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Introduction 

The elements of Group IVB (C, Si, Ge, Sn, and Pb) all possess the ground state 
configuration ns2p 2. This configuration suggests that oxidation states of either 
two or four are especially probable for the elements in the group, and to a 
greater or lesser extent, both states are observed for each member. There is a 
continuous increase in the stability of  the divalent state with respect to the tet- 
ravalent state with increasing atomic number, so that with carbon the (II)-oxi- 
dation state is restricted to the very reactive carbenes and to "special" compounds 
such as isonitriles, whereas (II) is the prevalent state in the inorganic compounds 
of tin and lead. Two factors probably contribute to this increase in stability of 
the divalent state. For one, the M-X bond energies generally decrease down the 
group, with the exception that the bonds between silicon and the most electro- 
negative elements are usually stronger than the corresponding bonds to carbon 1) 
Secondly, repulsive interactions between non-bonding and bonding electron pairs 
are larger for the smaller atom at the top of the group 2). 

There has been some uncertainty as to the relative electronegativities of the 
various members of Group IVB. The current consensus seems to favor the order 

C ~  Ge ~" Si 'X, Sn ~ Pb, 
but the difference in electronegativity between Si and Pb may be small 3). At any 
rate, electronegativity differences seem inadequate to explain the monotonic 
increase of stability of the (II) state as one goes down the group. 

The "inert pair" concept has sometimes been advanced to account for the 
extra stability of atoms or ions which contain a lone pair of s-electrons (e.g., 
Hg+ 1 or T1 + 1); however, this effect does not seem to be particularly operative 
in Group IV, since the 3rd ionization potentials are similar for the elements Si 
through Pb. 

The chemistry of the dihalides of the Group IVB dements has developed 
along several lines. One approach has been to use the dihalides as reactive inter- 
mediates in liquid phase studies. For example, CCI 2 is produced by the alkaline 
hydrolysis of chloroform; this CC12 can then react with other reagents in the 
system. A very large amount of work has been done on this type of study and 
since it is already extensively described in the literature 4)it will only be briefly 
discussed in this article. The dihalides of Group IVB elements, particularly CF 2, 
are also intermediates in a number of  gas phase reactions. Another important 
approach has been to design experiments that produce the dihalides in conditions 
that prevent their immediate reaction with other reagents in the system. This 
has permitted the dkect measurement of some of their physical properties and 
also the determination of some of their descriptive chemistry. It has been prin. 
cipally this technique that has been used in the chemistry department of Rice 
University, Houston. In this article some of the results obtained using all of these 
approaches are described although the last technique will be emphasized. 
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A. Difluoromethylene 

CF 2 is unique among carbenes because of its high stability and low reactivity. 
Investigations of the ultraviolet absorption spectrum of CF2 have led to estimates 
of roughly 10 milliseconds to one minute for the half.life of CF2 at pressures 
in the region of one atmosphere. Tile gas phase molecule does not react with 
BF3, N20, SO2, CS2 or CF3I at 120 ~ ). The nature of CF2 is perhaps best 
presented in separate sections discussing its preparation, structure and physical 
properties, reaction chemistry, and reaction kinetics. 

Preparation. The majority of the preparations of CF 2 reported in the litera- 
ture involve photolytic or pyrolytic processes. Table 1 contains a representative 
list of methods used to produce CF 2. Most of the reactions produce the molecule 
in its singlet ground state, but the reaction of O (3p) atoms with C 2 F 4 and the 
decomposition of CF 4 in a glow discharge appear to produce triplet CF 2. In this 
connection it is interesting to note that the reaction of Hg (3p) atoms with C2F 4 
did not give rise to triplet CF 2; the authors suggested that the triplet C2F4 initially 
formed passes through an excited singlet prior to dissociation. 

Structure. The ultraviolet emission spectrum of CF2 was first examined by 
Venkateswarlu 27~, who prepared the molecule by passing an uncondensed trans- 
former discharge through CF 4.An extensive band system between 3250 and 2400 fit 
was observed. The similarity of the band system to that of NO 2 suggested that a 
non-linear triatomic molecule was responsible for the spectrum. Venkateswarlu 
identified the band system with the transition IB 2 -+ IA 1 . 

The ultraviolet absorption bands were examined by Laird, Andrews and 
Barrow 2 a) who obtained much the same results as Venkateswarlu although they 
suggested that the band numbering previously assigned might be incorrect. They 
demonstrated that the observed system involves the ground state ofCF 2. Since 
their equipment design permitted examination of only long-lived species, they 
estimated that the half.life of CF 2 is approximately 1 second at a pressure of 
1 mmHg. 

More recent experiments ~)  have resulted in the re-assignment of the band 
system origin, the extension of spectral measurements to shorter wavelengths, and 
the correlation of the observed absorption spectra solely with the bending modes 
of the two states involved. In addition, Simons 2s) and Margrave 26) have sug- 
gested that the spectra are due to the transition 1B +- 1A , rather than 1D 

1 1 xJ2 
1A1, as originally proposed. Mathews 27) has analyzed the rotational fine struc- 
ture of the band at 2540 A ,  and obtained the following values for molecular 
parameters: 

upper state, <(FCF = 134.8 o, rC.F=I.30 A. 

lower state, '<FCF = 104.9~ r c_  F = 1.30 A. 
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Table 1. Methods of  production of  CF 2 

Starting Material Products Multiplicity Ref. 

Photolytic methods 

CF 2~CF2 hv 

CF2=CF 2 hv 
(Hg-sensitized) 

CF2N 2 hv 

O (3p) + C2F4 hv 
Fluorocarbons hv 

CIF2COCOF2 hv 

2 CF 2 Singlet 6) 
> 2 CF 2 Singlet 7) 

.Pyrolytic methods 

CF3COCF3 600 oc > 
120 oc 

CF3Sn(CH3) 3 150 o c r  
(CF3)3PF 2 120 ~ > 

160-200 ~ ) C~2>CX2 

C 
X2 

Fluorocaxbons 

8) 
> CF2 + N2 Singlet 
> CF 2 + CF20 Triplet 9) 
> CF 2 + various compounds Sing, let 1 O) 
) CF 2 + C1COCF2CI Singlet 11) 

CF 2 + CF3COF Singlet 12) 
CF 2 + CF20 Singlet 13) 

CF2+FSn(CH3) 3 Singlet 14) 
CF 2 + (CF3)2PF 3 Singlet 5) 
CF 2 + CX2=CX 2 Singlet 1 s) 

CF 2 + other products 

Other methods 

CF 4 Glow discharse ) CF 2 + several other species 
C+CF 4 2000oc ) CF 2 

CHF3 ,qhnck wav~ ) CF 2 + HF 

CF2 ~.~F2 Shock wave ) CF 2 

7 7 2 -  2 r'f'diseharge > CF2 

CF2-CF 2 
CH 2 + CF2=CF 2 ) CF 2 + CH2=CF 2 

~o) 

Triplet 16) 
Singlet 17) 

Unknown Is) 
Unknown 19) 
Unknown 20) 

Unknown 21) 

The infrared spectrum of  matr ix-trapped C F 2  (produced by  the photolysis  o f  
difluorodiazirine, CF2N2) has been examined 2 s). The three fundamental  vibra- 
t ional  frequencies were determined to be 668, 1102, and 1222 em - I .  The inten- 
sities of  the  two stretching fundamentals  were sufficiently strong to permit  ob- 
servation of  the corresponding absorption o f  13CF~, from which the bond  
angle o f  CF 2 was calculated to  be approximate ly  108 o. The gas-phase infrared 

4 
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spectrum of CF z has been observed by Pimentel and Herr 29). Difluorodiazirine 
was flash.photolyzed and the infrared spectrum of the products was immediately 
taken with a rapid-scan infrared spectrometer. Absorptions due to CF z were seen 
but the resolution of the instrument was insufficient for determination of  the 
symmetry of the absorptions. The half-life of CF 2 was estimated to be 2.5 m see. 

PoweU and Lide 3~ observed the microwave speotrum of CF2 using a fast- 
flow microwave spectrometer. The CF 2 was prepared by passing a weak r.f. dis- 
charge through C2FaC1 , CF4 or (CFa)2CO. The absence of fine structure and 
observable Zeeman shifts provided evidence that the CF2 was in the singlet 
ground state. The bond angle was determined to be 104.9 o and the bond length 
to be 1.30 ~ in complete agreement with Mathewa' values (see Ref. 2~) ). For 
comparison, the C-F bond length in CF 4 is 1.317 -+ 0.005 A al).  

The Heat o/Formation ofCF2. Several of  experimental approaches have 
been used to determine AHf ~ (CFz).The most common technique involves mass 
spectrometric measurement of appearance potentials. The earlier appearance po. 
tential measurements indicated that AH/~ (CF:) = -30+  10 kcal. mole "~, 32~, 
but it now appears this value is too high. Margrave and co-workers 33) reported a 
mass spectrometric study of the C2F4/CF 2 equilibrium between 1127-1244 ~ 
Both second and third-law determinations of the enthalpy of reaction for C2F 4 "~ 

2 CF 2 were made, yielding-39.3 + 3 kcal. mole -1 for AHf~ (CF2, g). 
Two groups have studied the pyrolysis of CF2HC1 and have calculated 

A H f o  (CF2) to be-43 and-39.1 kcal. mole -I, respectively 34). Shock waves 
were also used to study the formation of CF2 from C2F4 and CHF a; values of 
AHf ~ (CF2) =-.39.7 + 3.0 and-40.2 -+ 4.0 kcal. mole -1 respectively 18,19) were 
obtained. Other methods that have been used to determine A H f  ~ (CF2) include 
the pyrolysis of CF 4 on graphite a S)and the observation of predissociation in 
ultraviolet absorption spectra a 67 

Reaction Chemistry ofCF2. The reactions of  CF 2 that have been studied to 
date fall conveniently into two categories: reaction in solution and reaction in the 
gas phase. Recently, however, there have also been some investigations of the 
reactions of matrix-isolated CF 2. No attempt will be made in this article to re- 
count the large number of investigations into solution-phase dihalocarbene che- 
mistry; a brief summary of dihalocarbene solution chemistry will be given in the 
following section. The interested reader is directed to several reviews of this sub- 
ject 47. 

In solution, dihalocarbenes are often produced from the basic hydrolysis of 
halo forms: 

CHXYZ + OH- > CXYZ" + H20 

CXYZ- > CXY + Z" 

Hine has shown that the relative ability of substituent halogens to enhance 
trihalo anion formation is 
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I 'X~ Br ~> Cl~> F 

and that halogens facilitate carbene formation in the order 

F ~>~> C1 > Br > I. 

Tiffs latter sequence has been attributed to the relative ability of the halogens 
to supply unshared pairs to the electron-deficient carbon atom, as represented by 
the hybrids shown below 

I x - c - x l  +X=C-Xl I x - c = x §  

In the case of difluoronaethylene, Hine 4) suggested that formation of the carbene 
is so favored that dehydrohalogenation occurs in a concerted fashion, with no 
carbanion intermediate. 

Several other methods of generating dihalocarbenes in solution have been re- 
ported; the most useful of these appears to be the thermolysis ofphenyltrihalo- 
methyl mercury compounds as reported by Seyferth and co-workers 37a), al- 
though other organometallic precursors have also been employed 37b) 

~-Hg-CF 3 ) ~-Hg-F-+ :CF 2 

~-Hg-CCI2Br ) ~-Hg-Br + :CC12 

The advantages of this method of carbene synthesis are that reaction can be 
carried out in neutral solution, and that reaction yields are often dramatically im- 
proved. Thus, although reactions of dihalocarbenes generally do not give rise to 
products corresponding to single bond insertion, Seyferth has reported insertion 
of phenyl (trihalomethyl) mercury-generated carbenes into 

C-H, Si-H, Ge.H, O-H, B-C, Hg-X, Si-Hg, Ge-Hg and Sn-Sn bonds 

Much of the literature regarding dihalocarbenes is concerned with reactions 
of CX 2 with olefinic substrates to give 1,1-dihalocyclopropane derivatives. These 
reactions occur with retention of stereospecificity, as expected for singlet car- 
benes. Dihalocarbenes also exhibit strong electrophilic behavior towards olefins, 
and will often not react with weakly nucleophilic species if stronger nucleophiles 
are present. 

Gas-phase Reactions of CF2. In the gas phase, CF 2 is remarkably unreactive 
as compared to CH 2 . This situation has been dramatically demonstrated by 
Malfler s,3s), who did not observe reaction between CF 2 (as produced from the 
pyrolysis of (trifluoromethyl)fluorophosphoranes at 120 ~ and BF 3 , H2, CO, NF3, 
CS2, PF3, SO2, CF3I or N20. Mahler did report the following reactions: 

CF 2 +12 ) CF2I 2 + CF2ICF21 + I(CF2)3I + F2C-CF 2 
\ /  
CF2 



CF 2 + HC1 > CF2HC1 

CF 2 + C12 ~ CF2C12 

CF 2 + 0 2 ~ COF 2 

C'F 2 + MoF6/WF 6 > 

CF 2 + CF3C.~_CCF 3 
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CF 4 + reduced metal fluorides 

F3C, x CF3 F2 / / C  \ 
C-~--C > F a C - C  C - C F  3 ' C  \ / 

CF2 C 
F2 F 2 

CF 2+F3PO > CO+PF 5+COF 2+PF 3 

The CF2/I  2 reaction is complicated by  the fact that  12 reacts with C2F 4 to 
give CF2I.CF2139). The HC1 reaction is interesting since, as Matder points out, it 
is the reverse of  a reaction often used to produce CF 2. The reaction o f  CF 2 with 
02  is surprising in light o f  the many kinetic studies o f  the reactions o f  CF 2 in the 
presence of  02 ,  to be discussed later. 

Mitsch 40) studied the reactions of  CF 2 produced from the photolysis  of  
CF2N2, and repor ted the following reactions 

CF 2 + 0 2 

CF 2 +12 

C--"F 2 + N204 

CF 2 + NO2Cl 

F N  

-> CF2C12 

CF212 

F NO 2 

F NO2 

/ \  
F NO 2 

) CF2=N-N=CF 2 

/ C F 2  
CF2 = N -  N \ I  

CF2 

CF2> 

F2C \ / CF2 

\ 
F2C CF2 
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O O 

CF2 + R-(U-OH > R-~-OCF2H 

CF 2+R-OH > R . O . C F 2 H  

CF 2 + RSO3H ..> RSO3CF2H 

CF 2 + CF2=CF-CF=CF 2 ~ CFz=CF_CF/~ 1~2 
~ C F  2 

/ CF = CF 

CF 2 ~ CF 7 / 
" ~  CF 2 

Perfluoro-l,4-pentadiene and perfluoropropene undergo similar reactions. At- 
kinson and McKeagen 4 ~) reported two similar reactions: 

CF3-CF=CF 2 + CF 2 

C2H 4 + CF 2 

, . 3 _  c ( i  F2 
\CF2  

> H2C\-/CH 2 low yield 

CF 2 

Behind a shock wave CF2 reacts with NO 42): 

CF 2 + NO k-------- > CF2NO 

2 CF2NO > 2 CF20 + N2 

CF2NO + NO ~ CF20 + N20 

CF2 also reacts with NOF. In this case the CF 2 used was prepared by the photo- 
lysis of C2F4 and the reaction was complicated by the reaction between C2F 4 
and NOF 43) 

hv CF~, CF 3"~'O~ C2F 4 + NOF ; F-N-O 
I \  
CF2-CF 2 CF2-CF 2 

Mastrangelo 20) has reported some interesting work on the reactions ofCF 2 trap- 
ped in matricez A stream of octafluorocyclobutane was passed through a radio 
frequency discharge and condensed on a liquid nitrogen-cooled cold finger. The 
resultant deposit was an intense dark blue which persisted until the cold finger 
warmed to ca. 95 OK. When radical generation times exceeded 15 minutes, how- 
ever, the blue condensate slowly changed to a red color believed to be associated 
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with CF 3" radicals. On warming, the blue condensate gave rise to C2F4 and un. 
reacted c-C4F s, but no polymeric residue. When chlorine was condensed on the 
blue deposit before warmup, CF2 CI: and CF 2 C1-CF2 CI, with smaller amounts 
of CF3C1 , were observed in the products. Mastrangelo attributed the blue color 
to the presence of CF2 radicals, and the ensuing red color to the disproportion- 
ation of CF 2 to CF and CF 3. No determination of the spin state of either the 
gas-phase or condensed species was reported; in view of file intense color of the 
condensate, the absence of polymeric radical chains, and the proposed dispropor- 
tionation of CFz to CF and CF3, the presence of triplet CF2 seems quite possible. 

44) Milligan and Jacox have recently reported an elegant synthesis of CF 2 in an 
argon matrix. Carbon atoms, produced from the photolysis of cyanogen azide, 
were allowed to react with molecular fluorine, and the presence of CF 2 was de- 
monstrated from infrared spectra. Use of radiation effective in photolyzing F 2 
produced CF 3 from the reaction of the CF 2 with atomic fluorine. 

Kinetic Studies of the Gas-Phase Reactions of CF2. As mentioned above, 
when gaseous CF2 is produced in the presence of substances with which it does 
not react, the products obtained are tetrafluoroethylene and perfluorocyclopro- 
pane s). The decay of CF z was originally thought to follow zero-order kinetics 
(that is, removal of CF2 by means of diffusion to the walls of the apparatus 
4s,23) ). A study of the flash-photolysis of C2F 4 by Dalby 6), however, showed 
that CF2 decay follows second order kinetics, and a rate constant of 1.7x107 
(liter/mole, sec) at 25 ~ was determined for dimerization of CF 2 to CF2=CF 2 . 
Dalby further observed that the rate of  disappearance of CF 2 was independent 
of the concentration of oxygen, C2F4 or C2H 4 at pressures as high as 40 cm for 
the latter two. He was thus able to set an upper limit to the rate constant for the 
reaction of CF2 with these molecules of approximately 104 liter/mole "sec. 

Cohen and Heicklen 46) investigated the mercury-sensitized photolysis of 
C2F4 and were able to determine the rate constant for the reaction 

CF 2 + C2F 4 = c-C3F 6 

to be kC2F4 = 6.4x107 exp ~-7500/RT) or 4.5x103 liter/mole �9 sec at 25 ~ 
The ratio ofkC2F4 to the rate constant for dimerization was also found: 

kC2Fa/kl/2 dim. = 395 exp (-6700/R T) (liter/mole �9 sec)l/2. This ratio has a 
value of approximately 5.6x10 "3 at 25 ~ Although this method of CF 2 produc- 
tion apparently does not yield triplet CF:, the molecule may be generated v/a the 
reaction of ground-state oxygen atoms (3p) with C2F4 to yield 3CF2 and CF20 
9,47) Triplet CF2, like the singlet molecule, can add to C2F 4 to form c-C3F 6. 
Triplet CF 2 can also revert to singlet CF2 through a bimolecular reaction invol- 
ving an excited C2F4 intermediate: 

2 3CF2 > C2F4" ' )" 2 1CF2 

The self-annihilation reaction occurs much faster than addition to C2F 4. If 
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molecular oxygen is added to the system, 3CF2 may then react with O2 to give 
CF20 2. This reaction is slightly faster than the combination of 3CF2. The CF202 
radicals produced in the reaction with O2 are removed v/a 

2CF202 > 2CF20+O 2 

The presence of triplet CF2 was inferred from the fact that in this system all 
of the CF 2 species are scavenged by O 2 ff the O2 pressure is greater than 5 
torr, coupled with previous observations that the rate of reaction of  singlet CF2 
with O2 is extremely slow 6,7,4a) 

Modica and LaGraff 19) have conducted a series of examinations of  the pro- 
duction and kinetic aspects of the reactions of CF 2 in shock waves. C2F4, diluted 
1:100 with argon, was shocked over the temperature range 1200-1800 OK. Ultra- 
violet absorption of the shocked mixture revealed that dissociation of the C2F4 
to CF2 was virtually complete within 1 #see. The dissociation reaction was found 
to be second order, 

l/2d[CF2]/dt =KAr[C2F4] [Ar], withKAr = 7.82x101 s T1/2 

exp (-55690/RT) cc/mole �9 sec 

The value ofAHf ~ (CF2) calculated from the measured heat of the above reac- 
tion agrees well with that obtained by other methods a 3,34), and lends strength 
to the assumption that equilibrium conditions prevail in the system. 

When oxygen was added to the C2F4/Ar mixture, no reaction with the 02 was 
observed below 1400 ~ K. At temperatures above 1700 ~ K, however, the bimole- 
cular oxidation of CF2 to (initially)CO + 2F + O was found to occur with 

Kox = 2.82x10 j~ T 1/2 exp (-13280/RT) 

At temperatures in the range 2600-3700 ~ K CF 2 itself decomposes to CF + F, 
with equilibrium expressed by 

logK c (mole/cc) - - 1 0 3 0 0 0  + 5700 0.41 +0.11 
2 .303RT 

B. Other Carbon Dihalides 

Despite the large body of literature discussing the preparation and reaction chemis- 
try of dichloromethylene in solution, very few reports of the isolation of the mol- 
ecule have appeared. The technique of  forming Group IV dihalides from the re- 
duction of the tetrahalide with the metal has proved to be of great utility for pro- 
duction of SiX 2 and GeX2, but has not been successful in the case of  carbon. 

10 
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Schmeisser and Schr6ter studied the reaction of  CC14 with activated charcoal at 
1300 ~ and originally 48a) reported isolation of CC12 itself as a mobile, volatile 
liquid boiling at -20 ~ C. A subsequent publication 48b) retracted the claim, ex- 
plaining that an equimolar mixture of dichloroacetylene and chlorine had com- 
prised the "CC12.'' The paper further stated the CC14 was in fact undergoing a 
surface catalyzed pyrolysis rather than reaction with the charcoal. Carbon is 
known to catalyze the decomposition of CC14 to C + 2C12 49). Schmeisser et al. 
obtained the following products from CC14 pyrolysis (yields in parentheses): 

C (35); C2CI 2 (20); C2C14 (40); C2C16 (5); C4C16 (0.1); C6CI 6 (0.1). 

Dichloromethylene was presumably the precursor of the C2C14, although the 
latter compound could have resulted from disproportionation of C2 C16 to C12 
and C2C14. Blanchard and LeGoff so) studied the decomposition of CC14 on a 
tungsten ribbon in the temperature range 1300-2000 OK. The CCI 4 vapor, at a 
pressure of 10 -s mm Hg, was made to flow past the ribbon and directly into the 
ionization source of a mass spectrometer, which was then utilized to analyze 
the products. Between the temperatures of 1300 anct 1600 ~ ttle major pyrolysis 
products were CC12 and C12; between 1600 and 1900 ~ CC12 and C1 prevailed. 
When a carburized tungsten ribbon was used virtually identical results were ob- 
tained, indicating tfiat the reaction 

C + CC14 = 2 CC12 

was not important under the existing conditions. The ionization potential of 
CC12 was determined to be 13.2 + 0.2 eV, and the appearance potentials of the 
various C-Cln + ions were used to calculate approximate bond dissociation energies 
of  the corresponding neutral species. 

