of ¢ should therefore be determined on the clarified
solution by an appropriate analytical procedure such as spectrophotometry for solu-
tions of DNA using the known phosphorous extinction coefficient, acid-base titration
for solution of polyacrylic acid or by evaporating an aliquot to dryness. When high
vacuum conditions are obligatory not only for preparing the polymer, but also for
dissolving and diluting it and making LS measurements, there is less freedom of
choice and spectrophotometry is normally used. Extrapolation to ¢ = 0 is facilitated
if A, (cf. Eq. (36)] is small as obtains in a poor solvent or is zero under conditions

of thermodynamic ideality. The latter state is often realised at a temperature different
from ambient. If this should be an elevated temperature, filtration rather than centrifu-
gation is the normal mode of clarification. The temperature in some polymer-solvent
systems is below ambient as illustrated in Fig. 17 where a large value of A, obtains

in the good solvent”®, methy! ethyl ketone at 30 °C, whereas the extrapolation to

c = 0 presents no uncertainty at all under the ideal condition”® prevailing in ethyl
lactate at 11.7 °C. In principle, only a single LS measurement on one solution suffices
to yield M in such a system provided that the data at different angles have been extra-
polated to 8 = 0.

For large particles, Eq. (40) may be treated vig different methods the most
popular of which is the Zimm plot. Essentially, all the data are displayed on a grid
which yields on appropriate extrapolations, two lines representing (a) the dependence
of (Kc/Rg)g = on concentration and (b) the dependence of (Kc/ Rg)c=¢ on angle.
The common intercept of these lines is 1/M. The abscissa in the Zimm plot is
k,sin%(8/2) + koc where a value of unity is normaily (but not necessarily) assigned
to the arbitrary constant k; and the other constant k is also selected rather arbi-
trarily so as to afford the most convenient spread of data points on the graph. For
the two extrapolated lines (a) and (b), the abscissa become k¢ and k; sin2(6/2)
respectively. Methods of obtaining an optimum value of k, have been proposed79).
Frequently, an involuted Zimm plot can be unravelled®® by assigning a negative
value to k, (Fig. 18).
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/[a]

o
2.3F /

o {b]

| L
0 2.5 5.0
c-10° (g/ml)
Fig. 17. Square root plot of 90° LS for a solution of low molecular weight polypheny! acrylate
in (a) methy! ethyl ketone at 30 °C (non ideal conditions) and (b) ethy! lactate at 11 - 7°C
(thermodynamically ideal conditions). The value of K is different for plots (a) and (b)

78)

10° (Kc/Rg)

sin?(8/2) - 93.9¢
Fig. 18. Use of a negative value for the plotting constant k, for solutions of amylose®9) in di-
methyl sulphoxide: (a) ky = +93.9, (b) ky = —93.9. The primary data points have been
omitted for clarity
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An exactly equivalent and equally acceptable alternative to the variable sin?(6/2)
is the parameter &, which is identical to [constant x sin®(8/2)] for an experiment
involving light of one fixed wavelength® DIt is convenient to omit the optical con-
stant K from the plots. Hence the ordinate becomes simply ¢/Ry and the molecular
weight is given by M = 1/K (intercept). For reasons outlined elsewhere3?), the author
is inclined to the belief that the Zimm grid offers few advantages in real terms, and
that it is preferable to construct separate plots for the concentration dependence of
¢/Ry at each fixed angle and for the angular dependence of ¢/Ry at each fixed con-
centration. One important factor militating against the indiscriminate use of the
Zimm plot is that the angle and concentration scales cannot be selected simulta-
neously so as to give the optimum separation of data points for accurate extrapola-
tions of both dependences.

Square root plots proposed by Berry®! are often more linear than the conven-
tional ones and hence allow an easier extrapolation. Thus, at zero angle

(c/Rg)$L% = (I/MK)3(1 + MA,¢) (63)

and the resultant intercept at ¢ = 0, when the left-hand-side of Eq. (63) is plotted
against ¢, yields:

M = 1/K (intercept)?
At zero concentration:
(c/Re)M% = (1/MK)V2 [1 + (8 w2/3 A%)(s%) sin? (8/2)] (64)

and the resultant intercept at 8 = 0, similarly yields the molecular weight, when the
left-hand-side of Eq. (64) is plotted versus sin®(8/2):

M = 1/K (intercept)?

The procedure is outlined schematically in Fig. 19. Such plots can usually be con-
structed without difficulty, but there are theoretical reasons why they need not
necessarily be parallel when the heterogeneity of the sample is high.

The dissymmetry method is useful especially if the instrument does not afford
facilities for a wide angular scan of scattered intensities. For large particles the scat-
tering envelope is not symmetrical and, as already indicated in Fig. 1, the forward
scatter is larger than that in the backward direction. Hence the dissymmetry Z 4 is
greater than unity, where

Z4=Rys/R 35 = P(45)/P(135) = G45/Gy 35 (65)

Here the symbols R, P and G denote respectively the Rayleigh ratio, particle scat-
tering function and instrument scattering reading, It is possible to take other angles
such as 60° and 120°, which are also symmetrical about 90°. However, the angles
45° and 135° are most frequently selected, and the widely used Brice-Phoenix photo-
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meter is equipped with a special semi-octagonal cell for measuring specifically at
these angles. The appropriate dissymmetry is the one relating to infinite dilution,
which is termed the intrinsic dissymmetry, [Z4]. The dependence of Z4 on c is not
linear, but the variation of 1/(Z4 — 1) on ¢ is normally sufficiently linear to allow
extrapolation to ¢ = 0 and thereby obtain the value of [Z ] from the intercept in
such a plot, thus3?:

[Z4]1=1+ 1/(intercept) (66)
For readings at 90° only:
Ke/Rgo = (1/M)[1/P(90)] + 2 Ayc (67)

and neglect of the particle scattering function, that is assumption that P(90) is unity,
gives only an apparent molecular weight M*

Lim (KC/RQ()) = I/M* (68)

c—>0
The correction is effected by assigning the appropriate value of 1/P(90), which may
be found from tables3® wherein it is correlated with [Z4].
When this is done, the molecular weight corrected for dissymmetry, My, is given by

Mgy = 1/P(90)/ Lilg(KC/ Rgo) (69)
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Table 5. Approximate values of [Z4] and 1/P(90) for different particle shapes

Coil Rod Sphere Disc

(Z4] P—1(90) (Zg) P—1(90) [Z4] P—1(90) (Z4] P~ L90)
1.02 1.02 1.02 1.01 1.02 1.0t 1.02 1.01
1.12 1.09 1.13 1.09 1.12 1.08 1.13 1.09
1.21 1.15 1.22 1.15 1.20 1.14 1.20 1.14
1.31 1.22 1.33 1.24 1.32 1.21 1.31 1.21
1.62 1.46 1.62 1.48 1.62 1.39 1.62 1.41
2.03 1.81 2.04 2.01 2.00 1.60 2.07 1.69
3.05 2.99 - - 3.02 2.09 2.99 2.25
4.01 4.99 - - 3.91 2.44 4.00 2.93

Some selected and approximate values of [Z4] and 1/P(90) are quoted as illustration
in Table 5. A wider range of exact values is available in tabulated and graphical form
in the literature3®. Inspection of Table 5 shows that the corrected molecular weight
is ca. 8% greater than the uncorrected one, when [Z4] =~ 1.1, and this applies irre-
spective of particle shape. In fact it is unnecessary to know the shape for intrinsic
dissymmetries up to ca. 1.3, but thereafter such a knowledge is required in order to
select 1/P(90) from the measured [Z4].

Tables of this sort are valid for Gaussian coils only. In thermodynamically good
solvents the Gaussian behaviour of chain molecules is perturbed by what is called the
“excluded volume effect””>?). The P/(#) function depends on the distribution of mass
within the particle and this, in turn, is changed if the volume effect is operative.

A useful parameter for quantifying the effect is €, which is defined as

€=(Q2v -1)3 (70)

where ¥ is the exponent in the Mark-Houwink equation relating the intrinsic viscosity
of the polymer in the particular solvent (the same solvent as used in LS) to the mo-
lecular weight. In an ideal solvent &’ = 0.50 and € = 0. The magnitude of € increases
with the goodness of the solvent, since under these conditions » > 0.50 and hence
€>0.

The methods are illustrated in Fig. 20 where the data”® refer to a sample of
poly(phenyl acrylate) in methyl ethyl ketone at Ay =436 nm and T = 30 °C. Plots
(a) and (b) utilise a full angular scan; their common intercept in conjunction with the
optical constant K yield a molecular weight of 1.09 x 10°. A lower molecular weight
of M* = 0.746 x 108 is given by the intercept of plot (c) which invokes only data for
90° scattering. The intercept of plot (d) yields an intrinsic dissymmetry of 1.62.
Reference to Table 5 for this value of {Z,4] gives a corresponding value of 1.46 for
1/P(90) assuming a random coil configuration in solution; hence the molecular
weight, M, corrected for dissymmetry is 0.746 x 10° x 1.46 = 1.09 x 10°. The value
of ¥ for this system has been found”® to be 0.72 and hence € = 0.15. Tables3°), not
reproduced here, relate [Z 4] to a relative size parameter (h?) Y2/, where (h?) is the
mean square end-to-end distance of a coil and equals 6 (s%); the subscript d indicates
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Fig. 20. Determination of M for high molecular weight polyphenyl acrylate78) in methyl! ethyl
ketone (T = 30 °C, Ag = 436 nm): upper curves — full angular scan, lower curves — 90° scat-
tering and estimation of intrinsic dissymmetry

dissymmetry. For a value of [Z4] = 1.62, these tables give (h2)¢/A = 0.30. Interpolat-
ing to a curve for € = 0.15 in Fig. 21, yields M/M, = 1.01 for the value of (h2)4/A

in question. Hence the final molecular weight corrected for the excluded volume
effect is 1.01 times greater than the molecular weight corrected for dissymmetry,
that is, M = 1.10 x 10°. Consequently, the dissymmetry correction is quite sufficient
in this example, but for very large molecules in thermodynamically good solvents
((h?4/\ and € both large), the implementation of the additional excluded volume

correction can be important.

1.3+ £:0.3
1.2F
° €:-0.2
2
=
1 1[- €=0.1
1.OL | 1 L
0.2 0.4 0.6

<hHY2
Fig. 21. Ratio between the correct molecular weight (M) and that calculated from dissymmetry
(Myq), as a function of the root mean square end-to-end distance calculated from dissymmetry

(«h? )é/z) for different values of € 30}
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Much of the tedium of deriving M from LS data has been removed by computer
programming. This consists in the first instance of converting raw experimental data
(e.g. galvanometer readings, neutral filter factor, angles, concentrations etc.) into
values of Kc/Rg or [sin?/8/2) + k, ], which can be plotted. Additionally, these can
then be treated by computer least squares analysis to yield M directly, without the
necessity to plot the results. A programmesz) geared to the Brice-Phoenix instrument
was among the first to be used successfully; this was adapted later®® for use with the
Sofica instrument. Most important programmes have been listed and discussed .
More recent ones include those of Bryce®® and of Miller and Stepto85),

IV. Applications to Different Types of Solute

General simplified outlines have been covered in the preceding sections. In practice
there are several complicating features not readily assimilated into a general treatment.
Among these may be included charge effects and multicomponent systems. Here we
shall illustrate and discuss some applications of LS to the determination of molecular
weights and introduce any additional theory where relevant to the system under
consideration. In the first instance it will prove convenient to classify the applications
according to the approximate order of molecular weight of the solute.

1. Low Molecular Weight Liquids

LS measurements on binary liquid mixtures have been directed primarily as a means
of obtaining fundamental thermodynamic information such as chemical potentials
and the excess mixing functions. Although molecular weights could in fact be derived
from some published data, this has largely not been done by the authors, since such
an exercise on substances of known molecular weight would have been subsidiary to
the main purpose of their studies.

One of the most elegant LS studies on liquid mixtures is that of Sicotte and
Rinfret'” and it will be instructive to summarise their approach solely with regard
to that aspect which is concerned with molecular weight determination. Liquid 1
will be considered as solvent and liquid 2 (of ostensibly unknown molecular weight
M,) as solute. The Rayleigh ratios implied are the isotropic ones, which are obtained
for liquid 1 as well as for solutions (subscript 12) via the measured Cabannes factors
[Egs. (44) and (45)].

