Preface

In the emerging field of nanoscience the desire to construct objects which in
the molecular scale can resemble and act as macroscopic devices is a constant
trend. Amongst the simplest but also most attractive functional component
molecular wires are surely the most investigated. The reason for such interest
is quite obvious since wires, in today world, are used all around us and are the
most indispensable unit to assemble any type of electronic devices. But at this
point the question is what is a molecular wire? Amongst the several definitions
the one which will be addressed in this issue and which in my opinion best
describes the discrete molecular systems dealt with in this issue is: a molecular
wire is a molecule or an assembly of molecules able to strongly electronically
couple the terminal sites in order to mediate energy and charge transport over
long distance. Since many years several scientist have attempted to synthe-
size unidimensional molecular systems able to vectorially transport energy or
charge from one terminal site to the other one. Often the terminal units have
been donor and acceptor groups, and light has been used as energy source to
promote the energy or charge migration. More recently a lot of attention has
focused on the possibility to interface molecular structures between electrodes
of conductive materials, enabling a direct measurement of the conductivity of
the system. Despite the differences in experimental set-up and the conditions
applied, it is clear that there is a good agreement on the insulating or conduc-
tive properties of the molecules obtained by the various methods. However, in
the construction of a multicomponent system great attention must be paid on
the terminal units since the electronic coupling between these terminal groups
and what is in between can dramatically influence the overall behavior.

The misuse of the words molecular wire has lead to confusion in the defini-
tion and many rod-like systems, just because their linear and rigid structure,
have been labeled as wires. I would like to stress that in many cases the lost in
the transport is dramatic and an exponential decrease of the conductivity is
observed with increasing distance between the terminal sites resulting in a few
nanometer conductance which cannot be addressed as a wired behavior.

I believe that effort in connecting, with molecular wires, components pos-
sessing different properties and address them with different inputs can lead
to a much more interesting way to conceive nanoelectronics which goes far
behind than just trying to interconnect macro and nanoworld. The possibility
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to have a complete electronic or photo-addressable circuit which requires no
external physical interface to be operational is just a vision at the moment
but the realization of components self-consistent and molecularly connected
is reality.

In this issue the synthesis and characterization of molecular wires based on
organic or metal complexes components, their properties and some theoretical
background will be illustrated. It is clear that we are very far for a full overview
but I hope that the readers will find the field as much exciting as it is for me.

Miinster, 15 July 2005 Luisa De Cola
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Abstract A number of transition-metal complexes have been reported to exhibit rich lu-
minescence, usually originating from phosphorescence. Such luminescence properties of
the triplet excited state with a large Stoke’s shift, long lifetime, high luminescence quan-
tum yield as well as lower excitation energy, are envisaged to serve as an ideal candidate
in the area of potential applications for chemosensors, dye-sensitized solar cells, flat panel
displays, optics, new materials and biological sciences. Organic alkynes (poly-ynes), with
extended or conjugated m-systems and rigid structure with linear geometry, have be-
come a significant research area due to their novel electronic and physical properties
and their potential applications in nanotechnology. Owing to the presence of unsatu-
rated sp-hybridized carbon atoms, the alkynyl unit can serve as a versatile building block
in the construction of alkynyl transition-metal complexes, not only through o-bonding
but also via w-bonding interactions. By incorporation of linear alkynyl groups into lu-
minescent transition-metal complexes, the alkynyl moiety with good o-donor, 7-donor
and m-acceptor abilities is envisaged to tune or perturb the emission behaviors, including
emission energy (color), intensity and lifetime by its role as an auxiliary ligand as well as
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to govern the emission origin from its direct involvement. This review summarizes recent
efforts on the synthesis of luminescent rod-like alkynyl complexes with different classes
of transition metals and details the effects of the introduction of alkynyl groups on the
luminescence properties of the complexes.

Keywords Luminescence - Alkynyl - Metal-metal interaction - Phosphorescence

Abbreviations
‘Busbpy  4,4'-di-tert-butyl-2,2’ -bipyridine

Bpy 2,2/ -bipyridine
Fc ferrocene
Np naphthylene

Me;bpy  4,4'-dimethyl-2,2’-bipyridine

(CF3),bpy 4,4'-bis(trifluoromethyl)-2,2’-bipyridine
Phen 1,10-phenanthroline

Dppm bis(diphenylphosphino)methane

Dppa N,N-bis(diphenylphosphino)amine
HOMO  highest occupied molecular orbital

LUMO lowest unoccupied molecular orbital
1
Introduction

Luminescent transition-metal complexes, in particular those with triplet ex-
cited states that show emission of a phosphorescence nature arising from the
enhanced intersystem crossing as a result of the larger spin-orbit coupling
due to the presence of the heavy metal center, have attracted considerable at-
tention in recent years. In addition to studies that provide the fundamental
information for the elucidation of electronic structures and examination of
photoinduced electron or energy transfer processes [1-4], extensive studies
on such luminescent complexes have also led to their potential applications
in the area of chemosensing, dye-sensitized solar cells, flat panel displays,
organic light-emitting devices (OLEDs), optical materials and biological ap-
plications. For example, a number of ruthenium(II) complexes have been
utilized as dyes, which were immobilized on a TiO; surface via anchoring
groups. Photoexcitation of the metal-to-ligand charge transfer (MLCT) leads
to injection of electrons into the conduction band of the TiO; for the conver-
sion of solar energy into electricity [5-8]. Due to the triplet phosphorescence
nature, a number of luminescent transition-metal complexes have been em-
ployed as the emitting layer for OLED fabrication with improvements in the
electroluminescence (EL) intensity, quantum efficiency as well as the tuning
of EL color [9-14].
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Organic alkynyl compounds (poly-ynes) with extended w-conjugated sys-
tems, rigid structure and linear geometry have attached enormous attention
due to their novel electronic and physical properties as well as their ability to
serve as potential candidates for development in nanotechnology [15-17]. In
view of this, incorporation of alkynyl groups into transition-metal complexes
may lead to systems with unique optical, electronic and physical properties
that may find potential applications as non-linear optical materials, liquid
crystals, molecular electronics and wires [18-25]. Owing to the presence of
unsaturated sp-hybridized C-atoms, the alkynyl group can serve as a versatile
building block in the construction of alkynyl transition-metal complexes in
the o-bonding and 7-bonding modes. By introduction of the linear alkynyl
group with the unique properties of having good o-donor, w-acceptor and -
donor abilities into luminescent transition-metal complexes, fine-tuning and
perturbation of emission behaviors, in the sense of energy (color), emission
intensity and lifetime could be envisaged through their role as an auxiliary
ligand. In some cases, the alkynyl groups may exert their influence in per-
turbing the emission properties by their direct involvement in the emission
origin. The introduction of heavy metal atoms into the alkynyl backbone
in metal-containing oligo- and poly-ynes also provided a versatile method
to improve the chances of producing triplet emitters, leading to long-lived
triplet emission, as a result of a larger spin-orbit coupling constant and an
enhanced intersystem crossing efficiency.

In several classes of transition-metal complexes, the presence of a non-
emissive low-lying d-d state would quench the luminescence excited state
via thermal equilibration or electron/energy transfer [26,27]. Coupling of
a strong o-donating alkynyl ligand to such a system is anticipated to raise
the d-d state, resulting in improvement or enhancement of the luminescence
by increasing the population of the luminescence excited state. On the other
hand, the sp-hybridized unsaturated C = C group is capable of interacting
with other metal centers, for example copper(I), silver(I) or gold(I), through
w-bonding fashion [22,28-32]. Therefore, introduction of such metal cen-
ters into the rigid rod-like metal alkynyl complex would alter the struc-
tural and luminescence properties. Elongation of the alkynyl group has also
been reported to vary the linearity and electronic communications of the
metal alkynyl complexes [25,33]. It is envisaged that such an extension of
the conjugated m-system would lead to perturbation of the luminescence
properties.
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2
Rhenium(l) and Ruthenium(ll)

2.1
Rhenium(l) Polypyridines

In 1974, Wrighton and coworkers reported the photoluminescence studies of
anew class of rhenium(I) tricarbonyl diimine complexes, [Re(CO)3(N — N)Cl]
(N—N = phen or related diimine ligand), exhibiting octahedral geom-
etry with the three carbonyl groups arranged in a facial fashion [34]. The
emission origin has been assigned to be derived from the triplet dm(Re)
— 7*(N —N) metal-to-ligand charge transfer (MLCT) excited state. Since
then, numerous studies on the luminescence properties of related complexes,
including derivatives of the chlororhenium(I) tricarbonyl diimine complexes
such as those obtained by the replacement of the chloro ligand with pyri-
dine, phosphine, nitrile or isonitrile ligands, have been reported [35-40].
In 1995, Yam and coworkers reported the first synthesis and photophysical
properties of luminescent rhenium(I) complexes incorporating alkynyl lig-
ands [41]. The treatment of the precursor complex, [Re(CO)s('Bu,bpy)Cl]
with a lithiated alkynyl reagent, prepared in situ from the reaction of
"BuLi with the corresponding terminal alkyne, afforded the desired alkynyl-
rhenium(I) products, [Re(CO);(‘Buybpy)(C=C-R)] (R = alkyl or aryl;
Scheme 1). Later on, a more general synthetic protocol was developed to en-
able the synthesis of a variety of luminescent alkynylrhenium(I) complexes
with different diimine as well as diynyl ligands, with the general formula,
[Re(CO)3(N—N)(C = C)y—R] (N-N = bpy, ‘Busbpy, Mesbpy, (CF3)2bpy,
phen; n =1 or 2) (Scheme 1) [42-44]. Such a pathway has also opened up the
possibility of employing the trimethylsilyl-protected alkynes instead of the
terminal alkynes and extended the versatility and flexibility of the synthetic

7\ YN
N\ /N N\ /N
HC=CR + "BuLi (Method A)
0C—Re—Cl - OC—Re-{=>-R
/ R'(C=C),R + AgOTf + base (Method B) / n
OC CO OC CO
77N\ 77\
N N =Bugbpy N N = Buzbpy, bpy, Meobpy, (CFs)2bpy, phen
n=1 n=1or2
R = alkyl or aryl R =alkyl or aryl; R' = H or SiMe3
Method A Method B

Scheme 1 Synthetic routes of rhenium(I) monoynyl an diynyl complexes
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Scheme 2 Synthetic routes of rhenium(I) triynyl complexes

methodology. Depending on the nature of the diimine and alkynyl ligands,
either reaction could be employed to give the desired target complexes. Ex-
tension of the work to the tri-ynyl system has been achieved by the reaction
of the butadiynyl complex, [Re(CO)3(N —N)(C= C-C=CH)], containing
a terminal acetylenic proton, with an excess of the bromo- or iodo-alkyne
reagent in the presence of copper(I) catalyst (Scheme 2) [44, 45]. In principle,
elongation to higher order poly-ynyl complexes is feasible by the utilization
of the above methodology in a series of stepwise reactions.

Upon excitation at A >350nm in the solid state and in fluid solu-
tion, these rhenium(I) alkynyls exhibited intense orange phosphorescence,
which generally occurs at lower energy compared to the chloro precursor,
[Re(CO)3(N —N)Cl], attributed to the presence of the strong o-donating
alkynyl group. The luminescence energies have been found to be depen-
dent on the nature of both the diimine and alkynyl ligands. The origin of
such luminescence has been ascribed to a 3SMLCT [dr(Re) — n*(N=N)]
excited state, probably with some mixing of [7(C = C) — 7n*(N — N)] ligand-
to-ligand charge transfer (LLCT) character taking into consideration the
relatively high-lying filled = (C = C) orbital.

For the complexes with the same alkynyl ligand, higher luminescence en-
ergy was observed for the complexes containing better electron-donating sub-
stituents on the diimine ligand, resulting in the order of *MLCT energy: 1 >
6 > 7 (Fig. 1) [43-46]. On the other hand, 2, with a strongly electron-donating
alkynyl group showed lower luminescence energy than 1, and even much
lower than 3, in line with the energy level of the dm(Re) orbital. It is note-
worthy that the longer the carbon chain of the alkynyl group is, the higher is
the luminescence energy, i.e. 5 > 4 > 1. Despite the fact that a better energy

R R

WA R =By

=N N= n=1 n=2 n=3 R=:‘ R=(1:F3

n = n =
\ R=CeHs 1 R=CgHs 4 R=CgHs 5

_ — R=CeHs 6 R =CgHs 7
oc }’(e\{%nﬂ —GHyy 2 o5 65

é: CO =H 3

Fig.1 Mononuclear alkynylrhenium(I) complexes of 1-7
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Scheme 3 Synthetic routes of dinuclear alkynylrhenium(I) complexes 8-10

match with the dz(Re) orbital in the filled-filled pz - d7 overlap would be ex-
pected from the higher-lying 77 (C = C) orbital of the longer alkynyl analogue,
a poorer overlap integral actually would be resulted due to delocalization of
the electron density across the alkynyl chain, as supported by molecular or-
bital calculations.

The synthesis of dinuclear luminescent rhenium(I) complexes teth-
ered by a linear rod-like oligo-ynyl bridge has been accomplished by
oxidative homo-coupling reaction in the presence of copper(II) catalyst
(Scheme 3) [43, 44,47, 48]. Owing to the absence of tert-butyl substituents on
the bpy ligand, 10 is not soluble in common organic solvents. Complexes 8-10
showed intense luminescence, typical of >MLCT emission with some mixing
of LLCT character. In the solid state at 77 K, the phosphorescence origins of 8
and 9 have been assigned as derived from the metal perturbed intra-ligand
(IL) [7(C=C) — n*(C=C)] excited state, which has been supported by
the observation of a structured emission band with vibrational progressional
spacings of ca. 2100 cm™, characteristic of the v(C = C) stretch.

2.2
Ruthenium(ll) Polypyridines

The polypyridyl ruthenium(II) system, similar to the rhenium(I) diimine
complexes, is another class of the most studied luminescent transition-
metal complexes. While most studies on ruthenium alkynyl complexes
were focused on the use of phosphine ligands, corresponding studies on
nitrogen donor ligands are relatively rare. As an extension of the lumi-
nescence studies on alkynylrhenium(I), Yam and coworkers attempted
to design and prepare the luminescent alkynylruthenium(II) complexes
in 1998. Reaction of cis-[Ru(N —N);(Me,CO),]?* with terminal alkyne
yielded an unprecedented ruthenium(II) (aryl)-carbonyl complex, cis-
[Ru(N —N),(CO)(n- CH, — C¢Hg —R—4)]*. It was proposed that the ter-
minal alkyne first coordinated to the ruthenium(II) metal center to form
a vinylidene intermediate, with the electron-deficient «-carbon highly sus-
ceptible to nucleophilic attack. Finally, a ruthenium(II) (aryl)-carbonyl com-
plex was obtained by the nucleophilic attack of a water molecule on the a-
carbon of the vinylidene ligand via the hydroxycarbene complex intermediate
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HO,

H,0
—_— = —Ru(N-N) HY OC—Ru(N-NHy),
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L

H

(RUN-N(L2* H=Fn  Sc=c=RuN-N),
L R ‘
. R
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Z=HorMe R
L =MepCO

Scheme 4 Reactions of cis-[Ru(N — N),(Me;CO);]*" with terminal alkynes in the presence
of water or amines

(Scheme 4) [49-51]. On the other hand, if a nucleophilic primary or sec-
ondary aniline was present in dry acetone, an orthometallated ruthenium(II)

aminocarbene complex, cis- [‘Ru(N —N),{= C(CH; — R)NZC‘6H3 —R'}]t, was
formed instead via the formation of an aminocarbene complex and sub-
sequent orthometallation of the phenyl ring (Scheme 4) [49-51]. All these
aminocarbene complexes exhibited intense emission in various media and
such emission origin was assigned to dr(Ru) — 7*(N - N) *MLCT excited
state. A change in the substituents on the aminocarbene ligands has been
shown to have relatively little influence on the emission energies of these
complexes with the same diimine ligand. The emission energy was found to
be sensitive to the nature of the diimine ligand, as reflected by a relatively sig-
nificant blue shift in emission energies from the complex with the bpy ligand
to another with the Me;bpy ligand. The presence of electron-donating methyl
substituents on the bpy ligand would render the 7* orbital of the diimine
ligand higher-lying in energy and thus resulting in a higher MLCT emission
energy. A semi-empirical MO theoretical calculation showed that the HOMO
was predominantly ruthenium(II) metal center character while the LUMO
was mainly localized on the diimine ligands. Such results are consistent with
the SMLCT assignment. In addition, the respective binuclear and crown-ether
containing ruthenium(II) aminocarbene complexes have also been obtained
from the reaction with functionalized alkynyl ligands and their luminescence
behavior as well as the cation binding properties studied [51].