Three groups have recently claimed to have isolated CCI~ in/ow- temperature 
matrices and to have observed the molecule spectroscopically. Milligan and Jacox 
s 1) prepared CC12 in a manner analogous to that described for their matrix syn- 
thesis of CF 2. Carbon atoms formed in situ from the photolysis of NaCN were 
allowed to react with C12 in an argon or nitrogen matrix at 140 K. Subsequent 
to irradiation, two new bands at 721 and 748 cm -1 were observed in the infrared 
spectrum of the matrix. The relative intensity of the bands remained constant 
under varying conditions. The features disappeared rapidly on waxmup of the ma- 
trix, with corresponding growth of bands assigned to CC14. Moreover, 13 C isotopic 
studies domonstrated that the compound in question contained only one carbon 
atom. The above observations were taken as evidence for the existence of CCI 2 
as the species in question, and the bands at 721 and 748 cm "~ were assigned to 
the stretching fundamentals of the molecule. The bond angle for CCI 2 was esti- 
mated to lie in the range 90 - 110 ~ The authors also reported a weak band system 
between 4400 and 5600 A, with a band spacing of 305 cm -1, to be associated 
with CC12- containing matrices. By analogy with known electronic spectra of CF2, 
the system was attrbuted to a transition from the singlet ground state to the first 
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excited state, with an extensive progression in the upper state bending vibration. 
Andrews s 2) isolated CC12 in an argon matrix by means of the reaction of 

Li atoms with CC14. CClgradicals are formed from the abstraction of a C1 atom 
from CC14 by Li, and CC12 is produced from the secondary reaction 

Li + CCI 3. = LiC1 + CCI 2 
The loss of CCI 2 absorption on matrix warmup was accompanied by the growth 

of bands attributed to C2C14. A complete isotopic analysis of the CC12 spectra 
supported t~e assignment of the stretching fundamentals as I) 1 = 7 1 9 . 5  and v 3 
= 745.7 cm -i, in excellent greement with the work of MiUigan and Jacox. The 
weak v2 (bending) mode was not abserved. The bond angle of CC12 was estimated 
to be 100 ~ -+ 9 ~ which strongly indicates that the observed species is in the singlet 
electronic configuration. Stretching force constants were calculated, and FC-C1 
was found to be lower than the corresponding value for CC14-a fact which An- 
drews claims to be evidence for lack of significant pi - bonded contributions to the 
C-C1 bonds. This result is surprising since doubly-bonded resonance hybrids have 
long been invoked to explain the stability of dihalocarbenes. 

About the same time as the publication of Milligan and Jacox' and Andrews' 
work, Steudel s a) claimed to have observed the infrared spectrum of CC12 con- 
densed from the pyrolysis (or decomposition in a high-frequency discharge) of 
several C-C1 compounds. CC14, C2C16, CHCla, and CSC12 were passed individually 
through a furnace at 900 ~ and immediately condensed on a KBr window at 
83 OK. In each instance, a broad band in the IR spectrum at 896 cm q was seen. 
The absorption diminished in intensity as the matrix was warmed, finally dis- 
appearing at 160-200 OK. Since the pyrolysis products in each case included 
C2C14, CC12 was assumed to be the common intermediate in each reaction. 

Although CC12 may well have been an intermediate in the pyrolytic reac- 
tions reported by Steudel, it seems clear that the molecule is not responsible for 
the observed band at 896 cm q . Andrews s4) has recently described the infrared 
spectrum of matrix-isolated CC13, and located one of the stretching modes (v3) 
at 898 cm "1 . Since the reactions discussed in Steudel's work all produce C2C16 
as well as C2C14, he likely observed the CC13 radical. 

The area of gas-phase chemistry ofdichloromethylene is as yet largely unex- 
plored. Haszeldine and co-workers aTb) have prepared CC12 from the pyrolysis 
of CC13SiC13 and CC13SiF3, The CC12 thus produced was observed to react with 
ethylene and a number of butenes in 85-95% yield, and with C2C14 in 69-85% 

yield. Addition to cis- or trans-2-butene occured with retention of stereospeci- 
ficity. No report of the dimerization of CCI 2 to C2C14 was given. These prepa- 
rations belong to the general class of o~-elimination reactions of trihaloalkyl or- 
ganometaUics, several of which were discussed in the section on CF 2. In a vari- 
ation of this type of work Skell and Cholod s s) prepared CC12 in the gas phase 
by pyrolyzing CHC13 at 1400 OK. This pyrolysis was carried out immediately 
above a solution of olefins and the CC12 reacted with these olefins to give dichlo- 
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rocyclopropane derivatives. The authors argue that this confirms the fact that free 
CC12 is indeed the intermediate in o~-elimination reactions. 

Other than some solution chemistry very little indeed is known about CBr 2 
and CI 2 or about mixed dihalocarbenes. Tyerman s 6) has observed the band 
spectrum of CFCI between 3736-3466 ~ Its main feature is a progression of 
bands with an average spacing of 386 cm "1 . He also observed that, in contrast 
with CF2, CFC1 reacts with 02 at room temperature. 

CFCI+O 2 ~ CFC10+O 

C. Silicon Difluoride 

If the gaseous species resulting from passing SiF 4 over elemental silicon at 1100- 
1400 ~ are condensed at temperatures below~ oC and subsequently allowed 
to warm to room temperature, a waxy, tough white polymer of composition 
(SiF2) n is obtained sT). Mass spectrometric analyses of the gas phase products of 
the Si]SiF4 reaction indicate that SiF 2 and SiF 4 account for over 99% of the 
species present, with the percentage of SiF 2 typically near 60% s 8). Gaseous sili. 
con difluoride is extraordinarily stable compared to dihalocarbenes and other 
silicon dihalides. Its half-life at a pressure of 0.2 mm has been estimated to be 
150 seconds s s). Unlike other Group 1V difluorides, SiF 2 shows no tendency to 
form gas phase dimers, and is essentially unaffected by the addition of many 
other gases (except for oxygen, which facilitates formation of Si-O-F polymers 
on the walls of the apparatus). 

The low-temperature condensate of SiF 2 is a yeUow-brown paramagnetic 
solid which remains unchanged when maintained at -196 ~ If, however, another 
substance is co-condensed with the SiF:, the low-temperature species can be 
made to react-usually on warming. The reaction chemistry thus investigated 
has proved to be quite extensive, and likely represents the most comprehensive 
study of the low-temperature chemistry of a high-temperature molecule. Results 
of the various examinations of the physical and chemical properties of SiF 2, 
most of which have been conducted in this laboratory, will be discussed in the 
following sections. 

1. Gas Phase Spectra 

Ultraviolet Spectrc~ The ftrst direct evidence for the existence of gas phase mono- 
meric silicon difluoride resulted from observation of emission spectra of  the mol- 
ecule in an electric discharge through SiF,~ 9). The emission band system was 
subsequently extended 60); however, both of these investigations are now thought 
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to have resulted in erroneous vibrational numberings. The ultraviolet absorption 
spectrum was reported by Khanna, Besenbruch and Margrave 61 ), who employed 
the "usual" preparative technique of reducing the tetrafluoride with the metal. 
They measured 28 absorption bands in the region between 2325 and 2130 
The most striking feature of  the spectrum was the appearance of a series of bands 
with a periodicity of 252 cm "1 . This progression was correlated with the bending 
frequency of the excited state. As was the case for CF2, no direct evidence for 
excitation of stretching frequencies was obtained. The vibrationless transition is 
thought to lie at 2266.4.8~ and is likely a l B1 <__ IA1 transition. 

Microwave Spectrum. Rao et aL 62) were able to observe the microwave spec- 
trum of SiF 2 by generating the molecule from the high-temperature Si/S/F 4 re. 
action and pumping the reaction mixture through an absorption cell. The Si-F 
bond distance and F-Si-F bond angle were calculated to be 1.591 A and 100059 ', 
respectively. The bond angle is smaller, and the bond distance longer than one 
might anticipate, suggesting that bonding involves mainly p2 hybridization of the 
silicon orbitals. 

Infrared Spectrum. The infrared spectrum of gaseous SiF 2 has been recorded 
from 1050 to 400 cm "1 63). Two  absorption bands, centered at 855 and 872 cm "1, 
were assigned to the symmetric (p 1) and antisymmetric (P3) stretching modes, 
respectively. The assignment was rendered difficult because of  the considerable 
overlap of the two bands. The fundamental bending frequency occurs below the 
instrumental range of the study, but a value of 345 cm'l  can be determined from 
the ultraviolet study. The vibrational frequencies were combined with data from 
a refined microwave study 64) and utilized to calculate force constants and re- 
vised thermodynamic functions. 

Mass Spectrum. There have been two investigations of the mass spectrum of 
SiF 2. In one experiment s s) the gaseous mixture of silicon fluorides obtained 
after passing SiF4 over a column of Si held at 1150 oc  was passed into a 5 It. 
bulb and thence into a mass spectrometer. Only SiF 4 and monomeric SiF 2 were 
observed; no polymeric species of SiF 2 were seen. By isolating the 5 It. bulb con- 
raining the SiF 2 from the furnace and then monitoring the decay of SiF2, it was 
estimated that SiF 2 has a half-life of  150 seconds. In a second investigation 6 sa) 
SiF 2 was produced by heating a mixture of  Si and CaF 2 to about 1500 OK. From 
this study the following values were obtained: 

A//~a,29s SiF2, g = 12.33 +0.2 eV and thence 

AH~,298 SiF2, g =-139 + 2 kcal mole "1 

This value for the heat of  formation of SiF 2 is not too close to that deter- 
mined by a transpiration method, -148 + 4 kcal mole -1 6sb). The discrepancy 
probably arises from the interaction between SiF 4 and SiF 2 to form SixF2x+ 2 
at the higher pressures 6 se) 
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2. Studies of SiF 2 Condensate 

lnfrared Spectrum. Since the reaction chemistry of SiF 2 known to date occurs 
at low temperatures in the condensed phase rather than in the gas phase, it is nat- 
urally of  interest to investigate the kow-temperature condensate formed from 
gaseous SiFt. The first such investigation was conducted by Bassler, Timms, and 
Margrave 66~, and involved recording the infrared spectrum of matrix-isolated 
SiF e between the temperatures of 20-40 OK. Fig. 1 illustrates spectra obtained 
when a gas-phase SiF2/SiF r mixture was condensed on a CsI window at 20 OK 
and allowed to warm. One notes that the peak at 811 cm -1 disappears much faster 
than the rest of the spectrum as the matrix is warmed. Furthermore, when the 
furnace-to-window distance is increased to 10 feet, or when nitric Oxide is co- 
condensed with the SiFt, the peak is absent altogether. This behavior suggests 
that the species responsible for the absorption is more reactive than monomeric 
ringlet SiF2--perhaps triplet SiF 2 , excited singlet SiF2, or SiF 3. The second 
spectral feature evident on warmup is the appearance of  two new bands at 830 
and 892 "l. These absorptions first appear at about 35 ~ K, grow to maximum in- 
tensity at 38 ~ (at the expense of bands now known to be due to monomeric 
SiF2), and disappear rapidly on further warming. When the matrix is wanned to 
50 OK, the spectrum consists of broad bands identical with those of  thin layers 
of (SiF2) n at room temperature. These facts, especiaUy when viewed in conjunc- 
tion with the chemical characteristics of SiF 2 condensates, lead to the conclusion 
that the new bands are due to SiF 2 dimer. The same study also examined some 
of the earlier SiF e chemistry by co-condensing potential reactants in the matrix. 
Most illuminating of these experiments was that involving BF a. Previous work 
had shown that the reaction of SiF z with BF 3 (to be discussed in more detail 
later) leads to a series of compounds BF2(SiF2) nF, with n at least two. When 
the BFa/SiF2 matrix was allowed to warm, a series of  bands not associated with 
"pure" SiF z spectra appeared. The bands began to appear when those associated 
with (SiF2)2 reach a maximum. Moreover, the new absorption corresponded 
closely with those of the gas-phase spectrum of SiFaSiF2BF 2, the major product 
of the SiF~/BF3 reaction on a macroscopic scale. 

Two re-examinations of the infrared spectra of matrix-isolated SiF 2 have been 
reported very recently 67,68). This work was characterized by improved matrix 
isolation and by the use of both neon and argon matrices. Hastie, Hauge, and 
Margrave 67) established the stretching fundamentals in a Ne matrix to lie at 851 
em -l (vl)and 865 cm -1 (v3), representing a red shift of approximately 8 cm-1 
from the gas phase. A bond angle of 97-102o was calculated from observed iso- 
topic splitting; molecular geometry is thus not greatly perturbed by the matrix 
environment. Milligan and Jacox 6a), who generated SiF 2 from the vacuum pho- 
tolysis of SiF2H 2 or SiF2D2, wereable to directly observe the bending funda- 
mental of 343 cm .1 (in an Ar matrix). These authors also measured a series of 
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Fig. 1. Infrared spectra of SiF 2 in argon matrix during warm-up. The bands attributed to 
Si2F 4 are shown by arrows 

bands in the ultraviolet which correspond closely to those seen in the gas phase 
spectrum of  SiF 2 (see Ref. 61)). 

ESR Studie~ Both the low-temperature chemistry and the colored appear- 
ance of SiF 2 condensate strongly suggest the presence of radical species contain- 
ing unpaired electrons. Consequently, an attempt was made in this laboratory 69) 
to detect an electron spin resonance signal from the condensate. A gaseous SiF2/ 
SiF 4 mixture was condensed on a liquid nitrogen-cooled cold finger in the spec- 
trometer cavity. The condensate generated in this manner gave rise to a broad 
signal whose intensity was invariant with time as long as the low temperature was 
maintained. The g factor for the resonance was 2.003 -+ 0.002, essentially that 
of a free electron. When the condensate was allowed to warm, the signal decayed 
rapidly, and could not be regenerated by subsequent cool ing--  indicating that 
polymerization is irreversible and complete. The nature of the signal is similar 
to that obtained irradiation of polytetrafluoroethylene 70) 

3. Reactions of SiF 2 

One of the first reactions of SiF 2 to be investigated was that with boron trifluo- 
ride 71 ). The apparatus used to study this reaction is shown in Fig. 2; this appa- 
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Fig. 2. Apparatus for SiF 2 studies 

ratus is typical o f  those used in all of  the following reactions of  SiF 2. When 
SiF 2 and BF 3 are co-condensed at -196 o,  a green solid results. Warmup of  the 
condensate leads to a number of  volatile species, including the new compounds 
SiF3SiF2BF 2 and SiF3(SiF2)2BF 2. The reaction products each contain at least 
two silicon atoms, and a gas phase reaction does not  occur. These observations 
lead to the suggestion of  the mechanism shown below: 

2SiF 2 ) .SiF2SiF 2- .. > .SiF2SiF2SiF 2. SiFt4 (SiF2) 4 
i ai / m 

iv BF 3 v I BF3 

(Si2F4 BF 3) (Si3F6BF3) 

1 1 
SiF3SiF2BF 2 SiF 3SiF2SiF2BF2 

where reactions ii and iii are fast compared to iv and v. In a more recent study 72) 
a mixture of  SiF a and SiF 4 was reacted with a mixture of  BF and BF 3. The corn- 
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pound F 2 Si(BF2)2 was isolated from the resultant products. Diboron tetrafluor- 
ide was also reacted with SiF 2 but any new products that were formed were too 
unstable to be recovered. 

The next series of  reactions examined involved simple unsaturated and aro- 
matic hydrocarbons and their fluorocarbon analogs. The SiF2]benzene reaction 73) 
produces a series of compounds of formulae C6H6(SiF2)n ,  with n = 2 to at least 8. 
Both infrared and ultraviolet spectra indicate the absence of conjugated 7r systems 
for the n = 3 (highest yield) product. Hydrolysis of  the product mixture gives 
1,4-cyclohexadiene. These facts, along with the proton nmr spectrum of the com- 
pound, permit the conclusion that the products possess the bridged structure 
shown 

where n = 2 - 8  

The reaction of SiF 2 with ethylene 74) yields the two cyclic molecules 

I and H2C /CH2 

F 2 S i ~ S i F 2  F 2 S i ~ S i F  2 

both of which are of  quite limited stability. The SiF2/acetylene 7 s) reaction pro- 
ceeds similarly to give 

CH--CH 
ca  =CH II \ \  
I I and HC CH 

F2Si SiF2 \ / 
F2Si - -  SiF 2 

but here the six-membered ring is not isolated and is instead recovered as the re- 
arrangement product, H ~  C-SiF2-SiF 2-CH=CH2 . Another cyclic compound was 
isolated from the reaction of SiF 2 with butadiene 76) 

The above reactions reinforce the "diradical" mechanism proposed for the 
BF a reaction. Hexafluorobenzene and the various fluorinated ethylenes 73, 74), 
however, react quite differently. The products in these reactions formally cor- 
respond to C-F bond insertion by an SiF 2 m o n o m e r .  
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F 

F~'~" T'" SiF3 + o, rn, p C6F 4 (SiF 3 )2 
F~'~F 

F 
H 
\ 

CFH=CFSiF 3 + C=CF 2 

(CiS and trans) / 
F3Si  

Attack of a C-F bond was shown to be preferential to attack of a C=C bond. 
Several quite recent investigations into SiF 2 chemistry conducted in this 

laboratory have further indicated the versatility o fS tT  2 as a r eac tan t .  Hydrogen 
sulfide reacts with SiF 2 to form predominantly SiF2HSH and Si2F s H 77) .  The 
disilanethiol, SiF2HSiF2 SH, expected from addition of H2S to Si2F4, was ob- 
tained in limited yield and was observed to be quite unstable. The H2S reaction 
closely paralleled an earlier study of the SiF2/GeH 4 reaction 78) in which the 
products were the germylsilanes GeH3(SiF2)nH, n = 1-3.  The n = 1 homolog 
was the major product and compound stability decreased dramatically with in- 
creasing n. 

The reaction of SiF 2 and iodotrifluoromethane was studied 79) in expecta- 
tion of obtaining the products corresponding to "addition" of CF 31 to (SiF 2)n 
species, CF3(SiF2)nI. The reaction of CF~I with tetrafluoroethylene has been 
shown to yield (mainly) CFsCF2CF2I 8o/. In fact, three separate homologous 
series of  products were characterized: 

CF3I + SiF 2 = CF3(SiF2)nI  n = 1, 2 

SiF3(SiF2)nl  n = 0, 1, 2 

SiF212; S iF2 IS~2I  

Excesses of CF3I in the condensing mixture afforded large yields of CF3SiF2I; 
excesses of SiF 2 resulted in the formation of most or all of  the compounds listed 
above. The CF3I reaction is of interest as regards reaction mechanisms in SiF 2 
chemistry. As in many other reactions not involving unsaturated reactants, the 
product obtained in hi/,hest yield contained a single silicon atom. Moreover, 
while each product which contained a -CF3 moiety also included an I atom, the 
converse was not true. Similar behavior was exhibited in the H2S reaction: SiFzH 
and Si2FsH were products; SiFzSH and Si2FsSH were not. One may make two 
suggestions from these observations. The first is that diradical species play a 
major role in SiF 2 chemistry only when there is no bond of sufficient lability to 
be attacked by SiF 2 monomers. Such reactive bonds include C-F in C6F 6 ; C-I in 
CF3I; and the O-H and S-H bonds in H20 and H2S. ) Secondly, attack by SiF 2 or 
(SiF2)n often appears to be stepwise with, in the case of CF3I, abstraction of an 
I atom followed by attack on the resultant CF 3 fragment or abstraction of iodine 
or fluorine from another molecule. 
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The low-temperature condensate of SiF 2 and elemental iodine produces only 
SiF2I 2 and SiF3I , in the approximate ratio of 3:1, on warming 1 aT). One must 
consider the question of whether compounds containing silicon-silicon bonds, 
such as SiF3SiF2I or SiF2ISiF2I , are formed in the reaction, and suffer Si-Si bond 
cleavage by unreacted 12. Although some disilanes do undergo fission reactions 
with I2, the hydrogen analogs of the compounds in question (i.e., Si2H5I and 
Si2H412) react only to give further substitution, eventually yielding Si2I 6 a I ) 
Moreover, Si2FsI and Si2F412, which were formed in the CFaI/SiF 2 reaction, 
exhibited moderate stability in the presence of small amounts of 12 generally pre- 
sent in the product mixtures of that reaction, and no evidence of these molecules 
was found even when large SiF2/I 2 ratios were employed. It seems likely, then, 
that only SiF 2 monomers are involved in the 12 reaction. 

Hydrolysis of a silicon-halogen bond often results in formation of oxygen- 
containing polymers such as silicones. However the siloxanes Si20C16 and Si302C18 
can be recovered from careful hydrolysis of SiC14 a2a). The reaction of SiF 4 
with excess water produces fluorosilicic acid and hydrated silica, but if SiF 4 is 
passed over wet magnesium sulfate, one obtains the perfluorosiloxanes Si20F 6 
and Si302F 8 82b). The controlled hydrolysis of SiF 2 might therefore be expected 
to lead to any of several products. Several oxygen-containing molecules other 
than water have been observed to react with SiF 2 to produce homologous series 
of both linear and cyclic oxyfluorides 83); alternatively, insertion of an SiF 2 
monomer or telomer into an O-H bond would result in formation of the silanols 
H(SiF2)nOH, which would almost certainly be unstable with respect to conden- 
sation to siloxanes. 

The SiF2/H20 reaction 84) was conducted in a manner designed to minimize 
the contact of reactants before condensation in the cold trap. Reactions in which 
the SiF2/H20 ratio varied from 1:1 to 7:1 were conducted, but in all cases the 
only products not attributable to hydrolysis of SiF 4 were 1,1',2,2'-tetrafluoro- 
disiloxane, HF 2 Si OSiF2H, and a voluminous white polymer. No evidence for 
volatile compounds containing more than two silicon atoms was obtained. The 
polymer was of interest inasmuch as it, unlike virtually all other SiF 2 copolymers, 
was not pyrophoric. Infrared analysis demonstrated the absence of Si-H bonds in 
the polymer. The structure of the polymer is as yet unknown, but it must differ 
from the Si-O-F polymers formed in various other SiF 2 reactions. 

The reaction of SiF 2 with methanol as) pursued a different course from the 
water reaction. Here, the reaction products were CH3OSiF3, SiF3H, and (CH30)2 
SiF 2. Again, the competing reaction with SiF 4 represents a complication. In a 
separate experiment conducted under similar conditions, SiF 4 was shown to 
react readily with CH30H to form CH3OSiF 3 + HF. Further methanolysis of the 
product to form (CH30)2SiF 2, however, occurred only very slowly. From these 
and other observations, the authors formulated the following reaction scheme: 
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SiF 4 + CH3OH = SiFaOCH 3 + HF 

SiF 2 + HF = SiF3H 

SiF 2 + CH3OH = SiF2HOCH 3 

SiF2HOCH 3 + CH3OH = SiF2(OCH3) 2 + H 2 

Since the Si-H bond has been observed to react readily with methanol 86), 
failure to observe SiF2HOCH 3 is not surprising. 

Reactions of S/F 2 with NaF and LiF have been studied s7). The alkali fluor- 
ides were vaporized from a Knudsen cell and co-condensed with approximately 
equal amounts of SiF z on a liquid-nitrogen cooled cold finger. The reactions are 
complicated by gas-phase reactions and also by the reactions of SiF 4 with the 
fluorides. MF reactions lead to deposition of  the gas phase SiF 2. The low-tem- 
perature condensate is a reddish-brown at -196 ~ and in all cases decomposes 
suddenly on warmup to deposit M2SiF 6 and elemental silicon on the walls of 
the apparatus. The nature of the low-temperature solid is as yet undetermined. 

Conclusions The utility and versatility of silicon difluoride as a chemical 
reagent has clearly been demonstrated. Although the region of reactions of SiF a 
with small (i.e., volatile) organic molecules has been rather well covered, there 
remain a great number of potentially rewarding reactions with inorganic sub- 
stances. Rather than dwell on this point, however, the authors would prefer to 
mention two potential areas for expanding SiF 2 chemistry. 

No direct evidence for the observation of triplet gaseous SiF 2 exists. If such 
species could be generated in reasonably high yield (by mercury-sensitized photol- 
ysis, for example), their chemistry from both synthetic and kinetic points of 
view would merit considerable interest. Heicklen and co.workers 46) have success- 
fully conducted similar studies with triplet CF 2 as generated from the reaction 
of C2F4 with ground-state oxygen atoms. 

An aspect of Pease's early work with SiF 2 systems may have significance for 
the future SiF 2 chemistry. In a variation of the usual "matrix-trapping" tech- 
nique, Pease studied the reaction of SiF 2 with Br 2 by passing the gases through 
an 8" length of tubing heated to 12000 prior to condensation. Although the 
same product, SiF2Br 2 was collected on warmup of the condensate, none of the 
usual room-temperature polymer was retained in the reaction trap-indicative of a 
quantitative gas-phase reaction. The heretofore unknown gaseous chemistry of 
SiF 2 might well be discovered via a similar approach on a general basis. 
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D. Other Silicon Dihalides 

SiC12 has long been postulated to be an intermediate in gas-phase pyrolyses of 
various chlorosilanes 88), and in such reactions as that of Si and HC1 to form 
SiClaH 89), or the reduction of perchlorosilanes with H 2 90). Direct observation 
of SiC12 monomer, or successful attempts to investigate the reaction chemistry 
of the monomer have, however, been very sparse until quite recently. This situa- 
tion is in large part due to the fact that the gas-phase lifetimes of the heavier di- 
halides are several orders of magnitude less than that of  SiF 2 . Thus, although 
equilibrium measurements of the system Si + SiC14 = 2SIC12 91 ) indicate that 
Kp ~ 1 at 1350 oc, techniques similar to those utilized for production of SiF 2 
lead to (SIC12)n and perchlorosilanes 92). 