For pure liquid 1 the Rayleigh ratio R arises from density fluctuations in accord
with Einstein theory:

Ry =(n*kTB,/228)[(1/8,)(@T}/0p)T]? (71)

Here, 8, (instead of the more cumbersome notation 1) is used for the coefficient
of isothermal compressibility of liquid 1. The presence of the second liquid gives rise
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to an additional scattering due to concentration fluctuations, R.. As seen earlier
[cf. Eq. (36}], this is related to M, as follows:

R, = Kc,/[(1/M3) + 2 Ayc,] (72)

The 90° Rayleigh ratio of the mixture, R, ,, is normally considered as the sum of
the two constituent sources of scattering, viz:

Ri2=Rgt R, (73)

If the density fluctuation of a dilute solution of liquid 2 in solvent 1 is identified
with the Rayleigh ratio of pure solvent, then Ry =R, from which R, = R;, — R;.
Hence, using Eq. (72) in the customary manner one obtains 1/M, as the intercept
at ¢, = 01in a plot of Kc, /R, versus ¢;. An example of such a plot!” appears in
Fig. 22(a) for carbon disulphide in carbon tetrachloride at 25 °C and Ay = 546 nm.
The intercept yields M, = 125, compared with the true value of 76. An absolute
error of 49 in the molecular weight is, of course, quite negligible for macromolecules
in solution. In this connection, it has been estimated that the normal Eq. (72) is un-
likely to introduce an error of more than 100 in M, provided there is a sufficiently
large optical constant K. In the present instance, the error is extremely large and
arises from the assumption that the density fluctuation is a constant characteristic
of the solvent and is independent of concentration, that is, of the presence of liquid 2.
Bullough®® has proposed that:

Ri; =Ry(1+Y)+ R, (74)

150 (6]

|
1
©
10}
g
— — , [a)
o5k
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Fig. 22. LS plots for CS5 in benzene!7) according to (a) — Eq. (72) and (b) — Eq. (76)
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where

Y = 2(80%2/8¢2)p, 1/(1/B12)(30 §2/0p)e,T (75)

Hence the amended form of Eq. (72), which allows for the effect of concentration
on the density fluctuation, is:

Keo/[Rj2 —Rg(1 +Y)]=1/M, + 2 Ayc, (76)

Use of Eq. (76) requires determinations of the isotropic Rayleigh ratio for
mixtures of various concentrations ¢,. The density fluctuation Ry differs slightly
for each solution and is determined from the following expression {Eq. (77)], which
is obtained by comparing the forms of Eq. (71) for pure liquid 1 and a mixture, and
in which R, denotes the isotropic Rayleigh ratio for pure liquid 1:

{2 [, /102 )

Evaluations of R4 and Y necessitate a knowledge of certain physical properties
of the two liquids and the mixtures. The variation of refractive index with concentra-
tion is measured readily by refractometry, if |y — 1, is large. The coefficient of
isothermal compressibility of a mixture 8, , requires specialised equipment. Alter-
natively, it can be determined from the heat capacity and the coefficient of isentropic
compressibility®7 88)_ the latter being yielded from velocity of sound data®®. How-
ever, provided 8, and 8, for the pure compounds are known, §,, is evaluated most
conveniently on the basis of additivity, thus:

B12 = (1/V2)(X V18, + X,V ,56,) (78)

where V and X denote molar volume and mole fraction respectively. The variation
of refractive index with pressure has been measured by some workers, but this also
requires specialised apparatus. This requirement can be by-passed by an indirect
evaluation via the following relationships which are quoted in general terms without
any specific identifying subscripts:

e\ _ 1 {oe\ _ 2n?% [an? ] _~2
P(é—p)r "3 (a‘ﬁ)T =3 (Fp—) (since € =n*) (79)

Among the semi-empirical relationships available for the quantity p(d¢/dp)t (where
o denotes density), that due to Eykmann appears” to be among the most accurate,
viz

p(%i) S22 1)(F + 04)(R2+ 087 + 1) (80)
P/t
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Using this approach the left-hand-side of Eq. (76) may be evaluated and plotted
VErsus ¢, in the normal way to obtain M, [see Fig. 22(b)]. The resultant molecular
weight of 77 for carbon disulphide is only ca. 1% greater than the true value.

2. Simple Compounds and Oligomers

For solutes which are not macromolecules the requirements for a successful deter-
mination of M are (a) higher concentrations than for polymer solutions, (b) selection
of solvent yielding a large value of v and (c) essential implementation of corrective
depolarisation factor. Since v changes with M for low molecular weight polymers, it
must consequently be measured separately for each sample it the molecular weight is
suspected to be low. Similarly the depolarisation factor p, (or p, for vertically
polarised light) is dependent on both concentration and molecular weight, as was
illustrated in Fig. 3. For propylene glycol in acetone at 25 °C the Cabannes factor is
1.35 at infirnite dilution for vertically polarised incident light, and the molecular
weight obtained from LS neglecting this factor would therefore be too high by 35%
in relation to the true corrected M. Highly purified samples of simple compounds of
known formula have been employed to test the sensitivity of LS photometers. Table 6
demonstrates that, in most studies, remarkably good agreement is possible between
the measured and known molecular weights.

Table 6. Molecular weights by LS for pure simple low molecular weight compounds

Substance M Theoretical Ref.
by LS
Propylene glycol 67 74 35)
Dipropylene glycol 125 134 3s)
Diphenyl 160 154 35)
Dibenzyl 184, 186 182 91)
Dibenzyl 184, 181, 186, 195 182 92)
Methylated poly-oligophenylene 174 182 89)
Glucose 189 190 90)
Methylated poly-oligophenylene 250 273 89)
Sucrose 244 342 90)
Sucrose 332, 344 342 36)
Methylated poly-oligophenylene 360 363 89)
Methylated poly-oligophenylene 458 453 89)
Methylated poly-oligophenylene 543 543 89)
Raffinose 571 594 90)
Sucrose octa-acetate 660, 677 678 92)
Sucrose octa-acetate 690 678 93)
Sucrose octa-acetate 674, 740 678 94)
Methylated poly-oligophenylene 720 723 89)
Tristearin 860 891 35)
Pentaerythritol tetrastearate 1280 1202 35)
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The same essential requirements are needed also for measurements on oligomers,
which are low molecular species of polymers (M < ca. 10%). LS has been used to
measure M for oligomers of the following: methylated polyphenylenes®®, nylon 66°%,
polyethylene glycol%), poly-a-methyl styrene ), polystyrene®!), polyheptamethylene
urea®®), polyoctadecyl vinyl ether®®, polypropylene glycol®®), poly(trimethyl)hexa-
methylene urea®®, polyvinyl pyrrolidone!®® and polydimethyl siloxane '°!. Data
for the first of these are included in Table 6, since their theoretical molecular weights
are known from the mode of synthesis.

In general the true value of M for an oligomer as a basis for comparison is rarely
known. However, demonstration of internal consistency and use of a method addi-
tional to LS can provide supporting evidence. Thus, for a sample of polyvinyl pyrrol-
idone, LS gives M = 7150, 7400, 7500 and 7250 from measurements in water at
Ao = 436 nm, in water at Ay = 546 nm, in chloroform at Ay = 436 nm and in chloro-
form at Ay 546 nm respectively °2, For a sample of poly-a-methyl styrene®?, LS
and sedimentation equilibrium yield M = 1450 + 28 and 1450 * 10 respectively, as
opposed to a value of M,, = 1310 + 50 afforded by VPO. If the value of M,, is assumed
to be subject to very low error for this low molecular weight polymer prepared by
anionic polymerisation, then one would anticipate a low degree of polydispersity,
giving a value of M which is ca. 5% greater than that of M,, (it is actually 11% greater,
probably due to the fact that techniques for producing very monodisperse samples
by anionic polymerisation had not quite attained their present level of sophistication).

3. Polymers

Molecular weights of both synthetic and naturally occurring polymers have been
obtained by LS almost as a routine measurement. For reasons which are not wholly
evident but which probably have historical and medical connotations, sedimentation
in the ultracentrifuge seems to be somewhat preferred by workers in the field of
biopolymers, although this technique offers no advantages over LS. Indeed LS can
frequently provide additional information and is less time consuming.

Polymer samples of known M and M,,, usually highly monodisperse in nature,
are becoming increasingly available commercially as standards. They include poly-
styrene, poly-a-styrene, polyethylene, polymethyl methacrylate, polyisoprene
(95% cis) and polytetrahydrofuran. The last of these offers a considerable improve-
ment on polystyrene with regard to monodispersity in the low molecular weight
region. Polymer fractions of known polydispersity (M/M,,) are also available, for
example polyvinyl chloride, polyethylene and polyphenylene oxide. The quoted
value of M for standards represents the mean of a large number of experimental
determinations, usually by LS. Some LS plots for a N.B.S. polystyrene standard
(No 705) are shown in Fig. 23; they relate to two recent techniques, viz Brillouin
spectroscopy and fixed low angle LS on the Chromatix instrument. The resultant
values of M together with other values obtained for this sample are assembled in
Table 7.

Several anomalies in the LS determinations of molecular weight have been attri-
buted to the presence of a stable supramolecular structure, which can persist even in
thermodynamically good solvents!%%). Examples have been reported for solutions of
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Fig. 23. Determination of M for polystyrene (N.B.S. sample No. 705) by Chromatix low angle
scattering®6) at ¢ = 4.2° and by Brillouin scattering®!) at 6 = 90°

Table 7. Weight average molecular weight of a standard polystyrene sample (N.B.S. 703) by

different methods

Solvent Method M=x10~3  Ref.

Cyclohexane LS 1.79 Datum supplied with sample
by N.B.S.

Cyclohexane Sedimentation 1.90 Datum supplied with the
sam;ale by N.B.S.

Benzene LS 1.76 103

Benzene Brillouin scattering 1.73 41)

Toluene Brillouin scattering 1.73 41)

Toluene Low angle (Chromatix) 1.78 66)

LS

polyacrylonitrile, polyethylene, polyvinyl alcohol, methyl celflulose, natural rubber
and, most frequently, polyvinyl chloride. The microgel, often present in unfraction-
ated species as well as in high molecular weight fractions, manifests itself by ab-
normally large LS at low angles. The resultant curvature in the plot of (K¢/Rg).=¢
versus sin?(#/2) renders an extrapolation to zero angle either impossible or one
fraught with uncertainty. Examples in Fig. 24 relate to a copolymer prepared by
grafting with v-irradiation to different doses!%). The lightly grafted copolymer is
normal in behaviour displaying a fairly constant value of (Kc¢/Rg )= and small
dimensions, whereas more highly grafted species of incompatible constituents induces
microgel formation. The downward curvature becomes very pronounced and extra-
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polation, if possible, would indicate astronomically high molecular weights. A treat-
ment based on a model system has been put forward by Altgelt and Schulz!%® for
rubber microgel and for polyvinyl chloride Kratochvil!®? proposed a model having

a scattering pattern identical with that of the system studied. This model is a two-
component one comprising a large weight fraction of small (cf. ) particles and a
small proportion by weight of very large particles. The overall scattering function

was expressed in terms of the constituent ones and the approximation was made

that P(8) =~ 1 for the small molecularly dissolved particles displaying normal behav-
iour. The curvature of experimental points at low angles accords well with the angular
dependence for the suggested model. Moreover, it is often just feasible3%- 19%) to
obtain the value of M by extrapolation from readings relating to moderate-high

angles (Fig. 25). Aggregation at normal temperatures may be evidenced by LS and
disruption of this by heating' %% (Fig. 26) frequently restores the plot to its normal
form. In Fig. 25 the polymer is a rather low molecular weight sample of polyvinyl
chloride for which the value of (Kc/Ry) would be expected to remain rather constant.
It is seen that this only obtains after heating.

In certain systems the radiation envelope demonstrates that the polymer is not
perfectly and molecularly dissolved, and the downward curvature can only be elimi-
nated by very extended dissolution times and/or heating, As noted, this can be ade-
quate, but the scattering envelope may then develop its normal form at the expense
of uniformly decreased scattering, which indicates the result of molecular breakdown
by hydrolysis, for example. These effects for solutions of nylon-6''® are illustrated
in Fig. 27. In fact it has been shown that molecular dissolution without aggregation,
hy drolysis or polyelectrolyte behaviour (see Section V.2) can only be accomplished
by the use of a mixed solvent comprising lithium chloride, water and 2,2’,3,3’ tetra-
fluoropropanol ' V). In such a system the value of M for nylons is yielded readily and
without ambiguity by LS. A very recent, and hence less commonly appreciated, effect
is that of possible cryogenic degradation of polymers in solution’!? !!3) For example,
polystyrene (M = 7.3 x 10°) in p-xylene is reduced in molecular weight to 2.3 x 10°
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Fig. 25. Typical forms of reciprocal
particle scattering functions for sys-
tems containing supermolecular struc-
ture30> 108); (3) small individual
macromolecules and a small amount
of supermolecular structure some-
times allowing extrapolation to unity
(and hence I/M) from moderate —
high @, as indicated, (b) large indi-
vidual macromolecules or small indivi-
0 dual macromolecules but high content
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Fig. 26. LS plots for polyvinyl chloride (M = 28 x 103) at a concentration ¢ = 5 x 10~ 3 g/ml
in cly(;:;())hexanone, (a) before heating, (b) after heating. The sample loses dissymmetry on heat-
ing
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after a large number of freezing cycles. This effect is not noted if the initial molecu-
lar weight of the polymer is smaller (<2 x 10°).

Upward curvature at low angles (that is, decreased scattering) has been observed
for solutions of polyvinyl carbanilate''# (Fig. 28). This was interpreted as being due
to interparticle scattering emanating from ordering of the solution, which is broken
down at high temperature. According to measurements at high temperature and in
other solvents, the abnormal data at room temperature can yield the correct molecu-
lar weight, if extrapolation is conducted on data for high angles onty.

Multimerisation as an intermolecular process is accompanied by a change in
particle mass and the process can thus be studied vig the concentration dependence
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Fig. 28. Zimm plots for polyvinyl-
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of the apparent molecular weight!!%), An apparent molecular weight in this context
is the molecular weight calculated from experimental data at final concentrations
using an equation valid for infinite dilution only. The helical aggregation in dioxan
of poly-y-benzyl-L-glutamate has thus been elucidated by LS''®). The various types
of aggregation which may be studied by LS have been classified and reveiwed in great
detail by Elias''®. The work of Sund and Markau''”? places a greater emphasis on
biopolymers.

In certain instances the value of M may be required for a polymer which is not
accessible in the sense that isolation and dissolution prior to LS measurements would
either not be possible or would alter the nature of the polymer. Two examples may
be quoted:

Polyimides are thermally stable, heterocyclic aromatic materials of desirable
engineering properties. They are, however, insoluble. A typical mode of prepara-
tion! 18- 119) is given in Fig. 29 where reactants (a) as well as the polyamic acid or
pyrrone prepolymers (b) are maintained in solution.