More recently, Che and coworkers reported the synthesis and photophys-
ical properties of a series of polypyridyl ruthenium(II) alkynyl complexes,
[Ru(trpy)(bpy)(C = C-R)]* (Scheme 5) [52], formed by the substitution
reaction of [Ru(trpy)(bpy)(H,0)]** with a deprotonated terminal alkyne
reagent. Excitation of these complexes resulted in red emission in both the
solid state and in acetonitrile solution. Typical of other polypyridyl ruthe-
nium(II) systems, the emission was assigned as dz(Ru) — 7*(polypyridyl)
SMLCT character. Since the alkynyl ligand incorporating a stronger o-
donating substituent would destabilize the dm(Ru) energy level to a larger
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H,O H
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40N RC=CH, Et;N W7 CeHs 12

74 A - —_—7T
NNy | acetone <RI CoHy—OMe-4 13
N = ’L N By 14
S
| o
F

Scheme 5 Synthetic routes of polypyridyl ruthenium(II) alkynyl complexes 11-14

extent, the emission energy decreases in the order: 11 > 12 > 13 > 14, in line
with the MLCT assignment.

3
Platinum(ll)

3.1
Platinum(ll) Phosphines

Alkynylplatinum(II) phosphine complexes, containing two phosphine lig-
ands and two alkynyl groups with square-planar geometry, exist in cis-
or trans-configuration depending on the phosphine type and reaction con-
ditions. A number of monomeric, oligomeric and polymeric platinum(II)
compounds in trans-configuration, in which the platinum(II) metal cen-
ter and the two alkynyl ligands adopt a linear geometry, have been re-
ported in view of their ideal conformations as potential candidates in the
construction of molecular rods or wires. The general synthetic method
involves the dehydrohalogenation of the cis- or trans-[Pt(PR3),Cl,] start-
ing material with the alkynyl ligand in the presence of copper(I) cata-
lyst and amine base (Scheme 6) [24,53-68]. The luminescence studies of

1 1_
cis-or trans{P(PRg),Cly)  _ CWAT="R _m  p g Rand R'=alkyl oraryl |
EtsN or Et,NH ‘
PRs

R%=

none g A’UU

o - S\/s
PR, Rﬁ?

H17Cg” CgHi7

Cul, H—=—R?*=-H
EtsN or Et,NH

Scheme 6 Synthetic routes of alkynylplatinum(II) phosphine complexes
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trans-[Pt(PR3),(C = CH);] and trans-[Pt(PEt3),(C = CPh),] were reported
by DeGraff, Lukehart, Demas and coworkers [53], with an excited state
assignment of Pt — 7*(C =C) MLCT in character, which has been fur-
ther supported by resonance Raman spectroscopy [54]. On the other hand,
the luminescence properties of a series of platinum(II) alkynyl polymers,
trans-[Pt(PR3),(C=C-R-C=C);], (R = none or aromatic spacer), have
been extensively studied by Lewis, Marder, Friend, Raithby and cowork-
ers [55-64], and the origin of such luminescence has been ascribed to
be derived from a metal perturbed intra-ligand w-7*(C = C) excited state.
By an iterative-convergent approach with trimethylsilyl protected alkynyl
groups, Schanze and coworkers recently reported the synthesis of a class of
monodisperse platinum(II) alkynyl oligomers (Fig. 2) [69]. The complexes,
16 and 17 were found to exhibit luminescent '[7-7*] and ?[7-7*] states
of the conjugated system, and the effect of oligomer length on the lumi-
nescence properties has been elucidated. The maxima of the absorption
and fluorescence bands shifted to red from 15 to 19, but the difference be-
tween 19 and 20 is small, indicating that the effective conjugation length
in the singlet state (S1) is about 6 repeat units. Gladysz and coworkers
have prepared a series of binuclear alkynylplatinum(II) complexes, trans-
[(C¢F5)Pt{u— PhP(CH;),,PPh,},(C = C),,Pt(CsFs5)] (m =10, 11, 14 and 18;
n=4 and 6) [70] and trans-[{Pt(PR3);(CsFs5)}(C = C),{Pt(PR3),(CsF5)2}]
[71] (R = Et or p-tol; n=1, 3, 4, 6, 8, 10 and 12) while the {Pt}(C = C);2{Pt}
is the longest metal poly-ynyl compound to date (Fig. 3). UV-Vis spectro-
scopic studies on trans-[{Pt(PR3)2(CsF5)}(C = C),{Pt(PR3)2(CsF5)}] showed
that the most intense band shifted monotonically to lower energy upon in-
creasing the number of C = C units.

Shaw, Pringle and coworkers reported the synthesis of a dinuclear plat-
inum(II) alkynyl complex, [Pt;(dppm);(C = CPh)4], showing an interesting
double rod-like structure, with two trans-[Pt(C = CPh),] moieties tethered
by two diphosphine ligands [72]. A number of dinuclear d8-d® metal com-
plexes with well-defined metal-metal distances have been reported, and their
unique luminescence features associated with the presence of metal-metal
interactions have been extensively studied [73-78]. In order to probe the
role of metal-metal interactions in determining the luminescence proper-
ties, the design and synthesis of discrete molecules with known metal-
metal distances are required. The complex, [Pt;(dppm),(C = CPh)4] 21,

Fig.2 A class of monodisperse platinum(II) alkynyl oligomers of 15-20
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Fig.3 Dinuclear alkynyl-bridged platinum(II) phosphine complexes

was found to show luminescence in different media by Yam and cowork-
ers, and its analogues 22-24 with different alkynyl groups were also pre-
pared (Scheme 7) [79-81]. The luminescence properties and origins have
been elucidated by systematic variation of the nature of the ligands and the
structural features. By comparison with the mononuclear counterpart, trans-
[Pt(dppm — P),(C = CPh);], in which the luminescence was attributed to an
admixture of Pt - 7*(C = C)MLCT/m — 7*(C = C) IL excited states, the
observation of a lower emission energy in 21 was suggested to be as a result
of the involvement of metal-metal interaction. The luminescence origins of
21-24 were assigned as derived from the triplet metal-metal-to-ligand charge
transfer CMMLCT) [d}:(Pt;) — po (Pty)/7*(C = CR)] state, where d: and p,
denote the antibonding combination of dﬁ(Pt) —dﬁ(Pt) interaction and bond-
ing combination of p,(Pt) —p,(Pt) interaction, respectively, taking the Pt — Pt
direction as the z-axis. The crystal structures of 21-24 provided the infor-
mation of the Pt — Pt distances in order of decreasing length: 21 ~ 22 > 24
> 23. The MMLCT energy were found to be dependent on the nature of
alkynyl groups as well as the Pt — Pt distance. In general, complexes with the
less electron-rich alkynyl ligands would have a lower-lying 7*(C = CR) or-
bital level and hence a smaller HOMO-LUMO energy gap, giving rise to lower
emission energy. In addition, complexes with shorter Pt — Pt distance would
also result in lower emission energy due to the higher-lying 4 (Pt,) (HOMO)
energy level and lower-lying p, (Pt,) orbital energy derived from the stronger
Pt — Pt interaction. In view of these observations, 23, with the least electron-
rich alkynyl ligand and the shortest Pt — Pt distance, gave the lowest emission
energy amongst the series.
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Scheme 7 Synthetic routes of face-to-face dinuclear alkynylplatinum(II) complexes 21-24
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The unique structure of 21 provides preorganized sites for the ready en-
capsulation of other metal centers through m-interaction with the alkynyl
group which serves as n?-ligands to form tweezer-like complexes 25 and 26
(Scheme 8) [79-81]. Perturbation of the emission properties has been accom-
plished by a change in the Pt— Pt distance as well as the w-acceptor ability
of the alkynyl unit via copper(I) or silver(I) coordination. Lower MMLCT
emission energy was found in 25 and 26 relative to that in 21. The observa-
tion of shorter Pt — Pt distances in 25 and 26, compared with their precursor
21, was ascribed to the coordination of copper(I) or silver(I) metal cen-
ter which pulled the platinum atoms into close proximity as a result of the
reduced donor strength of the alkynyl ligands as well as the steric require-
ments. Upon encapsulation of such Lewis acids, the shortening of the Pt — Pt
distance would raise the do*(Pt;) orbital energy. Meanwhile, a lowering of
the po(Pt;)/7*(C = CPh) orbital energy (LUMO) would occur as a result
of an increase in the alkynyl w-accepting ability. Consequently, lower emis-
sion energies were observed in 25 and 26, resulting from a narrowing of the
HOMO-LUMO energy gap. Slightly higher emission energy of 26 relative to
25 was observed due to the weaker Lewis acidity of Ag(I) as well as its larger
ionic radius compared to Cu(I), resulting in a higher energy MMLCT transi-
tion, in addition to the slightly longer Pt — Pt distance in 26.

Alternatively, perturbation of the luminescence behavior has also been
achieved by introduction of an extra attachment site in the alkynyl group
for further coordination. By using the “metalloligand” approach, assem-
bly of four platinum(Il) terpyridyl units, [Pt(trpy)]?*, into the pyridyl
anchors in 27 afforded a novel hexanuclear platinum(II) complex,
[Pty(dppm),{C = C — CsH4N — Pt(trpy)}4]*" 28 (Scheme 9) [82]. Similar to
the case of the m-encapsulated complexes 25 and 26 versus 21, a shorter
Pt — Pt distance and lower emission energy were observed in 28, relative to 27.
Employing the same arguments, coordination of four electron-deficient plat-

Me 2+

Ph2P<//PP/h - Phgpdpﬁ2 M= iu ::
I I Fa| 2

Me

Scheme 8 Synthetic routes of tetranuclear platinum(II) complexes 25 and 26
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Scheme 9 Synthetic route of hexanuclear platinum(II) complex 28

inum(II) terpyridyl moieties resulted in the lowering of p, (Pt;)/7*(C = CPh)
(LUMO) level and shortening of the Pt — Pt distance which in turn would
boost the energy level of 4% (Pt;) (HOMO). Both effects would cause a nar-
rowing of the HOMO-LUMO energy gap for this MMLCT transition and
account for the red shift in emission energy of 28.

3.2
Platinum(ll) Polypyridines

Apart from the platinum(II) phosphine systems, platinum(II) polypyridyl
complexes have also aroused a growing interest due to their intriguing spec-
troscopic and luminescence behaviors associated with the propensity to form
Pt—Pt and 7-7 interactions. Examples include the platinum(II) terpyridyl
complexes, [Pt(N-N-N)L]"" (n=1or 2; N-N - N = terpyridyl ligand; L =
anionic or neutral ligand), which have been extensively studied and shown to
exhibit rich luminescence attributed to dn(Pt) — 7*(N — N —N) 3MLCT ori-
gin [27, 83-96]. In some cases, such 3MLCT excited states would be quenched
by the presence of a low-lying non-emissive d-d ligand field (LF) or ligand-
to-ligand charge transfer (LLCT) states, depending on the nature of the aux-
iliary ligand, L and the terpyridyl chelator [27,96-98]. Yam and coworkers
first reported the preparation of a luminescent alkynylplatinum(II) terpyridyl
system [Pt(N-N-N)(C=C-R)]* [93] by employing a synthetic method-
ology similar to that for rhenium(I) alkynyl complexes, in which the labile
acetonitrile ligand of the precursor complex [Pt(N — N —N)(MeCN)]?* was
substituted by the alkynyl group (Scheme 10). The luminescence exhibited
by these complexes was attributed to the dz(Pt) - 7*(N-N-N) SMLCT
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Scheme 10 Synthetic routes of alkynylplatinum(II) terpyridyl complexes 29-39

excited state, with some mixing of 7(C=C) — 7*(N - N—-N) ’LLCT char-
acter. Compared to the chloro-analogue, [Pt(N — N —N)Cl]*, lower lumines-
cence energy was observed in the platinum(II) alkynyl complexes due to the
presence of the higher-lying dm(Pt) orbital resulting from coordination of
the strong o-donating alkynyl group. In general, the stronger the electron-
donating ability of the alkynyl ligand is, the lower is the luminescence en-
ergy observed. This is in line with the fact that better electron-donating
alkynyl ligands would destabilize the dm(Pt) orbital to a larger extent. The
order of the luminescence energy: 31> 30 > 29 > 32, is also in line with
the MLCT/LLCT assignment. Higher >MLCT emission energy has also been
observed in 36 relative to its analogue 35, as a result of a higher-lying
7*(N—-N-N) orbital in 36 due to the presence of three electron-donating
tert-butyl substituents on the terpyridyl ligand. It is interesting to note that
33, 34 and 37 are non-emissive in fluid solution and in the solid state. Such
phenomenon may be ascribed to quenching of the emissive SMLCT excited
state by photoinduced electron transfer (PET), in which the electron is trans-
ferred from the electron-rich substituent on the alkynyl ligand to the plat-
inum metal center. Alternatively, the presence of an energetically accessible
or lower-lying *LLCT excited state, due to the effect of the electron-donating
substituent, may cause quenching of the MLCT emission.