TJllllns 93)has recently studied SIC12 reaction chemistry by employing fast 
pumping speeds and low (5x10 -6 torr) permanent gas pressures. Under these con- 
ditions the SIC12, which is produced from reduction of the tetrahalide with the 
metal at 1350 oc  can successfully be condensed on cooled surfaces. Condensa- 
tion of the equilibrium SiC12/SiC14 mixture at liquid nitrogen temperatures gives 
rise to a brown solid which turns white and evolves perchlorosilanes on warming. 
Co-condensation of PCI3, BC13, or CC14 yields products corresponding to inser- 
tion of SiCI 2 into a M-C1 bond; products'containing more than one silicon are 
not found. SiC12 may behave more similarly to SiF 2 (that is, diradicals may be 
important) in its reactions with unsaturated and aromatic compounds; Timms 
reported that such reactions lead to involatile polymers which incorporate the 
organic molecule. 

Spectroscol?ic observations of SiC12 have been reported by Asandi, Karim 
and Samuel 9 4 ) a n d  Milligan and Jacox 9s). The early work of  Asandi etal. was 
concerned with the emission spectra from the products of an electric discharge 
through SiCI 4. The spectrum attributable to SiCI 2 consisted of a number of fea- 
tures superimposed on a continous band from 3160 to 3550 A. The spectral fea- 
tures were used to tentatively assign two of the ground state vibrational funda- 
mentals as 250 and 540 cm -1. MiUigan and Jacox generated SiC12 from the vac- 
uum photolysis of SiI-I2C12 (or SiD2C12) in argon matrices at 14 OK. Examina- 
tion of infrared spectra taken subsequent to photolysis revealed the stretching 
fundamentals to occur at 502 and 513 cm -1. It was not possible to assign the 
symmetries of the two absorptions. 

Much of the known high-temperature chemistry of silicon-chlorine com- 
pounds is indirectly concerned with SiC12. The reactions discussed below will 
serve as examples of those in which the intermedlacy of SiC12 is indicated. 

The "direct synthesis" of SiC13H from Si and HC1 has been shown sg) by 
kinetic studies to proceed v/a 

S i + 2 H C 1  '= S iC12+H 2 

SiC12 + HCI = SiHCI 3 
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Synthesis of organosilanes from silicon and RC1 is facilitated if a silicon-cop- 
per alloy is employed 96).  The catalytic action of the copper is due to the forma- 
tion of CuC1, which then reacts with silicon to form SiCI 2 : 

CH3C1 + Cu > CH3Cl-Cu 

2 CH3C1-Cu .. > 2 CuC1 + CH 4 + C + H 2 

Si + 2 CuCl ) SiCl 2 + 2 Cu 

SiCI 2 + CH3C1-Cu ) CH3SiC1 + CuC1 

CH3SiC12 + CH3CI-Cu ~ (CH3)2SiCI 2 + CuC1 

The existence of SiC12 as an intermediate was indicated from an experiment 
in which the volatile product of a Si/CuCI reaction was allowed to react with 
CH3C1 to form methylchlorosilanes. 

The high-temperature (1000-2000 OK) reactions 

SiCI 4 + 2 H  2 = S i + 4 H C I  

SiC13H + H 2 = Si + 3 HCI 

were examined by Sirtl and Reuschel 90). Considerations of silicon yield as a 
function of temperature and mole fraction of reactants lead to the conclusion 
that SIC12 is an important reaction intermediate. 

The SiC14/Si reaction may lead to several different products, depending on 
reaction conditions. Thus, under conditions of high vacuum and fast pumping, 
SiCI 2 may be isolated by rapidly quenching the reaction products. Under less 
stringent vacuum conditions, (SIC12)n is deposited just beyond the hot zone, and 
the perchlorosilanes SinC12n+2 can be trapped further downstream 92). If, how- 
ever, SiC14 is recycled over hot silicon in a closed system 97) ,  viscous subchlo- 
tides of formulae SinC12n are obtained. The value of n varies from 12 at 9000 
to 16 at 12000. The presumably eyelie compounds were characterized only by 
standard quantitative analyses; no spectroscopic or other physical data were re- 
ported. Bromination of the compounds produced some SiClaBr , indicating that 
at least some open-chain compounds were present. Since SiC12 reacts readily 
with SiCI4 under other conditions, it is difficult to explain the apparently quan- 
titative production of SiC12 necessary to form high-molecular weight rings. At 
any rate, the closed system reaction certainly merits further investigation. 

Recent thermochemical data for SIC12 have been reported by Sc~fer and 
co-workers 91 a), and by Teichmann and Wolf 91 b) from transpiration studies 
of the SiCI4/Si system. The heat of formation of the gaseous monomer now 
seems well established: 
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/kH~(SiC12, g, 298 OK) = - 3 8 . 2 +  1.5 Kcal. 

Mass spectrometric investigations of the silicon-chlorine system do not seem 
to have been made. 

Although for the dibromide and diiodide, the respective SiX 4 + Si = 2SiX 2 
equilibria and the reaction chemistry of the (SiX2)n polymers have been well 
characterized, the physical and chemical properties of  the monomeric dihalides 
remain virtually unknown. In a preliminary report, Timms 98) related the forma- 
tion of SiBr 2 in 90% yield with the apparatus and procedures employed in SiC12 
production. The only reaction reported was that with BF 3. The sole product was 
BF 2 SiF 3 - presumably formed from disproportionation of the expected BF2-  
SiBr2F. 

Production of SiI 2 under similar (i.e., low-pressure, high-temperature) condi- 
tions is difficult due to the appreciable decomposition of SiI 2 to Si and I atoms 
at the temperatures required. Indeed, the diiodide has been utilized for the trans- 
portation and deposition of silicon 99) 

E. Germanium Difluoride 

Germanium difluoride differs dramatically from CF 2 and SiF 2 in that it can be 
isolated as a stable compound at room temperature. Thus, it is surprising that 
few of its properties have been described. 

GeF 2 can be prepared by reducing GeF 4 with Ge at temperatures above 
120 oc  1 o o). It can also be prepared by heating germanium powder with an- 
hydrous HF (225 oc,  16 hrs) 1ol) 

Ge + 2HF ~ GeF 2 + H2 

A number of the physical properties of GeF2 have been measured including 
its infrared, ultraviolet and mass spectra. The crystal structure of  GeF 2 has 
also been determined. 

The ultraviolet absorption spectrum of GeF 2 has been measured by Hauge, 
Khanna and Margrave i o2). The spectrum is fairly simple and is probably due to 
the perpendicular 1B 1 +- X1A 1 transition. All progressions were explained in 
terms of bending frequencies of the lower and upper electronic states, which are 
v 2" = 263 cm -1 and v 2' = 164 cm "1. The 0,0,0 - 0,0,0 transition is reported to lie at 
2280.1 

The infrared spectrum of GeF 2 has also been reported 1 o 3). It was necessary 
to study the matrix-isolated spectrum for two reasons. First, the examination of 
the ultraviolet absorption spectrum of GeF 2 indicated that at least ten of the 
bending states were populated, and second, germanium has five abundant iso- 
topes. These suggested that the gas phase spectrum would be broad and ill de- 
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freed at the temperatures required to vaporize GeF 2 (150 oc). As anticipated 
the authors found that the gas phase spectrum of GeF 2 did consist of broad ab- 
sorbances centered at 663 and 676 cm -1 

The spectrum of GeF2 trapped in a neon matrix is shown in Fig. 3. The ratio 
of GeF2/rare gas in the matrix was 1:1000. When new matrices were prepared 
similar spectra were obtained, even when the ratio of diluent was changed or the 
temperature of deposition was altered. This indicated that the splitting seen in 
the spectrum was due to isotope effects and was not due to matrix effects. As 
can be seen the intensities of the various peaks are in the same ratio as the 
abundant isotopes of germanium, providing additional evidence that the split- 
ring is due to isotope effects. 

6 5 5 ~  

NEON MATRI X 

653, 

598 

(GeF2) n 

659 

685 

GeF~, Ge/4 (?)  GeF e GeF 4 

Fig. 3. IR absorption spectrum of GeF 2 matrix isolated in neon at ,'~5 ~ 

One may calculate the bond angle of GeF2 from the isotope splitting. If one 
assumes that the lower frequency absorption is v3 the bond angle is 94 + 4 o. If 
the higher frequency is v 3 the bond angle is 82 + 3 o. Since CF 2 and SiF 2 
have bond angles of 104.9 o and 100.9 o, respectively, the value of 94 + 4 o 
seems more likely to be the correct value and this has recently been confirmed 
by microwave studies 137) 
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There have been several mass spectrometric examinations of GeF 2 The first 
was by Ehlert and Margrave 65a).  GeF2 was prepared by heating Ge and CaF2. 
The ionization potential of  GeF 2 was determined to be 11.6 + 0.3 eV and the 
heat of  atomization of GeF2 (g) to be A I-I~, 298 ~ 16.0 + 0.8 eV, thence A H~) 
(GeF2, c, 298) " - 1 4 0  + 17 kcal mole "1 . The second investigation 1 o4al has re- 
quired repetition since it is now known that the sample used was not pure 
GeF21 o6~. In this mine recent examination 37) the vapor species over pure 
GeF 2 were monitored over the temperature range 70-95  ~ Only GeF 2 and 
(GeF2)2 were found; no GeF 4 was detected. The thermodynamic data deter- 
mined from this experiment are listed in Table 2. 

Table 2. Thermodynamic data from mass spectrometric experiments 

Reaction AH~ ~kS~ 

GeF2(c ) = GeF2(g ) 19.4 + 1.0 44.7 +2.5 

2 GeF2(c) = (GeF2)2(g) 18.3 + 2.4 36.7 + 6.0 

The heat of formation of solid GeF 2 has very recently been determined by fluor- 
ine bomb calorimetry x~ The value of AH~)(GeF 2, c, 298.15 OK) =-157.3 + 
1.0 kcal mole "1 was determined. This is probably the best value currently avail- 
able. 

The crystal structure of GeF 2 was reported by Trotter, Akhtor and Bart- 
lett lO7). They describe GeF2 as "a strong fluorine-bridged chain polymer, in 
which the parallel chains are cross-linked by weak fluorine bridges. The struc- 
tural unit of.the strongly bridged chains is a trigonal pyramid of three fluorine 
atoms and an apical germanium atom." They found that the Ge-F distances are 
1.79, 1.91 and 2.09 Aand  the F-Ge-F angles are 85 o, 85.6 o and 91.6 o. The two 
fluorine atoms at 2.09 A are equivalent and join the germanium atoms into chains. 
The F atoms at 1.79 A are weakly bonded to germanium atoms in neighboring 
chains whose distance is 2.57 ~ The poor packing of fluorine atoms in this ar- 
rangement is due to steric activity of the non-bonding valence electron pair on 
the germanium. The GeF 4 group is a distorted trigonal bipyramid with four 
Iluorine atoms and a lone pair (in the equatorial plane) around a germanium atom. 

Only a few reactions of GeF 2 have been reported; however, those currently 
known indicate that GeF2 is a strong reducing reagent 1 oob) 

decomposes 
GeF 2 + 12 > GeF2I 2 :~ GeI 4 + GeF 4 

GeF2 + C12 > GeF2CI2 decomposes) GeCI4 + GeF4 
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2GeF 2+SeF 4 ~ 2GeF 4+Se 

GeF 2 + SO 3 > explosion (products are probably GeOF2, SO2) 

GeF2.+ H20 > "Ge(OH)2" 

Muetterties has described some of the reactions of GeF 2 in solution t.08). He 
isolated the salts, KGeF 3 and CsGeF3, by dissolving GeF2 in concentrated solu- 
tions of KF and CsF. In solution there must be rapid exchange between F" and 
GeF 3" since the 19 F nmr signal from a solution containing both species is mid- 
way between the signal due to either species alone. If a solution of GeF 2 is 
acidified, hydrogen is released. When GeF 2 is dissolved in dimethyl sulphoxide 
the complex GeF 2" OS(CH3) 2 is formed. No report of bond insertion or ad- 
ditions to multiple bonds by GeF2 exist. 

F. Other Germanium Dihalides 

The other germanium dihalides have been known for a very long time. The first 
reported preparation of GeC12 was later withdrawn; Winkler claimed to have 
formed GeC12 by reacting heated germanium with HC1 but the product was actu- 
ally HGeC13 lo9). Moulton and Miller 1 lo) have shown that HGeCI3 is very 
unstable, and decomposes to GeCI 2 and HC1 when distilled at low pressure. 
GeC12 can be prepared by passing GeC14 over Ge at 350 ~ l 11 ). It is formed 
also by the action of AgC1 on Ge 1 ! 2) and by the action of C12 on Ge at 650 
o C 113). When GeC14 is reduced by hydrogen, germanium subchlorides of limi- 
ting composition GeC1 o 9 are formed. When these subchlorides are distilled 
under vacuum at 210 ~ can be isolated 114j 

GeBr 2 and GeI 2 are much easier to prepare than the difluoride or dichloride. 
GeBr 2 can be prepared by reducing HGeBr 3 with Zn, or by the vacuum distil- 
lation of HGeBr a 11 s). Gei2 can be very easily prepared by precipitation from 

2+ i t 6 )  l tT) Ge solutions . It can also be prepared by the action of HI on GeS . 
Although GeF 2 has been examined by a variety of spectroscopic techniques 

the other dihalides have not been examined in such detail. 
The chemiluminescent emission spectrum of GeC12 was obtained by burning 

GeC14 in potassium vapor using a diffusion flame technique 11 s). The spectrum 
consisted of  a series of closely spaced diffuse bands in the region 4900-4100 A 
with an underlying continuum. The bands resemble those of SnCI 2 . 

These results were taken to indicate that GeC12 is non-linear in the gas phase. 
If the diffuse nature of the bands is due to predissociation, then the dissociation 
energy of the C1Ge-C1 bond is less than 64 kcal. 

Both the absorption and the emission ultraviolet spectra of  GeC12 were ob- 
served by Hastie, Hauge and Margrave 119). GeC12 was produced either by vapori- 
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zation from liquid GeC12 or by the reduction of GeCI4 with Ge. Absorption occurred 
between 3301-3140 A. The transition is probably X1A1 ~ 1 B1 ' as is observed 
for CF2, SiF 2 and GeF2. Bands in the spectrum were interpreted in terms of  
progressions in the bending frequencies of the lower and upper states. The ground 
state bending frequency is 162 cm "1 and that of the upper state is 95 cm "1 . 

A microwave discharge through GeCI4 vapor at low pressure produced a con- 
tinuous emission from 3125 to 3341 A, the same range as that observed in the 
absorption spectrum of GeCI 2. 

The thermodynamic~ of the reactions 

Ge (s) + GeX 4 (g) ) 2GeX 2 (g) 

X = C1, Br, I 

have been studied by a number of  workers using weight loss methods, static vapor 
pressure measurements and mass spectrometric techniques. The mass spectro. 
metric investigation showed that GeC12 and GeBr 2 do not form polymers in the 
gas phase in contrast with the behavior of GeF 2. The numerical results of these 
various investigations are summarized in Table 3 120) 

Table 3. Heats of  formation and atomization of  gaseous germanium dihalides, and stabilities 

of  Ge-X bonds, kcal mol I 

Molecule Z~H~, 298 ~ a t o m s  E(Ge-X) 

GeF 2 -136.9 + 2  l~  105) 266.3 + 2  104a, lOS) 133.2 +1 104a,105) 

GeC12 - 42 +1120, 121) 188 +5 120) 94 + 2  120) 

GeBr 2 - 13 +112~  164 +5  120) 82 + 2  120) 

Gel 2 13 +2123)  142 +5  123) 71 + 2  123) 

Reactions of Germanium Dihalidex Due to its ease of preparation, Gel 2 pro- 
sesses the best characterized reaction chemistry of the dihalides of germanium. 

GeCI 2 , GeBr 2 and GeI~ all undergo the following reactions: 
GeX 2 + X 2 ~ GeX 4 

GeX 2 + H X  ~ GeHX 3 

GeC12 and GeBr 2 hydrolyze to give "Ge(OH)2". GeC12 begins to decompose 
at 75 ~ and reacts with H2S to give GeS 124) 

Just as CX 2 is formed in solution by the basic hydrolysis of CHX3, so can 
GeX 2 be formed from HGeX 3 in solution. For example, when HGeC13 is dissolved 
in ether it forms the complex 2(Et20)HGeC13 which is thought to have theionic 
structure 

[Et20 , H + ,___ OEt2] [GeC13" ] 
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and thus it readily forms GeCI2. Typical  reactions of  the complex are 

> [GeC12] + 2Et20. HC1 2 ( E t 2 0 )  �9 HGeCI 3 

GeC12 + HCc~--CH 

GeCI 2 + H2C=CH 2 

H H 
X / 2 moles 

> C=C > 
\ /  
GeCI 2 

> H2C-CH 2 
I /  
GeCI 2 

2 moles > 

GeXC12-CH=CH-GeC13 

+ [-CH~CH'GeC12" ] n 

GeXCI2-CH2-CH2-GeCI3 

+ [ -CH2"CH2"GeCI2-] n 

X = H, C1 

GeC12 + H2C=CH-CH=CH 2 > H2~-~H-CH=CH2 

GeC12 

GeBr 2 is observed to undergo similar reactions 124). No direct reaction was 
observed between carbonyl compounds and germanium dihalides 12s) 

The reaction o f  GeI2 have received more at tent ion.  GeI2 will react with a 
carbon halogen bond  126) 

GeI 2 + RI ~ RGeI 3 

R = Bu, Ph, CH2I , I(CH2) 2. 

EtMgBr 
Gel 2 + BuBr > trihalogenated products > Et3GeBu 

Gei2 + ICH2OM e ) I3Ge.CH2.OMe BuMgBr Bu3GeCH2OM e 

GeI 2 +EtCOOCH2I > I3Ge-CH2-CO2Et. 

Most of  these reactions were carried out  in sealed tubes. GeI 2 also reacts 
with mult iple bonds  127) 

R 

R-C ~- C-R + GeI 2 ) [I \ GeI2 
C / / 

R 

p- 
/ GeI2 / -12 ; C-GeI 2 -  

\C-R I I 
II If [ R g 

R-C / C-R 
\ 

Gei2 R = H, C6H s 

I I1 
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GeI 2 inserts into metal-metal bonds 128,12 9), 

[ ~-CsHsFe(CO)2 ] 2 + Gel2 > [71"-CsHsFe(CO)2] 2GeI2 

(CO)4CoCo(CO)4 +GeI 2 ~ (CO)4Co'-GeI2-Co(CO)4. 

Similar reactions have been observed for GeC12 130). The halide atoms in 
these compounds are very labile and are easily changed for groups such as -Me, 
OCH3, -SC2Hs,-NCS, and -OCOCH 3 or other halides 12a,130). 

GeI 2 also reacts with organo-mercury compounds I a 1 ) 

GeI 2 + HgEt 2 > GeEt 2 + HgI 2 

Gel 2 + l-IgBu 2 ~ Bu2IGe-GelBu 2 
(dissolved in acetone) 

Gel 2 is also of considerable importance in the transport and purification of 
germanium. 

G. Tin and Lead Dihalides 

The dihalides of tin and lead are so very well known that it is unnecessary to 
summarize the extensive chemical knowledge of these compounds. The chemistry 
of  divalent tin and lead has been reviewed several times recently 132). A few 
points that are relevant to the material already discussed will be made. 

The ultraviolet absorption spectra of gaseous SnF2, SnC12, PbF 2 and PbC12 
have all been recently reported. For SnF 2 a weak absorption with a regular 
banded structure was seen at around 2425 ~ The bending frequency of the 
ground electronic state is 180 cm "1 and for the excited state is 120 cm "1 . For 
PbF2 no discrete band system was observed; a plot of the bending frequencies 
of the other Group IVB difluorides against the reciprocal of their internuclear 
separations enabled v2" to be estimated as 145 cm -1 and 1)2' as 105 cm -1 . For 
SnF2 and PbF 2 the 0,0,0 - 0,0,0 transitions are estimated to occur at 40,741 
and 40,560 cm -1 , respectively 13a) 

In the ultraviolet SnC12 showed a continuous absorption with a maximum 
intensity at about 21,044 cm "1 (3220 A). The absence of discrete bands is 
probably due to overlapping of closely spaced diffuse bands. For PbC12 three 
regions of continuous absorption were observed. These had maximum intensities 
at 3600, 3200 and below 2916/~. The SnCI 2 and PbC12 spectra were interpreted 
as being due to IA 1 -+ l B1 transitions 119) 

The mass1 a4) spectra of the vapours over hot SnF 2 and PbF 2 were also examined 
recently . SnF 2 undergoes some polymerization. Species found over molten 
SnF 2 at 616 OK were SnF 2 79.5%, Sn2F 4 20.5%, and SnaF 6 0.027%. No dimers 
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were found over PbF2; this was probably due to the ready decomposition of  
these dimers into PbF4 and Pb. The heats of dimerization for all of the Group 
IVB difluorides are listed in Table 4 13s). In the same study a number of the 
thermodynamic functions of  the fluorides of tin and lead were measured using 
Knudsen cell effusion techniques 134). These values do not agree very well with 
previously available data. This area has recently been surveyed and interested 
readers should refer to this survey 136). 

Table 4. Heats of dimerization 
of group IVB difluorides (kcal mole -1) 
(MX2Jn(g } ~ (MX2/n.l(g } + MX2(g ] 

Molecule n = 2 

CF 2 76.3 + 3 
SiF 2 
GeF 2 18.3 +3 
SnF 2 39 +2 
PbF 2 

Conclusions 

A varied and productive chemistry is now established for most of the Group IV 
dihalides. By combining high temperature and low temperature techniques, one 
may isolate AX 2 species and observe molecular parameters as well as physical 
and chemical properties. The CX 2 (carbenes) and SiX 2 (silylenes) molecules 
have a rich chemistry and provide new and unique opportunities for organic and 
organo-metaUic syntheses. 
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I. Introduction 

The chemistry of  iminoborane compounds containing the :>C=-N-B< moiety 
has developed only within the last decade. The first representatives of  this type 
of  compounds were obtained by hydroboration o f  nitriles with stericaily hinder- 
ed boranes lo) or tetraalkyldiboranes 17); the resultant compounds appeared to 
be uniqtm intermediates (stabilized by steric or reactivity effects) in the course 
of  reactions that normally lead to borazines. The intermediates illustrated in 
Eq. (1) are mostly unstable at room temperature and, in general, cannot be 
isolated. 

3 [R__CH=N_BH2 ]n ) 3 R - C = N  + 1,5 B~H 6 ' > 3 R--C=N : BH3 ) ff 

CH2 R 
I 

/ N \  
HB BH 

I I (1 )  
R C H 2 - N  N - C H a R  

\ B " /  
H 

However, the successful isolation of  an iminoborane derivative in the reac- 
tion of  tfichloroacetonitfile with diborane indicated that the stability of  imino- 
boranes is not only a function of  the nature of  the borane but also of  that 
of  the imine ,6). 

It  is now recognized that iminoboranes are not merely unique intermediates 
but rather are members of  an independent class of  stable compounds which has 
its own chemistry such as the aminoboranes, borazines, or other examples of  
boron-nitrogen compounds. 

To date, monomefic (I) and dimefic (II) iminoboranes have been identified. 
These show a very different behaviour due to their difference in hybridization 
at the boron atoms. 