Ring closure without change in chain length occurs in the stage (b) = (c). LS is
conducted directly on solution (b) as formed and the value of M may be identified
with the desired molecular weight of (c) making a small corrective allowance for the
elements of water involved in the cyclisation stage. Due to fluorescence and absorp-
tion it is often necessary to operate at Ay = 633 nm (red laser) for such solutions.

Anionic polymerisation of hydrocarbon monomers is initiated by lithium butyl
to produce a living polymer the association number of which in solution is required
to elucidate the kinetics. When the living polymer (for example polystyryl lithium)
is terminated, the polystyrene can be isolated and a solution then made to determine
its molecular weight, M. If the living polymer is associated in solution, the ratio of its

ﬁ ﬁ HyN NHop
o C
C c
Il fi
0 0 L
OH 0
i il y
Ao O-Qré
NH _OH
- G N NH,
8 8
v

o ¢C C—NH
: © g
- T O
/
NH
NHg

Fig. 29. Preparation of insoluble cyclised polyimide (c) from soluble reactants (a) and soluble
intermediate (b). LS is measured directly on solution (b}, containing polymer of the same chain
length as that of the polyimide!!8: 119)
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Fig. 30. Apparatus for purifying
and manipulating reactants under
high vacuum in order to prepare
solutions of block copolymers via
anionic polymerisation. Concen-
trations are determined spectro-
photometrically in the optical cell
and LS is measured on the solution
in the Sofica cetl! 20}
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Magnetic seal /

Collar to fit SOFICA holder
Light scattering cell

molecular weight to M gives the association number. The preparation, LS measure-
ments and estimation of concentrations necessitate high vacuum conditions as indi-
cated in the apparatus of Worsfold and Bywater!2? (Fig. 30). In addition to the
difficult experimental technique involved there is also a problem regarding the deter-
mination of molecular weights for some of these systems by LS. For polystyryl
lithium (PS-Li) the use of cyclohexane as solvent at 35 °C constitutes thermodynami-
cally ideal conditions so that A, = 0 and the molecular weight is obtained readily

by extrapolation according to Eq. (36). With the same solvent and temperature for
solutions of polyisoprenyl lithium (PI-Li) and polybutadienyl lithium (PBD-Li), how-
ever, extrapolation is uncertain due to the presence of finite virial coefficients since
the conditions are no longer thermodynamically ideal. In fact there are no thermo-
dynamically ideal solvents for these polymers, which are suitable media for anionic
polymerisation also. The problem was overcome by adding a little isoprene or buta-
diene to the living polymer PS-Li. From the standpoint of associative capacity the
products are characteristic of PI and PBD. Moreover since they comprise predomi-
nantly PS, they behave thermodynamically as this polymer, that is, A, = 0 in cyclo-
hexane at 35 °C and their molecular weights are obtained readily. By this means an
association number of 4 has been found for PI-Li and for PBD-Li; the value for PS-Li
is 2.
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Table 9. LS results for fractions of isotactic polystyrene in chlorobenzene. M* denotes apparent
molecular weight obtained directly, 6 is the anisotropy parameter and M is the molecular weight

obtained after correcting for anisotropy riz the method of Utiyama124)
Fraction No M* x 10~5 s x 103 Mx10~5
F-2 4.63 1.78 4.03
F-3 5.99 3.13 5.75
F-4 4.13 53.3 3.41
F-5 2.29 8.34 2.18

The inherently limited solubility of certain (but fortunately, few) polymers

poses problems with regard to measurements of both LS and v. Thus, poly-L-lactic
acid is soluble at room temperature in only a few liquids such as chloroform, m-cresol
and dichloracetic acid, but the values of v are very small. Limited solubility in bromo-
benzene is exhibited at temperatures above 50 °C and LS has been conducted at

85 °C to determine molecular weights'2!). However, even under these conditions,

the solubility does not exceed 0.8 g/dl and the moderately acceptable magnitude of
v(=—0.06 ml/g) is subject to a quoted error of +3.002 ml/g resulting in a possible
error of ca. 7% in M even before any LS measurements. There are no simple solvents
for cellulose and the complex ones usually employed are coloured and/or unstable.
The most satisfactory one for LS has been found!?? to be Cadoxen (see Table 8).
Mixed solvents (Section V.1) frequently offer the only satisfactory means of achiev-
ing solubility and the phenomenon of co-solvency is beginning to be investigated
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more fully. Thus a polymer may dissolve in a binary mixture both components of
which are individually non-solvents.

Anisotropy in polymer solutions is rather rare, but, where it occurs, the effect
on the derived molecular weight can be large enough to warrant appropriate correc-
tions. The procedures have been developed by Utiyama'?# and by Utiyama and
Kurata®25), Without a polariser or analyser the normal reciprocal scattering function
Kc/Rg can be measured. It is denoted by Z(8) the form of which contains an aniso-
tropy parameter 8 which is a function of the number of optically anisotropic elements
and the principal polarisabilities in the chain:

1/Z(8) =M(1 — 2 A,Mc) — £ sin?(6/2) + M8 (13 + cos?0)/(1 + cos26) (81)
where?)
E=Mu2(s®) (1 — 4 A,Mc)/3 sin(8/2) (82)

Formulation of the corresponding expressidn in terms of the angle (180 — 6) and
subtraction from Eq. (81) yields

1/Z(6) — 1/Z(180 — 6) = £[1 — sin?(6/2)] (83)

Hence for each concentration, separate plots of the left-hand-side of Eq. (83) give
lines of slope equal to £. From Eq. (82) it is evident that the slope decreases with
increase in ¢. Insertion of the values of £ thereby derived into Eq. (81) and re-arrange-
ment yield

1/Z(0) + & sin?(8/2) = M(1 — 2 A,Mc) + M§ (13 + cos20)/(1 + cos?0) (84)

Since the left-hand-side of Eq. (84) is now known for each concentration, it may be
plotted versus (13 + cos?6)/(1 + cos?8) to yield lines of intercept equal to
M(1 — 2 A,Mc) and slope equal to M&. When these intercepts and now plotted
against concentration, the resultant intercept at infinite dilution is M. Because M has
been evaluated, the magnitude of & is also known. These procedures are outlined
schematically in Fig. 31. In Table 9 are assembled some data of Utiyama!2% for
solutions of isotactic polystyrene in chlorobenzene. For samples having finite values
of 8, the discrepancy between the true corrected molecular weight and the uncor-
rected one (termed “apparent” in this context) can be quite considerable, amounting
to 24% for one sample. Another procedure due to Utiyama'2% may be referred to.
This consists of using polarised incident light to evaluate §.

The feasibility of obtaining not only M but also M,, from a single set of LS mea-
surements is an inherently attractive proposition. The procedure is based on the

) The symbols £, £1, £ and £” appear in this article as abbreviations for complex expressions.
The exact forms of these expressions are mostly omitted, but may be found in the appro-
priate quoted references. It should be stressed, however, that these abbreviations have totally
different connotations in different parts of the text.
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(KCIRO)C=0 —_—

sin? (0/2)

Fig. 32. Molecular weights obtainable in principle from the angular dependence of LS by linear
Gaussian coils

asymptotic (rather than initial) behaviour of the particle scattering function P(6) at
infinite dilution, which yields finally:

Lim (Kc/Rg) = (1/2 Mp)(1 + (2, g'?) (85)

c~+0

For a fixed wavelength the variable 2 is equivalent to sin?(8/2) and hence at high
angles the left-hand-side of Eq. (85) should be a linear function of sin?(8/2), yield-
ing an intercept of 1/2 M,, at zero angle. The non-asymptotic region, that is, the
initial linear part at lower angles yields an intercept of 1/M as previously noted.
Figure 32 illustrates the mode of obtaining M and M,, in principle. This analysis
may be applied only if two prerequisites are fulfilled: (a) all the dissolved polymer
molecules are linear Gaussian coils and (b) the dimensions of the molecules are such
that for all of them it is possible to measure the initial and the asymptotic regions.
Benoit et al. 12®) showed for molecules of small-moderate dimensions the asymptotic
region is not attainable within the normal angular range of = 30°—150°. Moreover,
if the dimensions are exceedingly high, the entire experimentally accessible set of
data lies in the asymptotic region and it is the initial region which is beyond reach.
The procedures and precautions necessary when interpreting the asymptotic behav-
iour of 1/P(8) have been discussed by Kratochvil>®.

For solutes comprising thin rod-like molecules the analysis of Holtzer! 27 for
the asymptotic reciprocal scattering function yields:

Ling (Ke/Rg) = (2/n?Mp) [1 + (nLo/2)H ] (86)
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(Ke/Rg) - 108

sin2 @/2 +103¢

Fig. 33. Zimm plotns) for a sample of poly-y-benzyl-L-glutamate in dimethy! formamide at
25°C

where L, is the number average length of the rod. We note here that the variable is
¢ and hence the left-hand-side of Eq. (86) should be a linear function of sin(6/2)
and not of sin?(8/2). The intercept at zero angle should yield 2/n2M,,. The synthetic
polypeptide poly-y-benzyl-L-glutamate (PBLG) adopts a random coil configuration
in dichloracetic acid, but is helical or rod-like in many solvents such as dimethyl
formamide and chloroform. In Fig. 33 the conventional Zimm diagram is shown for

108 - (Ke/Rglesg
§-N

M,

|
0 0.5 10 Fig. 34. Plot!128) according to Eq. (86) for
sin(6/2) sample in Fig. 33
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a PBLG sample in dimethy! formamide!?®). The initial region of the angular depen-
dence is linear and its intercept is identical with that of the extrapolated line for

6 = 0. The resultant value of M is 4.1 x 10°. However, the curvature of (Kc¢/Rg)¢=¢
versus sin?(6/2) is evident at high angles. The plot”s) according to Eqg. (86) is shown
in Fig. 34 and from the intercept a value of 1.40 x 10° is derived for M,,. This agrees
reasonably with the value of 1.62 x 10° obtained by direct osmotic pressure measure-
ments on the sample.

On the other hand, Cassassa and Berry3 2,129 conclude from their LS measure-
ments on rod-like fibrinogen in solution that Eq. (86) is followed very well, but the
intercept is extremely small or effectively zero. A rather trivial change in the model
can be shown to produce a theoretical intercept of zero. Accordingly, they consider
that the asymptotic scattering data reveal nothing about M,, but do give information
from the slope on the ratio L,/M,,.

In this brief survey on molecular weights of polymers emphasis has been laid on
abnormal behaviour and difficulties, which do not of course constitute the norm.

4. Ultra-high Molecular Weight Macromolecules

Provided the specific refractive index increment is large, solutions of ultra-high
molecular weight polymers (M > ca. 3 x 10°%) do not necessitate that the highest

5r /
/.
41 &°
/'/ ]
o)
/ 30°,436nm
EL 3 d-9°
= /°/ [
& 30°,546 nm
2 - ]
o -
e !
30°,1086nm
O 1 1 1 1
o} 5 10 15 20
'12 < 10° (nm-Z)

Fig. 35. Reciprocal particle scattering function®9? as a function of 52 for polystyrene of

M = 13.8 x 10%. Different symbols distinguish different LS photometers (Fica — 50 at 436 nm,
low angle photometer at 436 nm and near IR photometer of Burmeister and Meyerhoff at
1086 nm)
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concentrations be greater than ca. 1 x 10~3 g/ml for LS measurements. Meyerhoff
and Burmeister®® have made a comparative study of the implementation of visible
and near IR wavelengths in the determination of such molecular weights. It will be
recalled [cf. Eq. (39)] that at infinite dilution the value of Kc/Ry differs from 1/M

by a factor 1/P(i) or, as more usually expressed, 1/P(6). This factor in turn is greater
than unity by an amount (%/3){s®) and hence will be of considerable magnitude

for polymers of large dimensions. Nonetheless, even if {s2) is large, extrapolation of
(1%/3) (s?) to zero yields 1/M. The facility for obtaining very low angle data on the

8r ¢=0.205 g/t

o - 9=45°

107 - (Kc/Ry) (mot/g)

10 « [[i2(nm™2) +5¢ (g/m1)]

Fig. 36. LS plot5?) in terms of &' for sample indicated in Fig. 35. (Ag = 436 nm)

9=30°
0:0° /
/ o =— c=0.414 g/l
3 — 7
5
°
E
@2
~
o4
<
?21 - =0
o) ) L

109 « [{i2 (nm"2) + 0.01c (g/ml)]

Fig. 37. LS plot®9) in terms of 1 for sample indicated in Fig. 35. (A = 1086 nm)
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instrument is crucial in this respect and so also is the alternative expedient of render-
ing 1% small with high wavelength incident radiation. Figure 35 illustrates®® how
1/P(W) approaches a value of unity more rapidly for near IR light than for visible
wavelengths. The data relate to a solution of a very high molecular weight polystyrene
sample having (s2) = 7.02 x 10 nm?2. The actual Zimm plots for determining M are
shown®? in Figs. 36 and 37 for Ao = 436 nm and 1086 nm respectively. A more
accurate extrapolation is afforded in the latter situation, since for it a minimal value
of only 3 x 10~% nm™? is reached experimentally, for 4 (at ¢ = 0) compared with a
much larger value of 30 x 1078 nm™? for the same quantity when A = 436 nm. Using
near IR incident light, molecular weights have been obtained with minimal uncertainty
in extrapolation for PS (M = 7 x 10°, 13.6 x 10°® and 39.3 x 10°) as well as for cel-
lulose trinitrate®® from the alga Valonia (M = 9 x 10°).