Through the modification of the amino group on 37, complexes 38 and
39 containing the isothiocyanate and iodoacetamide functional groups, were
designed for luminescence bio-labeling from the ready reaction with the pri-
mary amine and sulfhydryl group, respectively, of the biomolecules [96].
Human serum albumin (HSA) has been labeled with 38 and 39 to afford the
corresponding bioconjugates, 38-HSA and 39-HSA (Scheme 11), which are
also luminescent in the visible region upon photoexcitation. The lumines-
cence properties of the bio-conjugates 38-HSA and 39-HSA, together with
their parent labels have been investigated and elucidated. The bioconjugate
38-HSA resulting from the isothiocyanate complex 38 was found to emit with
a different luminescence color when compared to its parent label, while the
bioconjugate 39-HSA derived from the iodoacetamide complex 39 was found
to emit with an enhanced luminescence intensity.
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Scheme 12 Synthetic routes of dinuclear alkynylplatinum(II) terpyridyl complexes 40-42

A series of luminescent alkynyl-bridged dinuclear complexes
with platinum(II) terpyridyl units serving as end-capped termini,
[Pt('Bustrpy)(C = C),Pt(*Bustrpy)]** (n = 1,2 or 4), was designed and syn-
thesized (Scheme 12) [94]. Complexes 40 and 41 were directly obtained by the
reaction of [Pt(tBu3trpy)(MeCN)]2+ with the corresponding alkynyl ligands,
while 42 was prepared via an oxidative homo-coupling reaction from 36. The
luminescence behavior together with the structure-property relationships, in
particular those related to the effect of the alkynyl chain length, were studied.
In order to minimize the influence of Pt— Pt or 7-7 interactions on the lu-
minescence behavior, the ligand ‘Bustrpy with three bulky substituents was
selected. The emission bands observed in 40 and 41 were assigned as derived
from *MLCT dn(Pt) — 7*(‘Bustrpy) origin, with some mixing of >LLCT
7(C =C) —» 7*('Bustrpy) character. On the other hand, the emission band
of 42 was rich in vibronic structures with vibrational progressional spacings
of about 2100 cm™, typical of the v(C = C) stretch in the ground state. This
observation indicates the increasing contribution of the alkynyl bridge in the
excited state properties and the assignment of an emission origin to the pre-
dominantly 3IL w — 7*{(C = C)4} excited state was made. Higher emission
energy was observed in 41 compared to 40 and such a luminescence shift to
higher energy with increasing number of C = C units is in contrast to the
common observation of the red shift in transition energy with increasing the
C = C chain length in organic polyynes and in other metal alkynyl systems.
Similar observation has been found in the rhenium(I) alkynyl complexes, and
the same argument could also be applied to this system. The blue shift in
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luminescence observed on going from 40 to 41 is likely due to the greater sta-
bilization of the dm orbital from the filled-filled interaction between pr-dm
overlap. Despite a higher dm(Pt) orbital would be expected due to the better
energy match between the drr(Pt) and the 7 (C = C) orbitals upon increasing
the length of the alkynyl chain, an opposing effect from the decreased overlap
integral attributed to the better delocalization of electron density across the
C = C unit would lead to a lower energy level of dr(Pt) orbital. As a result,
the luminescence energy of 40 occurs at higher energy relative to 41.
Square-planar platinum(II) polypyridyl complexes are well known to ex-
hibit interesting polymorphism in the solid state, which has been attributed
to the variation of Pt— Pt distances or degrees of w-m interaction. Differ-
ent photophysical and luminescence properties are also observed for different
polymorphs and these are found to be dependent on such changes in the
Pt — Pt or w-m distances. For instance, in the complex [Pt(bpy)Cl,], two crys-
tal forms exist and the Pt — Pt distances for the yellow and red forms are
found to be 4.44 and 3.45 A, respectively, from their crystal packing [99, 100].
Interestingly, complex 35 was found to exist in two crystal forms, the dark
green and red forms and both of which have been structurally character-
ized [95]. Although the molecular structures were the same in both forms,
different crystal packing arrangements have been revealed. The dark green
form exists as a linear chain with the platinum atoms equally spaced with
short intermolecular Pt — Pt distances of 3.388 A, while the red form exhibits
a zigzag arrangement to give dimeric structures with alternating Pt — Pt dis-
tances of 3.394 and 3.648 A (Fig. 4). Dissolution of both forms in acetone or
acetonitrile gave the same absorption spectrum, indicating that the same mo-
lecular species exists in the solution state. There was a dramatic color change
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Fig.4 Crystal packing diagrams of 35 in dark green form and red form
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with a tremendous emission enhancement of 35 in solution upon varying the
composition of the solvent. Upon increasing the diethyl ether content in so-
lution, the color of the solution changed dramatically from yellow to green to
blue, as reflected from its electronic absorption spectra with a growth of the
band at 615 nm and a concomitant drop in intensity of the band at 416 nm.
Such drastic color changes displayed were ascribed to the formation of ag-
gregates as a result of increasing the non-solvent content of diethyl ether. The
new absorption band at 615 nm was assigned to the MMLCT transition of the
aggregated species; the formation of which was facilitated by the propensity of
this class of compounds to form Pt — Pt interactions and 7 -7 stacking. Apart
from the spectral changes, a tremendous emission enhancement at 785 nm
was also induced by the change of solvent composition. In view of the close
resemblance of the emission intensity variation at 785 nm to the absorbance
changes at 615 nm as a function of diethyl ether content, the emission band
at 785 nm and the absorption band at 615 nm were assigned to be from the
same MMLCT transition origin.

Attempts to prepare a pentanuclear Pt(II) complex by the assembly of ho-
moleptic [Pt(C = C— CsHyN)4]?" with [Pt(tBug.trpy)(MeCN)]“, instead af-
forded an unprecedented dinuclear complex 43 where two [Pt(*Bustrpy)]
units were connected by an ethynylpyridine ligand (Scheme 13) [101]. Intense
luminescence was exhibited both in the solid state and in fluid solution and
the origin was assigned as derived from the SMLCT dn(Pt) — 7*('Bustrpy)
excited state, mixed with some 3LLCT 7(C=C) — 7*("Bustrpy) character.
In view of the higher-lying orbital energy of the platinum atom attached
to the alkynyl group, as compared to the other platinum atom adjacent to
the pyridyl unit, the lowest energy excited state was assigned as due to
the alkynylplatinum(II) terpyridyl moiety, given the better electron-donating
ability and the anionic nature of the alkynyl ligand.

A related tridentate cyclometalated platinum(II) alkynyl system,
[Pt(C—N-N)(C=C-R)], was prepared by employing Sonogashira’s condi-
tions by Che and coworkers (Scheme 14) [14,102] and luminescence studies
have been described. These complexes exhibited intense luminescence of dif-
ferent colors and origins, depending on the nature of the cylometalated and
alkynyl ligands, as well as the relative platinum(II) orbital energies. By exten-

E—

43

Scheme 13 Synthetic route of dinuclear ethynylpridine-bridged platinum(II) complex 43
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Scheme 14 Synthetic routes of cyclometalated platinum(II) alkynyl complexes

sive modifications of both the tridentate and alkynyl ligands, their structural,
photophysical and luminescence properties have been fine-tuned.

The complexes 44-49 are selected as examples for illustrating the pos-
sibility of color-tuning from blue to red luminescence with different ori-
gins (Fig. 5). In principle, the luminescence origins of the complexes with
6-phenyl-2,2’-bipyridine and simple alkyl or aryl alkynyl ligands were as-
signed to be derived from the *MLCT dn(Pt) - 7*(C—N-N) excited
state, with some exceptions of intraligand *[7 — 7*(C=C-R)] and/or
3[r - 7*(C—N—=N)] origins in the examples containing substituted 6-
aryl-2,2’-bipyridines, electron-deficient and polyaromatic alkynyl ligands,
and poly-ynyl groups. The tri-ynyl complex 44 was found to show higher
SMLCT energy compared to the mono-ynyl analogue 45, and such a blue
shift in emission energy upon extending the alkynyl chain length has
also been observed in the related platinum(II) terpyridyl [94] and rhe-
nium(I) diimine systems [44,45]. However, elongating the alkynyl chain
to the tetra-ynyl unit in 46 would alter the emission origin from >MLCT
to intraligand 3[mr — 7*{(C=C)4}] excited state, which is believed to be
of lower energy than that of the 3MLCT state. The observation of vi-
bronically structured narrow bandwidth emission, similar to the case of
[Pt(*Bustrpy)(C = C)4Pt(*Bus-trpy)]** [94], was suggested to be IL localized
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Fig.5 Cyclometalated platinum(II) alkynyl complexes of 45-49
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3[r — 7*] emission. A red shift in emission energy of 47 with an ester-
substituted C—N —N ligand relative to the unsubstituted analogues 44 and
45 was observed. Such a red shift in emission energy was ascribed to the
presence of the electron-withdrawing ester group on the C— N —N ligand,
resulting in the lower 7*(C — N —N) orbital energy and hence lower energy
SMLCT emission. An emission of *[7 — 7*(C— N —N)] origin was assigned
for 48 with the 6-(2-thienyl-2,2’-bipyridine) ligand based on the fact that the
emission energy was insensitive to the substituents on the ethynylbenzene
motif and a lower emission energy was observed than their related analogues
with 6-phenyl-2,2'-bipyridine. Substantial changes in the nature of the emis-
sion origin has also been achieved in 49 by introduction of 1-ethynylpyrene
to the [Pt(C—N-N)] motif, in which the intraligand 3 - ¥ (pyrene)]
excited state contributed predominantly to the luminescence origin.

In view of the ready tunability of their emission color, these cyclometalated
platinum(II) complexes have been utilized as luminescent dopant materials
in the fabrication of organic light-emitting devices (OLED), producing elec-
troluminescence (EL) of green to orange-red color with high luminance and
efficiency [14, 102].

4
Copper(l) and Silver(l)

The sp-unsaturated alkynyl group exhibits a variety of bonding modes
with metal centers, of which the most common type in copper(I) and sil-
ver(I) is in a w3 - n' fashion. Two trinuclear copper(I) alkynyl complexes,
[Cus(p - dppm)3(u3 - n' - C=C—Ph)]** and [Cus(u - dppm)s(us - 7'
—C=C-Ph),]*, were first synthesized and characterized by Gimeno and
coworkers [103, 104]. Both have been structurally characterized, in which the
three copper(I) atoms were bridged by three dppm ligands with one (the
former) or two (the latter) alkynyl groups capping the triangular array of
metal atoms in a linear u3 - ' fashion. The luminescence studies were re-
ported by Yam and coworkers [43,105-112] and modification of these two
classes of complexes employing different diphosphine ligands and alkynyl
groups have been made to elucidate the origin of the luminescence proper-
ties. By altering the reaction stoichiometry of the alkyne, the mono-capped
complexes were synthesized using a lithiated reagent for deprotonation of
the acetylenic proton in THEF, while the bi-capped complexes were prepared
with sodium hydroxide in THF/MeOH mixture (Scheme 15). All showed in-
tense luminescence both in the solid state and in fluid solution. In general,
the more electron-rich the alkynyl ligand is, the lower is the emission en-
ergy in both the mono-capped and bi-capped series. In view of this, together
with the observation of the short Cu- Cu distances found in their crystal
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Scheme 15 Synthetic routes of trinuclear copper(I) and silver(I) alkynyl complexes

structures, the emission origin was assigned as derived from an excited state
of substantial ligand-to-metal charge transfer (LMCT) [(C = C-R) — Cus]
character, mixed with some metal-centered [3d°4s!] character. Lower emis-
sion energy was observed for the mono-capped complexes, relative to the
bi-capped system, which was ascribed to the greater stabilization of copper(I)
metal centers from the effect of higher overall positive charge, supportive of
the assignment of the LMCT state. However, involvement of an intraligand
3[r — n*(C = C—-R)] character in the emission origin was suggested for the
complexes containing electron-withdrawing substituents on the alkynyl lig-
and, such as 4-nitrophenylacetylide or biphenylacetylide, from the fact that
the emission bands were very similar to that of the uncoordinated free alkyne.
For the di-ynyl complexes 52-55 (Fig. 6), the observation of a structured
emission band with vibrational progressional spacings of 1800-2200 cm™,
typical of v(C = C) stretch in the ground state, also suggested the involvement
of the di-ynyl ligands in the excited state.
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P\M/ [\, P CeHs 51 CgHs 53 R =CeHs 57
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Fig.6 Trinuclear copper(I) and silver(I) alkynyl complexes of 50-58
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Since copper(I) and silver(I) metal centers are closely related and show
similar bonding modes, comparison of the luminescence properties of cop-
per(I) and silver(I) congeners of such complexes would provide a better
understanding of the nature of the luminescence origin. Using the same
synthetic strategies for the preparation of the copper(I) complexes, simply
by replacing [{Cu(P —P)(MeCN)},]** with [{Ag(P—P)(MeCN)},]** (P-P
= diphosphine bridging ligand) as the starting material, luminescent trin-
uclear mono-capped and bi-capped silver(I) alkynyl complexes with simi-
lar structures as the corresponding copper(I) complexes were obtained
(Scheme 15) [112-114]. A comparison of the luminescence behaviors of
the copper(I) alkynyl complexes with the corresponding silver(I) alkynyl
analogues has been made. By keeping the bridging phosphine and alkynyl
ligands the same, a higher energy emission was generally observed for the
silver(I) analogues. For example, the silver(I) complexes 57 and 58 exhibited
higher emission energy than that of the corresponding copper(I) congeners
53 and 55. Since Cu(I) is much more easily oxidized, given the higher energy
of the Cu(I) 3d orbitals relative to those of the Ag(I) 4d orbitals, the emission
assignment of a [d(Cu/Ag) — 7*(C=C-C=CR)] MLCT excited state is
in line with the observation of a red shift in emission energy from silver(I)
to copper(I) analogues. However, such an assignment of the emissive state as
derived from a MLCT transition is less likely, given the relatively small energy
difference for the emission of silver(I) complexes with the corresponding cop-
per(I) analogues, from the fact that the ionization energy of Ag*(g) is nearly
10* cm™! larger than that for Cu*(g) [115]. In view of this, together with the
close resemblance of the observed energy shift with similar systems of LMCT
origin, the origin of the emission has been proposed to involve substantial
SLMCT [(C=C-C=CR)— Cus/Ags] character, mixed with some metal-
centered character. Two hexanuclear complexes, 59 and 60, were prepared by
using 1,4-diethynylbenzene as the bridging ligand (Scheme 16) [113]. The two
complexes are isostructural and show a dumb-bell-like structure which con-
sists of two triangular units of copper(I) or silver(I) atoms with three bridging
dppm ligands connected by the 1,4-diethynylbenzene moiety. Intense lumi-
nescence was observed, which was attributed to originate from the 3LMCT
[(C=C-R) — Cus] state, mixed with some metal-centered [3d°4s!] and IL
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Scheme 16 Synthetic routes of hexanuclear copper(I) and silver(I) alkynyl complexes
59 and 60
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[t — 7*(C=C)] character. Similarly, the silver(I) analogue 60 emitted at
higher energy than the copper(I) counterpart 59.

In order to gain more insights into their electronic structures and the
bonding mode between the copper triangle [Cus] with the alkynyl groups,
theoretical calculations on the hydrogen-substituted model complexes, 50-H-
53-H by replacing the phenyl group of dppm with hydrogen in the mono-ynyl
and di-ynyl complexes 50-53 respectively (Fig. 6), have been made [112].
Quantum chemical calculations using density functional theory (DFT) gave
satisfactory agreement between the computed bond distances of 51-H-53-H
in the DFT-optimized structures and the respective experimental structural
data of 51-53. From the results of the DFT calculations, the HOMO region
was found to consist of four nearly degenerate MOs, while two nearly de-
generate MOs were located in the LUMO. For the di-ynyl model 52-H, two
of the HOMOs were predominantly localized on the carbon C4 chain with
a lesser extent on the copper(I) and the other two HOMOs were mainly lo-
cated in the copper(I) triangle motif, while the LUMOs were of w-type carbon
in character with contribution from the copper orbitals. Such results are sup-
portive of the assignment of an emission origin to one that has a substantial
LMCT parentage, mixed with a metal-centered nd°(n + 1)s' state as well as in-
traligand [r — 7*(C = C—- C = CR)] character, in particular for the di-ynyl
complexes. A larger DFT HOMO-LUMO energy gap was computed for the
mono-ynyl model 50-H, in which their HOMOs were similar in energy and
nature to that of 52-H. On the other hand, the LUMOs, which were weighed
on the dHpm (hydrogen-substituted dppm) with less contribution from the
carbon fragment and the metal triangle, were calculated to be higher energy
than the LUMOs of 52-H. This is in line with the fact that mono-ynyl com-
plexes exhibited higher emission energy, compared to the di-ynyl analogues.
Calculations on different diynyl complex models 53-H-55-H indicated some
significant shift to higher energy of the HOMOs relative to the hydrogenated
counterpart 52-H. Accordingly, these compounds were more readily ionized
which is in accordance with the electrochemical properties reported for the
diynyl series. The substituted aryl complexes 53-56 were also found to emit
at lower energy than that of 52 in the experimental observation. However, one
should be aware that the assignments of electronic transitions between metal
and/or ligand localized orbitals are only rough approximations because of the
possible extensive orbital mixing in these complexes.