-,c 
II 

N 

>C=N'---B< "B / \ B  / (II) 

/ \ N  / \ (I) 
It 

Dimeric iminoboranes are generally solids at room temperature and many 
of  them are quite stable towards hydrolysis due to the tetra-coordination about 
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the boron atoms. Substituted dimeric iminoboranes can produce geometrical 
isomers as was established by 1H or 19F n.m.r, spectroscopy 4) and in one case 
such isomers have been separated 17). The monomeric iminoboranes containing 
three-coordinate boron are much more reactive than the monomers. Neverthe- 
less etheric solvents slowly interact with many halosubstituted dimeric imino- 
boranes and should not be used. 

Most o f  the monomeric compounds are highly reactive liquids and are 
rapidly hydrolysed by atmospheric moisture. In the monomeric iminoboranes 
the N-B bond order is greater than unity and these compounds represent an 
allene-type system with cumulated multiple bonds as indicated by structure 
(I) 3s). 

Equilibria involving both forms 6,24,31,35) as well as equlibria between the 
dimeric form and the nitrile-borane adducts, (III) 24,al), are known to exist. 

- C = N  : BE (III) 

Transitions from one form to the other (e.g., from (II) ~ (I) or (II) ~ ( l id  
due to temperature changes have been observed in several cases and will be 
noted in the following presentation. 

II. General Survey of Synthetic Procedures 

Iminoboranes can be prepared by several methods, depending on their sub- 
stituents and the availability of  suitable starting materials. 

1. The most widely used method for the synthesis of iminoboranes involves 
the 1,2-addition of  boron-element bonds such as boron-hydrogen, boron-hal- 
ogen, boron-carbon, or boron-sulfur bonds across the C=N bond of nitriles 
thereby producing variously substituted iminoboranes (Eq. (2)). The forma- 
tion of iminoboranes as well as the stability of  the products depends on the 
substituent on the nitrile group, the nature of  the boron-element bond to be 
cleaved during the 1,2-addition across the C-~'=N bond, and to a lesser extent 
on the non-reacting boron substituents 26). 

R - C - N  + XBX 2 ~ R - C = N - B X 2  (2) 
I 

X 

If the boron compound contains more than one reactive bond several means exist to elu- 
cidate which bond has been split. 
a) Some indication about the reaction course is provided by the reaction rate. The 1,2- 

addition of B-H compounds to C=N groups appears to proceed readily but intermediate 
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adducts have been reported s}. The 1,2-addition of boron-halogen bonds to nitriles occurs 
almost instantaneously even at low temperatures, if it can be achieved 23,26,21), and no 
intermediate products have been observed. Those reactions involving cleavage of B - C  
bonds have been found to proceed more readily at elevated temperatures s.6,40) (excep- 
t ion: triallylborane 2)) and corresponding adducts might exist at low temperatures 40). 
Additions of  B-S compounds across C--=N triple bonds are very slow reactions which pro- 
ceed at room-temperature during a period of several days. An increase in the reaction 
temperature fails to enhance the formation of the desired compounds 32,33). 

b) Infrared spectroscopy is a useful tool in many cases to determine the product structures, 
and n.m.r, spectra, particularly those of unsymmetrically substituted compounds, can 
substantiate the structures. Fragmentation in the mass spectrometer can also be helpful 
but  should be used only in conjunction with other methods, since intramolecular group 
transfer seems to occur quite frequently 14,29). 

2. The reaction of  diphenylketimine-lithium with haloboranes yields a 
great number of diphenylketiminoboranes, Eq. (3). 

(C6Hs)2C=-N-Li + XB< ---+ (C6Hs)2C=-N-B< + LiX (3) 

Diphenylketimine-lithium has been advantageously replaced by diphenylketi- 
minotrimethylsilane. The resultant trimethylhalosilanes are more readily sep- 
arated from the iminoboranes than are the lithium salts (Eq. 4). 

(C6Hs)2C=N-Si(CHs)s + XB< --+ (C6Hs)zC=-N-B< + (CHs)sSiX (4) 

A few compounds have also been prepared by reacting iminehydrochlorides 
with sodium tetraphenylborate 4s,47) as illustrated be Eq. (5) 

>C=-NH~CI + NaB(C6Hs) 4 ~ >C=-N-B(C6Hs)~ + NaC1 + 2 C6H 6 (5) 

3. Several iminoboranes have been prepared by special procedures. For 
example, irninoboranes which are derivatives of hexafluoroisopropylideneimine, 
(CF3)2CNH, are obtained by dehydrohalogenation of the (amino)haloboranes 
with an excess of the isopropylideneimine 37) (Eq. 6). 

(CF3)2CBr-NH-B(C6Hs) 2 + (CFa)2CNH-~ 

(CF3)2C=-N-B(C6Hs) + (CF3)2CBr-NH2 
(6) 

The compound [C12C=-N-BC12 ]2 is formed on photochemical chlorination 
of 1,3,5-trimethyl-2,4,6-trichloroborazine 30) or by interaction of trichlorobor- 
ane with thiocyanogen trichloride. The reaction of the latter compound with 
tribromoborane leads to [C12C=N-BBr2 ]2 21). These processes are summarized 
in Eq. (7). 
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CH3 
/ N 

OB BCI 
I I C12 

CHsN NCHa CCh, u.v. 
B 
Cl 

B C l f  

C1-S-N=CCI 2 
B B r  3 

The Chemistry of Iminoboranes 

Clx.c/CI 

CIr. / l ~ l \  / C I  

c I / B ' ~ - N / B ~ c I  
II 

c I / C ~ c I  

(7) 
CI \  /CI  

C 
II 

B r \ B / N  \ / B r  

Br / \ N / B \  Br 
II 

c I / C \ c 1  

(C6Hs)2C=-N-B(CHs) 2 was obtained by pyrolysis of the adduct of diphenyl- 
ketimine with trimethylborane 40) according to Eq. (8): 

1 6 0 - 2 0 0  ~ 
n (C~H s )2 C=NH : B(CH a)3 -~ [(C6Hs )2 C=N-B(CH3 )2 ]n + n CH4 

(for n c.f. Sec. V). (8) 

I I I .  Iminoboranes Derived from Borine or Alkylboranes 

(Alkylideneamino)-butylboranes, the f'~st known dimeric iminoboranes ob- 
tained from hydroboration reactions of nitriles 10), were prepared according 
to Eq. (9). 

CHR 
II 

I oo ~ H\ u/N\n/H 
2 RCN + 2 (CH3)3CBH2: N(CH3)a ' > § 

diglyme (CH3)3 C / ~  \N /~ \C(CH3)3  
Jl 
CHR 

+ 2 (CHa)aN (9) 

R=R=CHa, C2Hs, n-CaH7, i-C3HT, C6Hs, 4-CHaO-C6H4,4-C1-CsH4, 

4-F-C6H4, 4-CHa-C6H4, 3-CH3--C6H 4 
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It is assumed 10) that the resultant products have a preferred sterical arrange- 
ment rather than being a mixture of  possible stereoisomers. In the case of  
R=aryl the major products are contaminated by small amounts of  higher melt- 
ing materials which are supposed to be the trimeric iminoboranes. 

Tetraalkyldiboranes were shown to react with acetonitrile to yield dimeric 
iminoboranes 17) according to Eq. (10) whereas 1,3,5-triethylborazine was ob- 
tained as a by-product when 1,1-dialkyldiborane was used in the same react- 
tion. 

2 CH3CN + R2BHBHR2 

R = R = C H  3 or C2H s 

) [CH3CH=N-BR2 ] 2 (IO) 

A variety of substituted dimeric iminoboranes were obtained from reaction (10) as a mix- 
ture of geometrical isomers; however, only dimeric ethylideneaminodimethylborane could 
be separated (by vacuum distillation) into the cis- and trans-isomers (IV) and (V). 

CH;~. j H CH3~ / H  
c c "  
H [) 

CHa.~B/N'~D/CHa CH3-~ / N - ~ n / C H 3  

cKf CHfB\NI"XCH  
H II 
C C 

CHa / \ H  H /  "CH3 

(IV) m.p. -5 ~ (V) m.p. 76 ~ 

Although dimeric (t-butylmethyleneamino)dibutylborane can be prepared 
by the reaction of tri-t-butylborane with pivalonitrile at temperature above 
150 ~ by elimination of  butene s), preparation at lower temperatures involv- 
ing triethylamine-borane according to Eq. (11), illustrates that the formation 
of this iminoborane proceeds via di-n-butylborane as an intermediate 6). 

110 - 130 ~ 
4 [(CH3)3C]3B + 2 (C2Hs)3N :BH 3 + 6 (CH3)3CCN > 

3 [(CHa)3CCH=N-B(t-C4Hg)2]2 + 2 (C2Hs)3N (11) 

(t-Butylmethyleneamino)di-t-butylborane monomerizes at elevated temperatures 
and in vacuum. 

Several arylsubstituted dimeric iminoboranes have been prepared by the 
reaction of(phenylmethyleneamino)trimethylsilane with diorganohaloboranes 
or organodihaloboranes 47) according to Eq. (12). 
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2 CrHsCH=N-Si(CHa)3 + 2 RBXY 

C r H s ~ c / H  

II 
Y.,. / N \  / R  + 2 (CHa)aSiX (12) 
R / B \ N , f B \ y  

II 

H / C \ c a H s  

R = Y = C r H s ,  X=C1, R = C r H s ,  X = Y = C 1 ,  R =  X =  Mesit., X = F  

The compound ClaCH=NBH 2 is obtained upon reaction of  trichloroaceton- 
itrile with diborane during the synthesis of  1,3,5-trichloroethylborazine (Eq. 
(13) xr)); it is undoubtedly not monomeric as indicated by its i.r. spectrum 
(p BH: cm -l , p C=N 1705 cm -~ 22)) Most likely the material is dimeric and 
it is difficult to isolate in pure form due to the ready conversion to the bor- 
azine derivative. 

3 
3 ClsCC~--N+ 1,5 B2H6 ~ E [ClsCCH=N-BH2]n "~ 

CH2CCI3 
I 

j N ~  
HB BH 

I I 
CIaCCH 2 - N  N-CH2CC13 

~ - B /  
H 

(13) 

Iminoboranes derived from borine or alkylboranes and related aldimino- 
boranes are listed in Table 3. 

IV.  Iminoboranes Derived from Halo- and Organohaloboranes 

1. 1,2-Addition of Haloboranes Across the CN Triple Bond of Nitriles 

Prior to 1958 only nitrile-adducts were reported to result from the reaction of  
nitriles with trihaloboranes (c.f. 36)). The first reported example of  the 1,2- 
addition of boron-halogen bonds to a C - N  group involves the reaction of  tri- 
fluoroacetonitrile with trichloroborane or tribromoborane 4) and leads to di- 
meric derivatives. A 1 : 1 ratio of  the cis-trans isomers is obtained as indicated 
on the basis of  19F n.m.r, studies. 
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F 3 C - , c / X  

II 
2 CF3C---N + 2 BX3 ~ X 2 B ( ~ ) B X  2 (14) 

II 

F 3 c / C ~ x  X = X = C1 or  Br 

Pen ta f luorobenzoni t r i l e ,  however ,  appeared  to  react  on ly  wi th  the  fo rma t ion  
o f  a n i t r i le - t r iha loborane  adduc t  4) (bu t  c.f. Eq. (18)).  

The observat ion tha t  1 ,3 ,5- t r imethyl -2 ,4 ,6- t r ichloroborazine  yields  some 
dimeric  (d i ch lo rome thy leneamino)d i ch lo roborane  u p o n  pho tochemica l  chlor-  
ina t ion  3o) (c.f. Eq. (7)) p r o m p t e d  the synthesis  o f  this c o m p o u n d  by  the reac- 
t ion  o f  BC13 with  C1SNCC12 21) (c.f.  Eq. (7))  and also b y  the  1,2-addit ion o f  
t r i ch lo roborane  to  ch lorocyanide  23) as dep ic ted  in Eq. (1 5). 

2 C1C=N + 2 BC13 > [CI2C----N-BCI~] 2 (15) 

Reaction (15) was originally performed more than a century ago but as that time the pro- 
duct was formulated as the chlorocyanide-trichloroborane adduct 18). Analogous 1,2-ad- 
ditions of tribromoborane to chlorocyanide and of trichloroborane to bromocyanide re- 
sult in the formation - 23) of substituted dimeric iminoborane~ �9 

When chloro- or bromocyanide are reacted with phenyldichloroborane a B-C1 bond 23) 
is added across the cyano group. 

2 Y-C=N + 2 C6HsBC12 > [Y(CI)C=N-B(C6Hs)C1]a (16) 

Y = C1 or Br 

The same event is true for the reaction of chlorocyanide with n-buthyldichloroborane and 
di(n-butyl)chloroborane respectively 24) (c.f. Eq. (23) for the reaction of bromocyanide). 

Studies  o f  the 1,2-addit ion o f  tr ihalo-,  organodihalo-  and d iorganohalo-  
boranes  to  the nitr i le groups o f  var iously  subs t i tu ted  nitri les have shown tha t  
boron-halogen bonds  will undergo 1,2-addi t ion i f  the  CN groups are bonded  
to e lec t ron  a t t rac t ing  subs t i tuents  26). I f  the  polar  resonance s t ruc ture  (VI) is 
favored,  1 ,2-addi t ion to  the  nitr i le group will occur  26). 

X-C-=-N < '> X - C  = N  (VI) 

This event  is clearly demons t ra t ed  by  the behavior  o f  4 -cyanopyr id ine  which 
forms an adduc t  even with  an  excess o f  t r ib romoborane .  However ,  4-cyano-  
pyr id in ium chloride yields a sal t l ike d imer ic  iminoborane  derivative 26) as 
depic ted  in Eq. (17). 

Br 2 "12+ 
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It has been found a~) that  the addition of  B-CI, B-Br and B-I bonds across the 
nitrile group of  a-halogenated alkylnitriles occurs regardless whether or not 
mono-, di- or tri-halosubstituted alkylnitriles are used, if F, CI or Br are the 
halosubstituents on the alkylnitrile. Various monomeric and dimeric imino- 
boranes have been obtained by this procedure. Monomeric derivatives, some- 
times in equilibrium with their dimers, result when B-Br bonds of  organodi- 
bromoboranes or diorganobromoboranes are added across the CN group of  
trichloro- or tribromoacetonitrile 3~). For example, a monomeric compound 
has been obtained from the reaction of  hydrogen cyanide and tr ibromobo- 
rane 24). 

HCN + BBrs > H ~ C = N - B B r 2  (18) 

Fluorocyanide was found to produce similar monomers 26). The iminoborane 
dimers obtained from chlorocyanide or bromocyanide with dimethylbromo- 
borane transform to monomers upon vacuum distillation. 

- 20 ~ 120 ~ 
XCN + 2 (CHa)2BBr ~ [X(Br)C=N-B(CH3)2 ]2 '") 

CCI 4 11 Tort 

2 X(Br)C=N-B(CH3)a 

(19) 

The liquid monomer  dimerizes to a solid upon storing at room temperature 24). 
In some cases monomerization of dimeric iminoboranes (e.g., trichloro- 

methylchloromethyleneamino)dichloroborane and (trichloromethylbromo- 
methyleneamino)dibromoborane) can be observed on dissolving the materials 
in chlorinated saturated hydrocarbons. These compounds are monomeric in 
the gas phase and consequently have an unexpectedly low boiling point 24). 

Transformations of  dimeric iminoboranes into the corresponding nitrile- 
borane adducts, due to temperature changes during sublimation or distillation, 
have been observed for the reaction products of pentafluorobenzonitrile and 
tr ibromoborane or organodibromoboranes 24) : 

2C6FsCN + 2RBBr2 - 2 ~ 1 7 6  
CC14 

F s C 6 ~ . c / B r  

II 
Br- , .B. /N' , ,B/R 
R / ~ N  / ~Br  

II 

F s C 6 / C ~ B r  

100 ~ 
0,001Torr 

(20) 

R = R = C6H5, CH 3 or Br 

2 C6FsC---N : B(R)Br2 
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In general, addition across the nitrile group is more favored if B-Br rather than 
B-CI bonds are involved. The tendency to form iminoboranes decreases with 
increasing size of  the organic substituent of  the borane, i.e., in the sequence 
BX 3 (trihaloboranes) > RBX2 (organodihaloboranes) > R2BX (diorganohalo- 
boranes) 26). Consequently, with respect to the reactivity of  the cyano com- 
pound, all stages between 1,2-addition, adduct formation and non-reaction can 
be realized. While chlorocyanide reacts with pentafluorophenyldichloroborane 
to yield the expected dimer (Eq. (21)). 

2 C6FsBC12 + 2 C1CN , [C12C=-N-B(C6Fs)C1]2 (21) 

analogous reactions with bromocyanide or chloromethylcyanide yield mixtures 
of  dimeric iminoboranes and the corresponding nitrile-borane adducts at room 
temperature 26). 

C I ~ c / X  

II CJ 
I 

n C6FsBC12 + n XCN - -  FsC6 ~ n " N ~ n / C 6 F 5  + C6Fs-B  :N=-CX (22) 
C l f ~ N / ~ " C I  I 

II C1 
x t C ~ , c 1  

X = X = Br or CH2CI 

A similar equilibrium between reaction products is observed when n-butyldi- 
bromoborane is reacted with bromocyanide, whereas di-n-butylbromoborane 
forms only an adduct with the latter 26). 

~ 4H9 

> C I - B  : N-=CBr (23) 
I 

C4H9 

A B-C1 bond of  pentafluorophenyldichloroborane adds quantitatively across 
the C = N  group of  trichloroacetonitrile and yields an equilibrium mixture of  
the monomeric and dimeric iminoborane derivative 26). In contrast, benzon- 
itrile does not react at all with trichloroacetonitrile under comparable condi- 
tions 26). 

Mixtures of  dimeric iminoboranes with iodoacetonitrile-trihaloboranes 
were obtained from iodoacetonitrile and trichloro- or tribromoborane; tri- 
iodoborane formed only the adduct 31). Trichloroborane has been shown to 
give 1,2-addition to an oxyalkylnitrile after intermediate formation of  an ad- 
duct: 

-35 ~ 20 ~ 
2 CH3OCH2CN + 2 BC13 , 2 CH3OCH~CN:BC13 ' 

(C4H9)~BCI + BrCN 

[CH 30CH2 (C1)=N-BCI2 ]2 
(24) 
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However, the resultant product decomposes within a few days by cleavage of 
the ether linkage ~3). 

2. Reactions of Diphenylketimino Compounds 

1,2-Addition of B - F  bonds across C=N groups has never been achieved. There- 
fore, the only B-fluoro substituted iminoborane so far known was obtained by 
the reaction of diphenylketimine-lithium with trifluoroborane 13) according to 
the general Equation (25). 

n (C~Hs)2C=NLi + n BX3 > [(C6Hs)2C=-N-BX2]n + n LiX (25) 

In the case o f X  = C1, Br, or I, n is 2, whereas the fluorocompound seems to be 
a polymer, (VII) 13) 

m 

(C6Hs)2 (C6Hs)2 
C C 
H I} 

F2 F~ 

(VII) 

Due to difficulties in separating (VII) from the LiC1 byproduct,  it was found 
to be advantageous to prepare (VII) by the reaction of a tris(imino)borane 
with trifluoroborane-etherate as illustrated in Eq. (26). 

n [(C~Hs)~C=-N]3B + n 2 BFa'O(C2Hs)2 
(26) 

3 [(C~Hs)2C=-NBF2 ]n + 2n (C2HshO 

Tris(diphenylmethyleneamino)borane was obtained according to Eq. (30). Ex- 
change reactions of  monomeric and dimeric immoc~oroboranes with various 
fluorides could not be effected. However, this lack of  reaction is to be expect- 
ed, since it is well known from borazine chemistry that substitutions which 
would require a structural change in order to obtain a stable product will not 
occur 20). (Diphenylketimino)trimethylsilane (rather than diphenylketimine 
lithium) has been utilized successfully to prepare (diphenylmethyleneamino) 
dihaloboranes 4~). This type of  reaction is in accordance with earlier observa- 
tions conceming the cleavage of  Si-N bonds by haloboranes 3s). 

n (C6Hs)2C=NSi(CH3)3 + n BX3 ~ [(C6Hs)2C--NBX~ In + n CH3SiX 
(27) 
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Trifluoroborane-ethemte was used in this reaction. The same route seems to 
be quite convenient for the preparation of many other (diphenylmethylene- 
amino)boranes including dihaloborane derivatives. Similarly, B-monohalo deriv.~. 
atives such as [(C6Hs)2C=-N-B(C6Hs)C1] and B-diaryl derivatives were syn- 
thesized by the cited method 47) 

By utilization of more than one equivalent of (diphenylmethylenimino)trimethylsilane 
per haloborane several di- and triimino-substituted monomeric iminoboranes were perpared 
46). Stable bis(diphenylmethyleneamino)phenylborane was formed as depicted in Eq. (28). 

2 (C6Hs)aC=N-Si(CH3)3 + C6HsBCI~ ) 
(28) 

[(C6Hs)2C=N]2BC6Hs + 2 (CH3)3SiCI 

The diphenylketimine lithium procedure 47) provides another route to the same compound. 
Bis(imino)haloboranes, however, were found to be unstable with respect to rearrange- 

ment into (imino)dihaloboranes and tris(imino)borane; also, utilization of more than one 
equivalent of (C6Hs)C=N-Si(CH3) 3 converts trihaloboranes to mixtures of mono- and 
tris(imino)boranes which are the final products depending upon the ratio of starting ma- 
terials. 

2 n (CsHs) 2 C=N-Si(CH3)3 + n BX 3 - 2 n (CHa)aSiX > (29) 

n[(C6Hs):C=Nh--BX ~ [(C6Hs)~C=NBX2] n + [(C6Hs):C=N]3B 

An analogous reaction with phenyldichloroborane leads to dimeric (diphenylmethlene- 
amino)phenylchloroborane 47). A similar iminoborane was refered to in Sect. IIl (Eq. (12)). 

Pure tris(diphenylmethyleneamino)borane is readily obtained by treating 
tr ibromoborane with diphenylketimine lithium 42): 

3 (C6Hs)2C=-NLi + BBrs ' > [(C6Hs)2C=-N]sB + 3 LiBr (30) 

A unique compound, (VIII),  is formed be reacting C6H402BCI with 
(C6Hs)2C=_NSi(CH3) s 46) or (C6Hs)2C--NLi 4v), compound (VIII) 

Hs C~\~/.C~ Hs 

o' \ ~  \o ~ " ~ 3  
II 

Hs c . / C ~ c 6  Hs 

(viii) 

represents the only known example of  a B-O substituted iminoborane. 

3. Miscellaneous Reactions 

Bis(trifluoromethyl)bromomethylamino-diphenylborane is readily dehydro- 
halogenated with an excess of  hexafluoroisopropylideneimine (c.f. Eq. (6)) 37). 
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The b i s ( t r i f l uo rome thy l )me thy l eneaminod ipheny lbo ra ne  thus  formed is mono-  
meric.  T r i s (d i t r i f l uo rome thy lme thy leneamino)bo rane  was found  as a b y p r o d u c t  
bu t  was no t  i sola ted in pure  s tate .  

This cited reaction illustrates that the C=N double bond of iminoboranes is quite stable. 
Indeed, the C=N bond in these compounds tends to increase its bond order, forming corre- 
sponding nitriles, rather than to undergo further 1,2-additions leading to aminoboranes. This 
suggestion is confirmed by several reported transformations of iminoboranes to nitrile- 
borane adducts (Eq. (20)) 24). Addition across the C=N double bond of iminoboranes is 
virtually unknown. This event is also true for related imines (e.g., dichloromethylenealkyl- 
amines) which yield imine-trihaloborane adducts with trihaloboranes rather than to undergo 
a 1,2-addition (c.f. Sect. VII). 

B-halogenated iminoboranes  were also ob ta ined  by  t reat ing ( t -bu ty lme thy l -  
eneamino)d i -n -bu ty lborane  (c.f. (III)  wi th  t r iha loboranes  at elevated tempera-  
tures 6). 

90 - 130 ~ 
2 t -C4H9(H)C=N-B(n-C4Hg) 2 + 2 BXa 

(31) 
[t- C4Hg(H)C=-N-BX2 ]2 + 2 n- C4HgBX2 

X = C1 or  Br 

Preparat ions  o f  ( d i ch lo rome thy l eneamino )d i ch lo robo rane  have been men t ioned  
earl ier  (c.f. Eq. (7)). 