An alternative mode>") of extrapolating 1/P(i0) to unity is to conduct experi-
ments with light of different wavelength and to extrapolate J to zero at Ag = . In
this procedure the value of {s) for the sample is constant and 8 is fixed (e.g. at 90°)
for all experiments. An example? D s given in Fig. 38. The resultant value of
M = 2.8 x 10° compares well with values lying between 2.7 x 10° and 2.9 x 10°
obtained from six separate determinations vig Zimm plots in which 6 is varied and
\o maintained constant at 365, 436, 488, 546, 578, and 1078 nm.

In contrast to these systems, bacterial suspensions demand the use of near IR
incident light as an absolute necessity rather than for preference. Such suspensions
require maximum concentrations of the order of only 3 x 107 g/ml. They scatter
light enormously but the relative size parameter exceeds the limits demanded by

1.20 g/

3 L 0.61 C:/-90 /

-— 365nm

- 436

- 488

546
578

- 1086
[ ->‘-O=C°

0 1 1
0 3 6

103 - fiZ(nm™2) + 5000 ¢ (g/ml)

Fig. 38. LS plots“) for high molecular weight polystyrene (M = 2.8 x 109) at a fixed angle
(90°) and variable wavelength
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Rayleigh-Debye scattering when visible light is used. The angular scattering profile
(cf. Fig. 1) exhibits oscillations and precludes the possibility of obtaining a Zimm
diagram. Since bacteria are generally neither spherical nor monodisperse, analysis via
Mie theory is not possible. With the use of near IR incident light'8' 139 the value of
Ag Is increased so as to approximately halve the relative size parameter with respect
to its value with visible light.

V. Multicomponent Systems

Many biopolymeric systems such as nucleic acid solutions (except for rare exceptions)
always contain additional low molecular weight salts or buffer components. Conse-
quently, they constitute multicomponent or mixed solvent systems. Similar con-
siderations apply to solutions of polyelectrolytes and neutral polymers, since there
are often compelling reasons for adding another component. For example, the ionisa-
tion of poly-N-n-butyl-4-vinyl pyridinium bromide is suppressed by the addition of
KBr to the aqueous solution. Moreover, some polymers do not dissolve molecularly
in single solvents, but true molecular solutions can be achieved by using solvent
mixtures. The requirement of a certain quality of the solvent medium (e.g. thermo-
dynamic interaction with dissolved polymer or a particular refractive index) is attain-
able much more readily with mixed than with single solvents. The complications in
interpreting LS obtained with such multicomponent systems have been reported and
reviewed® 14 15, 72),

1. Mixed Solvents

Essentially, the complex behaviour emanates from the fact that the scattering entity
no longer consists of the dissolved molecule alone but of this molecule with some
molecules of the selectively adsorbed solvent and of the selectively desorbed other
solvent. This selective adsorption is quantified by a coefficient y, for selective adsorp-
tion of solvent-1 (the other constituent of the mixed solvent being solvent-3). This is
defined in rigorous thermodynamic terms as the change in molality dm, of compo-
nent-1 caused by changing the polymer (subscript-2) concentration by an amount
dm, with the chemical potential u of all low molecular weight components remain-
ing constant, viz

_ ( Bml )
Y1~
am2 u
If y, is positive, component-1 is selectively adsorbed on the polymer and if polymer
is added to the system, the concentration of component-1 must also be increased, if
the activity of component-1 is to remain constant. A helpful schematic illustration

has been provided by Kratochvil’3!? and is shown in Fig. 39. The example relates to
a binary solvent composition of 1:1 for the bulk solvent 1 — solvent 3 mixture.
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Fig. 39. Selective adsorption to a polymer chain from a bulk solvent medium comprising an
equimolar mixture of liquid 1 and liquid 3. Only molecules of liquid 1 (circled) in excess of the
equimolar ratio in the solvated shell are part of the selective adsorption complex1 31)

Every segment in the polymer chain is solvated by two solvent molecules. Those
molecules of solvents 1 and 3 in the solvated sheath which correspond to the bulk
composition of 1:1 are disregarded. Only those molecules of solvent 1 in the solvated
sheath in excess of this 1 :1 ratio constitute what may be regarded as the complex
with the polymer. In this particular example the value of v, is 1 mol of solvent-1
per mol of segment. If the molar volumes of liquid-1 and polymer segment were
equal, the coefficient of selective adsorption could also be expressed here as 1 ml
of liquid-1 per ml of monomer units.

The coefficient v, (or 7y3) is easy to visualise physically. It is derived readily
from an equivalent coefficient A] which is expressed as ml of liquid-1 preferentially
adsorbed per g of polymer 7% 132):

7\’1 =7 Vl /1\12 (87)

where the partial molar volume V, of liquid-1 may be approximated to the molar
volume V). The true molecular weight of the polymer is M,. A comparison of the
relevant scattering equations for a polymer in a single and in a binary solvent re-
veals’% 132) that the molecular weight afforded in the latter instance is an apparent
value only, M3 viz

~ ~ 2
() (9]

In Eq. (88), dnp/d¢, expresses how the refractive index n of the binary solvent
alone varies with its composition expressed as volume fraction ¢, of liquid-1. Clearly,
if liquids 1 and 3 are iso-refractive or nearly so, then M3 = M,, that is, a LS experi-
ment will yield the true molecular weight irrespective of the composition of the
mixed solvent. This situation is exemplified!3® by the system polystyrene (2)-ethyl-
acetate (1)-ethanol (3) for which the molecular weight in mixed solvents of different
¢, is the same as that obtained in pure ethylacetate (Fig. 40). The values of dng/dé,
for the mixed solvents are only of the very small order of ca. 0.01, whilst the values
of dn/dc for the polymer solutions are large (ca. 0.22 ml/g).

It should be noted that dng/d¢, is generally not zero and moreover its finite
value may be positive or negative. Accordingly, the apparent molecular weight ob-
tained experimentally can be equal to M,, less than M, or greater than M,. Also the
binding or selective adsorption coefficient, previously considered to be constant, is
now known*'3? to vary with molecular weight, the departure from constancy being
manifested by a sharp increase at low M. Although the usual object of these studies
is to quantify the selective binding of a particular component, other methods are
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(al

(Kc/Rg) - 108

3 —_— L 1
0 4 8 12

c-10° (g/ml)

Fig. 40. LS plots for polystyrene in mixed solvents! 33) comprising the following % (vol./vol.)
of ethanol in admixture with ethyl acetate: (a) 0, (b) 5.19, (c) 8.24, (d) 10.66

Table 10. Typical values of the selective adsorption coefficient v, as expressed as the ratio of

the apparent (M*) to true (M) molecular weight for polymer — mixed solvent systems”l)

Type of polymer Specification of system Typical M*/M
Non-ionic Medium vy 1.1-1.3
Non-ionic Large v 3-10
Polyelectrolyte Equal counterions 1.1-1.3
polyelectrolyte Different counterions 2-3

available to determine A such as differential refractometry and densimetry on di-
alysed and undialysed solutions. Hence the resultant independent value of A} can be
combined with M3 in Eq. (87) to yield the true molecular weight M,. Full details
of these two independent procedures have been reported'3*. Table 10 due to
Kratochvil'3Y gives a rough indication of the magnitude of selective adsorption
etfects for different types of systems.

Equation (88} is the expression used commonly for solutions of synthetic poly-
mers, but, where the nature of adsorption and binding is of critical interest, alter-
native forms exist. These differ mainly in the modes of expressing concentration
(e.g. activity, molality, molarity, mass/unit volume). [nterrelations among the units
and expressions have been presented very clearly by Timasheff and Townend!%).

One formulation is

~\ 2
. ' on c U5
Lim| K¢, | — /R]=[1/M (1+g)2][1+(,~2—>(—) +  (89)
6-»0[ 2 (acz)mm3 0 2 AT J\c2 J1.0ms

[
(6“3) (a_rni) + 2.@'1‘(72)"1',[).“\2
9¢2 /T.pm3 \OM2 /T p.ug
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where

g= S = Vs Imy [(ﬁ) / (ﬁ) ](_am3) (90)
Ma(1 = ¢oV2)m, 0¢3/1,p.my/ \9C2/ Tpmy J\OM2 /1 p.m;

(ams> _ My (aﬁ) _ My (-cafaly, (a_)

amz T.p, 43 M3 ag2 T,p. 43 M3 (1—"0373);12 ac? T,p, 43

and u;, if, V3, my, M; denote respectively chemical potential, excess chemical potential,
partial specific volume, molality and molecular weight of species i. In Eq. (90) one
measures the specific refractive index increment with respect to the concentration

of component-2, keeping the molality of component-3 constant. An aqueous solution
of a protein as component-2 could have urea, a salt or an added organic liquid as
component-3. The expression, just as that leading to Eq. (88), has an important
consequence, namely; when light scattering data at (6 = 0) are plotted against con-
centration of protein in the normal manner, the intercept at ¢, = 0 is not 1/M,, but

is the product of this quantity and 1/(1 + £2), where £ is a complicated expression,
but essentially measures the interaction of component-3 with the protein. Rather
surprisingly, the magnitude and sign of the interaction term turn out to be functions
of the concentration units employed. Thus the same system may appear to exhibit
preferential adsorption of salt in protein with the molal or g/g scale, but selective
desorption when measured on the molar or mol/ml scale.

Figure 41 illustrates the situation for a solution comprising water, bovine serum
albumin and 6 M guanidine hydrochloride (GHCI) as components 1, 2 and 3 respec-
tively ' 5), The molecular weight M% appears as 38 000 if the molarity of GHCI is kept:
identical in solution and solvent, whereas it is 103 000 when the molality of GHCI

Const. Cy

~
T

38 000

. (KCQ/RO)

10
[y*]

:'/_'—’7_6’90’(_)/—-—’ Const. g
103000 Const, mj

1 L
OO 3 6

¢z (g/1)

Fig. 41. LS plots for solutions of bovine serum albumin (concentration ¢;) in aq. 6 M guanidine
hydrochloride, obtained at constant molarity C3, constant chemical potential 3 and constant
molality mj3 of guanidine hydrochloride. The resultant molecular weights yielded for this sample
are given above each plot! 5)
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Fig. 42. LS plots for g-lactoglobulin A (concentration c,) dissolved in water/2-chloroethanol
mixtures of compositions (% vol./vol. of 2-chloroethanol) indicated in (a). Plots (a) and (b)
correspond to constant molality m3 and constant chemical potential u3 respectively of the or-
ganic solvent! 35). The primary data points have been omitted for clarity

is kept constant. Since these molecular weights are respectively less than and greater
than the value of 76000 it is clear from Eq. (89) without detailed analysis that the
selective adsorptions will differ in sign and magnitude. The correct molecular weight,
M, = 76000, is obtained at constant chemical potential of GHC1.

Figures 42 illustrate forcibly how a variety of apparent molecular weights (M%)
of B-lactoglobulin A is obtained from LS plots in aqueous 2-choroethanol mixtures
of various composition when the molality of the alcohol is kept constant '3, If the
chemical potential of the alcohol is maintained constant, a common intercept yield-
ing the correct molecular weight, M, is obtained for all the solvent mixtures'35),

The mode of reduction of such systems in pseudo two-component ones is em-
bodied in the following modified expression:

an \? 1 c S
Lim [K'c2 ( M) Ro]=(—) {1+ L2 [(_—“2) +29T 7,
8-+0 9¢2 /T, 4y g M, #T 9¢2 /T,p,u3

+ 29TV, M3 (a_m3) ]}
M, \dm, T.p.u3

It is fortunate that theory has been extended to take into account selective interactions
in multicomponent systems, and it is seen from Eq. (91) (which is the expression used
for the plots in Fig. 42b) that the intercept at infinite dilution of protein or other
solute does give the reciprocal of its correct molecular weight M,. This procedure is

a straightforward one whereby one specifies within the constant K [Eq. (24)] a specific
refractive index increment (arT/ac2)T, u- The subscript u (a shorter way of writing
subscripts u; and y3) signifies that the increments are to be taken at constant chemi-
cal potential of all diffusible solutes, that is, the components other than the polymer.
This constitutes the osmotic pressure condition whereby only the macromolecule
{component-2) is non-diffusible through a semi-permeable membrane. The quantity
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(on/d ¢2)71, is measured as outlined in Section III.2 on solutions which have been
allowed to attain dialysis equilibrium. The types of dialyser have been reviewed*®
and it has been emphasised recently'® that it is essential to agitate or mix the poly-
mer solution inside the dialysis bag as well as the mixed solvent outside the bag
during the dialysis in order to obtain good results. Reference is especially recom-
mended to authoritative articles on all aspects of the technique® '* %), The proce-
dure for obtaining the correct value of M, is not restricted to protein solution of
course, and has been employed with synthetic polymers and copolymers.

In certain instances, such as in comparing results involving Na DNA and Cs DNA,
it is found preferable® !4 to use equivalent concentrations C,, (moles of nucleotides
or phosphate per litre) instead of weight of polymer per cubic centimetre, c,. Equiva-
lent concentration units are invariant to the nature of the counterion of the DNA and,
instead of the molecular weight M, it is the number of nucleotides Z, per macro-
molecule which is yielded by LS experiments. If M, is the average molecular weight
of a paired nucleotide unit in the double helix structure (for example 331 g/mol and
441 g/mol in the Na form and Cs form respectively), then M, = Z, M, . Similarly, the
interconversion between the concentration units is ¢, = C,M,/10>. The specific
refractive index increment is obtained from measurements on solutions of known C,
and, in the limits of zero angle and zero C,,, the value of Z, is given by:

g_,im [K'C, - 103(3n/aC,)}, /R ] = 1/Z, (92)
=0

Cy—0

The effect of dialysis on the refractive index increment may be illustrated by the fol-
lowing data!® for DNA solutions at 25 °C and Ao = 546 nm: dn/dc, in water for
NaDNA is 0.179 ml/g; in the presence of 0.2 mol/l NaCl the value of (aﬁ/acz)T‘ uin
0.168 ml/g.