5
Gold(l)

Gold(I) complexes may exhibit a wide range of molecular structures with
a coordination number of two, three and four. One of the most common
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coordination geometry amongst them is the two-coordinate linear geom-
etry. The luminescence studies of gold(I) complexes are of particular interest
due to the possible observation of Au— Au aurophilic interaction, which
would perturb the luminescence behaviors [116-128]. Three classes of two-
coordinate gold(I) alkynyl complexes with rod-like structure have been
reported to show luminescence properties; namely, phosphinogold(I) alkynyl
[R;PAu(C = C-R)], isocyanogold(I) alkynyl [(R’'—N = C)Au(C=C-R)]
and dialkynylaurate(I) [(R— C=C)Au(C=C-R)]".

The gold(I) alkynyl system supported by an auxiliary phosphine lig-
and represents a major class of luminescent gold(I) complexes. There are
two common literature methods to prepare the mononuclear phosphino-
gold(I) alkynyl compounds. The first one employs the reaction of a gold(I)
alkynyl polymer, [Au(C = C-R)], with the phosphine ligand, while the
second involves the treatment of the organic terminal alkyne with the cor-
responding gold(I) phosphine precursor, [(R5P)AuCl] in the presence of
a base (Scheme 17). The luminescence properties of such mononuclear com-
plexes have been investigated by the research groups of Che [129-135],
Mingos [136], Yam [136-138] and Puddephatt [139, 140]. Excitation of the
solid sample and solution of these complexes gave rise to long-lived in-
tense luminescence with vibronic structures. In principle, the complexes
bearing aryl phosphine ligands with lower 7*(PR}) orbital energies would
display emission originating from 3[o(Au) — 7*(PR})] and metal-perturbed
3[r — 7*(C = C-R)] excited states. On the other hand, only the triplet state
of [r — 7*(C=C-R)] character was suggested to be responsible for the
emission of the complexes with alkyl phosphine groups [133, 134, 140]. It was
suggested that introduction of the [(R;P)Au] motif into the organic alkynyl
backbone would enhance spin-orbit coupling from the heavy atom effect and
improve the possibility to observe the alkynyl triplet emission at ambient
temperature. Recently, Che and coworkers reported the luminescence prop-
erties of some mononuclear gold(I) complexes bearing electron-withdrawing
alkynyl groups, [Cy3;PAu(C=C-R)](R = C¢Hs —NO; -4 61, CéHy — CF3 — 4
62, C¢F5 63, CsHy — CsHs — 4 64) [132]. In contrast to the assignment of emis-
sion origin of 62-64 as a 3[r — n*(C = C-R)] excited state, the emission
origin of 61 was suggested to be derived from intra-ligand charge transfer
(ILCT) state. Such a difference in assignment was made on the basis of the
observation of a structureless emission band and the solvent sensitivity of
the emission energy of 61 in fluid solution. The extension of 7-conjugation
of the phenylacetylide moiety through the introduction of the NO; unit may

[Av—=—R]|_ + PR —

L . R4P-AU—R

base

R3P—Au—Cl + H——R

Scheme 17 Synthetic routes of phosphinogold(I) alkynyl complexes
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account for such disparity. It is interesting to note that two polymorphs of
61 have been isolated and structurally characterized. The crystal packing re-
vealed the differences of molecular orientation and dihedral angles between
the 4-nitrophenyl groups in these two forms.

Dinuclear gold(I) alkynyl complexes [R3PAu(C = C)Au(PR3)] [136]
(Fig. 7) and 65-74 [133-136, 138] (Fig. 8) have also been synthesized by using
a similar synthetic method with various bridging alkynyl ligands; all of which
displayed intense luminescence. The emission bands of 65 and 66 were vi-
bronically structured and were assigned to originate from metal-perturbed
intra-ligand [r — 7*(C=C-C¢Hs—C=C)] and [7r — 7*(C=C- Cy4Hjs)
— C = ()] excited states, respectively. Lower emission energy was observed in
65 than that in its corresponding mononuclear analogue. Such a red shift in
emission energy is due to the more extensive electron delocalization in the
bridging alkynyl ligand. Interestingly, Che and coworkers reported the ob-
servation of dual emissions in 67-70 [135]. Identical excitation spectra were
recorded for the high-energy and low-energy emission bands, suggesting that
they are from the same absorbing state. Well-resolved vibronic fine struc-
tures were detected in the excitation spectra and were identified as the ground
state phenyl ring deformation, symmetric phenyl ring stretch and C=C
stretch. The low-energy emission was attributed to the *[7 — 7*] excited
states of the bridging alkynyl, while the high-energy emission with microsec-
ond lifetime was tentatively assigned to “delayed fluorescence” as a result
of triplet-triplet annihilation. On the other hand, the dinuclear complexes
71-74 exhibited intense emissions, with sharp vibronic structures with pro-
gressional spacings corresponding to the v(C = C) stretch, assignable to the
acetylenic 3[7 — 7*] excited state localized on the (C = C)fl‘ chain [133, 134].
The “switching on” of the *[7 — 7*] emission of the (C = C)2~ moiety was fa-
cilitated by the ligation of [Cy3;PAu] through the spin-orbit coupling. Similar

(p-tol)sP—Au—==—""Au—P(p-tol)3 (Ph)n(NP)3.nP—Au—=—=—-Au—P(Ph)n(Np)z.n

Ph(Fc)oP—Au—==——Au—PPh(Fc), n=0-3

Fig.7 Dinuclear ethynyl-bridged gold(I) phosphine complexes

. () . _
RaP—Au—=={R—=] —Au—PRq Cyap—Au{TkAu—pra

R' = CgHy-Me-4, n =1 R'=Cy,R= Q

R= < > 65 n=1
2 68

66 3 69

4 70

Fig.8 Dinuclear oligoynyl-bridged gold(I) phosphine complexes of 65-74
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to the works of estimating the limiting absorption value for the lowest ab-
sorption of R(C = C)sR by Hirsch [141] and Gladysz [71, 142], the limiting
phosphorescence values for R(C=C)R and R(C=C-C¢Hy - C=C)cR
have also been estimated by extrapolation of the infinite repeating units in
the series of 67-70 and 71-74 from the plot of vy_¢ energy (the lowest triplet
state energy) versus the reciprocal of chain length, 1/n (n = number of repeat-
ing alkynyl units) [133-135]. The energy gap for the singlet-triplet splitting
of the R(C = C)oR and R(C = C - C¢H4 — C = C)oR has been obtained from
the values of limiting lowest triplet state energy.

The luminescence behaviors of linear gold(I) alkynyls with isocyanide lig-
and, [(R"—N = C)Au(C = C-R)], have also been studied by Che [143] and
Puddephatt [140]. The emission bands in the green were vibronically struc-
tured in both the solution state and 77-K glass. Similarly, assignment of
a metal-modified intra-ligand 3[r - n*(C=C-R)] excited state was sug-
gested for this emission. It is noteworthy that lower energy emission was
observed in the solid state at room temperature, relative to that in the so-
lution state and 77-K glass. Such a red shift in the emission energy was
attributed to the presence of short Au-— Au contacts as revealed from the
crystal packing. Accordingly, the low-energy emission origin was assigned
as derived from a metal-centered 3[(d;;)l(pg)l] excited state. Similar find-
ings and assignments have also been reported for the related dinuclear
gold(I) complex, [{Au(C = CPh)},(u — dppe)] [129]. Dialkynylaurate(I) com-
plexes, [(R— C= C)Au(C = C-R)]™ belong to another class of linear gold(I)
alkynyls that shows luminescence. Two alkynyl groups are attached to the
gold(I) atom in a linear array to form an anionic molecular species. Actu-
ally, less exploration has been made for such complexes, with rare exam-
ples [130, 144-146]. The emission band observed in [NBu4][Au(C = CPh),]
was very similar to that of the mono-alkynyl analogue, [(PPh3)Au(C = CPh)]
and was ascribed to the metal-perturbed 3[r — n*(C = CPh)] state [130].
Not surprisingly, the emission origin was assigned as a metal-perturbed
3[r > 7*(C=C-R)] emission.

6
Mixed-Metal

Since the rhenium(I) alkynyl complexes are air-, thermal- and photo-
stable and are very robust in various environments due to the presence
of the strong rhenium(I)-carbon bond, such classes of metal alkynyl
complexes would serve as ideal candidates for the construction of het-
erometallic molecules by the concept of the “metalloligand” approach. In
order to construct another metal-carbon bond in the target heterometal-
lic molecules, a prerequisite for the rhenium(I) alkynyl precursor would
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be the availability of a terminal acetylenic group for further ligation. Two
types of heterometallic alkynyl complexes, rhenium(I)-copper(I)/silver(I)
and rhenium(I)-iron(II) systems, have been described and the complexes
[Re(CO);(N=N)(C=C-C=C-H)] and [Re(CO);(N-N)(C=C-CsH,y
— C=C-H)] were employed as the rhenium(I) alkynyl precursors.

6.1
Rhenium(l)-Copper(l)/Silver(l)

With recent interest in both the polynuclear copper(I)/silver(I) and rhe-
nium(I) alkynyl complexes, the combination of rhenium(I)-copper(I) and -
silver(I) alkynyl systems would be expected to show interesting luminescence
properties. With appropriate design and the judicious choice of ligands, prep-
aration of heterometallic molecular rods 75-79 has been achieved by Yam and
coworkers by employing a synthetic method that involves the use of a rhe-
nium(I) alkynyl precursor as the metalloligand (Scheme 18) [44, 147, 148].
Excitation of 75-79 resulted in a strong orange luminescence in the solid state
and in fluid solution and the emission energy was found to be dependent on
the nature of the diimine and diphosphine ligands as well as the triangular
metal core. With reference to previous luminescence studies of rhenium(I)
alkynyl systems, this low-energy emission was assigned as derived from an
excited state of a metal cluster modified MLCT [dr(Re) — 7*(N —N)] ori-
gin. By the comparison of two similar copper(I) complexes 75 and 76, with
the same diphosphine ligand but different diimine ligand, the emission en-
ergy of 76 was found to be higher than that of 75, which is in line with
the >MLCT [dr(Re) — 7*(N —N)] assignment due to higher 7* orbital en-
ergy of 'Buybpy than bpy as a result of the electron-donating effect of the
tert-butyl groups. For the complexes with the same diimine ligand, the oc-
currence of a slightly higher energy emission band of 77 relative to 78 was
attributed to the more electron-deficient dppa bridging ligand, which would
render the Cus core more electron-withdrawing, resulting in a lower dz(Re)

E,/\E, 2+ N\ /N KOH
3 [ MeON-M  M-NCMe + 4ocfneszc<@—%CEo—H —_—
PP

N Py 9 O + M = Cu; PP = dppm, N-N = bpy;

NN PP < ; n=nT

\/ " M = Cu; P-P = dppm, N-N = Bup-bpy; n=1; 76

2 | OC Re\ C c@ = (\*/'\',',‘CEC@}C =C- Re —co M = Cu; PP = dppm, N-N = bpy; n=0; 77
§ Pn{lj/ M=Cu;P-P=dppa, N-N=bpy;  n=0; 78

M = Ag; P-P = dppm, N-N = bpy; n=0; 79

Scheme 18 Synthetic routes of heterometallic pentanuclear rhenium(I)-copper(I)/silver(I)
complexes 75-79
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orbital energy and a higher >MLCT energy. On the other hand, higher emis-
sion energy was observed in 79 compared with that in 75. Since copper(I) is
more easily oxidized than silver(I), this implies that the Ags core in 79 is more
electron-withdrawing than the Cus core in 75. Similarly, the more electron-
withdrawing Ags core would lower the dm(Re) orbital energy and lead to
a higher MLCT energy.

6.2
Rhenium(l)-Iron(ll)

In view of the rich redox and electrochemical behavior of iron(II) alkynyl
system [(CsMes)(dppe)Fe(C = C—R)] [25], a combination of the rhenium
alkynyl with the iron system may lead to interesting perturbation of
the luminescence properties of the rhenium(I) alkynyl system through
the coordination of the iron(II) moiety and the capability of its oxi-
dation to iron(III). A heterobimetallic iron(II)-rhenium(I) alkynyl com-
plex, 80, has been synthesized by the combination of the strongly emissive
[Re(diimine)(CO)3(C=C—-R)] fragment and the redox active [(C5Mes)
(dppe)Fe(C = C—R)] moiety, as reported by Lapinte, Yam and coworkers
(Scheme 19) [149]. Complex 80, unlike the rhenium(I) alkynyl precur-
sor that showed intense luminescence, was found to be non-emissive. The
lack of luminescence behavior in 80 was attributed to intramolecular re-
ductive electron transfer and energy transfer quenching of the emissive
SMLCT [dr(Re) — 7*(N—N)] excited state by the lower-lying MLCT and
metal-centered LF states of the [(CsMes)(dppe)Fe(C = C — R)] moiety. Com-

/ N\ / \
M t M @
Oci/ﬂe\,CECOCEC,H + oo, KPFs, KOBU,, MeOH OC*/F&\*CEC‘@*CEC‘/FQ
"PPh “PPh
PhoP 2 Ph.P 2
OC Co 2R/ 6) % R

80

Scheme 19 Synthetic route of heterobimetallic iron(II)-rhenium(I) alkynyl complex 80

TS A

7 7 +
OC—Re—C=C C=C—Fe

[szFe]PFe \ / ;
CfReCCA( >-cc—Fe —C=C— )—C=C—Fe
g’ PPhy OX|dat|on / N\ ore! PR
R & % 2N
80 81
Non-emissive Emissive

Scheme 20 Redox driven luminescence switching of heterobimetallic iron(II)-rhenium(I)
alkynyl complex
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plex 81, the respective one-electron oxidized cationic species of 80, was
obtained and isolated by using the ferrocenium salt as an oxidizing agent
(Scheme 20). It is interesting to note that 81 showed a recovery of the
SMLCT [dn(Re) — 7*(N —N)] emission, which was ascribed to the absence
of reductive electron transfer quenching and energy transfer quenching
processes resulting from the oxidation of iron(II) to the electron-deficient
iron(III) center, which also led to the removal of the MLCT state of the
[(C5Mes)(dppe)Fe(C = C — R)] moiety and the raising of the energy of the LF
state in the iron moiety.

6.3
Gold(l)-Rhenium(l)

Using 4-ethynylpyridine as a bridging ligand to tether two different transition-
metal centers in its terminal alkynyl as well as the pyridyl group is another
approach to prepare mixed-metal complexes. A series of mixed-metal gold(I)-
rhenium(I) alkynyl complexes, [PR3Au(C = C- CsH4N)Re(N-N)(CO)3]*,
have been synthesized by the reaction of the 4-ethynylpyridine gold(I) pre-
cursor complex with [Re(N -N)(CO)3(MeCN)]* by Yam and coworkers
(Scheme 21) [150]. These gold(I)-rhenium(I) alkynyl complexes were found
to be emissive both in the solid state and in dichloromethane solution. An as-
signment of an alkynylgold-perturbed *MLCT [dr(Re) — 7*(N — N)] origin
has been made for such emission.