4. Substitution of Halogen 

Monomer ic  b romosubs t i t u t ed  iminoboranes  in hydroca rbon  solut ions  react 
quant i ta t ive ly  d ipheny ld iaz0methane  28). Monomer ic  d iphe ny lb romome thy l -  
subs t i tu ted  iminoboranes  result  f rom this reac t ion  as i l lus t ra ted by  Eq. (32). 

C13C'--C_ N B f R  
Br / - - "~R + (C6Hs)2CN2 

R = CH3, C6H s 

C I 3 C ~ c _  N B / R  
Br / - - ~ 'Br + 2 (C6Hs)CN 2 

C13C-.. / R  

(C6Hs)~C/~I  = N - B \ R  
Br (32) 

CIaCx .c_  N B / R  
' ( C 6 H s ) z C / I  - - I ' C ( C 6 H s ) 2  

Br Br 

R = CH 3 or  C6H s 

Halogen bonded  to bo ron  o r  carbon o f  the  CNB grouping o f  the  molecule  
seems to be o f  s imilar  act ivi ty .  React ions  o f  monomer i c  iminoboranes  wi th  
organothiols  lead to C-S subs t i tu ted  iminoboranes  which will be discussed 
la ter  (c.f.  Sect. VI). 
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Replacement of halogen in dimeric iminoboranes containing tetracoordin- 
ated boron is not so readily accomplished. For example, bis[(dichloromethyl- 
eneamino)dichloroborane ]reacts with C a l l  9 MgC1 in nonetheric solvents to 
yield dimeric (dichloromethyleneamino)butylchloroborane, whereas C4H 9 Li 
replaces both boron-bonded chlorine atoms by butyl groups 2s). 

r t  . . . .  [C12C=-N-B(C4Hg)CI]2 (70 %) 
+4n- " - 4 , , 9  M ~ c t a  n 

[CI2C=NBC12 ] 2 ~ . _  (33) 
pentane 

+4n-C4agti 
~ " " ~  [C12 C = - N - B ( C 4 H g ) 2  ]2 ( 9 0  %) 

Independent preparation of the same materials (by 1,2-addition of butyldi- 
chloroborane and dibutylchloroborane respectively 2s)) to chlorocyanide con- 
firms the suggested structures. 

No pure product has been isolated from the reaction of four molar equivalents of 
C6HsLi with [(C16Hs)2C=NBBr212 47). It is possible that this event is due to the use of an 
ethereal solution of phenyllithium, the ether being cleaved by the >BBr  2 groups. 

Various attempts to replace boron-bonded chlorine by fluorine have been unsuccess- 
ful (see Sect. IV/2.). Substitution of halogen in dimeric iminob oranes by pseudohalogen 
groups has not been achieved with the notable exception of the azido group. Several di- 
and tetrazido bis(iminoboranes), (IX), have been synthesized by reacting dimeric chloro- 
or bromoiminoboranes with sodium azide in acetonitrile 2s). Even carbon-bonded halogen 
can be replaced by the N a group if a large excess of NaN 3 is used. 

Y..~ / Z  
C 
II 

R,,,. /N~. / X  
x / B ' - . . N / B ' ~ R  

II 
y / C ' - .  Z 

(IX) 

Dimeric (azido)iminoboranes are rather explosive materials. 
Monomeric ( t r ichloromethylbromomethyleneimino)methylbromoborane reacts exo- 

thermically with methylthiocyanate as shown by Eq. (34). 

R = Na or CHa 
X = N  a or CH 3 
Y = C1, Br or haloalkyl 
Z=C1 ,  B r o r N a  

CIaCx, / C H 3  ClaC,,~ t C H s  
S c N / C = N - B N N c s  B r / C = N - B ~ B r  + 2 CHaSCN > + 2 CHsBr (34) 

It is assumed that the NCS groups are bonded to the molecule via the N-atoms 27). 
For a compilation of iminoboranes derived from haloboranes and organohaloboranes 

see Table 4. However, aldiminoboranes are listed in Table 3 and sulfur-containing compounds 
in Table 7. Bis- and tris(imino)boranes are listed in Table 6. 
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V. Iminoboranes Derived from Triorganoboranes 

Only few examples are known for an addition reaction of trialkylboranes 
across a nitrile group according to Eq. (35) 2) (but c.f. Sect. III, Eq. (11 )). 
The low reaction temperature required for this process is quite surprising. 

(CH2=CH-CH2)3B + RCN 20 ~ i-pentane 
CH2=CH-CH2"~c/R 

II 
CH2=CH2-CH2~ / -N. .  /CH2-CH=CH 2 ~ 
CH2 =CH'CH-f 'B~N/B-z ~'CH2 --CH=CH2 1 o0 , 

II ./C~. 
R CH 2-CH=CH2 

R 
I 

? (CH~CH=CH2)~ 

I 
~ (CH2CH=CH~)2 

R 

R = CH3, C6H+, CH~-CH (X) 

The structure of compound (X) was confirmed by its i.r. and n.m.r, spec- 
trum. However, such a transformation as examplified by Eq. (35) is not con- 
sistent with the tendency to retain the iminoborane structure which is pre- 
dominant even in compounds containing more mobile BH groups (c.f. Eq. (8) 
also c.f. Sect. II). 

A number of  fully organosubstituted iminoboranes has been obtained or- 
iginating from diphenylketimine or its derivatives and triorganoboranes or di- 
organohaloboranes. In particular, monomeric (diarylmethyleneamino)diorgano- 
boranes have been prepared in this manner. Four reaction routes have been used 
which correspond, in part, to procedures which have also been useful for the 
synthesis of  compounds cited in Sects. III and IV 47). 

a) R~C=-N-Si(CH~)~ + R~BX 

b) R~C=-NLi + R~BX 

e) R~C=-NH + R]BX 

d) R~C=-NH2 C1 + NaB(C6Hs) + 

R 1 and R 2 being aryl groups 

t 1 2 R2C=-N-BR 2 (Xt) 
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with 2,2 -blphenylene- The reaction product of (diphenylmethyleneimino)trimethylsilane " ' 

fluoroborane is an associated species as illustrated by (XII). 

(•  

(Diphenylmethyleneamino)diment.hytborane has been obtained from thermal dimethyla- 
tion of diphenylketimine-trimethylborane (c.f. Eq. (8)). This compound was originally 
thought to be monomeric on the basis of mass spectroscopic evidence 4o). However, due 
to the infrared frequency of v(C=N) observed at 1662 cm -x and a relatively high m.p. of 
173 ~ it is now considered to be dimeric in the solid state 47). 

For a listening of compounds mentioned in Sect. V see Table 5. 

VI .  Iminoboranes Derived from Organothioboranes 

1. Addition of B-S, B-C, or B-CI Bonds Across the C=N Groups of 
Substitudes Nitriles 

The  first examples  o f  sulfur-containing iminoboranes  have been ob ta ined  by  
the  1,2-addit ion o f  the  B - S  b o n d  o f  (a lky l th io )d iorganoboranes  to  aceto-  
nitr i le ~s). 

2 R2BSR'  + 2 CH3CN 

CHa~c.--SR' 

R \ B ( N - , ~ . . R  

R / " N J ~ \ R  
It 

R , s / C ' - c H a  

(36) 

R = R = Ca l l  7 o r  C4H 9 or  C6H s; R '  = C2H s o r  C 4 H  9 

Dimeric (me thy l th ioa lky lme thy leneamino)d io rganoboranes  p roduced  in this 
react ion (mixed  cis-trans forms) are in equi l ibr ium with  thei r  monomers  in hot  
ch loroform solut ion.  

Similar  compounds  can be  p repared  f rom organic th iocyanates  and t r ia lkyl-  
boranes aa) as i l lustrated in Eq, (37).  
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2 R ' - S - C - N  + 2 RaB 

R- , c :SR '  

II 
R/~B/N\ / R  

-N :BxR 
II 

R ' s / C ~ R  

(37) 

R = i--CaHT; R' =CbHs (XIII) 

Compound (XIII) exists as a mixture of monomeric and dimeric species at room temperature. 
The same situation is true for the reaction products from methyl- and isopropyl-thiocyanate, 
respectively, with triisopropylborane, whereas the iminoborane obtained from reacting methyl- 
thiocyanate with tri-n-butylborane is dimeric 33). With the exception of (XIII) these com- 
pounds have not been characterized by analysis. 

The reaction of  tris(organothio)boranes with nitriles leads to B - S  substit- 
uted iminoboranes. 1,2-addition of  tris(methylthio)borane or tris(phenylthio) 
borane to trichloroacetonitrile yields the monomeric products (XIV) or (XV)a2). 

C13C SCH3 C13C SC6Hs 
~ C = N _ B  / ~ - C = N _ B  / 

CH3S / ~ SCH3 C6HsS "/ ~SC6Hs 
(XIV) (XV) 

Dimeric iminoboranes, on the other hand, are formed from fluoroacetonitrile 
and tris(organothio)boranes: 

2 B(SR) 3 + 2 FCH2CN ~ [FCH2(RS)C=N-B(SR):]2 (38) 

R = C H a  or C6Hs 

Dimeric(fluoromethylmethylthiomethyleneamino)bis(thiome thyl)borane 
monomerizes in CC14 solution 32). 

Reactions of  tris(organothio)boranes with a-halogenated nitriles are very 
slow (c.f. (II)). Analogous reactions of  tris(organothio)boranes with aceto- 
nitrile could not be accomplished. 

Monomeric iminoboranes containing only sulfur substituents have result- 
ed from the thioboration of organic thiocyanates 32). 

R S ~  / SCH a 
(CHaS)aB + R - S - C - - N  , > C=N-B (39) 

CHaS / ~ S C H  a 

R = CH 3 or i-Call  ~ 

Monomeric and dimeric species obtained from the reaction of  alkylthio- 
cyanates with tris(phenylthio)borane have not been isolated in a pure state 32). 
The reaction of (organothio)dichloroboranes with nitriles as illustrated by 
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Eq. (40) proceeds at extremely slow rate leading to the assumption that the 
reaction involves the B-S bond rather than the B-C1 bond. This event has been 
substantiated by Z~B n.m.r, spectroscopy of a dimeric monothioalkylborane 
(c.fi Sect. VIII.2) 33). 

R ~ c / S C H 3  

II 
. C I ~  / N ~  / C 1  

2 CHaSBCI 2 + 2 RCN c 1 / B ~ N / B ~ c  I (40) 

II 

CH 3 s / C ~ R  

R = FCH2, CH3, C2Hs, n-CaHT, i-C3HT, C6Hs, or C~Fs 

Some of these compounds show unusual hydrolytic stability and [C4HgS(C6Hs)C=N-BC12] 2 
obtained in an analogous reaction from (butylthio)dichloroborane and benzonitrile has been 
recrystallized from aqueous acetone. The compound [CH3S(C6Fn)C=N-BC12]2 can be sub- 
limed in high vacuum without decomposition or any rearrangement in contrast to 
[Br(C6Fs)C=N-BBr2]2 (e.L Eq. (22)) aa). 

Additional C-S substituted derivatives are formed by thermal rearrange- 
ments of phenylthiocyanate-trichloroborane and chloromethylthiocyanate- 
trichloroborane adducts respectively: 

C I - ~ c / S R  

II 
CC14 C l ~  / N ~  ./C1 

2 R - s - ~ N  + 2 BCl, ~ 2 RSCN:BCl, 76 ~ C l / " L . N / B : , , . C l  (41) 

II 

R = C6Hs or CICH~ R s ' / C ~ c I  

However, thermal decomposition of isopropylthiocyanate-trichloroborane 
does not yield an iminoborane, rather, tris(thiocyanato)-borane and isopropyl- 
chloride are produced. Methylisothiocyanate-trichloroborane does not rear- 
range under comparable conditions a3). 

2. Substitution Reactions on Halosubstituted Iminoboranes with Organothiols 

When monomeric bromosubstituted iminoboranes are reacted with alkylthiols, 
adducts of thioester imides with haloboranes are formed 27). 

ClaC~ j R  

Br /C=N-B,~Br  + (2) R'SH 

H 
a~c\ f B~- Rur 

> R'S ) c = N :  \ R  (42) 
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The thioesterimide-haloboranes, upon thermal dehydrobromation, yield C-S 
substituted iminoboranes, whereas treatment with triethylamine leads to the 
rather unstable thioesterimides and triethylamine-borane adducts. 

ClsC/~c=-+ NH H 

R'S < (C2H~)aN C13C\ I B / ' R  Br dist. 0,001 T 
(C2Hs)aN :B(R)Br2 R,S/~C=N: X~B r -HBr 

R = CH 3 or  C6H s 
R' = CH3, C4H9 or  see -C4H 9 

C1BC ~ / - R  
, / C = N - B  

R S ~ B r  

(43) 

Analogous monomeric iminoboranes which are fully alkylated at the B-atoms 
have also been prepared 27). Treatment of bromosubstituted iminoboranes 
with phenylthiol, however, also causes the B-bonded halogen to be replaced 
by thiophenyl groups 27) (Eq. 44). 

CIsC~ / / R  
Br/C=-N~,,.Br + 2 C 6 H s S H  -HBr 

R = CHa o r  C6H s 

ClaC ~ / R  dist.0,001T 
/ C  =N : B~ Br -liar 

C6HsS "SC6H s 
(44) 

ClaC ~ / R  
/ C = - N - B ~  

C6HsS SC~Hs 

The reaction of alkylthiols with halosubstituted dimeric iminoboranes is an- 
other route for the preparation of some derivatives discribed in Sect. V. 1., 
but also leads to dimeric iminoboranes with only one organothio substituent 3a). 

R ~ c / C I  R ~ c / S R '  

II II 
C 1  / N  / C 1  C1 . / N . . .  / C I  

c 1 / B ~ N / B ~ . c I  + R'SH .-HC1 ) c 1 / B ~ N / B . ~ c 1  

II II 

R / . C  C1 R/C''" CI 

R = C1 or CH2CI; R' = CH 3 o r  n---C4H 9 

(45) 

Dimeric iminoboranes with two alkylthio groups, (XVI), result when an excess 
of alkylthiol is used. 
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Y SCHa 
-~ C / 

II 
C1 /N /CI 

cI/B~N/B~cI 
II 
C 

Y/ ~SCH3 
(XVD 

Y = CH2F, C1, CH2C1 

Compounds of  type (XVI) are practically insoluble in non-polar solvents or 
even in CH3CN. They are only slowly hydrolyzed in boding ethanolic NaOH 
solutions 33). 

All sulfur-containing iminoboranes are compiled in Table 7. 

VII .  Imine-Borane Adducts 

Like iminoboranes, imine-adducts of  boron compounds have only recently 
been prepared and investigated. The adduct obtained from the reaction of  
diphenylketimine and diborane readily loses hydrogen, even at 20 ~ to form 
1,3,5-diphenylmethylborazine 41) : 

3 (C6Hs)2C=NH + 1,5 B2H6 > 

H 
I 

3 (C6Hs)2C=N :BH 3 -3 H 2 > [(C6Hs)2CHNBH] 3 (46) 

Diphenylketimine forms an unstable solid adduct with trimethylborane, which, 
above 160 ~ slowly eliminates methane under formation of (diphenylmethyl- 
eneamino)methylborane 4o). 

2 (C6Hs)2C=-NH + 2 B(CH3)3 > (47) 

2 (C6H s)2C=-NH: B(CHa)3 ] 6o-200 ~ > [(C6Hs)2 C=-N-B(CH3)2]2 
- 2 CH4 

The dissociation pressure of  trimethylborane over the adduct is 23 Torr  at 
room temperature and trimethylborane is readily pumped off  in vacuo. Tri- 
ethylborane and triphenylborane did not afford adducts with diphenylketimine; 
also, the B-phenyl derivatives could not be prepared. However, the reaction be- 
tween di(p-tolyl)methyleneimine hydrochloride and sodium tetraphenylborate 
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produces an adduct which formed (di(p-tolyl)methyleneamino)diphenylborane 
at 230 ~ 47). 

(p-CH3-C6H4)2C=NH2 C1 + NaB(C6Hs)4 

(p-CH3-C6H4)~C=NH :B(C6Hs)a 
230 ~ 

- C6H 6 

- NaC1 

_C6H 6 ~" (48) 

, (p-CHa -C6 H4)2C=N-B(C6 Hs)2 

Solid adducts between (C6Hs)aC=NH or C6Hs-CH=N-C6Hs and trifluoroborane are known 
41,43) and (C6Hs)aC=NH :BF 3 is sufficiently stable to withstand vacuum sublimation at 
120 ~ Attempted preparation of corresponding BCI3 derivatives led only to (diphenyl- 
methyleneimino)boranes 41). Recently, additional imine-trifluoroborane adducts have been 
described 44); they are listed in Table 8. 

Dichloromethylenephenylamine and dichloromethyleneethylamine yield 
solid adducts 23) upon treatment with trichloro- or tribromoborane. 

R 
I 

R-N=CC12 + BX a , C12C=-N : BX 3 (49) 

R = C 6 H s  orC2Hs;  X = C l o r B r  

The adducts with BC13 can be sublimed without decomposition, whereas those 
with BBr3 decompose in vacuo reverting to the starting materials. The adducts 
are extremely sensitive towards hydrolysis, the latter event leading to the free 
dichloromethyleneorganoamines and boric acid. 

I t  is apparent that the B - N  bond in imine-borane adducts is not very strong 
and is influenced by  the donor and acceptor properties of  the components as 
well as by steric factors. In the infrared spectra of  the adducts the C=N stretch- 
ing bands show only slight shifts as compared with those of  the free imino 
derivatives 23,44). 

Thioesterimide-haloborane adducts (c.f. Sect. VI.2, Eqs. (42-44))  can also 
be classified as imine-boranes. They are intermediated of low stability in the 
synthesis of  monomeric sulfur substituted iminoboranes zT). 

Imine-borane bonds which are incorporated into annular systems appear 
to be considerably more stable. A number of  such compounds has been pre- 
pared by the reaction of  nitriles with (cyclohexenylamino)boranes 7). 

+ ~ (50) 

R, T---L_? 
R' 

R" = CHa, C6Hs or  C3H7; R' = C6Hs, i - C 4 H  9 or  i - C s H n  
R = i -Cal l  7 or i-C4H 9 

These coordinated heterocycles are not very sensitive towards atmospheric 
moisture. Upon hydrolysis in acidic medium diketonates, (e.g., acetylcyclo- 
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hexanone)  and d io rganohydroxoboranes  are obta ined,  which again form com-  
plexes o f  t ype  (XVII) .  

L 

(XVII)  

F o r  a listing o f  imine-borane  adducts  see Table 8. 

VI I I .  Spectroscopic Studies on Iminoboranes 

1. Infrared Spectra 

Infrared spectroscopy is an excellent tool in iminoborane chemistry, which readily permits, 
to distinguish between iminoboranes and hitrile-borane adducts and to identify monomeric 
and dimeric forms of iminoboranes. This event is due to the fact that the vCN of CN multi- 
ple bonds absorbs outside the fingerprint region and can be considered to be a valuable group 
frequency even when mixed with other vibrational modes. In some cases other vibrations 
like NH, BH, B-halogen or B-S stretching modes are helpful for determining the structure of 
iminoboranes. 

In  the  spectra  o f  those ni t r i le-boranes having a CN bond  order  o f  about  3 
the  absorp t ion  due to  the  CN triple bond  is observed near  2300 cm -1 , which 
is higher than the CN f requency  of  the free nitriles 19). This event has been 
a t t r ibu ted  to strict  sp-hybr id isa t ion  and to the  nonexis tence  o f  canonical  
forms involving C=N double  bonds  in these adducts  9). 

In iminoboranes  the  CN bond  order  is about  two.  The  CN stretching mode  
in dimeric  species is evidenced by  an absorp t ion  be tween  1520 and 1700 cm -1 . 
Sul fursubs t i tu ted  derivatives exhib i t  the  CN band near  the  low f requency side 
o f  this region and CH 3 and H subs t i tu ted  species absorb near  the high f requency 
side. Most dimeric  iminoboranes  show the C=N band  a round  1600 cm -1 . Some 
derivatives show a double t  which is also observed in derivatives conta ining the 
imine group (e .g .c . f .  is)). In mos t  cases this event migth  be caused by  Fermi  
resonance  with  over tone  or  combina t ion  bands belonging to  the  same sym- 
me t ry  o f  vibrat ional  type .  Somet imes  spl i t t ing is caused by  unsymmetr ica l  
subs t i tu t ion ,  as in d imer ic  mono th ioa lky l i deneaminoboranes  (c.f. Sect. VI I .Z) .  

Monomer ic  i rninoboranes exhibi t  a B - N  b o n d  order  higher than un i ty  due 
to p ,  - p~ bonding  be tween ni t rogen and th ree-coord ina te  boron.  This event 
results in an al lene-type s t ructure  as shown in (I) exhibi t ing  its an t i symmet r ic  
s t re tching vibrat ion a round  1800 cm -I . This should have a p redominan t  v(CN) 
character ,  whereas in the  symmet r i c  mode  o f  lower  wavenumber  the  B-N charac- 
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ter prevails. Nevertheless, referring to the 1800 cm -~ band as Vas(CNB) appears 
to be reasonable from a spectroscopic point of  view and this band (in the mono- 
meric compounds) will be referred to as v(C=N) through the present work in 
order to permit comparision with the (C=N) stretching mode in the dimeric 
species. 

Due to the significance of the (C=N) stretching mode in iminoboranes, its 
frequency is included in the tabulations. Generally, the v(C=N) frequency is 
affected by substituents on the ~. C= N - B  ( skeleton in the order given: 
H > alk. > C1 > Br Ear.  > S. 

Typical spectra (4000 - 1250 cm -~ ) of: 
a nitrile-borane (CHaC~--N: BCI3, Fig. 1, p. 74) 
a monomeric iminoborane (Br(CCI3)C=N-B (CHa)Br, Fig. 2, p. 74) 
and a dimeric iminoborane [(Br(C~Fs)C=N-BBr2 ]2, Fig. 3, p. 75) 
are depicted. 

In dimeric alkylidenamino-t-butylboranes (c.f. Eq. (9)), v(BH) is found at 
2390 cm -l (derivatives of  alkylnitriles) or at 2350 cm -~ derivatives o f  aryl- 
nitriles) 10). Associated [CI3C-CH=N-BH2 ], has a BH stretching band near 

strot   o f  " 2400 cm -1 22) 
t ~  J 2 

tween 3005 and 3010 cm -z . 
In some cases the antisymmetric stretch of the BX2 group results in 

clear group frequencies. For  example, in highly halogenated dimeric imino- 
boranes, VasBCl2 absorbs between 850-900  cm -I (doublet with 20 cm -l 
boron isotope splitting) and vasBBr2 absorbs between 787-807 cm -I (doublet 

15 cm -~ boron isotop splitting) 23,31). In sulfursubstituted dimeric imino- 
boranes, ~'asBC12 absorbs at slightly higher frequencies with the 11BC12 branch 
around 920 cm -1 3a). These assignments have been sustantiated by studies 
with 1~ compounds 29). A D~h symmetry  has been postulated for 
[C12C=N=BCI2 ]2 on the basis of  its infrared spectrum 2t). Azido groups bonded 
to dimeric iminoboranes have vasN a around 2140 cm -1 and vsN3 around 
1345 c m - t  2s). Another vibration mode which results in group frequency ab- 
sorptions is the vas(BX)3 mode to be found in imine-borane adducts 27,4o,44). 

2, Nuclear Magnetic Resonance and Nuclear Quadrupole Resonance 
Spectroscopy 

Boron-11 n.m.r, spectroscopy is a very valuable means for the study of  imino- 
boranes since it permits to distinguish between monomers and dimers. The 
former species, which contain three-coordinated boron, absorb at lower filed 
[chemical shift 5 about -40  ppm relative to external F3BO(C2Hs) 2 ] whereas 
the latter contain four-coordinated boron and absorb at higher fields (6 about 
- 4  ppm). Monomer-dimer equlibria can be measured quantitatively by this 
method ag). 
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The boron-11 chemical shifts of  some dimeric iminoboranes relative to 
F3B :O(C2H5) 2 are listed in Table 1. 