Sonicated DNA of molecular weight of the order of 0.5 x 10% does not present
especial difficulties with regard to its molecular weight determination by LS with
conventional apparatus. The value of the left hand side of Eq. (92) is only about 10%
lower than the value of the quantity under conditions of C, = 0 and 8 = 30°. Conse-
quently the necessary extrapolation yielding 1/Z, is quite short.

However, for high molecular weight samples there is a wide disparity among
experimental results; the reasons have been discussed®?. Essentially, the difficulties
are not unique to this macromolecule and arise from taking readings at insufficiently
low angles. (We have referred to this point earlier in Section III.1.) For M, > ca.

3 x 10° use of conventional wide angle LS (8 = 30° — 150°) shows there is down-
ward curvature in the scattering envelope below 8 = 30° resulting in M, values which
are lower by a factor of at least 2 than those obtained by other methods for high
molecular weight DNA samples. Results in the low angle LS range (8 = 10° — 30°)
have confirmed the presence of curvature and the magnitude of the error. However,
results computed from measurements at § > 10° for a monodisperse bacteriophase
T7 DNA of M, = 25 x 10® were shown to be about 20% too high because of upward
curvature in the very low angle region. It is now clear that only very low angle LS
data (6 > 9°) can be extrapolated linearly to 8 = 0 so as to yield accurate values of
M,. Table 11 lists’® molecular parameters of calf thymus DNA obtained recently
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Table 11. Influence of accessible angular range on
derived molecular weight and dimensions of Calf-
Thymus DNAS0)

Range of 6 Mx 10~ (s2y1/2
(deg) (g/mol) (nm)
6-9 20.0 361
6-24 20.6 486
10-35 237 522
30-75 6.38 281

over different angular ranges. The Chromatix instrument offers the almost ultimate
relief from extrapolation problems. The plots using this instrument at a fixed angle
of 4.9° yield M, = 25.9 x 10° for bacteriophage T7 DNA as compared to

25.5 (21.0) x 10° obtained by lengthy sedimentation techniques®3®). The molecular
weights of DNA complexes with a non histone chromasomal protein are found to be
of the order of 100 x 10°.

2. Polyelectrolytes

Polyelectrolytes are long chain molecules bearing ionisable sites. It is not always
possible to predict with confidence the extent to which polyelectrolytes behaviour
is exhibited. Thus, polyacrylic acid in water is only weakly ionised and in dioxan it
behaves as a typical non-electrolyte. It is usual to overcome the complications im-
posed by ionic interactions by the inclusion of simple salts and LS studies in salt-free
solutions are rather rare. The problems have been discussed recently by Kratochvil'37,
whilst the review of Nagasawa and Takahashi'3® constitutes one of the few devoted
exclusively to LS from polyelectrolyte solutions. LS from many biopolymers such as
proteins is, of course, extremely relevant in this context.

It has been observed by Alexandrowicz'3% 149 that in salt-free systems the
practical osmotic coefficient yj, rather the molecular weight is actually determined.
¢, is the ratio of the osmotic pressure to the ideal value which would obtain in the
absence of electrostatic interactions. The magnitude of ¢, decreases rapidly with in-
creasing charge density. The expression for II consequently involves g, and, since the
LS depends on the concentration dependence of I1 {cf. Egs. (34) and (35)], the
reduced scattering in terms of C,, for example, becomes

(}iﬂ;[K' - 10% (8n/3C,)p, 1/Rg 1 = (1/Z2) (1 + 249p) (93)

where each polymer chain bears z charges. For highly ionised polyelectrolyte

zp, > 1 and the right hand side of Eq. (93) is not 1/Z; but a quantity much greater
than this and the scattering, Ry, is much reduced. This may be seen by comparing
the large limiting value of Kc/Rg (1073 mol/g) for a polyelectrolyte in a single
solvent with the much smaller value (~10~7 mol/g) for the same sample in the
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Fig. 43. Zimm diagram? 37+ 141) for solutions of poly [1 (2-hydroxyethy! pyridinium toluene sul-
phonate methacrylate] of molecular weight 1.37 x 100 in (a) water and (b) methanol. (com-
pare with Fig. 45)

1.4
1.4
I
]
L o N
vt €
- 1.1 \‘ [ > 21 ) 9.
n .
o \‘ 2 r \
~ o) .
T al
|y N [b] L LN
g 'o~.\'
~e.
. L i 0.8 . 1
08O 10 20 0 2 4
ca (g/1) [c2 (a/1]12

Fig. 44. LS plotsmz) for bovine serum albumin in iso-ionic salt free aqueous solution [plot (b)].
Also shown are data (open circles) for solution in 0.001 M NaCl [plot (c)]. Plot (a) is for same
data as in (b) plotted against the square root of the bovine serum albumin concentration, c,,
according to Eq. (94)
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Fig. 45, Zimm diagram! 37,141)
71 (b] for the polymer in Fig. 43 in (a)
1 A 0.5Maq. KCland (b) 0.5 M
0 1 2 methanolic LiCl. (compare with
sin2(B/2) + 2000¢ Fig. 43)

presence of added salt (Fig. 43). The polyelectrolyte effect in a solvent other than
the usual one, water, is also evident 37 1Y) from this figure.

In the special case of polymers capable of carrying both positive and negative
charges but having a net charge of zero, there will still be species bearing one or two
more charges of both signs as a result of charge fluctuations (analogous with density,
concentration and polarisability fluctuations). Hence the mean square net charge will
not be zero. Application of Debye-Hiickel theory leads to

9”“3 (Kea/Rg) = (1/My) (1 — £c3/?), (94)

where & is a complex expression involving, inter alia, the mean square 'net charge.
Hence the reciprocal reduced scattering extrapolates at infinite dilution of poly-
electrolyte to a value of 1/M, and the slope is negative. Figure 44a relating to iso-
ionic salt free aqueous solutions of bovine serum albumen offers a verification'4?
of this equation. The plot in terms of c, instead of c¥/? is also indicated and the
difficulty in obtaining the molecular weight is apparent. The same molecular weight
as that yielded!4? by Eq. (94) is obtained with c, as variable, if the system is no
longer salt free (Fig. 44b).

Figure 45 should be compared with the distorted plots shown previously
(Fig. 43) for a strongly cationic polyelectrolyte. Normal plots yielding the correct
molecular weight are obtained when salt is included; KCl for aqueous solutions and
LiCl for methanolic ones in view of the insufficiently great solubility of KCl in

137, 141)
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Fig. 46. Determination of molecular weight of poly [1 (2-hydroxyethylpyridinium benzene
sulphonate methacrylate] by extrapolation of (Kc/Rg)g =g to zero polymer concentration in
aq. KCl of different mola:ityl‘“): (a) 0.01 M, (b) 0.02 M, (c) 0.1 M, (d) 3.0 M. The resultant
molecular weight is 4.3 x 108

methanol. It is emphasised again that, in the presence of salt, the system becomes a
three component one. (When the counterion of a polyelectrolyte is not identical with
any of the ions of the added salt, the system must be regarded as a four component
one.) Molecular weights are found to be independent of added electrolyte concentra-
tion, with the important proviso that the specific refractive index increment at con-
stant chemical potential of diffusible components be measured first and included
within the optical constant K. Figure 46 illustrates'*" that, although the second
virial coefficient [to be denoted strictly as (A,),, rather than A, ] differs in each case,
the plots for different concentration of KClI all extrapolate to the same value for the
reciprocal molecular weight'#!). Comparison of these results with those obtained in
the presence of KBr and NaF indicates that the moleuclar weight obtained is also
independent of the nature of the added salt. Use of (dﬁ/dcz)p for sodium alginate
dialysed against aq. NaCl and magnesium alginate dialysed against aq. MgCl, yields
the same molecular weight'#3) for these two alginates, although the large difference
in charge densities has a large affect on (A,),. These recent observations'** in con-
junction with meticulous attention to sample preparation and clarification by centrifu-
gation resolves the problem associated with earlier work whereby the molecular
weight of magnesium alginate in aqueous solutions was reported’?% 145) to be very
much higher than that of the sodium salt of the same material.

Mention should be made of an expedient for evaluating correct molecular weights
without resort to equilibrium dialysis or using (dn/ dcy)T,,. It has been used by Vrij
and Overbeeck 4 for half neutralised polymethacrylic acid in 0.1 molar solutions
of sodium halides. The relevant equation is

M2 =M, [ - §M; (00/dc3)c, ) (95)

where subscripts 2 and 3 refer to polymer and salt respectively. The constant £ isa
function of the charge, M, and the specific refractive index increment of the polymer
solution at constant concentration (not constant chemical potential) of salt. The
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Fig. 47. Square root of apparent molecular weight by LS as a function of molar refractive index
increment of salt for sodium polymethacrylic acid in aqueous solution of different sodium
hatides!46)

value of £ need not be known. Since (3n /3 ¢3)c, is in units of millilitres per gram,
the product M3 (0 5/803),:2 is the molar specific refractive index (ml/mol) increment
of salt at constant concentration of polymer. The square root plot‘46) correspond-
ing to Eq. (95) is given in Fig. 47 for four different sodium halides. M3 is the ap-
parent molecular weight of polymer yielded by experiment and the square root of
the true molecular weight (M, ) is given by the intercept.

Micellar properties of bile salts such as sodium taurodeoxycholate and sodium
glycodeoxycholate have been studied by several techniques including LS'47). In
very dilute solution (ca. 10~3 g/ml) the critical micelle concentration, Cemc, is
located. In dilute solution (< ca. 1 Q‘2 g/ml) measurements of LS yield the weight
average micellar molecular weight M. For this purpose the concentration is taken
to be the difference between the actual concentration of bile salt used and the value
of Copme; similarly the Rayleigh ratio at an angle of 90° is taken as the difference

Table 12. Micellar molecular weights b7[of bile salts by LS and other methods! 47 (SE sedimen-
tation equilibrium; SD, sedimentation — diffusion)

Bile Salt Temp (°C) Method Mx 1073
Sodium taurodeoxycholate - LS 11.0
Sodium taurodeoxycholate 20 SD, SE 11.9
Sodium taurodeoxycholate 20 SE 11.4
Sodium taurodeoxycholate 36 SE 9.55
Sodium taurodeoxycholate 25 LS 12.0
Sodium glycodeoxycholate 20 SE 8.80
Sodium glycodeoxycholate 36 SE 7.54
Sodium glycodeoxycholate 25 LS 11.5
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Fig. 48. Piot!47) according to Eq. (96) for solutions of sodium glycodeoxycholate in 0.15 M aq.
NaCl. (T = 25 °C, Ag = 436 nm)

between the values of Rgq for the solution and the solution at a concentration ¢ pe.
The data have been treated successfully according to the theory of charged micelles,
which leads to

K (¢ — Ceme)/Roo — (Rog)eme = (€/M) (1 + £ ¢) (96)

Reference should be made to original papers for the significance and use of the in-
volved functions £’ and £". However, the magnitude of £’ is usually assumed to be
close to unity so that the plot according to Eq. (96) [see Fig. 48] gives 1/M) as the
intercept'4”). Some imicellar molecular weights obtained by LS and other methods
are compared!4” in Table 12. The estimation viz LS of the particle weight, size and
shape has been reported and reviewed by Tuzar and Kratochvil!4®).

3. Copolymers and Terpolymers

A copolymer is a macromolecule comprising two chemically distinct types of mono-
meter unit, A and B, whilst a terpolymer is composed of units A, B and C. The ana-
lytically determined composition of a copolymer is expressed as the weight frac-
tions W, and Wp of its constituents. For LS studies on a copolymer solution it is
necessary to know the value of the specific refractive index increment v, which can
be either measured or calculated from:
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V=WAVA+WBVB (97)

The theory of LS from copolymer solutions was pioneered by Stockmayer et al.
and later by Bushuk and Benoit, subsequent developments being due to Benoit,
Inagaki et al. Molecular weight determination constitutes only a part of the most
recent review of the field by Benoit and Froelich!*%).

Under stringent conditions of preparation, e.g. viz controlled anionic polymeriza-
tion, characterisation of the copolymer poses relatively few problems. The product
is uniform with respect to composition and molecular weight'5®. The former means
that W, is a true measure of the composition of all the molecules and not an average
within the range (W, + 6 W, ) to (W, — 6 W, ). Measurement or prediction from
reaction conditions affords the value of W, . Uniformity of molecular weight means
that M should equal M,,, and here again the molecular weight can be predicted or
measured by osmotic pressure, for example!5% 151 The resultant value should be
very close to the molecular weight measured by LS, provided v is sufficiently iarge;
moreover, the value of M should be independent of the solvent used. Since M,, = M,
the molecular weights of the constituent portions of the copolymer (M, and M)
should be given respectively as Wa M and WgM. From LS measurements on copoly-
mer solutions the values of M, and My are also yielded. Of the numerous systems
studied, most work has been devoted to block copolymers of styrene (A) with either
methyl methacrylate (B) or isoprene (B). Some typical results are listed*® in
Table 13. A slight, but discernible dependence of M on the nature of the solvent is
evident from the data. This will be discussed later.