'S KN A
— \/ =\ \/ N N = bpy or ‘Bubpy
RgP—Au—= N + MeCN—Ré—CO RgP—AU—= N—Ré—CO
\ 7 /\ THE ValyaN R = CgHs or CgHg-Me-4

g % g %

Scheme 21 Synthetic routes of mixed-metall gold(I)-rhenium(I) complex

7
Concluding Remarks

In view of the presence of sp-unsaturated carbon atoms, alkynyl groups with
different bonding fashions may serve as versatile building blocks in the con-
struction of alkynyl transition-metal complexes. In this review, a variety of
luminescent alkynyl systems of different transition-metal centers, such as
rhenium(I), ruthenium(II), platinum(II), copper(I), silver(I), and gold(I) as
well as their mixed-metal complexes with one-dimensional molecular rod
structure are presented. The synthesis and luminescence properties have also
been described. Upon introduction of an alkynyl group, the luminescence be-
havior would be perturbed via the modification of the lowest-energy excited
states and as a consequence the emission color could be fine-tuned and the lu-
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minescence origins varied. Extension of the work to luminescence biolabeling
using luminescent metal alkynyl complexes has also been accomplished with
specifically functionalized alkynyl groups. Through rational design, a redox-
driven luminescence switch has been constructed in a heterometallic alkynyl
complex by the incorporation of a redox active metal center that is capable of
switching via chemically induced oxidation. Such luminescent metal alkynyl
complexes may provide interesting new opportunities for the construction of
molecular devices with tunable luminescence behavior.
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Abstract Molecular wires are compounds that are proposed to be used in molecu-
lar electronic and optoelectronic devices to replace the metal and silicon-based wires
in semiconductor devices. We review the field, including organic molecular wires
such as oligo(2,5-thiophene ethynylene)s, oligo(1,4-phenylene ethynylene)s, oligo(1,4-
phenylene vinylene)s, aromatic ladder oligomers, oligophenylenes, polyphenylenes,
acetylene oligomers, carbon nanotubes, and organometallic molecular wires. We briefly
review the measurement of conduction in molecular wires and conclude that fully conju-
gated organic aromatic molecular wires are the best candidates for introduction into new
electronic devices as replacements for the Al or Cu wiring presently used in logic and
memory devices.

Keywords Molecular wires - Molecular electronics - Optoelectronic - Conductance -
Self-assembly - Calculation
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Abbreviations

cAFM conducting atomic force microscopy
CNTFETs carbon nanotube field effect transistors
Cv cyclic voltammetry

DMSO dimethylsulfoxide

NDR negative differential resistance
OLED organic light emitting diodes

OTEs oligo(2-5-thiophene ethynylene)s
OPEs oligo(1,4-phenylene ethynylene)s
OPVs oligo(1,4-phenylene vinylene)s

SAM self-assembled monolayer

STM scanning tunneling microscopy
SWE single wavelength ellipsometry

SWNT single-walled nanotube
Terpy terpyridine

XPS X-ray photoelectron spectroscopy
1
Introduction

Molecular wires have as their basis real-world examples. Metallic wiring 1 cm
in diameter facilitates the flow of electrons that power our household lighting,
refrigerators and other appliances, entertainment electronics such as televi-
sions and stereos, and relatively new electronic devices such as computers.
Within those electronic devices, wires 1 mm wide on printed circuit boards
connect resistors, rheostats, and logic chips. Inside those logic chips, wires
tenths of a wm wide connect solid-state transistors, carved out of silicon, and
allow them to act in concert with thousands of similar transistors to carry
out computations. This last size reduction nearly reaches what is thought to
be the limit of present semiconductor manufacturing technology. To enable
further miniaturization, recent research has produced molecular-scale wires,
ranging in length from 1 to 100 nm and width from ~ 0.3 nm on up. In this
chapter we will give an overview of the synthesis and characterization of
a number of classes of molecular wires.

2
Molecular Electronics

The rapidly developing field of molecular electronics is one of the driving
forces behind the interest in molecular wires [1-8]. In our recent reviews we
covered both the synthetic aspects of molecular wires as well as the large
body of work concerning the theoretical aspects of conduction by molecu-
lar wires [1, 9]; Robertson reviewed the field in 2003 [10]. The limitations of
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the present “top-down” method of producing semiconductor-based devices
have been the subject of debate and conjecture since Gordon Moore’s predic-
tion that the number of components per integrated circuit would double every
18 months [11]. It was thought that the inherent limitations of the present
technology would lead to a dead-end in the next few years. For instance, sili-
con’s band structure disappears when silicon layers are just a few atoms thick.
Lithographic techniques that are used to produce the circuitry on the silicon
wafers are limited by the wavelengths at which they work. However, leaders
in the semiconductor manufacturing world are still making advances that ap-
pear to be pushing “Moore’s Law” beyond its prior perceived limits. Intel has
declared that Moore’s Law is here to stay for the next 15-20 years [12]. In the
commercial technology of 2004, the copper wires in Intel’s Pentium® 4 logic
chip being made in their newest 300 mm wafer fabrication facility in Ireland
are 90 nm wide [13]. Strained silicon [14] is but one of several approaches
taken by the industry to modify their present silicon-based processes to meet
the demands of the development roadmap.

For comparison’s sake, a typical molecular wire synthesized in our lab is
calculated to be 0.3 nm wide and 2.5 nm in length, Fig. 1 [4]. It would take
300 of these molecules, side-by-side, to span the 90 nm metal line in the most
advanced logic chip being made today. The small size of these molecules
is emphasized when one considers that 500 g (about one mole) of this wire
would contain 6 x 1023 molecules, or more molecules than the number of
transistors ever made in the history of the world. This amount of mate-

®
/
2.5 nm

0.3 nm

Fig.1 The dimensions of a typical molecular wire are calculated to be 0.3 nm in width
and 2.5 nm in length using molecular mechanics (Spartan) to determine the energy min-
imized structure [4]
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rial could be produced using relatively small 22 L laboratory reaction flasks.
Changing the physical characteristics of this wire is as easy as changing the
raw materials used to make it. The small size, the potential of synthesizing
huge numbers in small reactors, and the ease of modification of the physi-
cal characteristics of the molecules are good reasons for pursuing molecular
wire research. As an example of how far the technology has come, molecu-
lar electronics is discussed in the “emerging research devices” section of the
most recent International Technology Roadmap for Semiconductors [15, 16]
and new molecular wires are a large part of the emerging technology.

2.1
Optoelectronics

Due to their chemical structure, some highly conjugated molecular wires
have applications in optoelectronics [17-19]. Poly(phenylene vinylene)s are
being used as components in organic light-emitting diodes (OLEDs) in dis-
plays such as used in cell phones and other electronic devices. Various other
polymeric materials and small molecules are also being used or in develop-
ment. These materials are applied in very thin layers about 100 nm thick, with
the organic small molecules forming crystalline phases. This is quite differ-
ent from the molecular electronics field, where it is envisioned that single
molecules will eventually be used in circuits. However, much of the literature
we will review addresses the optoelectronics applications of the molecular
wires, and so we have included leading references for that area of research.

3
Molecular Wires

In this chapter, when we say “molecular wires” we mean discrete molecules,
not crystals or films. We accept Cotton’s statement that linear chains of
metal atoms that exist only in the solid-state via stacking of flat molecules,
or through formation of u-bridged chains of octahedral molecules (such
as NbCly) should not be called molecular wires [20]. The extremely in-
teresting inorganic crystalline nanowires being developed by Lieber and
others [21-24] may eventually be used as wiring in molecular electronics-
based circuitry, but the fact that they are comprised of crystalline phases and
not discrete molecules precludes their inclusion in this review.

In our survey of the literature, we find two general types of molecu-
lar wires. The largest portion of the literature, including most of our work,
covers organic molecular wires. A smaller portion of the literature covers
organometallic molecular wires. We include what some may call inorganic
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molecular wires in the organometallic class due to ease of classification and
the small number of inorganic molecular wires in the literature.

Molecular wires are meant to conduct electricity between two points of
a circuit. However, a majority of the molecular wires intended for molecular
electronics have never been tested in an actual circuit. One reason for this is
that it is difficult to do so because of their small size. Another reason is that
there is not one generally accepted testbed that is readily available to all re-
searchers. Rather there are several different testbeds in the literature [25-28],
which we recently reviewed [29], and the results from those molecular wires
that have been tested are in many cases not comparable. These devices are dif-
ficult to make, yields are low, and obtaining reproducible results requires care
and patience. Drawing conclusions about the activity of classes of compounds
or building structure activity relationships among several classes using the
data generated can be a difficult exercise. However, since it has been shown
that aromatic thiolates are much higher conducting that alkane thiolates [30]
when bonded to Au surfaces, much attention has focused on conjugated aro-
matic molecular wires (vida infra).

3.1
Organic Molecular Wires

3.1.41
Oligo(2,5-thiophene ethynylene)s

Our group has focused on the synthesis of organic molecular wires. One class
of compounds synthesized are the oligo(2,5-thiophene ethynylene)s (OTEs),
several examples of which are compounds 1-5 as shown in Fig. 2 [31-34].
This class of rigid-rod oligomeric molecular wires was made through an iter-
ative divergent-convergent synthesis method that allowed the quick assembly
of the products, doubling their length at each step. The longest molecular
wire synthesized was 12.8 nm in length. Note that these wires have thioester
groups at one or both ends. When deprotected in-situ, the thiol groups enable
the molecular wires to adhere to Au (or other metal) surfaces [30], therefore
serving as “alligator clips”. When large numbers of molecular wires bond to
Au in a regular, packed array, through this self-assembly process, the group
of molecules is called a self-assembled monolayer, or SAM. The bonding of
the S atom to Au enables the flow of electricity from the Au metal Fermi levels
through the S molecular orbitals to the molecular orbitals formed by the con-
jugated portion of the molecule. The ethynyl units in between the aromatic
molecules are used in order to maintain maximum overlap of the orbitals, and
to keep the molecules in a rod-like shape. The various side chains appended
to the thiophene cores were intended to increase the organic solvent solubility
of the wires. Unfunctionalized rigid-rod oligomers of this length suffer from
severe solubility problems.
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Fig.2 Oligo(2,5-thiophene ethynylene) molecular wires 1-5 synthesized by us [31]. Note
that 1-4 have thioester termini on one end only, while molecular wire 5 has thioester
termini on both ends. The length of 5 is 12.8 nm for its energy-minimized conformation

3.1.2
Oligo(1,4-phenylene ethynylene)s

A second class of molecules that has been studied extensively in our lab [35]
and by others [36, 37] are the oligo(1,4-phenylene ethynylene)s (OPEs). The
molecule shown in Fig. 1 is of this class, as are the molecules shown in Fig. 3.
As with the OTEs, the OPEs can be rapidly synthesized using transition-
metal-catalyzed coupling reactions. In this case the compounds were synthe-
sized in both solution phase and on a polymer-based solid resin. Compounds
6-9 of Fig. 3 are intermediates that were produced by cleaving the products
from the resin using iodomethane and coupling the resulting aryl iodides to
the alligator clip acetyl (4-ethynylthiophenol) using typical transition-metal-
catalyzed coupling reactions [35]. Removal of the trimethylsilyl protecting
groups from the alkynes produced compounds 10-12 (from 6, 7, and 9,
respectively), and coupling of the terminal alkyne in each case to acetyl
(4-iodothiophenol) produced compounds 13 and 14 (from 10 and 12, re-
spectively). As in the OTEs, the C;, side chains were used to impart organic
solubility to the products. The use of longer side chains such as C;¢ can re-
sult in side chain interdigitation, leading to insolubility problems rather than
increasing solubility.

In a series of syntheses of molecules in OPE subclasses, we have made
products with more than 2 terminals and derivatives that are meant to test the
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Fig.3 A series of oligo(phenylene ethynylene)s (OPEs) were synthesized using a polymer
support to increase the yields and facilitate purification [35]

necessity for a completely conjugated system [38]. The unfortunate circum-
stance is that presently no reliable system exists for testing 3- and 4-terminal
molecular wires. However, the conductance of alkanethiolates (containing no
aromatic conjugation whatsoever) on Au surfaces has been determined and
shown to be less than that of conjugated systems (vida infra).

To further explore the organic functionality necessary for molecular wires
to carry current, we synthesized a group of 2-terminal molecular wires 15-20,
shown in Fig. 4, that contain interior methylene or ethylene group barri-
ers to electrical conduction, and that could be tested using presently known
testbeds [38]. Each of these was synthesized using relatively straightforward
chemistry, a fact that illustrates our earlier claim that it is easy to explore mo-
lecular wire space by changing just one or two aspects of the synthesis. We
also synthesized a series of OPEs with different alligator clips to see what ef-
fect that variation would have on the conductance of the molecular wire [39]
and we have developed combinatorial chemistry routes that are capable of the
synthesis of 10s to 100s of new molecular wires at one time [40].

When members in the OPE family were functionalized with groups other
than aliphatic ones, see Fig. 5, we began to see switching behavior [26, 41, 42],
although there is some question about whether the switching behavior is
due to conformational changes [41] or to the effects of changing function-
ality contained in the molecule of interest [26]. In the nanopore [26], mo-
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Fig.4 Molecular wires 15-20, each containing an interior methylene or ethylene group
barrier to conduction [38]
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Fig.5 Unfunctionalized OPE 21 and functionalized OPEs 22-24 [26, 41]
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lecular wire 21 and amine-functionalized 23 had no activity while nitro-
functionalized 22 and 24 were both active switches; conversely, analysis by
STM [41] indicated that all three of 21, 22, and 24 underwent conformational-
based switching (23 was not tested in the STM experiment) (see [1,2] for
more information on switching). This underscores that fact that varying
testbeds can afford widely different results, as we established in our re-
view [29].

To further elucidate proposed switching mechanisms of molecular wires,
we synthesized U-shaped OPE-based molecules 25-30 (Fig. 6) [43]. The re-
sulting monolayers were studied and the integrity of the molecule-gold at-
tachment was corroborated by single-wavelength ellipsometry (SWE), cyclic
voltammetry (CV) and X-ray photoelectron spectroscopy (XPS). Addition-
ally, the kinetics of SAM formation on a gold electrode were probed by CV,
while a clear signal corresponding to the thiol-gold bond was detected by
XPS. These conformationally restricted oligomers are designed to be of use in
studies utilizing scanning probe microscopy techniques to elucidate switching

SAc /_\ — \—/ — \4/ SAc
Shc ()= )—=A ) s
26

SAc

SAc

_ _ JN\

/_\i\/:\/SAC =

\ )=\ )= /) She N/
29 30

Fig.6 U-shaped molecules 25-30 synthesized in order to probe the viability of proposed
switching mechanisms [43]
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mechanisms and negative differential resistance (NDR) behavior thought to
be based on molecular conformational changes.

New electron-deficient fluorinated OPEs 31-39 with varied functional
groups were synthesized as free thiols, nitriles and pyridines, ready to be
used for surface adhesion, see Fig. 7 [44]. Calculated dipole moments suggest
better matching between energy levels of bulk interfaces and molecular fron-
tier orbitals when compared to non-fluorinated OPEs. Differential scanning
calorimetry confirmed a higher thermal stability than the non-fluorinated
counterparts. Surface analysis by ellipsometry, contact angle goniometry, CV,
surface infrared and XPS verified that the fluorinated OPEs chemisorb on Au
and Pt surfaces. Based on the physical properties of the fluorinated OPEs,
they might be useful in future physical vapor deposition techniques, methods
that are typically used in standard semiconductor fabrication processes.

We have also synthesized orthogonally functionalized OPEs 40-44, see
Fig. 8 [45]. We have designed these compounds to allow for self-assembly
of the molecules via the free thiol or nitrile while protecting the other sul-
fur atom as a thioacetate to ensure molecular directionality and to inhibit
crosslinking if SAM assembly on nanorods is desired. Following initial assem-
bly, the acetate can be removed with NH4OH or acid to afford the thiolate,
which can be assembled onto another metallic material. For the mononitro
compounds 40, 43, and 44, this affords a monolayer with all the nitro groups

R F X
F \_/ = VY= @—SH
F F Y 31: X=H, Y=H
32: X=NO,, Y=H
33: X=NH,, Y=H
34: X=H, Y=NO,
R F X
N 7 \/\ — 7 N\
F \ = ) . CN
F F Y  35:X=NO,, Y=H
36: X=H, Y=NO,
F F X
F‘Q — \\ // — \ /N
FF Y 37: X=NO,, Y=H
38: X=H, Y=NO,
39: X=NH,, Y=NO,

Fig.7 Fluorinated OPEs 31-39 synthesized for use in physical vapor deposition stud-
ies [44]
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Fig.8 Synthesis of orthogonally functionalized OPEs 40-44 [45]

oriented in the same direction, a result made possible only by the orthogonal
protection scheme outlined here.