Table 1. Boron-11 chemical shift data o f  dimeric iminoboranes relative to external tri- 

fluoroborane-diethyletherate 

Compounds 11B ppm Ref. 

[RCH=N-B(t.but.)H]2 
[CF3(C1)C=N-BCI2 ]2 
[CF3(Br)C=N-BBr2]2 
[(CH3)3 CH=N-BCI2]2 
[(CH3)3CH=N-BBr2 ]2 
[C12C=N-BCI2 ]2 
[CH3S(C6Hs)C=N-BC12 ]2 
[C4HgS(C6Hs)C=N-BC12]2 

C12 
C4HgS~. _ B . ~ / C 1  

C=N ,.- x.l~=t. . /  
C l /  ~ B "  "-C1 

Cl 2 

doublet + 1,1 and -8,2 lo) 
- 5 , 6  4) 

+2,3 4) 
-4,5 6) 
-4 ,3 6) 
-5 ,0 21) 
- 3 , 2  33) 
- 4 , 3  33) 

-4,1 (sharp) 33) 

The boron-11 n.m.r, spectrum of the compound 
[(CH3)3CCH=N-B(C4Hg)2 ]n exhibits a strong signal at -7,4 ppm and a weak 
one at -38,8 ppm. At 120 ~ the signal intensities reverse thus indicating that 
the dimer reverts to the monomer with increasing temperature 6). The chemical 
shifts of  imine-borane derivatives (c.f. Eq. (5)) are observed near + 1,0 ppm 7). 

Proton magnetic resonance spectroscopy has been used in many cases 6,7, 
17,33, 4o,47) in order to characterize iminoboranes. These spectra are of  particular 
value for distinguishing between possible stereoisomers 6,17,47). On the basis 
of  19F n.m.r, it has been established that the compound 
[CF3CX=N-BX2]2 (X = CI, Br) exists as mixtures of  isomers, since the re- 
sonance signal appeared as a doublet 4). 

Clorine-3 5 nuclear quadrupole resonance studies o f  complexes of  trichloro- 
borane 4s) show that the resonance frequencies of  the complexed BC13 group 
are constant within about -+ 1 Mcs centered around 21 Mcs and thus are not 
sensitive to the nature of the fourth ligand. Regarding to the symmetry of the 
complex one, two, or three distinct 35 C1 n.q.r, frequencies will appear in the 
21 Mcs region. The reaction product of  BC13 with trichloroacetonitrile, how- 
ever, has six separate 3s CI n.q.r, frequencies - two a closely spaced doublet 
in the 23 Mcs region, three in the neighborhood of  40 Mcs (belonging to the 
CCI 3 group) and one at 37,8 Mcs. Hence, one of  the chlorine atoms originally 
attached to boron must have migrated to a more electronegative atom, which 
confirms an iminoborane structure. 
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Simlilar conclusions are indicated for the reaction product obtained from dichloro- 
acetonitrile and trichloroborane. For the product obtained from chloroacetonitrile and 
tfictdoroborane, however, a nitrile-borane structure is found which, according to the 
authors 4s), might depend critically on the reaction conditions. 

3. Mass Spectroeopic Data 

Mass spectra have been used by several authors to elucidate iminoborane struc- 
tures. The spectra give valuable information through fragmentat ion o f  the 
molecules, but  should be used with caution in order to  avoid erroneous con- 
clusions. In general, the boron  and halogen containing fragments are easily re- 
cogrlized by  their isotope patterns 1,3,n). 

In the mass spectra o f  iminoboranes the parent molecular peak is often o f  
rather low intensity, or  cannot  be detected at all, particularly in the mass 
spectra o f  halogenated iminoboranes.  In the spectra o f  the latter, fragments 
formed by loss o f  halogen atoms give very strong peaks. Dimeric iminoboranes,  
which tend to  give monomers  in the vapor phase might exhibit spectra with- 
out  peaks at m/q  values higher than the molecular weight o f  the m o n o m e r  4 0 , 4 7 )  

Group transfer f rom carbon to  boron  has been observed 47) Some compounds  
for which detailed informat ion about  their mass spectrometric fragmentation 
is available are listed in Table 2. 

Table 2. Iminoboranes for  which details o f  m.s. fragmentation have been published 

Compound Ref. Appearance of 
parent ion 

[C12C=N-BC1212 2t) _ 
[CHs)aCCH=N-BCI2 ]2 6) weak 
[(C6Hs)2C=N-BC12 ]2 13) - -  

[(C6Hs)2C=N-BBr2 ]2 13) - -  

[(C6Hs)2C=N_BF2 ] n 13) - 
[(C 6Hs)2C=N_B(C1)C6H5 ] 2 47) - 
[(C6Hs)2C=N-B(CH3)2 ]2 40) - 
(CHs)2C=N-B(C6Hs)2 37) - -  

(C6 Hs)2C=N_B(mesit.)2 47) + 
CeHsCH=N_B(mesit.)2 47) + 
[C6Hs(CHaS)C=N-BC12 ]2 33) -- 

IX. Listing of Compounds 

A listening o f iminoboranes  and imine-boranes is complied in Tables 3 - 8 ;  the 
particular arrangement is somewhat  arbitrary. In Table 3 all aldiminoboranes 
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are listed regardless of  other substituents. Table 4 depicts those fully organic 
substituted iminoboranes which are obtained from halogenated iminoboranes 
by substitution reactions. In Table 7 all sulfur-containing iminoboranes are 
listed. The sequence of compounds within the tables is based on increasing for- 
mula weigth for the monomer  (XVIII) 

/ C  = N - B ~  n (XVIII) 

in case of  the 1,2-addition Y always represents the nitrile substituent, which 
is therefore easily recognized. Z indicates the group migrating from boron. 
The column "methods of  preparat ion" listing numbered equations or formulae 
should assist to locate relevant sections of  the text. Superscripts used in the 
tables: 

a: (partial) transformation into the corresponding nitrile-borane upon sublima- 
tion 

b: in equilibrium with corresponding nitrile-borane at room temp. 
c: forms the monomeric form upon sublimation at 11 mm 
d: monomerizes in solution 
e: monomeric in gas-phase 
f: slow decomposit ion at 20 ~ 
g: slow decomposition at 0 ~ 
h: melting point of  corresponding nitrile-borane adduct 
1: liquid (at room temperature) 
o: not isolated 
s: solid (at room temperature) 

In cases where temperature ranges for melting (decomposition) and (or) sub- 
limation or boiling points are listed in the original literature, only the low- 
est temperature is cited in the following tables. 
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A. Meller 

Fig. 1. I.R.-Spectrum of Acetonitrile-trichloroborane [mull in (CICF=CH2)n] 

Fig. 2. I.R.-Spektrum of Trichloromethylbromomethyleneaminodibromoborane 
[solution in CC14] 
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Fig. 3. l.R.-Spectrum of dirneric Pentafluorophenylbromomethleneaminodibromoborane 
[solution in CCI4 ] 
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G. D. Christian 

I. I n t roduc t i on  

The phenomenon of atomic absorption has been.known for many years. In 1802, 
Wollaston l) observed the now famous absorption lines in the spectrum of the sun, 
called the "Fraunhofer" lines. These two lines, which occur at the same wavelengths 
as the sodium D-lines, were explained by Brewster 2) as being due to absorption of 
radiation from the sun by the layer of sodium vapor in the outer parts of  its atmos- 
phere. Kirchhoff, Bunsen, and others 3-7) demonstrated that atomic spectra could 
be used in emission or absorption as the basis of a new method of analysis, but the 
only routine use of atomic absorption for analysis until recent years was for the 
determination of mercury vapor contamination in laboratory atmospheres 8). It 
was not until 1953, when Walsh 9) recognized the potential advantages of the 
flame absorption method and designed a simple apparatus for the measurement 
of a wide range of metals.in solution, that atomic absorption came into its own 
as an analytical tool. 

A. Principles 

Walsh, in 1955, described the theoretical principles of atomic absorption spectros- 
copy ~o). Briefly, it can be defined as the absorption of radiant energy by ground 
state atomic vapor. There are several ways of obtaining atomic vapor, but aspiration 
of a solution into a flame is the most conventient and most widely used method. 
A certain fraction of the atoms produced will become thermally excited and 
hence will not absorb radiation from an external source. These thermally excited 
atoms serve as the basis of flame photometry, or flame emission spectroscopy; 
they can de-excite radiationally to emit radiant energy of a definite wavelength. 

The ratio of excited to ground state atoms is a function of the temperature of 
the flame and is given by: 

N//No = P//Po exp (-AE/kO = P//Po exp [hv/kT) (1) 
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where N/ = number of atoms in the excited state, 

No = number of atoms in the ground state, 

P/and Po = statistical weights of the respective states and are obtainable 
from Russell-Saunders coupling, 

Z~E = E] - Eo, the energy difference between the excited and ground 
state, 

k = Boltzmann constant, 

T = the absolute temperature, 

h = the Planck's constant, 

= the frequency of radiant energy corresponding to the energy change, 
s (this is the frequency that is absorbed or emitted). 

The ratio, N / / N o ,  can therefore be calculated. For the relatively easily excited 
alkali metal sodium, it is 9.9 x 10 -6 at 2000 ~ and 5.9 x 10 -4 at 3000 ~ this 
latter temperature is about the highest commonly obtained with flames used for 
atomic absorption or emission work. Hence, only about 10 -3 % of  the sodium 
atoms are excited at 2000 ~ and 6 x 10 .-2 % at 3000 ~ For an element such as 
zinc,  N / / N  o is 5.4 x 10-1~ at 3000 o, and so only 5 x 10-8% is excited. In spite 

�9 of  the small fraction excited, good sensitivities can be obtained for many elements 
by flame photometry if a high temperature flame is used, because the difference 
between zero and a small but f'mite number is measured. For example, seventy 
elements can be determined by flame photometry using the nitrous oxide-acetylene 
flame x x). 

Atomic absorption takes advantage o f  the fact that most o f  the atoms remain 
in the ground state, and are capable of  absorbing radiation of  the appropriate 
wavelength corresponding to AE. Whereas a hot  flame is preferred for flame 
photometry,  a cooler flame is preferred for atomic absorption, except in cases 
where chemical interference may occur. 

B. Flames 

Table 1 lists the temperatures of  some commonly used flames for atomic ab- 
sorption. A cool flame such as argon-hydrogen-entrained air or air-coal gas is 
usually not preferred because of  increased danger of  chemical interferences 
(see below). The most  commonly used flame is the air-acety lenef lame.  
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Table 1. Temperatures of flames used in atomic absorption 

Maximum 
Flame temperature 

o C 

Argon-hydrogen-entrained air 1,577 
Air-propane 1,725 
Air-hydrogen 2,045 
Air-acetylene 2,300 
Nitrous oxide-acetylene 2,955 
Oxygen-acetylene 3,060 

It has a low burning velocity and can be used with a premix burner. The nitrous 
oxide-acetylene flame, also with a low burning velocity, is used for refractory 
elements that tend to form monoxides in the flame, preventing or decreasing 
production of atomic vapor. The high temperature of this flame, coupled with 
the highly reducing atmosphere of its red zone (due to CN and NH radicals, etc.) 
effectively decompose the refractory oxides to produce atomic vapor. The color- 
less argon-hydrogen-entrained air flame is useful for elements that absorb at very 
short wavelengths, less than 2000 ~ (e.g., arsenic and selenium). 

C. Organic Solvents 

The sensitivity of atomic absorption can often be enhanced by aspirating solutions 
in organic solvents. The increased sensitivity is due to a number of factors, but can 
be attributed in large part to the lower viscosity and surface tension as compared 
to aqueous solutions. The flow rate is increased and smaller droplets are formed 
which are more efficiently vaporized. When organic solvents are aspirated, a fuel 
lean flame must be used in order to burn the solvent. 

The best way to take advantage of the organic solvent effect without simul- 
taneously diluting the sample is by employing solvent extraction. By this method 
the element to be analyzed can actually be concentrated and a solution of the 
element is obtained in essentially pure organic solvent. One of the most commonly 
used systems involves formation of the metal chelate with ammonium 1-pyrro- 
lidinecarbodithioate (APDC) and then extracting this into methylisobutyl ketone 
(MIBK). APDC chelates of many elements form and extract into MIBK from acid 
solution. 

Organic solvents may increase the danger of chemical interference in the flame, 
probably because they lower the temperature of the flame 12). However by the 
technique of solvent extraction, many interferences can be eliminated. 

An enhancement in sensitivity is found when hot aqueous solutions are aspi- 
rated, and this is attributed to essentially the same factors as for organic solvents 13). 

80 



Atomic Absorption Spectroscopy 

D. Nonflame Atomizers 

Nonflame ceils have been used to produce atomic vapor. These include a "sputte- 
ring chamber" 14), the L'vov graphite furnace Is), and a carbon filament atom 
reservoir 16). Greatly enhanced sensitivities are found for some of these. Most are 
not commercially available, and little workon actual applications has been des- 
cribed. Problems arise with biological and medical samples, due to smoke produced 
from the burning of the sample, which scatters the radiation from the source. 
However, it appears that future advances in sensitivity will be made in this di- 
rection. Several recent studies, for example, have been reported on the deter. 
mination of trace elements in medicinal samples using non-flame atomizers. 
Anderson et al. 16) reported that blood samples could be analyzed using their 
carbon fdament atom reservoir. A 1-5  #1 sample is added to a 2 mm x 4 cm 
carbon rod. This is heated up to about 2600 ~ for 5 sec by applying up to 10 V 
across the ffdament to obtain a current of about 70 amp. The system is enclosed 
in a flowing argon atmosphere by a glass envelope with quartz windows. A sharp 
absorption peak is recorded. A detection limit of 10-1~ magnesium was reported 
and 10-Tg for lead. Amos et al. 17) have recently reported favorable results in a 
further study of this system. Feldman 18) has described a similar system, using a 
tantalum boat filament. An automatic background correction is made using a 
continuum source to compensate for any molecular absorption or light scattering. 
In this way, lead could be determined in blood using a protein-free filtrate fom a 
20/A sample. 

E. Light Sources 

The major requirement of  the light source for atomic absorption is that it should 
emit the characteristic radiation (the spectrum) of the element to be determined 
at a half-width less than that of the absorption line. The natural absorption line 
width is about 10 -4 (A), but due to broadening factors such as Doppler and 
coilisional broadening, the real or total width for most elements at temperatures 
between 2000 ~ and 3000 ~ is typically 0.02 - 0.1 A. Hence, a high resolution 
monochromator is not required. 

The most commonly used "sharp line" source is the hollow cathode lamp. 
This consists of a hollow cathode, constructed from the element to be analyzed 
or from an alloy containing the element. The anode is a tungsten wire or ring. 
The lamp is ffdled under reduced pressure with an inert gas such as argon or neon. 
The open end of the cathode faces the window of the lamp, which is constructed 
of borosilicate glass or quartz; the latter window must be used if ultraviolet radi- 
ation is measured. A sufficient potential is applied across the electrodes to cause 
a current of from 1 to 50 mamp to flow. The inert gas is positively ionized at the 
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anode and is accellerated at a high velocity to the cathode. Collision with the 
cathode causes metal atoms to "sputter" out of the cathode cup. Further 
collisions produce excited metal atoms which, upon de-excitation, emit the 
spectrum of the hollow cathode material. The spectrum of the filler gas is also 
emitted. 

In general, only atoms in the flame that are the same as in the hollow cathode 
material can absorb the specific lines emitted by this material. The only require- 
ment of  the monochromator, then, is to isolate the desired line from other lines 
of the cathode material and the lines of the Idler gas. One line of the element is 
usually absorbed more strongly than others (it has a higher "oscillator strength"). 
This often, but not necessarily, corresponds to the electronic transition from the 
ground state to the lowest excited state. This line is selected for maximum sensiti- 
vity measurements. For high concentrations, a line with a lower oscillator strength 
may be selected. 

A continuous source can be used for atomic absorption, but since only the 
center part of  the band of wavelengths passed by the slit will be absorbed (due 
to the sharp line nature of atomic absorption), sensitivity will be sacrificed, and 
the calibration curve will not be linear. This curvature is because even at high 
concentrations, only a portion of the radiation passing through the slit will be 
absorbed, and the limiting absorbance will approach a finite value rather than 
infinity. With a sharp line source, the entire width of the source radiation is ab- 
sorbed and so the absorption follows Beer's law. A continuous source works best 
with the alkali metals because their absorption lines are broader than for most 
other elements. Specificity is not as great with a continuous source because near- 
by absorbing lines or molecular absorption bands will absorb part of the source. 

A problem encountered with atomic absorption is that emission from the 
flame may fall on the detector and be registered as "negative" absorption. This 
can be eliminated by modulating the light source, either mechanically or electroni- 
eaUy, and using an a.c. detector tuned to the frequency of modulation of the 
source. D. C. radiation, such as emission from the flame, will then not be detected. 
A high intensity of emission, however, may "overload" the detector, causing 
noise fluctuations. 

F. Nonmetal Absorption 

Nonmetals cannot generally be determined by direct measurement of  atomic 
absorption in a flame because their absorption lines occur in the vacuum ultra- 
violet region where gases of the flame and atmosphere absorb strongly. Some can 
be determined by absorption of metastable lines. For example, phosphorous can 
be determined by the atomic absorption of a metastable line at 2135 A. A number 
of  indirect methods for the determination of nonmetals have been described 19). 
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The substance to be determined is generally reacted with a metal and the excess 
metal or the metal reacted with the substance is measured. Examples of biological 
and medical applications are given below. 

G. Interferences 

There are a number of interferences that can occur in atomic absorption and 
other flame spectroscopic methods. Anything that decreases the number of 
neutral atoms in the flame will decrease the absorption signal. Chemical inter- 
ference is the most commonly encountered example of depression of the ab- 
sorption signal. Here, the element of  interest reacts with an anion in solution 
or with a gas in the flame to produce a stable compound in the flame. For example, 
calcium, in the presence of phosphate, will form the stable pyrophosphate mole- 
cule. Refractory elements will combine with O or OH radicals in the flame to pro- 
duce stable monoxides and hydroxides. Fortunately, most of these chemical 
interferences can be avoided by adding an appropriate reagent or by using a 
hotter flame. The phosphate interferences, for example, can be eliminated by 
adding 1% strontium chloride or lanthanum chloride to the solution. The 
strontium or lanthanum preferentially combines with the phosphate to prevent 
its reaction with the calcium. Or, EDTA can be added to complex the calcium 
and prevent its combination with the phosphate. 

Refractory compounds can be determined using a nitrous oxide-acetylene flame. 
The formation of refractory oxides with gases in flames might not be considered 
an interference, since it is constant under a given set of conditions; but it does 
decrease the sensitivity markedly so that measurement of the element may not be 
possible. 

A second type of interference is ionization interference. Certain elements, 
particularly the alkali metals in high temperature flames, become partially ioni- 
zed in the flame. This event causes a decrease in the number of neutral atoms and 
hence, a decrease in the sensitivity. For example, an appreciable fraction of sodium 
atoms will be ionized. Now if another easily ionized element such as potassium is 
added to the sodium solution, it will contribute free electrons to the flame and 
cause the equilibrium for the sodium ionization to shift toward the formation of 
a larger fraction of neutral atoms. This is, therefore, a positive interference. It  can 
be overcome by adding the same amount of  interfering element to the standard 
solution. Or, more simply, a large amount of an ionizable element such as potassium 
(200 to lO00 ppm) can be added to both sample and standard solutions; this will 
effectively suppress ionization to a small and constant value and at the same time 
increase the sensitivity. 

Ionization interference is particularly a problem in the high temperature nitrous 
oxide-acetylene flame, where even elements such as manganese can be appreciably 
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ionized. An ionization suppressant should be added for those elements having 
ionization potentials less than 7.5 ev. These include the alkali, alkaline earth and 
rare earth metals, and aluminum, chromium, gallium, indium, lead, manganese, 
molybdenum, niobium, scandium, tantalum, thallium, tin, titanium, vanadium, 
yttrium, and zirconium. 

Spectral inter/erences are not common in atomic absorption but can occur. An 
element with an absorption line sufficiently close to the one of the test element 
that it overlaps would cause a positive interference. Fassel et al. 20) have discussed 
the problems of spectral interference. This type of interference, especially in 
biological samples, occurs only rarely, but the analyst should be aware of it. 
It is more serious if a continuous source is used. Molecular absorption is a 
more common spectral interference and occurs when a molecular absorpt- 
ion band overlaps with the atomic absorption line. For example, the CaOH 
species absorbs in the region of the barium 5535.5,8, line. A 1% calcium solution 
gives an absorption equivalent to what is expected from about 75 ppm barium 21). 

I I .  Biological and Medicinal Applications 

Over thirty different elements have been determined in medical and biological 
materials by atomic absorption spectroscopy. The popularity of the technique 
is due to a number of factors, including sensitivity, selectivity, and ease of sample 
preparation. With biological fluids, often no preparation at all is required. The 
techniques employed usually involve simple dilution of the sample with water or 
with an appropriate reagent to elinfinate interference. Alternatively, the element 
to be determined is separated by solvent extraction. Either an untreated sample, 
a protein free fftltrate, or an ashed sample is extracted. 

The method employed will depend on the concentration of the element in the 
sample and on the matrix interferences. Methods of sample preparation have been 
reviewed 22). 

In the present work, emphasis is placed on summarizing recent applications of 
atomic absorption spectroscopy for the analysis of biological and medicinal ma- 
terials. Reports prior to mid 1967 are discussed in detail elsewhere 23). 

A. Blood and Urine 

1. Elements Determined at Physiological Levels 

Table 2 summarizes some of the metals that have been determined in blood serum 
and urine. The elements have been divided into those determined at their normal 
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physiological levels, and those determined at elevated or toxicological levels in the 
fluids. This table lists the first group, except for the ultratrace elements to be 
discussed later (Table 4). 

Table 2. Elements determined in blood und urine at physiological levels 

Element Serum, ppm a) Urine, mg/day a) 

Na 3200 
K 120 
Mg 36 60-120 
Ca 90 96-800 
Fe 0.65 0.1-0.3 
Cu 1.05 0.008-0.064 
Zn 1.2 0.3-0.6 

a) Physiological levels in sample. 

Willis early described simple methods for the determination of the alkali and 
alkaline earth metals. Sodium and potassium are determined by direct 1 : 50 
dilution of serum with water 24). In the case of  potassium, sodium is added, to 
overcome ionization interference. Magnesium is determined by 1 : 20 dilution 
of serum2S) or urine 26). With serum, 1% strontium chloride or EDTA is added 
to suppress phosphate interference. Calcium is determined in serum in the same 

manner by adding EDTA 27). Sodium and potassium, however, are added to the 
standards. For highest accuracy with serum calcium, Willis recommends preparing 
a protein free filtrate with trichloroacetic acid (TCA) and adding strontium chloride. 
Calcium is determined in urine by 1 : 20 dilution, as with magnesium 26). Plybus 
et aL 28) have reported a method for determining calcium in serum utilizing a 
strontium internal standard. The serum is diluted 1 : 50 with 0.5 % lanthanum 
chloride and 10 ppm strontium and the standards have sodium and potassium 
added. A 0.2 - 0.3 % r.s.d, is obtained on a given day and 0.6 % r. s. d. day to 
day. 

Several recent determinations of  the alkali and alkaline earth metals in serum 
or urine have been reported. Barrett 29) determined potassium, sodium, and 
calcium in serum by diluting the samples with lanthanum chloride solution. Suttle 
and Field 3o) used atomic absorption spectroscopy to determine potassium and 
magnesium in sheep plasma. 

Wright and Wolff 31) analyzed sheep serum magnesium by diluting with 1% 
hydrochloric acid containing 1% strontium. Klein et  al. 32) described a flow 
system for the automatic determination of magnesium in serum. Pybus 33)deter- 
mined magnesium and calcium in serum and urine by diluting with strontium in 
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perchloric acid to remove interferences from phosphorous, oxalate, and sulfate. 
Rodgerson and Moran 34) compared atomic absorption spectroscopy with fluori- 
metry for the determination of serum calcium and found better recoveries using 
the former method. Serum is diluted 1 : 200 with lanthanum chloride and 2-octa- 
nol. Bovine serum albumin is added to standard solutions. 