An alternative and general mode of determining the molecular weight of one
constituent is to optically mask the other!52: 153), Thus, if vy = 0, then any observed

Table 13. Characteristics of di-block copolymers of styrene (A) — isoprene (B) containing
various weight fractions Wy of styrenel 50)

Wa x 100 Molecular weight x 1073
predicted!) found?) Mmi®) My M*byLS M*byLS M*byLS M
in toluene  in cyclo- in methyl
hexane isobutyl
ketone

25.0 24.7 1.00 1.02 1.29 1.10 1.09 1.07
50.0 52.2 1.00 1.04 1.30 1.14 1.10 1.07
77.8 78.2 1.00 1.03 1.29 1.14 1.12 1.08
25.0 25.5 2.50 2.52 3.00 2.75 2,71 2.62
50.0 48.5 2.50 2.54 2.80 2.70 2.67 2.62
25.0 25.1 5.00 4.99 5.78 5.46 5.42 5.34
50.0 48.7 5.00 5.01 5.64 5.60 5.53 5.41

1y From ratio of the weight of styrene to total monomers consumed.

2) From uv analysis.

3) From ratio of concentrations of monomer to initiator.

4y By osmotic pressure. M* is apparent weight average mol.wt. yielded directly from LS ex-
periment; M is true weight average molecular weight obtained from the three values of M*,
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sin?(9/2) +10%

Fig. 49. Zimm plot for a styrene/isoprene block co-
polymer in methyl isobutyl ketone!53)

1 1 1
Fig. 50. Zimm plot for same sample as in Fig. 49, but 0 0.5 1.0 15
with chlorobenzene as solvent!53) slnz(e/z) +10%

scattering will be due to the presence of A only. Rendering the refractive index in-
crement of one portion zero may be accomplished by altering the temperature and/or
wavelength, but much more usually by selecting a solvent which is iso-refractive with
the portion to be masked. For polystyrene (A) and polymethyl methacrylate (B) in
toluene at 70 °C, v and vp are 0.125 and 0.014 ml/g respectively154). Hence for
the copolymer, toluene would be almost satisfactory for the purpose of masking

the methyl methacrylate portion and thereby obtaining M, . At a temperature of

20 °C the system becomes almost perfectly suitable with the same solvent, since

the values of v4 and vg are now 0.110 and 0.001 (= 0) ml/g. Several solvents which
are effectively iso-refractive with polymer portions of a copolymer have been list-
ed153, 159)

In a block copolymer having one portion optically masked the resultant Zimm
plots are sometimes spurious. For example, Figs. 49 and 50 both relate to a styrene
(A) — isoprene (B) block copolymer!53). In the former figure the solvent is one in
which v4 and vg are both large and the plot is normal. In Fig. 50 the solvent is one
in which v, =0.083 ml/g and vy is effectively zero (actually vy = —0.004 ml/g); the
plot is abnormal. Here the observed angular LS envelopes are linear at ¢ = 0 but at
low angles they exhibit curvature to an extent which increases with ¢ and also (al-
though no obvious from the data shown for just this single sample) with M. For this
copolymer a similar effect is observed when the other portion is masked instead, that
is, when v, = 0 in bromoform. Other examples have been reported. Until compara-
tively recently this sort of behaviour was known only for some homopolymers, especi-
ally charged ones, in single solvents. For block copolymers in single solvents, reason-
able explanation has been advanced on the basis of the loss in scattering power caused
by external interference, as known for X-ray scattering from dense groups. Extension
to the present situation leads to the formulation of an apparent particle scattering
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function P*(@), which is related to the normal intramolecular scattering function
P(6) via an intermolecular function & (9):

P*(8) =P (O)/[1 + (c. A" Vexc/ M) @ (0)], (98)

where Vg is the excluded volume and & () is a function of both angle and the

excluded mean square radius of gyration, (s2,.):

GO)=1— @26+, .. 99)

Appropriate combination of Egs. (98) and (99) allows the magnitude of Vey. and
(%) to be determined. The amended LS equation is expressible now as

Kc/Rg = 1/MP* (8) = 1/MP () + 2A,c [P (0)/P(0)] (100)

The upward curvature in the scattering envelope due to exceptionally low Ry has
been examined theoretically and experimentally, and correlated with the relevant
dimensions!33~15%)_ Egsentially, it emanates from the application of normal (as
opposed to apparent) LS laws to a system in which only a part actually scatters light.
The intermolecular excluded volume, however, which appears within P* (9) is a func-
tion of the size of the whole copolymer molecule, that is, both scattering and non-
scattering portions. For normal homopolymers, partical cancellation of the ratio

& (0)/P (8) produces only a very slight increase in the slope of the angular depen-
dence at higher concentrations. For block copolymers in which B, for example, is
masked, P () reflects only the size of A and therefore stays closer to unity than ex-
pected for a whole copolymer molecule of a larger total size. On the other hand, ® (6) is
determined by the intermolecular excluded volume of the whole molecule and falls in
value below unity more rapidly at high angle and for a large excluded volume cf.

Eq. (99). The net effect is an exaggerated decrease in the ratio € (8)/P (8) at high
angles.

From the strictly practical standpoint, it is encouraging to note that ¢ (6) and
P/0) both tend to unity as 8 tends to zero, so that in the limit of infinite dilution
the intercept remains as 1/M. Hence, provided v, is reasonably large, one can work
at low concentration and obtain the molecular weight without too much difficulty.
The anomalous behaviour described appears to depend on both types of unit, A and
B, being in the same chain and in block form, since no similar effects have been re-
ported for random copolymers or mixtures of two homopolymers. When anomalous
behaviour is possible, a larger distortion is expected if the unmasked portion is small
relative to the overall dimensions of the whole molecule and also if the deviation of
the centre of mass of the unmasked portion from the centre of mass of the whole
molecule in large. Thus, if prepared under identical conditions an A—B di-block would
give a larger distortion, whilst a B—A—B tri-block a smaller distortion.

Block copolymers of styrene(A)/dimethyl siloxane (B) are even more unusual
in the respect that in many solvents v, and vg are roughly of similar magnitude,
but the former is positive and the latter negative!56). Hence, depending on the com-
position W4 [cf. Eq. (97)], the value of v for the copolymer can be positive, negative
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Fig. 51. Zimm plc:)tl 56) for a styrene/dimethylsiloxane block copolymer in (a) cyclohexane
and (b) toluene

or zero. This dictates the magnitude of a convenient parameter Wa v /v, which, as
demonstrated theoretically, governs the apparent behaviour of (s?) or the slope

of 1/P(#) at zero concentration. An enigmatic situation can thus arise when using a
solvent in which neither v, nor vy is zero, whereby the apparent (s} is zero or even
negative (see Figs. 51). Such behaviour at infinite dilution is in total accord with pre-
dictions hitherto unsubstantiated by experimental results. Reference is recommended
to the original papers!4®: 156) since this behaviour does not introduce any real dif-
ficulties in the measurement of the molecular weight.

Most copolymers are heterogeneous in both molecular weight and composition.
The latter of these arises from the mechanism of the copolymerisation (particularly
at high conversion) and individual copolymer molecules differ slightly in their value
of W, . Solutions of heterogeneous copolymers constitute multicomponent systems

M*. 1073
[e]
o}
D

O 1 1
0 2 4

{(Vy-vg) /v

Fig. 52. Demonstration of the constancy of the measured apparent molecular weight M* for a
block copolymer, which is monodisperse with respect to composition and molecular weight157)

212



Determination of Molecular Weights by Light Scattering
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Fig. 53. Parabola according to Eq. (101) showing derivation of molecular weights of copolymer
and its constituents!4?

with respect to the polymer. Since W, differs somewhat among the copolymer mole-
cules, so also does v, which is an average value (and the only one, in fact, which is
accessible experimentally). The molecular weight of the copolymer using the measured
v is only an apparent value M* which differs from the true one M in accord with the
following equivalent expressionsl49):

M* = (0avp/V)M + [vp (va — vB)/V? IWAMA — [vp (V4 —vp)/v? IWpMp (1o1)
M*=M+2P[(VA—VB/V]+Q[VA-VB)/V]2 (102)

Changing the solvent to one of different refractive index induces a change in
(va —vg)/v. The form of M* as a function of this parameter is parabolic of curva-
ture dictated by the quantities P and Q. If these, or more conveniently, P/M and
Q/M are zero, M*/M will always have a value of unity, that is, the true molecular
weight M will always be yielded by LS irrespective of the solvent used (Fig. 52)'57).
The general form of the parabola is shown schematically'*®) in Fig. 53 and the re-
quired molecular weights are afforded by specific co-ordinates of it, viz for abscissae
of 1/W4, 0 and — 1/Wpg the corresponding ordinates are M, /W, , M and Mp/Wpg
respectively. Several approaches have been made to evaluate the heterogeneity para-
meters P and Q. These include solution of simultaneous equations'*’, recasting
data to yield a linear plot*®) and computer least squares fit of data!5®),

Since P and Q are characteristics of the copolymer sample, they are indepen-
dent of the nature of the solvent and hence, in principle, a knowledge of their values
can yield the correct molecular weight M from Eq. (102). Many of the reported
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Table 14. Refractometric data and apparent LS molecular weight of a styrene (A)/di-n-butyl

itaconate (B) copolymer!59) of composition Wy = 0.169

Solvent valml/g)  vg(ml/g)  v(mlg) (vs — vp)v M* x 1073 (g/mol)
Carbon tetrachloride  0.156 0.020 0.043 3.163 144.8

Styrene 0.054 -0.077 —-0.055 —-2.382 109.3

n-Amyl acetate 0.205 0.074 0.096 1.365 82.3

values of P and Q are now considered to be considerable over-estimates of the truth
and the rather stringent conditions necessary for accurate determination of P and Q
by LS have been analysed and discussed'3D. On the whole, determination of M via
the parameters P and Q is not a reliable or recommendable procedure.

The use of simultaneous equations with at least three sets of experimental data
can, however, be applied to Eq. (101) or (102) to yield M, M4 and My. This is es-
pecially useful, if the specific co-ordinates of the whole parabola cannot be realised
experimentally as is often the case. The data'>® in Table 14 relate to a random co-
polymer of styrene (A)/di-n-butyl itaconate (B) in which W, = 0.169. Solution of
simultaneous equations [Eq. (101)] yields M = 67300, M4 = 56800 and Mg =64700.
The compositional heterogeneity is such that the data conform to the required theo-
retical relationship!4%:

M > WyM, + WpMp (103)
(that is, 67 300 > 63300)

The values of (v, — vg)/vin Table 14 lie between 3.16 and —2.38. Hence, with these data
or with the inclusion of additional ones within the range delineated by these extrema,
it would be possible to use the parabola also to determine M and Mg, since the ab-
scissae yielding them are 0 and —1/(1—0.169), i.e. —1.20 respectively. However, the
range of (v4 — vp)/v does not extend to a large enough positive value (1/0.169 =
= 5.92) to enable M, to be derived in a similar fashion.

On the assumption of some finite compositional heterogeneity, Eq. (101) reveals
the following criteria necessary for the most sensitive determination of the relevant

molecular weights!3?):

va =vp and both large: to obtain M (104)
vg = 0and vy large: to obtain M, (105)
v = 0and vg large: to obtain My (106)

Clearly, if one is using only a single solvent, these three requisites are mutually ex-
clusive; the criteria may well be satisfied with different solvent in each case. Expres-
sion (104) means that poly-A and poly-B are iso-refractive and that they have a very
different refractive index from that of the solvent. Such systems are comparatively
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Fig. 54. Specific refractive index increments at constant composition (o) and constant chemical
potential (2) for solutions of nylon-6 in 2,2,3,3-tetrafluoropropanol/1-chlorophenol binary
mixtures, ¢ is the volume fraction of 1-chlorophenol and filled circles refer to the two pure
single solvents!® 1

rare, although polystyrene and cellulose tricarbanilate approximate to this situa-
tion'®?). When appropriate solvents cannot be found, recourse is made to the far
more versatile expedient of using binary solvent mixtures comprising liquids 1 and
3 of variable composition as expressed by the volume fraction ¢, of liquid —1. The
refractive index of the mixed solvent 'y depends on ¢, and the value of v for the
copolymer will therefore be governed also by ¢,. The consequent complications
due to selective adsorption in mixed solvents have already been discussed and the
specific refractive index increments employed must be those at constant chemical
potential of mixed solvents. Fortunately, Kratochvil and co-workers**2) have de-
monstrated that Eqgs. (101) and (102) as well as criteria (104), (105), and (106) ap-
ply equally well with v, v and v (or, as they should be more precisely expressed,
Yy A Vo and vy) replaced by v, 4, v, g, and v, respectively. The difference between
the specific increments at constant composition and constant chemical potential
can often be quite dramatic, as indicated'®! in Fig. 54.

Another way of determining the composition of the most appropriate mixed
solvent for the particular requirement is to actually conduct LS on a polymer in
binary solvents of different composition. Since the intensity of scattered light is
proportional to the square of the specific refractive index increment at constant
chemical potential, it follows that the square root of the light scattering intensity
at a given concentration and angle (say 90°) will be proportional to v, 5 for poly-A
and to v, g for poly-B in solution. The sign (positive or negative) of the root
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Fig. 55. Dependence of square root of excess LS for solutions of (a) polyethyleneglycol meth-
acrylate and (b) polymethyl methacrylate in mixed solvents comprising 2,2,3,3-tetrafluoropro-
panol (volume fraction ¢;) and benzyl alcohol. (T = 25 °C, Ag = 546 nm). Broken lines indicate
composition of mixed solvent yielding no excess scattering from the polymer in each casel52)

of the scattered intensity must be inferred by reasoninglsz). Examples are given
in Fig. 55 from which it is seen that for a copolymer comprising the two species
in question, a binary solvent comprising a low volume fraction of tetrafluoro-
propanol will optically mask one portion and yield the molecular weight of the
other (polymethyl methacrylate); similarly, if the volume fraction of the tetra-
fluoropropanol is large (=0.5), the other portion of the copolymer would be masked
and the molecular weight of poly-2-hydroxyethyl methacrylate in the copolymer
yielded!5?.