Martin, Guldi, and coworkers [46] synthesized OPE molecular wires with
Ceo “stoppers” on the termini and found there was no electronic communi-
cation between the OPE portion of the molecules and the Cgp moieties. Our
work with OPEs capped by multiple Csp molecules came to a similar conclu-
sion, with little interaction between the Cgo cages and the OPE backbone in
the ground state [47].

3.13
Oligo(1,4-phenylene vinylene)s

A third class of compounds that has been studied in our labs as well as other’s
are the oligo(1,4-phenylene vinylene)s (OPVs) [48-54]. As mentioned earlier,
the majority of other’s work on OPVs has been geared toward applications in
the optical and OLED field [49-52, 54]. Our work produced molecular wires
targeted for molecular electronics applications, and involved synthesis of the
three OPVs 45-47, shown in Fig. 9. Note that 45 is unfunctionalized, con-
taining only a protected thiol alligator clip for later SAM formation. After
formation of the SAM, Au or other metal would be deposited under vacuum
for formation of the top contact to complete the circuit through the aromatic
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Fig.9 Three oligo(phenylene vinylene)s (OPVs) 45-47 synthesized in order to compare
their conductance to OPEs [48]

ring. We functionalized 46 with a nitro group on the interior aromatic core in
order to determine if 46 would then act as a switch. Compound 46 is undergo-
ing testing in a collaborator’s lab. Finally, 47 was synthesized with both a nitro
functional group and protected thiol groups at both ends so that it could span
two Au contacts and form a circuit via a self-assembly process. This type of
self-assembly process is important in our nanocell research program [2, 55],
and is quite different from the approaches of others, who have not necessarily
designed OPVs that are meant to connect two proximal probes, an interface to
the present solid-state-based technology.

Detert [54] synthesized a series of readily soluble OPV's 48 shown in Fig. 10
to study their electronic spectra. He found that appending various electron-
withdrawing groups to the terminal aromatic rings allowed the tuning of the
electron affinity of the chromophore without significant changes in the spec-
tra. When those same substituents were placed on the vinylene segments
of the OPV molecules, strong bathochromic shifts were observed. Wong in-
vestigated similar substituent effects [50]. Meijer [49] and Nierengarten [51]
synthesized large assemblies of OPV's attached to other molecules and meas-
ured the optical, electronic, and aggregation behaviors of the products.

Chidsey [53] and Wasielewski [52] have used OPV's as core components of
molecules (Fig. 11) synthesized to test electron tunneling and long-distance
electron transfer, respectively. Of the compounds Chidsey and coworkers syn-
thesized, 49 spanned the most distance, 3.3 nm. The OPVs were assembled on
a Au electrode and the tethered ferrocene redox species at the other end of the
OPV bridge was exposed to an aqueous electrolyte. They used laser-induced
temperature jump techniques to measure the rate constants of thermal, in-
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Ry = CH3, OCgHy3, Br, CN, NO,, H, OC3H7, or CI
Ro = H, CF3, CN, R4, SO2C1gH21, H, or CF3
Rs =H, or CN

Fig. 10 A series of OPVs 48 synthesized by Detert [54] to study the effect that variation of
substituents Ry, Ry, R3, and R4 had on the electronic spectra

Fig.11 Chidsey [53] synthesized a series of OPVs including 49 to test electron tunnel-
ing while Wasielewski [52] synthesized a series of OPVs including 50 to measure long
distance electron transfer

terfacial electron transfer through the system and observed transfer through
the OPV. They found that OPV's up to 2.8 nm in length were good conductors,
with the transfer limited by structural reorganization.

In their study of a series of compounds including 50 (Fig. 11), the length-
iest molecule tested, Wasielewski and coworkers [52] found that electron
transfer over long distances depends critically on the low-frequency torsional
motions of the molecular wires, i.e. when the molecules twist and turn their
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molecular orbitals do not line up in a fashion that favors fast electron trans-
fer. But their tests were in solution rather than the more device-realistic
molecule-surface attached patterns.

Martin and Guldi studied a homologous series of molecular wires wherein
an OPV core connected a w-extended tetrathiafulvalene as an electron donor
on one end to a Cgp as an electron acceptor on the other end [56]. There
was strong electronic coupling between the two ends of the molecules, with
a donor-acceptor coupling constant (V) of ~ 5.5cm™".

3.14
Aromatic Ladder Oligomers

Our group has synthesized a vast array of aromatic ladder polymers [57, 58]
for use in conducting polymer and optoelectronic applications. However, we
realized that for molecular electronic applications, the molecules we synthe-
sized needed to have defined length and composition in order to be commer-
cially useful as molecular wires.

As shown in Fig. 12, Gourdon and coworkers have synthesized two classes
of conjugated ladder oligomers [59] that maintain similar guidelines for mo-
lecular wires, including a defined length, rigidity, extended m-conjugation
for good electron transfer, and good electronic coupling with metallic con-

7 N/ N\
P4

R = CeH13
R' = PhOC12Has
R" = CH,

Fig.12 Gourdon [59] synthesized the aromatic ladder oligomers oligo(quinoxaline) 51
and the oligo(benzoanthracene)s 52
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o= A A= o
53
o= A=A

Fig. 13 Ladder polyaromatics 53-55 synthesized by our group to study proposed molecu-
lar electronic switching mechanisms [61]

tacts. The oligo(quinoxaline) derivatives 51 and oligo(benzoanthracene) mo-
lecular wires 52 were synthesized using standard condensation and coup-
ling reactions. The oligo(quinoxaline)s 51 have built-in alligator clips in the
terminal 1,10-phenanthroline moieties. We have also synthesized molecular
wires containing terminal pyridine and other nitrogen-containing functional
groups [39]. Calculations have supported their use as alligator clips [60]. An
iterative crossed divergent-convergent process that leads to rapid growth of
the oligomers was developed to synthesize the oligo(benzoanthracene)s 52.

We recently synthesized three molecular systems 53-55 that have ladder-
like cores that cannot undergo internal rotational motion (Fig. 13) [61]. Test-
ing of SAM:s of shortened versions of the molecules (2-thioacetophenanthrene
and 4-thioacetobiphenyl) via STM indicated that internal ring rotation was
not required for conductance switching [62].

3.15
Oligophenylenes and Polyphenylenes

The oligophenylene and polyphenylene classes of molecules, possessing con-
tinuous overlap of molecular orbitals through extended conjugation without
intervening groups such as alkynes or olefins, has been an active area of
research for our group [63-65]. Miillen and coworkers [66] have synthe-
sized a series of 1-dimensional polyphenylenes including polyindenofluo-
renes 56 and poly(9,9-diarylfluorene)s 57, shown in Fig. 14. The photolumi-
nescence (PL) spectra of the series of polyindenofluorenes 56 all have maxima
around 430 nm, making them possible candidates for OLED materials as well
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Ry = n=octyl
R2 = 2-ethylhexyl

R_ R
n
57

R = CgH5 or
R = 3,5-di(tert-butyl)phenyl or
R = 4-(2',3',4',5'-tetraphenylbiphenyl)

Fig. 14 1-dimensional polyphenylene polymers 56 and 57 that have been synthesized by
Miillen [66]

as molecular wires, although for applications in molecular electronics one
would normally want to be able to synthesize molecular wires with known
lengths and constitutions due to concerns about homogeneity and materi-
als handling. Bryce and coworkers have synthesized molecular wires con-
taining both OPE and fluorenone units, bearing terminal thiol groups [67].
These have been shown to have reversible cathodic solution electrochemistry
arising from reduction of the fluorenone units. We have synthesized many
oligophenylene derivatives [38, 39] and generally find that the torsional twist-
ing caused by the steric hindrance between the hydrogen atoms at the ortho
positions of adjacent phenyl rings leads to decreased orbital overlap, and pos-
sibly lower conductance. However, this torsional twisting could be important
in improving the switching characteristics of the molecules, so we have re-
cently made terphenyl derivatives 58-63 [68], shown in Fig. 15. The molecules
containing mono- and dinitro terphenyl cores were rationally designed based
on the electronic properties found in OPEs. The cores were functionalized
with nitro groups and with different alligator clips to provide new compounds
for testing in the nanopore and planar testbed structures.
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NO,
H’H::SAC

O2N 5g
NO,
W= )=-)
O2N 59
NO,
AcS::SAc
O=N 60

NO,
o)==
61
NO,
===
62N02
NO,
o ==
63NO2

Fig. 15 Terphenyl derivatives 58-63 that have been synthesized to probe proposed switch-
ing mechanisms [68]

3.1.6
Acetylene Oligomers

Diederich and coworkers [69,70] have synthesized the acetylene oligomers
class of organic molecular wires. Their work included producing acetylene
oligomers that are insulated via dendritic encapsulation, see Fig. 16. They
found that the insulated products 64 underwent ready isomerization around
the double bond, producing a mixture of E and Z isomers that made purifica-
tion of the materials difficult. Oligomeric acetylenic molecular wires that have
been encapsulated within zeolites and other mesoporous materials show high
electrochemical charge uptake [71]. Anderson and coworkers have published
an approach to insulated molecular wires of the oligo(phenylene) class [72].
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o

Fig. 16 Encapsulated oligo(pentaacetylene) molecular wires 64 synthesized by Diederich
and coworkers [69]

3.1.7
Carbon Nanotubes

Carbon nanotubes have been attractive candidates for use as molecular
wires [73,74]. The so-called “cross-bar” approach to the development of
a molecular electronics-based computer has as one approach the use of car-
bon nanotubes for the wiring between the molecular switches [5, 8] of the cir-
cuitry. It is unfortunately difficult to work with carbon nanotubes due to their
insolubility in most organic solvents [75], and their tendency to form bundles
of tubes that are difficult to separate. Several methods for functionalization of
the carbon nanotubes have been developed [76-79] that may make it easier to
handle the carbon nanotubes, however the same functionalization techniques
can also destroy the electrical properties of the molecules [2]. Calculations by
Seifert and coworkers indicate that sidewall fluorination of carbon nanotubes
could produce products with a wide range of characteristics from insulating
to metallic-like behavior [80]. It is possible that nanowires [21] will be used
in the cross-bar computing devices instead of carbon nanotubes due to the
easier synthesis and handling of the nanowires.
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3.2
Organometallic Molecular Wires

We have synthesized molecules in the porphyrin class of molecular wires [38].
Figure 17 shows four porphyrin derivatives 65-68 made in our labs. Zn,
Cu, and Co were all inserted into 65 using the corresponding hydrated
metal acetates. Deprotection of the thiol acetates by NH4OH resulted in
no loss of metal, as indicated by subsequent NMR analysis. While be-
ing interesting compounds in and of themselves, 67 and 68 could also be
intermediates in the synthesis of more complex molecular wires. A four
terminal porphyrin 69 shown in Fig. 18 was also synthesized. We have
also synthesized [81] and tested the bis(2,5-di-[2]pyridyl-3,4-dithiocyanto-
pyrrolate)cobalt(II) complex for its molecular electronics properties and
found that in single-molecule transistors made using this Co complex, we
observed inelastic cotunneling features that correspond energetically to vi-
brational excitations of the molecule, as determined by Raman and infrared
spectroscopy [82]. This is a form of inelastic electron tunneling spectroscopy
of single molecules, with the transistor geometry allowing in-situ tuning of
the electronic states via a gate electrode. The vibrational features shift and
change shape as the electronic levels are tuned near resonance, indicating sig-
nificant modification of the vibrational states. When the molecule contains
an unpaired electron, we also observe vibrational satellite features around the
Kondo resonance.

Lindsey has published a large body of work concerning his synthesis and
testing of molecular “photonic” wires based on porphyrin molecules linked
by diaryl ethyne units to light absorbing dyes [83]. The energy absorbed by
the dyes is transmitted through the porphyrin-diaryl-ethyne wires to a free-
base porphyrin transmission unit. The quantum efficiency was determined to
be very high, from 81% to > 99%.

65, R = CgHs
66, R = p‘CsH4'CH3
67,R= p—C6H4-Br
68, R = p—CBH4'|

Fig.17 Porphyrins 65-68 synthesized by us [38]. Zn, Cu, and Co metal atoms were in-
serted into 65. Subsequent deprotection of the thiol acetates resulted in no metal ion loss
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SAc

Fig.18 A four terminal porphyrin-based molecular wire 69 synthesized by us [38]

Anderson has reviewed the synthesis and optoelectronic properties of
conjugated porphyrin molecular wires [84]. As with the OPTs, OPEs, and
oligomeric acetylenes, alkyne moieties have been used to link porphyrin
units to make longer molecular wires, such as 70 in Fig. 19. The estimated
length of 70 is 8.3 nm from Si atom to Si atom. Anderson’s work has shown
that the electronic behavior of these types of systems can be attributed to
strong inter-porphyrin conjugation in the ground state. This strong interac-

70

Fig. 19 The porphyrin hexamer 70 synthesized by Anderson [84], with six porphyrin units
linked through dialkynes
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tion is amplified in the excited states, and also in the oxidized and reduced
forms of the porphyrin core.

Alessio and coworkers have used self-assembly techniques to synthesize
large metallacycles of porphyrins [85]. By synthesizing porphyrins having
two peripheral pyridine appendages at either 90° or 180° to each other, and
adding the requisite ionic metallic component such as the RuCl, complex
of dimethylsulfoxide (DMSO), supramolecular structures are produced. This
self-assembly process proceeds with two porphyrin and two RuCl, complexes
forming (as one example) the molecule 71 shown in Fig. 20. Substitution of
CO for DMSO in the RuCl, raw material forms a similar metallacycle with CO
instead of DMSO as Ru ligands. By inserting Zn into the resulting porphyrin
core, and exposing the mixture to 4, 4’-bipyridine (which acts as a ligand for
the Zn atoms at the porphyrin cores), a stacked complex was formed. The
authors envisioned that such complexes, with their extended conjugation and
metal centers, could harvest light energy and act as molecular wires.

The self-assembly of inorganic molecular wires in solution has been de-
scribed by Kimizuku [86], however, it is unknown whether this process would
produce products usable in constructing devices.

Pyridine ligands are common in organometallic molecular wires [87-89],
with a review recently appearing [90]. For instance, Constable and cowork-
ers [87] synthesized the molecular wire 72 shown in Fig. 21. The [Ru(terpy), ]**
salts by themselves are non-luminescent while adding the 2,5-thiophenediyl
spacers produces a molecular wire that is luminescent. Dong has made simi-

71

Fig.20 The porphyrin metallacycle 71 synthesized by Allessio [85]
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6+

Fig.21 The molecular wire 72 synthesized by Constable [87] that showed luminescence

due to the presence of the 2,5-thiophenediyl spacers

[Cp2Fe][PFg]

=
! Nf -
s

Fig.22 A mixed-valence complex pair of molecular wires 73 and 74 as synthesized by

Lapinte [98]
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lar Ru complexes with rigid rod spacers [91] while Coudret and Launay have
made Ru complexes containing both 2,2'-bipyridine and 2-phenylpyridine
ligands, with the metal centers linked by rigid rod cores through the 2-
phenylpyridine ligand [92,93]. Shiotsuka [88] synthesized a Ru— Au-Ru
triad by using a bis-o-Au-acetylide to connect two Ru complexes. The result-
ing molecular wire showed an intense emission at 620 nm upon excitation at
360 nm, suggesting some energy transfer from the Au to the Ru site via the
m-conjugation offered by the ethynyl units.