Savory et al. 3s) measured calcium and magnesium directly in protein-free fil- 
trates of serum or urine. Baker et al. 36) found that both trichloroacetic acid and 
hydrochloric acid suppress calcium absorption and that uniform acid content is 
therefore required for the determination of calcium. Okuda and Sasamoto37) 
determined calcium by adjusting solution conditions to 20 - 50 % methanol and 
650 mg % lanthanum; serum is diluted 21-fold and urine is diluted 10-21 fold 
to bring the calcium concentration into the optimum range of 1 to 0.5 mg %. 
Osis et al. ss) have determined calcium and magnesium in urine, diet, and stool 
for metabolic studies, and Dennler and Drepper 39) have determined calcium and 
magnesium in the sera of sheep and calves. 

Kocian 4~ determined ionized calcium using atomic absorption spectroscopy. 
The ionized calcium is separated from protein bound calcium by centrifuging 
heparinized blood in a dialysis bag at 300 rpm for 1 h. The calcium is determined 
in the ultrafiltrate after diluting 25-fold. Yamaguchi and Kubuslfiro 41) estimated 
protein bound calcium in 0.5 or 1.0 ml of human serum by fractioniting the se- 
rum with gel permeation chromatography (Sephadex G-25).  The eluent is 0.2M 
ammonium acetate at pH 6.9, and 2 ml aliquots are analyzed for calcium after 
adding trichloroacetic acid to precipitate proteins. 

Free and protein-bound magnesium in normal human plasma has been deter- 
mined using atomic absorption spectroscopy to measure the magnesium after the 
serum is ultracentrifuged and ultrafdtered 42). A similar ultraf'iltration procedure 
is used to determine total and filtrable magnesium and calcium in huma plasma 43) 
and of calcium in plasma ultrafiltrate 44), using atomic absorption spectroscopy. 
Briscoe and Ragan 4s) described a simple empirical atomic absorption method 
for determining free and bound calcium in serum by means of adsorption of 
free ions on albumin-coated charcoal. 

Hunt 46) has determined magnesium in plasma as well as in muscle and bone. 
Antonvewicz 47) determined magnesium in serum by precipitating proteins with 
trichloroacetic acid and adding strontium chloride, while Gray 48) simply diluted 
serum 1 : 200 with water. Other workers have recently reported the determination 
of magnesium in serum and plasma 49)and in plasma and urine s o), of magnesium 
and calcium in serum 51), and of calcium in urine s2). 

Early determinations of iron and hemoglobin in blood were described by Herr- 
mann et at sa) and Bohmer et  at s4). Zettner and co-workers ss) determinent 
serum iron by extracting the bathophenanthroline complex into MIBK. The serum 
could be diluted with water and aspirated only if the iron level was above 2 ppm. 
Rodgerson and Heifer s6) tried aspirating undiluted serum but obtained irreproduc- 
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ible results due to variations in flow rate and sample viscosity. They were able to 
circumvent this by integrating the signal during the aspiration of a 1 ml sample. 
This procedure works satisfactorily only if the iron content is less than 2.5 ppm; 
6g % albumin must be added to standards to approximate the viscosity and matrix 
of the samples. 

More recent determinations of serum iron have been reported by Schmidt sT), 
who simply diluted with lanthanum chloride solution, and by Tavenier and Hellen- 
doom s8), who deproteinized samples; in the latter study, iron in the protein preci- 
pitate is analyzed to correct the serum iron level. Uny et al. sg) determined serum 
iron, using ultrasonic nebulization of the sample to increase the sensitivity. Olson 
and Hamlin 6o) have determined serum iron and total iron-binding capacity. 
Proteins are precipitated and iron (III) is released by heating with trichloroacetic 
acid. 

Zettner and Mensch 61) have also determined hemoglobin in blood by measuring 
the iron in whole blood diluted 1 : 100 with water. They obtained the same results 
as when the sample was ashed prior to analysis. Zijlstra and Assendelft and co-wor- 
kers 62,63) disagreed with this and reported differences of up to 50 % when the 
sample was ashed rather than diluted. The latter authors claimed serious inter- 
frence from NaC1, KH2P04 and LaC13. Zettner 64) replied that by using suitable 
atomizer burners, he found that these substances and a large number of other 
salts and acids do not effect the iron absorption. 

Iron in urine has been determined by Zettner and Mansback 6s) by direct aspi- 
ration, and by Devoto 66) following digestion with sulfuric acid and extraction of 
the iron with a 3.3 % solution of thenoyltrifluoroacetone in MIBK. 

Herrmann and Lang 67) and Berman 68) first reported the determination of 
serum copper by atomic absorption spectroscopy. More recently, serum copper 
has been determined by Parker et aL 69) by dilution with water and by Dawson 
and co-workers 7o) by dilution (1 : 20) with 0.1 M hydrochloric acid. Sapporo 
and Manabu 71) found that the addition of ethylene glycol and histidine hydro- 
chloride to standards was essential to obtain accurate results in a simple dilution 
of serum. Binnerts and Achterop 72) diluted bovine olasma 1 : 6 with water to 
determine copper and Girard 73) diluted serum 1 : 10. Olson and Hamlin 74) 
diluted serum I : 1 with 20 % trichloroacetic acid and then heated to separate 
the copper from the protein. Devoto 75) prepared a protein free ffdtrate of serum 
with TCA and extracted the copper with thenoyltrifluoroacetone into MIBK. He 
used a similar extraction procedure for measuring copper in ashed urine samples. 
Schrnidt sT) diluted serum samples with lanthanum chloride. Blomfield and Mac- 
mahon 76) determined total plasma copper by precipitating with 4N hydrochloric 
acid and then extracting the copper with APDC into butylacetate; trichloroacetic 
acid caused low results. Free plasma copper was determined in the same way, but 
without the hydrochloric acid treatment. O'leary and SpeUacy 77) used atomic 
absorption spectroscopy to determine changes in total serum copper after admini- 
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stration of an oral contraceptive. After one month, the mean copper level rose 
from 1.42 ppm to 2.41 ppm. 

Dawson et  al. 70) aspirated urine samples directly to determine copper, but they 
added urinary inorganic salts to standards, which tended to suppress the copper 
absorption. Berge and Pflaum 78) extracted copper from urine with APDC. The 
copper is extracted into MIBK with the aid of an antifoaming agent, Dow Coming 
Antifoam B. Bojovic e t  aL 79) digested the urine before extracting with APDC and 
MIBK. 

Fuwa and co-workers 8o)originally determined zinc in serum by single 1 : 10 
dilution with water. More recently, Hackley et  al. 80 described a procedure in 
which the serum is diluted 1 : 1. Three percent dextran is added to standards to 
simulate the viscosity of the sample. Reinhold and co-workers 82) found that if 
samples are diluted 1 : 3, an ordinary capillary can be used. However, for 1 : 2 
dilution, a 0.58 mm capillary is necessary for satisfactory results. Matsumoto et  

al. 83) diluted serum 1 : 5 with water. They observed decreased absorption in the 
presence of sulfuric acid and enhanced absorption in the presence of trichloroace- 

tic acid. Haas et  al. recommended diluting serum and standards 1 : 2 to 1 : 10 with 
water s4) or with zinc-free electrolyte model serum 8s) to avoid interference by 
protein and serum salts. Zinc has been determined in serum and red cells by 
deproteinizing with trichloroacetic acid and diluting with waterS6). It  has been 
determined in serum using the same procedures as for serum copper 73, 74). 
Other workers have determined zinc in serum by direct dilution 87, 88). McPher- 
son and George 89) determined total copper and zinc of red cells and the free 
copper and zinc of plasma and dialysis fluids of  patients undergoing regular hemo- 
dialysis, using atomic absorption spectroscopy. Spry and Piper 90) determined 
zinc in whole blood and plasma in blood cells of iron deficient rats. The zinc 
concentrations were raised in the iron deficient rats. 

Matsumiya et  a t  91) determined zinc in both serum and urine by direct dilut- 
ion. Dawson and Walker 92) diluted plasma 20-fold with 0.1 Nhydrochloric 
acid, in whole blood diluted 100-fold, and in urine diluted 10-fold. Suppression 
of up to 15 % of the absorbance by inorganic components was overcome by 
adding the appropriate amounts of  those ions to the standards. Willis 93) deter- 
mined zinc in urine by direct aspiration. Other workers have also determined 
zinc in urine 79, 94) and in blood and urine 95). 

2. Elements Determined at Elevated Levels 

Table 3 summarizes those elements determined at levels exceeding the physio- 
logical concentrations. Bowman 96) determined 0.3 ppm l i thium in serum by 
1 : 10 dilution, and by adding sodium and potassium to standards. The concen- 
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tration of  lithium in serum is about 1 to 10 ppm after administration of  lithium 
carbonate to manic depressive patients. Zettner and coworkers 97) used a similar 
procedure to determine lithium while Lehmann 98) diluted with 0.1 N hydrochloric 
acid. Blijenberg and Leijnse 99) compared atomic absorption and atomic emis- 
sion for the determination of  lithium in serum and they found emission to be 
slightly more satisfactory. For atomic absorption, they prepared a protein-free 
f'tltrate with 96 % ethanol using 1 : 10 dilution. Trichloroacetic acid could not be 

Table 3. Elements determined in blood and urine at elevated levels 

Element Serum, ppm a) Urine, ppm a) 

Li 0.3 X b) 
Sr 0..1 0.1 
Mo 0.2 
Au c) 0.1 X b) 
Hg 0.01 e) 0.01 (0.003) d) 
B 15 
In e) X b) 
T1 c) 0.005 0.1 (0.005) e) 
Pb 0.02 
As 0.1 (indirect). 

a) Lowest concentration determined in sample. 
b) Determined but concentration not available. 
c) Not normally present. Others normally present but a lower levels. 
d) Nonflame absorption cell. 

used because it suppressed the absorption. Woods et  al. 100) diluted serum 1 : 1 
with 0.01% Sterox SE; they prepared standards from a synthetic serum contain- 
ing sufficient glycerol to match the viscosity of  the serum. The Sterox SE reduces 
the tendency of  the serum to clog the burner and it stabilizes the solution. 
Tompsett 101) precipitated serum proteins with trichloroacetic acid before meas- 
uring the lithium. Zettner et  al. 97) diluted urine 1 : 100 with water while 
Hansen 102) diluted urine 1 : 125 and serum 1 : 25 to determine lithium fol- 
lowing lithium therapy. 

Curnow and co-workers 1~ determined s t r o n t i u m  in serum and urine by co- 
precipitating it with calcium oxalate, dissolving the precipitate and adding lantha- 
num chloride to eliminate remaining traces of  interferents. Puymbroeck and co- 
workers 104) ashed urine and then separated the strontium either by precipitation 
with calcium oxalate or by ion exchange chromatography. Tompsett 101) des- 
cribed a similar procedure using ion exchange. Descube et  a t  l o s ) d e t e r m i n e d  

0.1 ppm strontium in biological materials. 
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Molybdenum (0.2 ppm) in serum has been determined by Pierce and Cholak lo6) 
by dry ashing and taking up in water. 

Gold, in the form of gold sodium thiomalate, called myochrysine, is administer. 
ed in the treatment of rheumatoid arthritis. Lorber and co-workers 1 o7)have used 
atomic absorption spectroscopy to monitor the gold in the serum and urine of 
patients by a standard additions technique. Serum is divided 1 : 1 with sodium 
dodeeyl sulfate while urine is diluted 3 : 4 with water. Thompett 101) determined 
gold in 100 ml of urine by dry ashing, extracting the gold into diethyl ether from 
5N hydrochloric acid, evaporating the ether, and then dissolving the residue in 
1 ml of 5N hydrochloric acid. 

A number of  workers have described methods for the determination of mer- 
cury in which the mercury is first reduced to the element or collected as the sul- 
fide on a cadmium sulfide pad. It is then volatilized into a chamber for measure- 
ment. These techniques are extremely sensitive. Thillez 1 o8)recently described a 
procedure for urinary mercury in which the mercury is collected on platinum and 
then volatilized into an air stream. Rathje 1o9) treated 2 ml of  urine with 5 ml of 
nitric acid for 3 min, diluted to 50 ml, and added stannuous chloride to reduce 
the mercury to the element. A drop of Antifoam 60 was added and nitrogen was 
blown through the solution to carry the mercury vapor into a quartz end cell 
where it is measured. Six nanograms of mercury can be detected. Willis 93) em- 
ployed more conventional methods to determine 0.04 ppm of mercury in urine 
by extracting it with APDC into methyl-n-amyl ketone. Berman 1 lo) extracted 
mercury with APDC into MIBK to determine 0.01 ppm. 

Boron in blood and tissue has recently been determined by Bader and Branden- 
berger 11 l) by dry ashing, and then aspirating the acidified solution into a nitrous 
oxide-acetylene flame. A limit of detection of 15 ppm in the solution was reported. 

Torres 112) has separated indium from urine by ion exchange chromatography 
prior to determination by atomic absorption spectroscopy. 

Thallium has been determined in 10 ml of ashed serum or in urine by extracting 
with sodium diethyldithiocarbamate into MIBK 110). More recently, Savory and 
co_workers 113) described a wet digestion procedure for 50 ml of urine or 5 ml of 
serum in which the thallium is separated by extracting the bromide into ether, 
evaporating the ether and then taking up in dilute acid for aspiration. As little as 
0.1 ppm is determined in urine. Curry et al. 114) determined less than 1 ng of 
thallium in 200/al of urine by using the tantalum sample boat technique. The 
sample in the boat is dried by holding the boat 1 cm from the flame and then 
it is inserted into the flame where it is vaporized. A similar procedure is used 
for 23  ng of thallium in 50-100/A of blood, except that the blood is preashed 
with 3 drops of nitric acid. Since the tantalum boat method is susceptible to 
interelement interferences, the method of standard additions is used for calibra- 
tion. 
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Devoto 115)has described an indirect procedure for the determination of 0.1 
ppm arsenic in urine. The arsenomolybdic acid complex is formed and extracted 
from 1 ml of urine at pH 2 into 10 ml of cyclohexanone. The molybdenum in 
the complex is then measured. Before extracting the arsenic, phosphate in the 
urine is separated by extracting the phosphomolybdie acid complex at pH 1 into 
isobutyl acetate. The direct determination of arsenic in biological material and 
blood and urine is best done using a nitrous oxide-acetylene flame 116). The 
background absorption by this flame is low at 1937 A, and interferences are 
minimized due to the high temperature of the flame. 

3. Ultratrace Elements Determined 

Table 4 summarizes the ultratrace elements that have been determined in serum 
and urine at physiological levels. These are those elements that generally occur 
at 0.1 ppm or less. Lead is included because it is near this level. 

Table 4. Ultratrace elements  de termined in serum and urine a) 

Serum: 

Urine 

Cr 0.03 ppm 
Mn 0.01-0.02 ppm 
Ni 0.025 ppm 
Cd 0.003-0.1 ppm 
Pbb) 0 .3-0.4  ppm 

Sr ~--.0.01-0.03 ppm 
Mn 0.001-0.01 ppm 
Ni 0.025 Mg/day (0.007-0.04) 
Cd 0.001-0.2 ppm 
Cu 0.018-0.052 mg/day; 0.006-0.03 ppm 
Bi 0.02 ppm 

a) Numbers represent physiological levels in the samples. 
b) Whole blood. 

Feldman and co-workers 117) described a procedure for determining as little 
as 10 ppb of chromium in serum. The normal level is 30 ppb. At least 2 ml of 
serum are digested or dry ashed and treated with not permanganate to oxidize 
chromium to chromium(VI). The chromium(VI) is extracted from 3M HC1 into 
5 ml MIBK in the cold. This method has been used to measure chromium levels 
in studies relating this element to diabetes. Thousands of analyses have been per- 
formed. Devoto (198) dry ashed 10 mt of blood and extracted the chromium with 
5 ml of 10 % tributyl phosphate in MIBK. Recently, Feldman 119) has determined 
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chromium directly in serum after 1 : 3 dilution. A background correction is made 
with a nonabsorbing line or a continuous source and as little as 5 ppb of chromium 
in the serum can be detected. 

Mahoney et  al. 120) were able to determine physiological levels of manganese 
in serum. A simple 1 : 1 dilution of a 2 ml sample with water is employed. The 
sensitivity is sufficiently high (0.005 ppm detection limit) that normal levels of 
manganese can be measured. A method of standard additions is used for cali- 
bration, requiring four 2 ml samples; thus, a total of 8 lid serum is required for 
analysis. They found a mean manganese concentration in the serum of normal 
fasting human subjects of 2.4+0.7/ag/100 ml. Large quantities of  administered 
manganese did not produce a detectable change in the serum manganese con- 
centration. Ajemian and Whitman 121) determined manganese in urine by dry 
asking the urine, dissolving the residue in 10 ml of 10 % hydrochloric acid, 
adding 20 ml of  20 % citric acid, 5 ml of 8-hydroxyquinoline, and 3 drops of 
hydrogen peroxide. The pH is adjusted to 8.3 and the manganese is extracted 
with 20 ml of  MIBK-CHC13 (1 : 1 mixture). The manganese is stripped from 
the organic phase with 10 ml of 10 % perchloric acid in which it is then analyzed. 
The detection limit is 0.02 ppm in the Final solution. Ajemian and Whitman re- 
ported a normal urine manganese content of 1-10/ag/1 and that greater than 
10/ag/1 is indicative of increased manganese exposure. Although early reports 
suggested an excretion of 0.04-0.07 mg of manganese per day in the urine 122) 
more recent data indicate that only about 1 /.g/day or approximately 0.001 ppm 
manganese is eliminated in the urine 123,124); these latter data agree with those 
reported byAjemian and Whitman 121). 

Schalier and co-worker 125) determined nickel in whole blood, serum or plasma 
by extracting with APDC into isobutyl acetate. They reported 27 ppb nickel in 
blood and 21 ppb in plasma by their technique. Willis 93) described an extraction 
method for determining nickel in urine. The nickel in 50 ml of urine is extracted 
with APDC into only 1.5 ml of  MIBK, and a method of standard additions is used 
for calibration. This method can only be used, however, to measure concentrations 
of 50 ppb or greater of nickel in the urine. This is just above the expected maximum 
normal concentration and about twice the average. Hence, this method can be used 
only to determine elevated nickel levels. Sunderman 126) realized this limitation and 
attempted other direct solvent extraction methods. These proved unsatisfactory 
and he resorted to wet digesting of a 50 ml sample. The nickel is isolated by ex- 
tracting with dimethylglyoxime from ammoniacal solution containing citrate into 
chloroform. The nickel is then back extracted into 1 ml of 0.5Nhydrochloric acid 
for aspiration. Standards are prepared in a similar manner since only 80 % of the 
nickel is recovered. Sunderman found a mean of 18 ppb nickel in urine by this 
method with a range of 4 to 31 ppb. 

Lehnert et  al. 127,128) determined physiological levels of cadmium in serum 
and urine using atomic absorption spectroscopy. Ten milliliters of serum or 50 ml 
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of dried urine are digested with nitric, sulfuric, and perchloric acids, followed by 
extraction of the cadmium with APDC at pH 2.5 into 2 ml of MIBK. They repor- 
ted that normal adults contain 0 .33-  + 0.24/.tg/100 ml of cadmium in their serum 
and excrete 0.98 -+ 0.36/~g/day in their urine. Other workers, however, indicate 
that the normal levels of cadmium may be considerably higher than this 129) 
ranging from 0-0.1 ppm in serum and 0-75/ag/day in the urine 130). Klaus 131) 
reported an average concentration of 0.04 ppm cadmium in human serum, 0.18 
ppm in human urine, and 0.03 ppm in rat urine, while Smith and Kench 132) re- 
ported a normal concentration in the urine of 0.002 to 0.022 ppm cadmium. 
Tipton et  al. 133) found an average elimination of 83 and 92 #g per day in the 
urine of two individuals over a period of several weeks. 

Berman 110) could determine as little as 0.005 ppm cadmium in serum and 
0.002 ppm in urine by extracting the cadmium from the digest with lead in so- 
dium diethyldithiocarbamate into MIBK. Torres 112) isolated cadmium from 
urine by ion exchange chromatography. 

There is a great deal of interest in the determination of lead, particularly micro- 
methods applicable to the analysis blood lead in children. Consequently, reports 
continue to appear on the atomic absorption determination of lead in blood and 
urine. Ninety percent of blood lead is found in the erythrocytes and, therefore, 
whole blood is analyzed rather than serum or plasma. Berman e t  al. 134) have 
described a procedure for determining normal lead levels in which only 250/zl 
of blood are taken. The blood is deproteinized with 1 ml of 10 % trichloroacetic 
acid and then the lead is extracted with APDC into 1 ml of MIBK, at pH 3.5. 
A molten lead hollow cathode lamp gives the required sensitivity for the analysis. 
Hessel 13s) also determined physiological levels of lead in blood. Blood samples 
are hemolyzed with Triton X-100  to release the lead from the ceils, and the 
lead is extracted with APDC into MIBK. Standards are made in pooled human 
blood. Selander e t  al. 136) used a similar procedure, but just precipitated proteins 
with trichloroacetie acid before extracting. Einarsson and Lindstedt 137) measured 
normal blood lead levels simply by precipitating proteins with trichloroacetic acid 
in the presence of perchloric acid and analyzing the supernatant liquid directly. 
Donovan and Feeley 13s), on the other hand, prefer to dry ash a 5 g sample and 
perform a double extraction. The lead is first extracted with dithizone into chloro- 
form at pH 9.0-9.5 in the presence of cyanide, it is back extracted into 1% nitric 
acid solution, and finally is extracted at pH 2.2-2.8 with APDC into 5 ml of 
water-saturated MIBK. This method is used for detecting high blood lead levels 
in workers engaged in lead mining. Ohmori 139) studied the distribution of in- 
jected organic lead compounds in plasma and corpuscles using atomic absorption 
spectroscopy. Tetramethyl lead, tetraethyl lead, and mixed alkyl lead all concen- 
trated in the plasma. Devoto 14) determined lead in 5 ml of either blood or urine, 
by precipitating proteins with perchloric acid and extracting the !cad into 10 ml 
of MIBK with APDC. 
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Willis 93) extracted lead directly from 200 ml of urine with APDC into 1.5 ml 
of methyl-n-amyl ketone. He was able to determine as little as 0.02 ppm of lead. 
Kopito and Shwachman 141), on the other hand, co-precipitate the lead from urine 
with bismuth nitrate by adding ammonia. The precipitated bismuth hydroxide is 
dissolved in acid and this solution is aspirated. Coprecipitation of the lead is not 
quantitative, and so standards should be prepared in the same manner. It should 
be possible to employ this procedure with protein free filtrates of blood without 
the necessity of close pH control. 

EDTA salts are used for the treatment of heavy metal poisoning. Roosels and 
Vanderkee1142) were able to extract lead from urine in the presence of  EDTA 
with dithizone by adding calcium to presumably release the lead from EDTA. In 
view of the fact that the formation constant of the lead-EDTA chelate is 
20,000,000 times larger than that of the corresponding calcium chelate, it is 
doubtful that the calcium actually releases the EDTA from the lead. 

Zurlo et  al. 143) described a procedure similar to that used by Kopito and 
Schwachman. The lead in urine is separated by co-precipitation with thorium in 
the presence of copper(II). The precipitation is quantitative, even from the urine 
of subjects excreting coproporphyrins or treated with chelating agents, because 
the added copper liberates the chelated lead. Langford 144) wet ashed urine 
samples before performing a double extraction, first with diethylammonium 
diethyldithiocarbamate in chloroform, and second with iodide and MIBK. The 
yield from biological samples is 70.5 + 11% and for 25/ag lead, the relative error 
is +20 %. Other workers have determined lead in urine by solvent extraction 145,146) 
whereas Torres 112) isolated and concentrated lead from urine using ion exchange 
chromatography. 