Characterisation of A/B/C terpolymers is still in its infancy, but there are already
clear indications that, in a compositionally heterogeneous terpolymer, the determi-
nation of molecular weights M, , Mg, M and M may prove an intractable problem
in the general case. Apart from some semi-quantitative studies, most effort in this
direction has been made by Kambe, Kambe and collaborators'62> 163) who extended
the original approach of Bushuk and Benoit!6*,

The concepts and definitions involved are more numerous and complex than
those involved in the derivations of Eqgs. (101) and (102). The full treatment of Y.
Kambe has not been published but has been kindly made available to the author.
Mention will be made here of only very small selected aspects.

(i) Instead of one parameter P, there are three P, Pg and P,

(ii) similarly, parameters Q,, Qg and Qc are invoked,

(iii) additional heterogeneity parameters R g, Rgc and R¢4 are introduced,

(iv) deviations in composition of A, B and C from their mean values are required,

(v) molecular weights of portions (Mg, Mpc and M¢,) are invoked,

(vi) the molecular weight M of the terpolymer is defined as
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M= EWjMi
=WaMpy + WeMp + WeMc + 2(WapMup + WeeMpe + WeaMea) (107)

Unfortunately there is no expression corresponding to Eq. (101) for copoly-
mers in which the measured apparent molecular weight M* appears solely as a func-
tion of My, Mg, M¢ and the true molecular weight M. The only available and tract-
able expression in the following one!®? [Eq. (108)]; in principle it is capable of
yielding M and the values of the five heterogeneity parameters.

It does not yield M5, Mg or Mc.

M* =M+ 2Ps(va — vc)/v + 2Pg(vg — vc)/v + Qalva — vc)? (V2 (108)

+Qp(¥p ~ vc)*V? + 2Rpp(va — ¥c) (v — vo)/¥?

By analogy with Eq. (97), the specific refractive index of a terpolymer is given by
the following expression, which has been verified experimentally;

v=Wavy + Werg + WCvC (109)

The existence of compositional heterogeneity may be evidenced by the depen-
dence of the measured v on the extent of conversion of monomers to terpolymer
for a random terpolymer'®® (Fig. 56). Other data on the same diagram demonstrate
that composition and » remain sensibly constant with conversion for a partial azeo-
trope. These observations are corroborated by the LS results in Table 15, which
show that for the random terpolymer, M* varies between 2.63 x 105 and 4.05 x 10°
(that is, by about 50%) according to the solvent used. In contrast, for the partial

0.20
= > o—z [a]
o
E —.
” \
]
0.15}F T — b]
1 1
0 40 80

Conversion (wt. %)

Fig. 56. Dependence of specific refractive index increment on conversion of monomers to poly-
mer for a styrene/acrylonitrile/methyl methacrylate terpolymer in methyl ethyl ketone at 20 °C
and 436 nm.: (a) — partial azeotrope, (b) terpolymer with composition distribution163)
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Table 15. Apparent molecular weights (M*) by LS in different solvents for terpolymers com-
prising acrylonitrile, styrene and methyl methacrylate

Solvent M* x 104 Compositionally heterogeneous
Partially azeotropic terpolvmer
terpolymer

Dioxan 45.5 26.3

Acetonitrile insoluble 29.0

Tetrahydrofuran 47.6 29.1

Methyl ethyl ketone 44.5 30.6

Dimethyl formamide 50.0 40.5

Chloroform 58.8 50.0

Toluene 52.6 insoluble

azeotrope wherein the compositional heterogeneity is low, one anticipates that Eq.
(108) should reduce approximately to the form M* = M irrespective of solvent (that
is, irrespective of the values of », v , v and ¢ ). The data in the table suggest that
this is so, since M* ranges only from 4.65 x 10° to 5.21 x 10° (that is, by ca. 12%).
The azeotropic terpolymer, being atypical in general, one is faced with the pros-
pect of solving at least five simultaneous sets of Eq. (108) in order to obtain M. This
manipulation is exact, but the inherent inaccuracies in five different measurements
of M* are coupled with those involved in measuring the refractive index increments.
It is as true for a terpolymer as it is for a copolymer that the difference between
specific increments (for example, 4 — vp Or ¥p — V) must be measured for high
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Fig. 57. Gladstone — Dale plots [Eq. (110)] for solutions of (a) polystyrene, (b) poly-n-butyl
methacrylate, (c) polymethyl methacrylatelés) (Ap =436 nm)
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accuracy, since this difference varies slightly with the nature of the solvent. Accord-
ing to the Gladstone-Dale equation.

v=7, (0; — p) (110)

the specific increment of a homopolymer is a linear function of the refractive index
N of the solvent, the slope being —v, where ¥, is the partial specific volume of
the polymer in solution. Actually, v, itself can vary according to the solvent so that
in any selected solvent of refractive index ny the difference in specific refractive in-
dex increments for two polymers, v4 — v, may be independent of ng (as in Fig.
57(a) and (b) relating to solutions of homopolymers A and B) or may change mark-
edly with iy [as in Fig. 57(c)]*®%.

The individual values of v, , vy and v have been excluded from Table 15 and
indeed for this system the value of vy can only be measured in three solvents due
to the insolubility of polyacrylonitrile in the others. For the purpose of calculating
(vy — vg)/v, the value would have to be interpolated rather less accurately via
Eq. (110). In the same order as the solvents listed in Table 15, the values of (vy —v¢c)
are 0,114, ,0.117,0.115,0.109, ,0.110,0.110 and 0.116 mi/g, that is,
a variation of only 8% between the largest and smallest values. The only circums-
tance in which the procedure could be grossly simplified would be that of a terpoly-
mer in which two of the components, say B and C, happen to be iso-refractive. In-
sertion of B = C into Eq. (108) thereby reduces the expression to the one for an
A/B copolymer [Eq. (101)].

4. Mixtures

We have noted that LS yields the weight average molecular weight M. If the solution
comprises as solute a mixture of two polymers A and B each of identical molecular
weight, LS distinguishes between these species only by virtue of their different spe-
cific refractive index increments v, and vg. Under these conditions a mixture of
isorefractive polymers behaves as a single species solute of concentration equal to
the sum of the two individual concentrations.

In general not only will v, and vy differ, but also the individual molecular.
weights M, and Mg will not be the same. If these four quantities are obtained first
from experiments on the individual polymers then the molecular weight M s g of the
mixture of known composition is calculated directly from

Map = WaMy + WpMp (111)

The equation differs from the corresponding one for a copolymer. It is in fact simply
an application of the definition of weight average molecular weight [Eq. (10)]. Pro-
vided the magnitude of M g can be established for a mixture of known composition
and the molecular weight of one of the polymers is known, Eq. (111) can provide
the molecular weight of the other polymer if this is unknown.
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Table 16. Molecular weights (M4) by LS of polymer A alone and in the presence of polymer B
when the latter is optically masked by conditions wherein vg = 0 or vyg =0

Polymer(s) Wa Mp x 1073 Ref.
Polystyrene(A) 1.0 120

Polystyrene(A) + polymethyl

methacrylate 0.5 118 166)
Polystyrene(A) + polybutadiene (B) 0.5 125

Polymethyl methacrylate(A) 1.0 200 166)
Polymethyl methacrylate(A) +

polystyrene(B) 0.5 199

Polybutadiene(A) 1.0 148 166)
Polybutadiene(A) + Polystyrene(B) 0.5 145

Nylon-6(A) 1.0 49.7 161)
Nylon-6(A) + Polymethyl acrylate (B) 0.573 47.4

For meaningful implementation of Eq. (111) it is necessary to use the true molec-
ular weight M g and not the apparent value M} g always yielded by a LS experi-
ment, since a mixture constitutes a system of maximum compositional heteroge-
neity. Equations (101) and (102) for a copolymer apply also to a mixture!*?) pro-
vided that for the latter one uses M3 g (instead of M*), M g (instead of M), and the
specific refractive index of the mixture in solution v, g (instead of v). If mixed sol-
vents are used, the specific refractive index increments at constant chemical potential
of diffusible solvents are involved. The analogy with copolymers is furthered by op-
tical masking! 5% 161) (usually, but not necessarily, by using mixed solvents) one
polymer to obtain the molecular weight of the other. Thus, if the mixed solvent is
one in which v, g = 0, the molecular weight of polymer A is yielded by

M2} = (Via/viap) WaMa (112)

Examples have been reported for several systems'®!> 168); some results are listed in
Table 16. In summary, polymer mixtures can be treated as copolymers of extreme
heterogeneity in chemical composition. Under suitable conditions the techniques
used in analysing data of LS from copolymer solutions can be applied to yield with
good accuracy the molecular weights of components of the binary polymer mix-
tures.

The increasing interest in polymer blends has acted as a stimulus not only to
the aspects just outlined but also to a study of interactions between polymer A and
polymer B in solution as a route to quantifying their thermodynamic compatibility.
Hyde'%") has reviewed the relevant theory whilst Kratochvil and co-workers! 68+ 169)
have been responsible for much of the latest experimental studies.

Essentially, separate experiments on each polymer in the same solvent yield v,
My and the second virial coefficient (A;)4 as well as the corresponding quantities
for polymer B. When a mixture of the two polymers in which the composition of
the polymers are W, and Wy, is dissolved in the same solvent, there are two approaches.
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In the first, the ratio ¢4 /cp is kept constant and LS is conducted on solutions
of varying total concentration ¢ (= c, + cg). As for experiments on single polymers,
dilution is effected with pure solvent. Theoretical analysis shows that:

(I;im (K'c/Rg) = 1/(bAWaM4 + vpWgMp) + £'c (113)
-0

where £’ is a function of v, , vg, Wa, Wy, M4, Mg as well as certain interaction para-
meters. Although they are of prime importance in a different context, we shall ignore
these parameters in view of the emphasis purely on molecular weights. The intercept
at ¢ =0 in the linear plot according to Eq. (113) is seen to be a composite quantity
involving both M4 and M. If, for example, polymer B is isorefractive with the sol-
vent, than vy = 0 and the system is optically masked in part. The intercept becomes
1/vA WaM,, thus yielding the molecular weights of polymer A as expected and as
indicated previously. Similarly, if v, = 0, the intercept yields the value of My.

The second approach is radically different in the respect that the concentration
cp is kept constant. Hence the whole solution may be regarded as comprising poly-
mer A as solute and polymer B at a fixed concentration in the liquid as the complex
solvent. The Rayleigh ratio Ry is obtaining by measuring the total LS (from polymer
A + polymer B + liquid) and subtracting from it the LS due to solvent, that is, the
scattering due to polymer B at a concentration ¢g in the liquid. The variable is thus
ca and the relevant equation'®® s

Lim (K'v ca/Rp) = (1/EM) + (£, /E2ME )ca (114)

where £ and &; are both functions of interaction parameters as well as of v4 , vg,
Ma, Mg, and cg. Under the special circumstance that vg = 0, the form of £ dictates
that in the linear plot according to Eq. (114), the intercept at ¢4 =0 in simply [/M,.
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Fig. 58. Concentration dependence of negative LS for solutions of polymethyl methacrylate
(concentration c,) dissolved in a solution of polystyrene in dioxan169)
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However, in general, the intercept affords no simply derivable information on molec-
ular weights because of the presence of interaction parameters within £. This system
in which one component of the solvent is a polymer and the more common system
(Section V.1) in which both components of the binary solvent are low molecular
weight compounds form the basis of some novel and interesting comparisons by
Kratochvil and Vorligek'%). In both instances the experimental data yield only an
apparent molecular weight of the polymer solute, as seen in Eqs. (88) and (114). The
ratio of the apparent molecular weight to its true value is denoted in either case by

£. The significance of £ for a polymer dissolved in a binary liquid mixture has been
referred to, whilst if the solute itself contains a polymer, £ depends on interaction
parameters. Hence in the latter situation the interaction of unlike (and also identical)
macromolecules in solution may be regarded as a form of selection adsorption. More
precisely, it is selective desorption or exclusion of one polymer from the domains

of the other. Selective exclusion of bovine serum albumin'’® by hyaluronic acid,
for example, has been demonstrated by LS.

For a mixture of polymers A and B in one liquid the parameter characterising
polymer A/polymer B interaction is positive and finite. Without reproducing the
complex expression for & (which contains this parameter), it suffices to note the
important consequence that addition of polymer A to a solution comprising poly-
mer B at a concentration cg in the liquid need not change the intensity of scattered
light; in fact it might even decrease it. Recalling that scattered light intensity refers
to excess of scattering between solution and solvent, it is apparent that zero or ne-
gative scattering is feasible in principle. Figure 58 provides one of the few published
examples!®%) to date of negative LS and shows the effect of the concentration ¢,
of polymethyl methacrylate (M, = 1.66 x 10%) on a solvent comprising polystyrene
(Mg = 1.75 x 10°) at a concentration cg =2 x 1073 g/ml in dioxan.

VI. Concluding Remarks

The voluminous literature on LS from solutions indicates that the technique is al-
ready one worthy of serious consideration for all concerned with macromolecular
characterisation. In this review an attempt has been made to emphasise its versatili-
ty with respect to the possible number of variables in the system. It is only fair to
re-iterate that the manipulations involved should be approached with caution in view
of the stringent requirements of absolute cleanliness of equipment and solutions.