Cotton [89] synthesized a trinickel complex of the ligand di-2,2-pyridyl-
amide that had a deep blue color and showed metal-metal bonding in-
teraction in the crystal structure. This work has been extended to include
complexes containing “CN, "NCNCN, and ~C=CPh [94], the addition of sub-
stituents to the di-2,2'-pyridylamide ligands to increase the stability of the
trinickel complexes [95], and addition of polyalkynyl assemblies to the com-
plexes where the metal is Cr, Co, or Ni [96]. The polymeric organometal-
lic molecular wire [0s(0)(2,2'-bipyridine)(CO),], has been formed from
a mononuclear Os(II) carbonyl precursor and found to be soluble in buty-
ronitrile [97].

An interesting mixed-valence molecular wire pair 73 and 74 synthesized by
Lapinte [98] is shown in Fig. 22. As we have seen in many of the molecular
wires, both the thiophenyl and the alkynyl units are present in this molecular
wire.

4
Measurement of Conduction in Molecular Wires

It is difficult to discuss molecular wires without covering their use in device
embodiments or testbeds. A large body of work has been published concern-
ing the measurement of conductance in molecular wires [99-110]. We will
touch on the highlights in this chapter; readers wishing to have more in-depth
information are invited to see our recent review [29].

Reed has studied the conductance of both single molecules [25] and of
SAMs of molecules formed in a nanopore device [101]. Stable and repro-
ducible switching and memory effects were been seen in the nanopore de-
vices, with demonstrated NDR and charge storage with bit retention times of
greater than 15 min at room temperature.

Bourgoin [103] compared the electronic coupling efficiency of S and Se
alligator clips on Au surfaces and found Se to be the better coupling link.
Whitesides has developed a testbed for measuring conductance in molecular
wires [105] using two metal electrodes sandwiching two SAMs, with the top
metal electrode being Hg for convenience of formation. There are three differ-
ent forms of this testbed; the first comprises two Hg drops, each covered with
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the same SAM; the second testbed comprises a Hg drop covered with a SAM
interacting with a SAM formed on Ag; the third testbed is similar to the first,
only with redox-active molecules trapped between the two SAMs in order to
do electrochemical measurements on them.

Avouris [106] has carried out extensive conductance measurements on
carbon nanotubes and has constructed electronic devices containing them,
including carbon nanotube field-effect transistors (CNTFETs). Nanotubes are
known to have either metallic or semiconducting properties. One problem
with single-walled nanotube (SWNT) bundles is separating the metallic tubes
from the semiconducting tubes. Avouris has developed a process that removes
the metallic nanotubes, leaving the semiconducting behind.

Kushmerick and coworkers [108] have developed a testbed device in which
a SAM of the molecule of interest is formed on one of two 10 wm Au wires that
are crossed, and brought into contact by the Lorentz force, i.e. DC current in
one wire deflects it in a magnetic field. Using this device, I(V) characteristics
were measured for three molecules 75-77 shown in Fig. 23. Normalizing the
conductance of the Cy, alkanethiol 75 to 1, the conductance of the OPE mo-
lecular wire 76 was measured at 15 and the conductance of the OPV molecular
wire 77 was measured at 46. Note that 77 has benzylic thioester moieties with
methylene barrier groups to disrupt the molecular orbital overlap of the rest
of the conjugated system. The researchers attribute the increased conductiv-
ity of the OPV molecule to both the increased coplanarity of the molecule
(the alkynes in the OPEs allow the phenyl rings to be more freely rotating

SAc SAc CN
= =
S ]
Il Il
“ =
S ]
Il Il
AcS = =
g ]
SAc
75 76 77 78

Fig.23 The molecular wires 75-77 tested by Kushmerick and coworkers [108] using
a crossed-wire tunnel junction testbed to determine their relative conductance. The OPEs
76 and 78 and the OPV 77 were tested by Kushmerick [111] and Blum [112] both in the
crossed-wire testbed and using STM
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when compared to the vinylene group-linked OPVs, thus the population of
OPE molecules existing in fully conjugated form is lower than the population
of OPV molecules existing in fully conjugated form at the same temperature),
and to the more regular periodicity of the conjugated molecular backbone of
the OPV molecular wire. Compare the short 0.1218 nm alkyne linkage in the
OPE molecular wire to the 0.1352 nm vinylene linkage of the OPV molecu-
lar wire and the 0.141 4 0.001 nm periodicity of the 7-conjugated molecular
backbone. Kushmerick [111] and Blum [112] found that the conductances of
OPEs 76 and 78 and OPV 77 shown in Fig. 23 scaled according to the number
of molecules in the crossed-wire junction and were about 10° times higher
than that for single molecules isolated in a C11 alkane thiolate matrix and
tested by STM measurements [113].

Dholakia and coworkers [114] have shown that the I(V) characteristics
of SAMs formed from 21 (Fig. 5) depend on orientation, packing, and order
of the SAM. They used STM, ellipsometry, and XPS in their analyses of the
SAMs.

Rawlett and coworkers [109] used conducting atomic force microscopy
(cAFM) to measure the conductance of two different molecules that had been
inserted into the naturally occurring defect sites of a dodecanethiol SAM on
Au. The molecular wires 76 (Fig. 23) and 79 (Fig. 24) were constrained to be
standing upright, parallel to the surface of the Au, due to the tight packing
of the dodecanethiol SAM. Au nanoparticles were attached to the projecting
deprotected thiol groups, and the nanoparticle was contacted by a Au-coated
AFM tip to measure the conductance through what are thought to be indi-

79

Fig.24 The molecular wire 79, the conductance of which was tested by Rawlett and
coworkers [109] using cAFM
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vidual molecules based on evidence not discussed here. Reproducible NDR
effects were seen only for molecular wire 79, not for 76, indicating the func-
tionalization of the wire with the — NO; group leads to the NDR effect.

Ishida and coworkers [115] used cAFM to measure the conductance of
conjugated molecules including benzenethiol, benzylthiol, and biphenyl and
terphenyl thiol derivatives as well as OPVs including 45 (Fig. 9) and found
that OPVs had higher conductances than the other molecules. They observed
apparent NDR behavior at higher SAMs bias measurements; the appearance
of the NDR might be related to the roughness of the SAM surface.

Reed has completed a systematic temperature-dependent study of the con-
ductance of alkanethiolates [110] in SAMs and has shown conclusively that
direct tunneling is the dominant transport mechanism.

5
Conclusion

Based on the wealth of literature cited, fully conjugated completely organic
aromatic molecular wires are the best candidates for introduction into new
electronic devices as replacements for the Al or Cu wiring presently used
in logic and memory devices. The OPE and OPYV classes of molecular wires
with § alligator clips have the highest conductances, both theoretical [9] and
measured. Recent data indicates that OPV molecular wires are better than
OPE molecular wires. Many more questions remain to be answered, the most
important of which is how these molecular wires will be integrated into pro-
cesses to build the molecular electronic and optoelectronic devices of the
future. Problems raised by such integration efforts will likely require several
iterations in molecular wire research. As we have pointed out, the beauty of
organic chemistry is that simple changes to the raw materials used in synthe-
sizing the molecular wires can yield products with vastly different physical
properties. The molecular wire(s) that eventually appears in commercial de-
vices may bear no resemblance to those we have discussed. Thus research in
this area can still yield much fruit.
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Abstract Molecular bridges that efficiently move charge between remote donor and ac-
ceptor sites can be thought of as molecular wires. Insight into the properties of molecular
wires can be obtained by studying photoinduced electron transfer in covalently linked
donor-bridge-acceptor systems. This article summarizes some of the recent progress in
the study of such systems involving transition metal complexes as donor and acceptor
units. Specific classes of molecular bridges are considered, namely, polyphenylene, and
polyquinoxaline bridges. Basic questions are discussed, such as the transfer mechan-
isms, the associated distance and bridge structure dependence, and the interplay between

energy and electron transfer.

Keywords Electron transfer - Energy transfer - Supramolecular photochemistry -
Bimetallic complexes - Molecular wires
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Abbreviations

cr Charge recombination
cs Charge separation

ET Electron transfer

EnT Energy transfer

FCWD  Franck-Condon weighted density of states
HOMO  Highest occupied molecular orbital

ILET Intraligand electron transfer

LC Ligand centered

LMCT  Ligand-to-metal charge transfer

LUMO  Lowest unoccupied molecular orbital
MMET  Metal-to-metal electron transfer

Ligands

bpy 2,2'-Bipyridine

bgpy Bis-{dipirido[3,2-f:2',3'-h]quinoxalo }-[2,3-e:2’,3'[]pyrene

Mebpy  4,4’-Dimethyl-2,2’-bipyridine

Me;phen 4,7-Dimethyl-1,10-phenanthroline

phen 1,10-Phenanthroline

tatpp 9,11,20,22-Tetraazatetrapyrido[3,2-a:2'3'-¢3",2"-1:2"",3" -n]pentacene
tpphz Tetrapyrido[3,2-a:2/,3'-c:3",2"-h:2"",3"" -j]phenazine

tpy 2,2,2"-Terpyridine
1
Introduction

According to the paradigm of molecular electronics [1-5], individual
molecules or suitable assemblies thereof (supramolecular systems) can be
designed to emulate typical functions of electronic devices. The ultimate ex-
tension of this concept would be the construction, in a bottom-up approach,
of electronic circuits (computers) from molecules.

The simplest component of an electrical circuit is a wire, and the de-
sign of molecular wires has received a great deal of attention. In a very
broad sense, this term can be used to designate any molecular! structure
able to mediate the transfer of electrons between appropriate donor and ac-
ceptor sites (electrodes, photo- and redox-active molecular components). In
practice, different conduction mechanisms may apply, depending on the mo-
lecular structure of the wire and on the type of experimental setup used (see
below). Molecular wires have been studied in a variety of experimental condi-
tions, depending on the nature of the donor and acceptor terminals the wire
is connected to, and on the method used to detect the electron flow. Available
methods include: (i) fast electrochemistry of self-assembled monolayers con-

I This restricts the field to discrete molecular systems. In a broad sense, the field of “molecu-
lar wires” includes, however, some very interesting work more extended systems, such as carbon
nanotubes [102,103] and one-dimensional semiconductors [104].
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taining electroactive groups [6-10], (ii) conductance [I(V)] measurements on
metal-wire-metal junctions [11-19], (iii) photoinduced electron transfer in
donor-bridge-acceptor systems [20-23].

Photoinduced electron transfer in a donor(A)-bridge(L)-acceptor(B) sys-
tem is schematically depicted in Fig. 1, where (as it is the case in most of
the examples to be discussed later) light excitation of the donor is assumed.
The alternative case involving excitation of the acceptor is also possible (in
that case the electron transfer from donor to excited acceptor is often called
hole transfer). In this review article, we will discuss photoinduced electron
transfer in donor-bridge acceptor-systems (dyads) involving transition metal
complexes as donor and acceptor units.

*A-L-B
\js
hv A-L-B
cr
A-L-B

Fig.1 Schematic representation of photoinduced electron transfer in a donor-bridge-
acceptor system, showing forward (charge separation, cs) and back (charge recombina-
tion, cr) electron transfer steps

As outlined below (Sect. 3), electronic energy transfer (Fig.2) is a pro-
cess that shares with electron transfer a number of formal and substantial
similarities. Especially in metal-containing dyads, electronic energy transfer
and photoinduced electron transfer are often strongly intertwined. There-
fore, the discussion will not be strictly limited to electron transfer pro-
cesses, but will include, when required, energy transfer results as well. Recent
comprehensive reviews on donor-bridge-acceptor systems containing metal
complexes are available [21,22]. In this article, attention will be focused
on specific mechanistic aspects, mainly relating to the role of the bridge in
the electron/energy transfer processes. After a short summary of basic con-

*A-L-B
™ A-L-B
hv

A-L-B

Fig.2 Schematic representation of electronic energy transfer in a donor-bridge-acceptor
system
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cepts on electron (Sect. 2) and energy (Sect. 3) transfer, some specific aspects
of metal polypyridine complexes as molecular components will be recalled
(Sect. 4). In Sect. 5, a number of experimental examples, largely taken from
the authors’ work, will be discussed.

2
Electron Transfer Mechanisms and Bridge Effects

Electron transfer processes can be described in terms of classical [24-26]
or quantum mechanical [27-31] models. From a quantum mechanical view-
point, both photoinduced electron transfer and charge recombination can be
viewed as examples of radiationless transitions between different, weakly in-
teracting electronic states of the supermolecule comprising the donor and the
acceptor. The probability of such processes is given by a golden rule expres-
sion of the type [27-30]

ke = %HffleCWDel (1)
where Hlef1 is the electronic coupling between the two states interconverted
by the electron transfer process and FCWD®! is a thermally averaged vibra-
tional Franck-Condon factor (Franck-Condon weighted density of states).
The FCWD®! term accounts for the combined effects of the nuclear reorgani-
zation and driving force and predicts different types of behavior depending
on whether the reaction lies in the normal, activationless, or inverted regimes
of the classical Marcus theory. Of greater interest in the present context is the
role of the electronic factor Hffl.

For a donor-acceptor pair in the absence of any intervening medium
(through-space mechanism), the exponential fall-off of the orbital tails leads
to an expected exponential decrease of Hffl with distance

Hlef1 = Hiefl(O) exp [— g (rAB - ro)] (2)

and, neglecting any distance dependence of the FCWD term, to a predicted
exponential decay of rate constants with distance.?

kel = ke1(0) exp [- B (raB - 10) ] (3)

where rap is the donor-acceptor distance, Hffl (0) is the interaction at con-
tact distance ry, and 8 is an appropriate attenuation parameter. For donor-
acceptor sites in vacuum, estimated values of 8 are in the range 2-5 A-1[31].

2 For real reactions, the FCWD term may exhibit some distance dependence through (a) the reor-
ganizational energy and (b) the driving force. Ideally, a correction for these effects should be done
before applying Eq. 3 to experimental results. This point is further discussed in Sect. 5.1.1.
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Fig.3 Schematic representation in terms of orbital (upper) and state (lower) energy dia-
grams of superexchange (left) and hopping (right) mechanisms of photoinduced electron
transfer in donor-bridge-acceptor dyads

Thus, at the donor-acceptor distances usually found in dyads, through-space
coupling is expected to be negligible.

For photoinduced electron transfer in a donor-bridge-acceptor dyad
(Fig. 1), the role of the molecular bridge must be taken into consideration.
From this viewpoint, two limiting cases can be identified depending on the
relative energies of the donor, bridge, and acceptor levels [20-22,32]. In
a situation such as that depicted in Fig. 3, left, with the empty orbitals of
the bridge much higher in energy than those of the donor, the electron is
transferred in a single, coherent step from the donor to the acceptor. In this
situation, the bridge plays a predominantly (but not exclusively, see later)
structural role. In terms of mechanism, this is often described as the su-
perexchange regime. If, on the other hand, the LUMO level of the bridge is
energetically accessible from the donor orbital (Fig. 3, right), the electron may
be first injected into the bridge and then transferred to the acceptor (Fig. 3,
right). This situation, where the bridge acts as a real intermediate station for
the transferred electron is often indicated as charge hopping.