Montford and Cribbs 147) determined physiological levels of strontium in 1-5  
ml of urine by co-precipitating the strontium on lanthanum carbonate and then 
dissolving this in 10 ml of 0.7N hydrochloric acid. Normal urine specimen showed 
from <0.01 to 0.03 ppm strontium; the limit of detection was 0.01 ppm. Delves 148) 
determined elevated strontium levels and ten other elements in the blood of normal 
children and children with pica, using a digestion with nitric, perchloric, and sul- 
furic acids, followed by a six stage solvent extraction separation procedure. Blood 
samples from children with pica showed abnormally high concentrations of 
strontium, as well as cadmium, chromium, and manganese. 

The copper content of urine is so low that most investigators fred it necessary 
to extract the copper into an organic solvent 78, 79). Using a direct aspiration pro- 
cedure for urine 70), Dawson et  al. determined the normal daily excretion of 
copper to be 52/ag with a range of 26-64/~g. Sunderman and Roszel 149), on the 
other hand, by extracting copper from acid digested urine, found a mean urinary 
excretion 18.4/~g with a range of 7.5-33.8 ttg; the concentration averaged 0.017 
ppm with a range of 0.006-0.03 ppm. 
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Willis determined the physiological level of bismuth in urine to be about 0.02 
ppm by using the same procedure he described for lead 93). Devoto ]so) dry ashed 
100 ml of urine and extracted bismuth with APDC into 5 ml of MIBK. 

B. Other Biological and Agricultural Materials 

Atomic absorption spectroscopy has been used for the analysis of several metals 
in numerous other biological, medicinal, and agricultural materials. Early deter- 
minations have been summarized 23). 

Those elements determined in tissues and organs include 

Li, Na, K, Mg, Ca, Ba, Cr, Mn, Fe, Ni, Cu, Zn, Cd, Hg, B, TI, 

Pb, Se and Te. 

These samples are prepared by either wet or dry ashing. Many of the metals can 
be determined in aqueous solution, but for the more trace ones, solvent extraction 
procedures similar to those described above are resorted to. Similar sample prepa- 
ration procedures apply to plants. The elements 

Li, Na, K, Rb, Mg, Ca, Sr, Cr, Mo, Mn, Fe, Co, Ni, Cu, Ag, Zn, 

Pb and Se, 

have been determined in plants while 

Na, K, Rb, Mg, Ca, Sr, Cr, Mo, Mn, Fe, Co, Ni, Cu, Zn, Hg, 
AI, and Si 

have been determined in soils. The metals are generally extracted from soil with 
ammonium acetate, ammonium chloride, acetic acid, or the like. The aqueous so- 
lution, sometimes with added reagents to minimize interferences, is often aspi- 
rated directly. 

The elements determined in feed samples include 

Na, K, Mg, Ca, Sr, Cr, Mn, Fe, Cu, Zn, and Hg, 

while 

Na, K, Mg, Ca, Mo, Mn, Cu, Zn and Hg 

have been determined in fertilizers. 
The Association of Official Analytical Chemists is utilizing atomic absorption 

spectroscopy for the determination of several trace elements. McBride 274, 275), 
has conducted collaborative and ruggedness studies for a number of elements in 
fertilizers. He dissolves the sample in hydrochloric acid, filters, and dilutes to vo- 
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lume with dilute hydrochloric acid. Standards are prepared in the same concen- 
tration of hydrochloric acid. He has recommended this procedure for adoption 
as official, first action for Cu, Fe, Mg, Mn, Zn, and Ca. In the case of calcium, 
lanthanum chloride is added to overcome phosphate interference or else a nitrous 
oxide-acetylene flame is used. McBride recommended further study for sodium 
and potassium. Cundiff and Dobbins 276) obtained very precise results for the 
determination of potassium in tobacco, and recommended the atomic absorption 
method as official first action; but results were not completely satisfactory for 
calcium, perhaps due to too low a flame temperature used by one collaborator. 
In the method, potassium and calcium are eluted from a celite column with di- 
lute hydrochloric acid. 

Rogers 26s), after a collaborative study, recommended adpotion of atomic 
absorption as official, first action for the determination of zinc in feeds. Heck- 
mann 226) recommended the technique for Zn, Mn and Fe ha addition to Ca 
and Mg in feeds, but not for Cu. 

Recent determinations of elements in various biological materials are summa- 
rized in Table 5. Many of these determinations are straight forward and require 
little special sample preparation. Rees and Hughes 153) observed that perchloric 
acid present in the digests of diet and feces samples markedly depresses the ab- 
sorption of sodium and potassium when a cool air-natural gas flame is used, but 
the effect is reduced with an air-acetylene flame. Thalmann and Ebert 183) found 
interference on  magnesium absorption from acid residues used for digesting plant 
samples, and recommended adding the acid mixture to standards, or else diluting 
the sample solution 1 : 20, to eliminate the interference. When Guillaumin 157) 
analyzed vegetable oils and fats by atomic absorption spectroscopy, the sample 
was dissolved in an organic solvent mixture to give an optimal fat concentration 
of 0 .1-3 %. 

Table 5. Atomic absorption determination of  metals in other biological materials 

Elements Sample Sample Treatment Remarks Ref. 

Li Biological samples 

K, Mg Cerebrospinal fluid 

Na, K Diet and feces 

K, Ca, Mg Biological extracts 

K, Na, Mg, Ca, Phospholipids 
Mn 

Digest 

Dissolve in isopentyl 
acetate, add LaC13 in 

EtOH 

151) 

152) 

HCIO4 in digest 153) 
decreased ab, 
sorption 

Add LiC1 as ion- 154) 
ization suppressent 
Stds. same 155) 
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Table 5 (continued) 

Elements Sample Sample treatment Remarks ReL 

K, Na, Mg, Ca, Mn, Cottonseed meal Dry ash, add LaCI 3 156) 
Fe, Co, Cu, Zn 

K, Na, Mg, Ca, Fe, Vegetable oils and fats Dissolve in 85 : 15 Add LaC13 for 157) 
Ni, Cu mixt. of iso-AmOAc Ca and Mg 

and MeOH 

K, Mg, Mn Plant tissue Dry ash, add NH2OH 158) 
in IN HC1 

K, Mn, Zn Plants 

K, Mg, Ca Plants Dry ash 

K, Mg, Ca, Plant tissue 
Mn, Fe, Cu, 
Zn, AI 

K, Na, Co, Cu, Plant tissues 
A1 

K, blg, Ca, Wheat Digest w/HNO3/HCIO 4 
Mn, Cu, Zn 

K Fertilizers 

K Fertilizers Digest w/H2 $04 

K Soil extracts Extract with Na-tetra- 
phenylboron to elimi- 
nate interferences 

Na, Ca Soils 

Mg Biological materials 

Mg, Mn, Fe Canned juices 
Zn 
Mg, Zn Mitochondria 

Mg, Fe, Zn Lungs 

Mg, Ca Cartilage extracts 

Mg, Fe, Cu, Beer and wine 
Zn, Pb 

Mg, Ca Rumen liquid 

Mg, Fe, Cu, Human brain 
Zn 

Mg, Ca Brain, skeletal 
muscle, C.S.F. 

Mg Tissue, serum, 
erythrocytes, kidney 

Mg, Ca, Fe, Rabbit tissue 
Cu, Zn 

0.1N HC1 

Dilute 10- to 100- 
fold 

Dry ash or extract 
0.5.NHNO 3 

Dry ash 

159) 

160) 

161) 

162) 

163) 

164) 

165) 

166) 

167) 

168) 

169) 

170) 

171) 

172) 

173) 

174) 

175) 

176) 

177) 

178) 
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Table 5 (continued) 

Elements Sample Sample treatment Remarks Ref. 

Mg, Ca Diet and stool 

Mg Vomitus 

Mg, Fe, Cu, Zn Human hair 

Mg Plant material 

Mg Plant samples 

Mg, Mn, Fe, Plants and soil 
Co, Cu, Zn extracts 

Mg, Ca Subtropical forages 

Mg Hay 

Mg Food 

Mg, Cu, Zn Animal feeds 

Mg, Ca, Mn, Animal feeds 
Fe, Cu, Zn 

Mg, Ca, Mn, Fertilizers 
Fe, Cu, Zn 

Mg, Ca, Mn, Fertilizers 
Fe, Cu 

Mg, Ca, Mn, Rice plants 
Fe and soils 

Mg, Ca Soil extracts 

Mg, Ca Soil extracts 

Mg, Ca Soils 

Mg Soil extracts 

Wet ash w/HClO4 and 
HNO a 

179) 

180) 

181) 

Kjeldahl digestion Add SrC12 182) 

Wet ash Add acids 183) 
to stds. 

Dry ash plants 184) 

185) 

Dry ash 186) 

Dry ash Add 2500 ppm 187) 
Sr to overcome 
A1 & Si inteff. 

Dry ash 188) 
189) 

Dry ash 190) 

HC2H302 or 
NaC2H302 
extract. Add SrCI2 

NH4C1, CaLactate, 
NH4C2H203 
-HC2H3 O2, or 
NH4Lactate extract. 
Dilute 1:100 

Mg, Ca, Mn Soils, plants Dry ash plants 
Cu, Zn, A1 

Ca Serum and urine Dilute with LaCI3 

Recommended 191) 
official method 

Adopted as 192) 
official method 

Add Sr or La 193) 

194) 

Oxidizing 195) 
flame, add Sr 

196) 

Automatic mea- 197) 
surement 

198) 

Add Na to stds. 199) 
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Elements Sample Sample treatment. Remarks Ref. 

Ca Ovine fluids 

Ca Vegetable oils 

Ca, Cu Sugar beet leaves 

Ca Tooth enamel 

Ca Red cells 

Ca Milk 

Ca Mitrochondria 

Ca, Sr Algae 

Add SrC12 or HNO3 interferes 200) 
LaC1 a 

Dissolve in MIBK and Std. addns, to 201) 
extract Ca w/2N HNO3 calibrate 
-1% H202. Add LaCla 

Wet ash using Mo(VI) Add MeOH for 202) 
catalyst Cu 

Treat with HNO 3 
-H202  

Ca Wheat internodes 

Ca Grass Wet ash 

Ca, Sr, Mn, Zn Plant and. soil Digest plants 
extracts add LaCI a 

Ca Plants Digest w]HCIO4-HNO 3 
add SrCI 2 

Ca Plant material Add Mg and H2SO4 to 
samples and stds. 

Ca Soil extracts Add LaCI3 and 
1% H2SO 4 

Ca, Sr Soil extracts 

Sr Standard plant 
material 

St, Ba Maize meal and 
bread flour 

Ba Biological 

Tanned skins 

Leather 

Plant materials 

Cr 

Cr 

Cr, Mn, Fe, 
Cu, Zn 

Mo, Fe, Cu Milk xanthine 
oxidase 

Dry ash, separate Sr 
and Ba by ion exchange 

Digest wJH 2 S04, 
dissolve the BaS04 in 
2N NH 3 and 1% EDTA 

Ash in pressence of 
H2SO4 

Ash w/HNO3 -H2SO4 

203) 

204) 

205) 

206) 

207) 

208) 

209) 

210) 

211) 

212) 

213) 

214) 

215) 

216) 

101) 

217) 

218) 

219) 

Std.addns.for 220) 
calibration 
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Table 5 (continued) 

Elements Sample Sample treatment Remarks Ref. 

Mo Fertilizers Extract w/SCN- into 221) 
isoamyl alc. 

Mn, Fe, Co, Biological Solvent extraction, 222) 
Ni, Cu, Zn materials digest chelates 

Mn, Fe, Co, Biological SO4--interferes 223) 
Ni, Cu, Zn materials 

Mn, Fe, Cu, Musts & wines Recoveries low 224) 
Zn from musts, 

high from wines 

Mn, Fe, Cu, Citrus leaf 
Zn 

Mn, Fe, Cu, Feeds 
Zn 

Mn, Fe, Zn Culture cells 

Mn, Cu, Zn, B Peanut plants 

Mn Fertilizers 

Mn Soil extracts 

Mn, Cu, Zn Soil solutions 

Mn Soil extracts 

Mn, Co, Ni, Soils 
Cu, Zn 

M.n, Fe, AI 

Mn, Co, Ni, 
Cu, Zn 

Fe, Sn 

Fe, Cu 

Fe, Cu 

Fe, Cu, Zn 

Fe, Cu, Ag, Hg 

Fe, Cu, Zn 

F~ 2 , F~ 3 

Cu 

100 

Soils 

Soil extracts 

Canned fruit juice 

Wines and juices 

Cola drinks 

Brain tissue and 
hair 
Blood (carboxy- 
hemoglobin), liver 
(Cu), skin (Ag). 

Fatty substances, 
butter 

Shrimp 

Wet ash w/HNOa 
"HC104 

Dry ash or wet ash 
w/HNOa 

Dissolve in HC1 

NH4 C2 Ha 02, HC2 H 3 02 
or Morgan's reagent 

HC1 solution or 
concentrate 70-fold 
by ion exchange 

1.ON HC2H2 02 
required 

No ashing required 

No ashing required 

Chloric acid digestion 

Extract from shrimp 
w/HC1. Separate Fe +3, 
Fe +2 by ion exchange 

225) 

Recommended 226) 
for Zn, Mn, Fe 

227) 

228) 

229) 

230) 

231) 

232) 

233) 

234) 

235) 

236) 

237) 

238) 

239) 

240) 

241) 

242) 
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Elements Sample Sample treatment Remarks Ref. 

Fe, Ni, Cu Fats and oils 243) 

Fe Leaves, seeds 244) 

Fe Soil extracts Morgan's reagent or 245) 
NH 4 C 2 H 302 ex tract 

Fe, AI Soil extracts Oxalate extract 246) 

Co Heart tissue 247) 

Co, Cu, Zn Plants 248) 
sugar 

Cu, Zn Organs & tissues Extract Zn w/HNO3 -HCI 73) 
and Cu w/HNO a -HC104 

Cu Plant materials Soln. contains 26 ml 249) 
PrOH and 0.5 ml C6H 6 
w/0,1N HNO a 

Cu Plant tissue Dry ash, solvent extrn. 250) 
w/APDC & MIBK 

Cu Plants and soils Dry ash plants; ignite 251) 
soils, dissolve in 
HF/HCIO4 

Ag Wine Wet ash, extract 252) 
w/dithizone 

Ag, Zn, Pb Soil samples Treat w/HNO a -HC1, take 253) 
up in H20. Use Ta samp- 
ling boat for measurement. 

Zn Human brain 254) 

Zn Rabbit uterus 255) 

Zn Enzyme 256) 

Zn Prostate 257) 

Zn, Pb Human skeleton Dry ash 258) 

Zn Vegetable materials Wet ash 259) 

Zn Brown seaweed 260) 

Zn Bean plant 261) 

Zn Bean plant tops 262) 

Zn Tomato plants Dry ash 263) 

Zn Corn 264) 

Zn Foods Wet or dry ash Recommended 265) 
as official 
method 

101 



G. D. Christian 

Table 5 (continued) 

Elements Sample Sample treatment Remarks Ref. 

Zn Food, hair 91) 

Zn Fertilizers 266) 

Hg Tissues, blood Dissolve in 20 ml 267) 
HCI+lg NaNO3, separa- 
te Hg by ion exchange, 
collect on CdS pad, and 
volatilize into tube for 
measurement 

Hg Soil and rocks Treat w/HNO 3 & HCIO4, 268) 
ext. Hg w]dithizone & 
MIBK 

Si (organic) Food and cottonseed Dissolve in MBIK 269) 
oil 

Si Soils Extract w/Tamm's reagent, 270) 
oxalic acid, or ammonium 
oxalate 

Pb Animal and plant Digest w/HNO 3 -HC104 271) 
tissue -H2SO4, coppt. Pb on 

SrSO4, convert to carbo- 
nate w/(NH4)2CO3, 
dissolve in 1N HNO 3 

Pb Canned tuna fish Dry ash in presence of 272) 
Aa (NO3:h& Ca (N03)2, 
extract Pb w/dithizone 
evaporate CHC13, take 
up in H20 

Pb Food Extract Pb w/diethyl- 273) 
ammonium diethyl- 
dithiocarbamate into 
xylene in presence of 
ascorbic acid 

Jones and Isaac 161) compared atomic absorption spectroscopy and spark 
emission spectroscopy for the determination of several elements in plant 
tissue. By comparing results statistically using a t-test, no significant diffe- 
rences were found for calcium, manganese, iron, copper, zinc, and aluminium, 

but  significant differences were found for potassium and magnesium at the 
0.01% level. Breck 16z) made a similar comparison study for 15 elements. 

For copper, atomic absorption was far more sensitive, with an accuracy of 
+ 1 - 2  % compared to an accuracy of 20 % obtained by optical emission. 

102 



Atomic Absorption Spectroscopy 

Atomic absorption also gave better results for aluminum using a nitrous 
oxide-acetylene flame. In general, optical emission was more rapid. 

McCracken et al. 164) compared atomic absorption with the tetraphenyl- 
boron method for determining potassium in 1190 fertilizers, and very close 
agreement was found between the two methods. Hoover and Reagor 165) 
also found good agreement between the two methods, and atomic absorption 
was far more rapid. They reported that the 7665 ,a, potassium line was more 
subject to interference than the less sensitive 4044 ~, line. Temperli and 
Misteli 166) reported far better results for low concentrations of potassium 
in soil extracts by atomic absorption spectroscopy than by flame emission 
spectroscopy. 

Aluminum and silicon together in plant and soil solutions depress magnesium 
absorption, and phosphorous, manganese, aluminum, iron, magnesium, molyb- 
denum, copper, and silicon depress calcium absorption 193). These interferen- 
ces can be eliminated by the addition of strontium or lanthanum chloride 193-195) 
De Waele and Raimond 19s) also found that an oxidizing flame suppresses the 
interference by sulfate, nitrate, chloride, and acetate in the determination of 
magnesium. Kabanova and Andreeva 235) reported that addition of acetic acid 
to soil extracts compensates for the negative influence of hydrochloric acid 
and of potassium, sodium, calcium, magnesium, aluminum, and iron on the 
absorption of copper, nickel, cobalt, zinc, and manganese. Allen and Parldn- 
son 198) found atomic absorption to be suitable for the determination of 
magnesium, calcium, manganese, copper, zinc, and aluminum in plants and 
soils, but unsuitable for iron, cobalt, and molybdenum. David 212) reduced 
interferences of phosphorous, aluminum and silicon on the determination of 
calcium in plant material by adding magnesium and sulfuric acid to both 
samples and standards, and Evans and Grimshaw 213) suppressed similar 
interferences in soil extracts by adding lanthanum and 1% sulfuric acid. 

Schall 192) recommended that the atomic absorption determination of 
magnesium, calcium, manganese, iron, and copper in fertilizers should be 
adopted as official, first action. 

A chloric acid digestion was used by Backer 239) for the preparation of 
tissue samples. The digest is simply diluted to determine iron, zinc, and copper. 
The tantalum sampling boat technique was used by Emmermann and Luecke 25a) 
to measure lead, zinc, and silver in prepared soil solutions. White 158) treated 
ashed plants with hydroxylamine in 1N hydrochloric acid to reduce and dissolve 
oxides of manganese, prior to its determination by atomic absorption spectros- 
copy. 

Neal 269) dissolved dimethylpolysiloxanes in MIBK, and analyzed the solution 
for silicon. Inorganic silicons commonly found in food and 1% cottonseed oil 
did not interfere. Jordan 27a) extracted lead from food into xylene rather 
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than MIBK to overcome the variable solubility effect found with MIBK; re- 
duction with ascorbic acid prevents interference from iron. 

Nixon 277) compared atomic absorption spectroscopy, flame photometry, 
mass spectroscopy, and neutron activation analysis as methods for the deter- 
mination of some 21 trace elements (<100 ppm) in hard dental tissue and 
dental plaque: silver, aluminum, arsenic, gold, barium, chromium, copper, 
fluoride, iron, lithium, manganese, molybdenum, nickel, lead, rubidium, 
antimony, selenium, tin, strontium, vanadium, and zinc. Brunelle 278) also 
described procedures for the determination of about 20 elements in soil using 
a combination of atomic absorption spectroscopy and neutron activation 
analysis. 

The principles and applications of atomic absorption spectroscopy to clini- 
cal and biological analysis have been reviewed by several authors 279-286) 
and automation in the analysis has been reviewed 287). 

C. Determination of Nonmetals in Medical and Biological Materials 

An interesting application of atomic absorption spectroscopy is the indirect 
determination of nonmetals. Christian and Feldman 19) have described the 
various indirect methods that can be used. Methods have been described for 
the determination of several nonmetals in biological samples. 

Helmerson 28s), and more recently Bartels 289), determined chloride in 
serum by adding excess silver and then measuring the excess silver ion in 
the filtrate. Ezel1290) used a similar procedure to determine chloride in plant 
liquors and Gutsche et at 291) determined chlorine in milk by measuring the 
excess silver by flame photometry. 

�9 Several investigators have described the indirect determination of ortho- 
phosphate by extraction of the phosphomolybdic acid complex and the mea- 
suring the molybdenum extracted. Zaugg and Knox 292) first applied this 
technique to the determination of phosphate in urine. A protein-free t~iltrate 
was formed and the complex was extracted into 2-0ctanol. More recently, 
Devoto 293) determined 0 to 25 ttg of phosphate in 50 ml of urine by extracting 
the complex from acidified urine into isobutyl acetate. 

Roe and co-workers 294) analyzed for sulfate in urine by precipitating BaSO4, 
dissolving the precipitate in EDTA and then measuring the equivalent amount 
of barium. Galindo et al. 29s) used a similar procedure for determining sulfur 
in soil extracts. Organic matter is destroyed and sulfur is oxidized to sulfate by 
30 % hydrogen peroxide solution, and then barium chloride is added. (NH 4 )z 
EDTA is used to dissolve the precipitate. Gersonde 296) determined sulfur in 
proteins by oxidizing it to sulfate in a Sch6niger combustion flask and then 
precipitating SrSO4. The strontium is measured by flame emission. Suzuki 
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et al. 297) determined protein thiol groups by measuring the mercury bound 
to the protein after reaction with mercuric chloride or p-chloromercuribenzoate. 
The excess unreacted reagent is separated by gel filtration, and a limit of 
detection of 0.1 ppm mercury is reported; this is 30-fold more sensitive than 
conventional spectrophotometric methods. Fuwa and Vallee 29s) determined 
sulfur directly in amino acids by molecular flame absorption spectrometry. 
The absorption of the sulfur peak at 207 nm in an air-hydrogen flame is 
measured with a detection limit of 10 ppm sulfur. 

Bond and Willis 299) have determined ammonia in mitrochondria samples 
after separation by distillation. The enhancement of zirconium absorption by 
the ammonia is measured. This is more rapid than colorimetric procedures. 
Hall et al. 300) described an indirect method for the determination of urinary 
a-amino nitrogen. Copper is solubilized from insoluble copper phosphate by 
complexing with a-amino groups at slightly alkaline pH. The remaining copper 
phosphate is removed by filtration and the filtrate is diluted 1 : 10 or 1 : 20 
with 0.1N hydrochloric acid to measure the dissolved copper by atomic ab- 
sorption. Standards are prepared using alanine. 

Potter and co-workers 301) determined reducing sugars in plant materials by 
reducing copper(II) in alkaline solution to insoluble cuprous oxide and then 
measuring the excess copper in the filtrate. Mitschel1248) conducted further 
studies on this method. Christian and Feldman 19) have described general proce- 
dures for the indirect determination of glucose and of protein. It is anticipated 
that in the future, we will see many more applications of atomic absorption 
spectroscopy to the indirect determination of nonmetals. 

I I I .  Conclusion 

Atomic absorption spectroscopy has proved to be an extremely effective and 
quite simple tool for the analysis of metals and several nonmetals in medical 
and biological materials. At present, only about one half of those trace elements 
that occur in the body have been analyzed at the physiological level by this 
technique, but it will probably be only a matter of time before methods are 
described for these elements. Other elements of interest include vanadium, 
molybdenum, cobalt, aluminum, arsenic, bismuth, and selenium. Also, the use 
of high temperature flames for flame emission spectroscopy 11,302, 303) will un- 
doubtedly find use for the analysis of more trace elements, using similar 
techniques described here. The application of atomic fluorescence spectroscopy 
should prove extremely interesting, particularly for such elements as cadmium. 
Nonflame atom reservoirs show great promise for ultratrace analysis, requiring 
only small samples with little or no sample preparation. 
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