Until comparatively recently one of the most crucial limiting factors in the prac-
tice of LS was the quantity of monochromatic incident radiation which it is possible
to collimate into the cell using conventional light sources. The resultant scattered
light intensity is, of course, dependent on this. Hence there is a practical lower limit
on the solute concentration which can be successfully studied. The advent of con-
tinuous laser light sources goes a long way to freeing this restriction and the mini-
mum concentrations of solutes detectable with the Chromatix instrument have al-
ready been quoted in Fig. 9. As a useful rule of thumb, one aims to obtain a scat-
tered light intensity from a solution which is at least twice that of the solvent.
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1. Comparison of LS with Other Methods

In his recent book Billingham'®) has discussed the relative merits and disadvantages
of some common modes of measuring the molecular weights of polymers. Many of
these are equally applicable to ordinary small solutes and oligomers. Indeed, the con-
ventional colligative properties such as lowering of freezing point, elevation of boil-
ing point and vapour pressure osmometry become more accurate the lower the mo-
lecular weight of the solute. Membrane osmometry, though admirable in principle
at low molecular weight, cannot be used for M,, < ca. 15 x 10° because of possible
diffusion of low molecular species present in a polydisperse sample or comprising
all of a monodisperse one. Moreover, despite the use of pressure transducers and
strain gauges there remains a practical upper limit of ca. 1 x 10° for M, in view of
the very small osmotic pressures exerted. Thus, under ideal conditions, a polymer
of M, = 1 x 10° and a concentration of 0.01 g/ml in water at room temperature
would exert an osmotic height of only ca. 0.25 cm; a realistic uncertainty of 0.05 cm
has a drastic impact on the molecular weight derived.

The use of LS as a preferred technique must be assessed in relation to the follow-
ing factors:

(a) availability, complexity and cost of equipment

(b) time demanded by the experiment

(c) number and type of ancillary experiments necessary for final evaluation of molec-
ular weight

(d) quantity of solute required; this can be a crucial consideration for certain bio-
polymers

(e) feasibility of recovering solute after measurements

(f) range of molecular weight amenables to determination

(g) type of molecular weight average yielded.

In addition to these, the polymer scientist may be influenced by the possibility
of deriving further information such as chain dimensions from the same LS data as
those gained primarily to afford M. With respect to the third factor above, (c), a
determination of v or v, is essential in LS, but the remaining factors place LS in a
very favourable position in comparison with other techniques. Such a comparison
has been reported!”!) and comprises part of the larger one assembled here in Table 17.
It is illuminating to quote some early results on aqueous sucrose solutions ob-
tained by Maron and Lou®®. They demonstrate clearly the complimentarity between
osmotic pressure and LS. Reference to Eqgs. (34) and (35) shows that

Kc/Rgo = (I/22 T) @11/3¢)y (115)

and in the limit of infinite dilution both sides of Eq. (115) are equal to the recipro-
cal of the molecular weight. Measured values of Rgq, corrected with the Cabannes
factor, are plotted versus concentration in Fig. 59. For each value of ¢ the right hand
side of Eq. (115) was computed from published osmotic pressure data on these so-
lutions and the corresponding variation of (1/.52 T) (311/dc)t with ¢ appears as the full
curve®®). It is seen that there is excellent agreement between the two sets of data
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Table 17. Comparison of different techniques for measuring molecular weight

Method Advantages Disadvantages Typical
Accuracy %
Chemical end-group Absolute; single Destructive, restricted 1-2
analysis determination to low mol. wt.
Analysis of radioactively  Absolute; single Restricted to certain 1-2
labelled end-groups determination; wide types of polymer;
range of mol. wt. requires knowledge of
mode of chain termination
Vapour pressure Requires very small Several concentrations 1-2
osmometry sample size necessary; restricted to
mol. wt. < ca. 2 x 10%;
calibration constant must
be established with solute
of known mol. wt.
Membrane osmometry Absolute; small sample Several concentrations 5
size; reasonable range necessary
of mol. wt.
(2x10% - 1x10%)
Sedimentation Absolute; requires Time-consuming measure- 5
equilibrium only centrifuge ment and interpretation;
measurements and somewhat limited mol. wt.
partial specific volume range
of solute
Sedimentation- Absolute; fairly fast Requires 3 separate deter- <§
diffusion minations (diffusion
coefficient, sedimentation
constant and partial specific
volume)
Neutron scattering Can be used with Expensive equipment 2
solid sample requires deuteration of
sample and calibration
with substance of known
mol. wt.
Low angle X-ray Non-destructive Time-consuming 5
scattering in solution
Brillouin scattering Absolute Requires knowledge of 2
certain physical properties
of solvent; several concen-
trations necessary
Light scattering in Fairly fast; wide Must measure dii/dc; several
solution range of mol. wt. concentrations necessary;

for most (but not all)

apparatuses requires cali-

bration and rigorous ex-
clusion of dust
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and that the intercept at ¢ = 0 yields a molecular weight (338 £ 6) which is in good
accord with the theoretical one of 342.

Standards suitable for molecular weight comparison by LS have been listed by
Dietz and Green!®. These comprise mainly pure low molecular weight materials.
Periodically, polymer samples have been subjected to “round-robin” characterisa-
tion by different techniques (including LS) in different laboratories throughout the
world. In the first of these the results were disappointing and the co-ordinators of
the second batch of data were also faced with a fairly wide spread of M values all
obtained from a single batch of polymer. A critical examination of procedures adopt-
ed led to no obvious single source of such a spread of results, Among the reasons ad-
vanced was a possible injudicious selection of the range of concentrations used and
uncertainty in extrapolation to infinite dilution! 72, The most recent survey of this
nature was conducted in several Japanese laboratories' 7. These results were much
more self-consistent and also displayed good agreement among the different experi-
mental techniques used. Relevant data are given in Table 18173

2. Errors

The determination of M by LS involves several experimental procedures, each of
which has some error associated with it. A typical breakdown of errors is the follow-
ing due to Jolly and Campbell}”® in relation to their value of M= 3.1 x 10° * 6%
for superhelical DNA from bacteriophage ¢ X174: —

(a) Ludox calibration constant, +2%

{b) Concentration measurements, +2%

{c) Instrument readings, 1%

(d) Value of dn'/dc, +1%
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Table 18. Values!73) of (molecular weight x 10_4) for two polystyrene samples: PS — PX
prepared by Asahi Dow Chem. Co. Ltd. and PS — [U distributed by Macromolecular Division
of LU.P.A.C. see footnote for further details and explanation of abbreviations

Mol. wt. Method PS — 1U PS - PX
average. Observed Reported Calcu-  Observed Calculated
lated
Mp O.P. 8.0 792 - 38.6 38.6
My D. — 4th 6.5 - 6.5 41.5 ~
Mpm D.—2nd 9.7 - 1.7 50.1 50.3
Mpa D.—Area 161 - 18.4 67.5 66.3
My V. 19.5 200 205 713 71.4
Mg S.v. 20.6 - 70.8
M LS. [25.9,24.3 235 83.7, 81.5, 81.6
| 24.1

S.E. 24.5 21.7 24.7 79.5 81.3

A. - - 80.3
M, S.E. 44.8 39.7 429 124 124
M/M,, LS./O.P. 3.09 3.22 3.8 2.11 2.11

(i) Osmotic pressure measurements in methyl ethyl ketone at 30.2 °C for PS — PX and in
toluene at 25.0 °C for PS — [U. The remainder relate to cyclohexane at 35.0 °C, and for
L.S. results in triplicate derive from use of two additional temperatures.

(ii) Osmotic pressure (Q.P.) yields number average mol. wt. M.

(iii) Light scattering (L.S.) yielding weight average mol. wt. M. was calibrated with benzene,
taking Rgg = 46.5 x 106 cm™! at Ag = 436 nm. _

(iv) S.E. denotes sedimentation equilibrium yielding M and Z average mol. wt. M.

(v) A. denotes Archibald method. _

(vi) S.V. denotes sedimentation velocity constant yielding mol. wt. M. _

(vii) Diffusion coefficient (D.) method yields mol wt. Mp 4 by the area method, mol. wt. Mpp.

by the second moment method and number average mol. wt. Mn by the fourth moment method.

(viii) Intrinsic viscosity (V.) gives viscosity average mol. wt. M,,.

(ix) Reported values in table are averages of data obtained in several different laboratories and
collated elsewhere in an earlier report.

(x) Calculated values in table are obtained from established interrelations between mol. wt.
and the appropriate experimental quantity at infinite dilution.

The error in (a) is stated to compare favourably with calibration from benzene,
since the absolute value of Ry is hardly known to this accuracy. In (b) the concen-
tration of DNA was measured spectrophotometrically via the molar phosphorous
extinction coefficient of 6415 (with a standard deviation of 2%). The low error in
(c) arises from low levels of dust achieved as well as the integration over a period of
10 secs of the readings on a digital output. The specific refractive index increment
used in (d) was an experimental one from the literature. In point of fact the assess-
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ment of an error of £1% for it is a very realistic one, but since the specific increment
appears as a squared term, the overall error in M should actually be assessed as +7%.

It is likely that £1% in the instrument reading and +2% in (dn /dc)?® cannot be
improved on. However, for an absolute photometer, the error in (a) will be effective-
ly zero. Concentration determinations are often specific to the system. For example,
alignates in solution'*® have been determined colorimetrically, calibration being
effected on solutions prepared from alginate previously dried for 24 hr. at 100 °C.
However, successful calculation of the concentrations in this instance depends mar-
kedly on a prior knowledge of the fact that 10% of tightly bound water is present
in the dried material'”®. In simple systems involving non-volatile solvents, with
standard procedures for using volumetric glassware and checks on dried aliquots of
solution the error in concentration need not be greater than * 0.5%. Hence under
the most favourable circumstances of instrument and polymer/solvent system cog-
nizance of factors (a) — (d) leads to an overall error in M of £3.5%.

It has been shown previously (Section V.3) that the true molecular weight of a
copolymer M is obtainable in general by calculation involving experimental values
of the apparent molecular weight M* in three solvents differing in refractive index.
Simultaneous equations of expressions (101) or (102) are involved. Abbreviating
the variable (14 — vg)/v to v and distinguishing the three sets of data by subscripts
1, 2 and 3 yields the following expression for M after solution of Eq. (102) by deter-
minants

S~~~ g~ o~~~ o~~~ o~
_Mivyv3(vs —va) + Mawan () —v3) + M3w, v, (0, — vy)
a2 P~ ~ "] ~
var3(v3 —va) +vav (v —v3) t vy (v, —vy)

M (116)

Equation (116) is not readily amenable to assigning a relative error (dM/M) to the
derived true molecular weight, even if numerical estimates can be afforded to the
six different experimental parameters within the expression for M. It is clear, how-
ever, that it is imperative to ensure large (positive or negative) differences between
parameters . [If the constituent homopolymers are isorefractive, then v} = v, =
=73 =0 and Eq. (116) seems to imply that M is indeterminate. Actually the con-
verse is true and M is always obtained. For such a situation there are simply no vari-
ables and M} = M3 = M3 = 0]. In other words, as previously indicated, the true mo-
lecular weight is yielded directly from one measurement in one solvent. The value
obtained for the molecular weight of the copolymer comprising isorefractive homo-
polymer units is subject to no more or no less error than that of ca. +7% liable in a
single determination of M for a polymer.

In certain multicomponent systems it may be necessary to derive the molecular
weight x from two other measured molecular weights y and z together with a know-
ledge of the composition by weight W of the polymers. Reference to Eq. (111) pro-
vides an example of such a system. Here x, y and z correspond to the required mo-
lecular weight M, of polymer A in the mixture, the true molecular weight Map
measured for the mixture and the known or measured molecular weight Mg of poly-
mer B in the mixture respectively. The composition W corresponds to W in Eq.
(111). Another example of a system to which Eq. (111) and the symbols x, y, z
and W may be applied is copolymer formation by radiation grafting to a pre-formed
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substrate of known measured molecular weight prior to grafting. This molecular
weight corresponds to y. A certain weight fraction W participates in grafting and
becomes the backbone (of unknown molecular weight x) of the resultant copolymer.
That fraction (1 — W) of the original polymer which remains untouched and does not
participate in grafting, may be isolated by extraction and its molecular weight (z)
measured. ’

For both examples one derives the required molecular weight x in terms of mea-
sured quantities. Thus, Eq. (111) assumes the form

y=Wx+(1-W)z (117)
x=(1/W)y — [(1 - W)/W]z (118)
If ex, €y and €, are the respective errorsin x, y and z, then it is readily shown that
(ex/%)? = {U/ly = (1 = W)z } [ + (1 = W) €] ] (119)

Expressed in terms of relative errors ry (= €4/x), 1y (= €y/y) and 1, (= €,/2z), the
relative error in the required molecular weight x is:

1z = {Uly — (1 = W] } [y*ry + (1 - W)*2*r7] (120)

A rough estimate of the conditions leading to a small value of r, may be made from
Eq. (120) by assigning r, = r, = 0.07 and then by considering small, moderate and
large values of y/z, each taken in conjunction with W = 0.1, 0.5 and 0.9. The result
is what might have been predicted intuitively, viz. (i) for any particular composition
W, the molecular weight x should be large compared with z and (ii) for a specified
molecular weight combination, W should be large.

Hence for a mixture of polymers A and B, the molecular weight M, can be de-
rived most accurately from the measured quantities M, p and Mp if A comprises a
large proportion by weight of the mixture. The corresponding condition for a graft-
ing system is an unfortunate one, because it is rarely realisable in practice!”®. The
backbone of the copolymer should comprise a large fraction by weight of the original
polymer prior to grafting. However, although statistical considerations do dictate
that longer chains participate in grafting (and hence x is large, as required for a small
Iy ), the weight fraction of polymer which is grafted is usually less than 0.1 (most
of the polymer remains ungrafted) and thus W in Eq. (120) does not attain a desir-
able large value.
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