As outlined in the next section, these two mechanisms are expected to
yield very different types of experimental behavior, especially in terms of dis-
tance dependence of electron transfer probabilities.
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2.1
Superexchange

In this mechanism, the electron tunnels directly, in a coherent process, from
donor to acceptor. This notwithstanding, the bridge does not act simply
as a passive spacer, but rather as an active connector that modulates the
magnitude of the donor-acceptor electronic coupling (through-bond coup-
ling) [31,33]. Such through-bond effects are conveniently accounted for in
terms of superexchange [20-22, 31, 32,34-39]. Schematically, the electronic
coupling between the initial and final states of the electron transfer process
(negligible in the absence of bridge) takes place by mixing with high-energy
states of charge transfer character involving the bridge (often called virtual
states). Although superexchange pathways involving both donor-to-bridge
(electron transfer) and bridge-to-acceptor (hole-transfer) virtual states
should be generally considered, one of the two pathways usually predomi-
nates. The electron transfer pathway is only considered in Fig. 4. The second-
order perturbation expression describing the superexchange coupling is

gl _ Hiere
if AE.

(4)

where Hie, Hg, are the appropriate donor-bridge and bridge-acceptor coup-
ling elements (Fig. 4) and AE. is the energy difference between the virtual
state and the initial and final state (these energy differences are taken at the
transition-state nuclear geometry, where the initial and final state have the
same energy). In this expression, the key parameter determining the elec-
tron mediating properties of a bridge is the energy denominator: (i) easily
reducible bridges, i.e., bridges with relatively low-energy LUMOs, are good
electron-transfer superexchange mediators (a similar argument would hold
for easily oxidizable bridges if a hole-transfer pathway were considered).

The above picture involving a single virtual state is strictly appropri-
ate for few very simple bridges (e.g., ambidentate ligands such as cyanide,

- - A
4A414B
Hy
a— — ’
A4L4B * !
7, Y A4 4B
7

Fig.4 State diagram illustrating superexchange interaction between a donor (A) and an
acceptor (B) through a simple bridging group (L). ¥, is the electron-transfer “virtual”
state involving the bridge. For the other symbols, see text
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pyrazine) [36, 38]. In dyads, however, bridges have often a modular structure,
being made of a sequence of individual weakly interacting units (see Sect. 5
for several examples). In such a case, not only the chemical nature, but also
the length of the bridge will be relevant to its conducting properties. This
can be seen by extending the superexchange model to involve virtual charge
transfer states localized on each single modular unit, as shown schematically
in Fig. 5, where a three-module bridge is considered and, again, for the sake
of simplicity, only the electron-transfer pathway is shown. In such a case, the
appropriate perturbation expression is

el _ Hjy Hi; Hys

7 AEy ABp AEs Y
For a bridge involving n identical modular units, the donor-acceptor superex-
change coupling takes the form of Eq. 6.

o HiHy (@)1

(5)

it~ AE \AE (©)
It is seen that for through-bond superexchange interaction, an exponential
dependence on number of modular units in the bridge is again obtained.
For linear bridges, this translates into an exponential dependence on donor-
acceptor distance. Thus, Egs. 2 and 3 can still be used, in a phenomenolog-
ical sense, to describe the distance dependence of donor-acceptor coupling
through a modular bridge. The meaning of the various terms of Eq. 2 is seen
by comparison with Eq. 6. In this case, ry and Hiefl(O) = (HinHyf)/ AE repre-
sent the donor acceptor distance and the effective coupling for a hypothetical
single-module bridge. The attenuation factor § =2In(H;,/AE) is a bridge-
specific parameter depending on (i) the magnitude of the coupling between
adjacent modules and (ii) the energy of the electron- (or hole-) transfer states
localized on each module. The predicted exponential decay of the electronic

e Hip o H2 y
?‘ L1441 34B <> ?‘ L14L24L34B <> ?‘ Li4L,4L34B
t Fe2 Yoz A

Hi |
v
A A
A4 L41,41:4B 4
A
i E"‘L1‘L2‘L3‘B'
¥

Fig.5 State diagram illustrating superexchange interaction between a donor (A) and
an acceptor (B) through a modular bridge. We;, We2 and We3 are local electron-transfer
“virtual” states
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coupling and the effects of (i) and (ii) have been verified in several ho-
mogeneous series of dyads containing modular organic bridges of variable
length [20].

In conclusion, in the superexchange regime, the bridge plays the role of an
active component providing a pathway for donor-acceptor electronic coup-
ling. For this reason, in a very loose sense, bridges are often considered to
act as molecular wires. It should be kept in mind that, however, their prop-
erties are drastically different from those of a conventional ohmic conductor,
particularly in terms of distance dependence of electron transfer probability.

2.2
Charge Hopping

A role of the bridge more similar to that of a real molecular wire is ap-
proached in the hopping regime. Here, the energy levels of the bridge are such
(Fig. 3, right) that sequential donor-to-bridge and bridge-to-acceptor elec-
tron transfer takes place. In the interesting case of a modular bridge (Fig. 6),
charge transfer can be split into: (i) charge injection from donor into the
bridge, kin; (ii) hopping among (ideally) isoenergetic charge transfer states of
adjacent bridge subunits, kyp; (iii) trapping of the electron at the acceptor, k.
The charge hopping along the bridge, which in most cases is likely to be the
rate-determining step, can be treated as a diffusive process, characterized in
the simplest approximation by an overall rate constant [40]
)
k= khop (TA_B> = khopN_2 (7)
49

where ryp is the donor-acceptor distance, ry, is the module length, and N is
the number of modular units in the bridge. It can be seen that in the hop-
ping regime a relatively weak dependence of charge transfer rates on distance
is obtained. The behavior of the bridge is not yet that of a truly homic con-
ductor (where the distance dependence is r, ). In this regime, however, given
the direct involvement in the charge transfer mechanism and the effective-
ness over long distances, the bridge can be considered with more likeliness
a molecular wire.

A A
A4 L4141 :4B

k}‘ 7 = 4 khﬂp a— = yo khf’l’ ? - a—
A4 4,41 ;4B z R“ L4 L24L;4B 42 4,4 ,4 ;4B
klmp klmp \kt

=
R"‘LMLz‘Ls‘B

Fig.6 Charge hopping in a donor-bridge-acceptor system involving a modular bridge
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Experimentally, in donor-bridge-acceptor dyads the hopping regime is less
common, as it requires potent electron donors and highly conjugated bridges.
In cases where these conditions hold, shallow distance dependencies (very low
B values when the data are plotted in an exponential law such as Eq. 3) are
obtained [41]. A notable case of hopping regime, not related to donor-bridge-
acceptor dyads, is the efficient hole transfer taking place in DNA [42].

23
Interplay of Mechanisms

In the previous sections, superexchange and hopping mechanisms through
modular bridges have been discussed in simplified and rather idealized terms.
A caveat is required when transposing these ideas to real systems.

The above discussion on the superexchange mechanism in a modular sys-
tem, for instance, assumed bridge level energies independent on the number
of modules (Fig. 5). This would only be true for ideally non-interacting mod-
ules, i.e., a situation where superexchange-mediated electron transfer would
not take place (Hj;z =0 in Eq. 6). In any practical system, Hj; # 0, and an
increase in length is expected to cause a more or less pronounced lowering
in the bridge energy levels. As a consequence, the electronic coupling be-
tween the bridge and the donor/acceptor sites may change (AE not constant
in Eq. 6) thus quantitatively affecting (attenuating) the exponential distance
dependence of the transfer rate. More important, an increase in bridge length
could even cause a switch in mechanism from superexchange to hopping.
This is expected to occur when the lowering of the bridge levels brings them
below that of the donor. In those cases, an abrupt change is expected to occur
at a given bridge length, both in terms of absolute rate values (sudden in-
crease) and distance dependence (from strong to weak). Examples of this
behavior have been reported [41, 43].

3
Electronic Energy Transfer

In a supramolecular system, electronic energy transfer (Fig. 2) can be viewed
as a radiationless transition between two local electronically excited states of
the system.

*A-L-B—>A-L-*B (8)

The rate constant for the energy transfer process is thus given by a golden rule
expression similar to that seen above (Eq. 1) for electron transfer.

4
ken = %(H&“)ZFCWD"“ )
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In Eq. 9, HY' is the electronic coupling between the two excited states in-
terconverted by the energy transfer process and FCWD*®" is an appropriate
Franck-Condon factor.

As for electron transfer, the Franck-Condon factor can be cast either in
quantum mechanical [44-46] or in classical [47] terms. In quantum me-
chanical terms, this factor is a thermally-averaged sum of vibrational overlap
integrals, representing the distribution of the transition probability over sev-
eral isoenergetic virtual transitions (from *A to A, and from B to *B) in the
two molecular components. Classically, it accounts for the combined effects
of energy gradient and nuclear reorganization on the rate constant. Experi-
mental information on this term can be obtained from the overlap integral
between the emission spectrum of the donor and the absorption spectrum of
the acceptor.

The electronic factor Hf' is a two-electron matrix element involving the
HOMOs and LUMOs of the energy-donor and energy-acceptor centers. Fol-
lowing standard arguments [48], this factor can be split into additive coulom-
bic and exchange terms. The two terms depend differently on various pa-
rameters of the system (spin of ground and excited states, donor-acceptor
distance, etc.). This leads to the identification of two main energy transfer
mechanisms, as pictorially represented in Fig. 7.

The coulombic (also called resonance, dipole-dipole, or Forster-type)
mechanism [49] is a long-range mechanism that does not require physical
contact between donor and acceptor. The most important term within the
coulombic interaction is the dipole-dipole term, that obeys the same selec-
tion rules as the corresponding electric dipole transitions of the two partners
(Fig. 7). Therefore, coulombic energy transfer is expected to be efficient in
systems in which the radiative transitions connecting the ground and the

|
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Fig.7 Pictorial representation of resonance and exchange energy transfer mechanisms
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excited state of each partner have high oscillator strength. The relationship
between the rate constant for coulombic energy transfer and the spectro-
scopic and photophysical properties of the two molecular components is
given by the classical Forster formula

e¢]

@ dv
kSou! = 1.25 x 101747A6/FA(17)8B__4 (10)
n ‘L’ATAB v

0

where @, is the quantum yield of donor emission, # is the solvent refrac-
tive index, 74 is the lifetime of the donor emission, rap is the distance (in
nm) between donor and acceptor, Fa is the emission spectrum of the donor
(in wavenumbers and normalized to unity), and ep is the decadic molar ex-
tinction coefficient of the acceptor. With a good spectral overlap integral and
appropriate photophysical parameters, the (1/r83) distance deg)endence al-
lows energy transfer to occur efficiently over distances (e.g., 50 A) largely ex-
ceeding the molecular diameters. Coulombic energy transfer is therefore also
called long-range energy transfer. The typical example of efficient coulombic
mechanism is that of singlet-singlet energy transfer

*A(S1) —L—-B(So) = A(So) —L—"B(S1) (11)

In metal complexes, the only excited state of appreciable lifetime is generally
the lowest, spin-forbidden excited state [50], so that coulombic energy trans-
fer is only expected to take place in the presence of very strong spin-orbit
coupling (e.g., when 5d metal complexes are involved).

The exchange (also called Dexter-type) mechanism [49] is a short-range
mechanism that requires orbital overlap, and therefore physical contact, be-
tween donor and acceptor. The exchange interaction can be visualized as the
simultaneous exchange of two electrons between the donor and the accep-
tor (Fig. 7). The spin selection rules for this type of mechanism reflect the
need to obey spin conservation in the reacting pair as a whole. This allows
the exchange mechanism to be operative in many cases in which the excited
states involved are spin-forbidden in the spectroscopic sense. Thus, the typi-
cal example of efficient exchange mechanism is that of triplet-triplet energy
transfer

*A(T1) —L—-B(So) — A(So) —L—-*B(Ty) (12)

Exchange energy transfer from the lowest spin forbidden excited state is ex-
pected to be the rule for metal complexes [51].

For reasons similar to those discussed above for electron transfer pro-
cesses, the rate constant of exchange energy transfer is expected to be sen-
sitive to the nature of the bridge. Using arguments similar to those of su-
perexchange, mixing with electronically excited states localized on the bridge
is expected to effectively mediate the donor-acceptor exchange interaction.
Again, bridges with low-energy excited states will be particularly efficient.
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And again, if the electronically excited states localized on the bridge be-
come lower in energy than that of the donor, a switch from direct one-step
energy transfer to stepwise donor-to-bridge and bridge-to-acceptor energy
migration could take place. With long, modular bridges, the exchange inter-
action is expected to fall off exponentially with through-bond distance, or
with number of intervening units in the bridge [52-54]. Interestingly, in a ho-
mogeneous series of dyads where triplet energy transfer (Eq. 12), electron
transfer (Eq. 13), and hole transfer (Eq. 14) processes

A -L-B— A—L-B" (13)
A*-L-B— A-L-B* (14)

could be studied as a function of distance across the same saturated organic
bridges, the value of the attenuation factor 8 (see Eq. 2) for energy transfer
was found to be the sum of those for electron and hole transfer [55]. This sup-
ports the simple picture of exchange energy transfer as a simultaneous double
electron transfer, with an electronic matrix element being proportional to the
product of those for the corresponding electron and hole transfer processes.

4
Peculiarities of MLCT Chromophores

In the schematic formulation of Sect. 2, the supramolecular system is rep-
resented as an assembly of individual molecular components (e.g., donor,
bridge, acceptor). The dissection of a supramolecular system into molecu-
lar components is obvious for classical systems where individual molecular
species are held together by weak interactions (electrostatic, hydrogen bond-
ing, or host-guest) [56-58]. This situation becomes conceptually more com-
plicated for covalently linked supramolecular systems [59, 60].

Consider, e.g., the two binuclear complexes in Fig. 8. On the basis of
simple bonding arguments, this species could be considered as a large
molecules. They can usefully be viewed as a supramolecular species, how-
ever, to the extent to which some of their fragments (molecular components)
possess intrinsic (i.e., context-independent, or at best slightly perturbed)
properties. Properties relevant to photoinduced electron transfer are the
redox properties and, for the components that undergo excitation, the chro-
mophoric properties. From this standpoint, the system in Fig. 8a includes
two easily identifiable molecular components, the ruthenium polypyridine
donor and the rhodium polypyridine acceptor, whose intrinsic chromophoric
and redox properties closely resemble those of Ru(Me,phen);(bpy)** and
the Rh(Me;bpy),(bpy)** model compounds. These two active components
are separated by a saturated bis-methylene chain, which can be straight-
forwardly considered as a bridge (spacer). The distinction could seem
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Fig.8 Examples of covalently linked supramolecular species dissected into molecular
components

less obvious for the binuclear complex of Fig. 8b, where the bridging lig-
and is a chain of interconnected (hetero-) aromatic rings. In practice,
however, the chromophoric and redox properties closely resemble again
those of Ru(Me;phen),(bpy)** and the Rh(Me;bpy),(bpy)** model com-
pounds, indicating that the complex can be reasonably divided into two
metal polypyridine molecular components and a bis-phenylene spacer.
The reason lies in the steric hindrance that forces adjacent aromatic rings
in a twisted conformation, preventing orbital overlap and delocalization
along the bridging ligand (this point will be discussed in some detail in
Sect. 5.1). Of course, as the delocalization along the bridging ligand in-
creases (e.g., for some of the binuclear species with extended aromatic
systems discussed in Sect. 5.2) a supramolecular view becomes more and
more critical.

Aside from the above-mentioned general problems, some peculiar as-
pects of supramolecular systems containing coordination compounds deserve
a short discussion. A coordination compound is by definition a complex
species formed by combination of metal and ligands. This complex nature
has relevant effects on (i) their redox and excited-state properties and (ii) the
electron/energy behavior as molecular components of supramolecular sys-
tems. Some of these features can be discussed taking the dyad of Fig. 8b as an
example.
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The Ru(II)-based molecular component of the dyad in Fig. 8b can be ad-
equately modeled by Ru(bpy);2*, the archetypal chromophore of inorganic
photochemistry [61,62]. In Ru(bpy)s;**, the HOMO is largely metal trg in
character while the LUMO is largely bpy 7* in character. This predomi-
nant localization of the frontier orbitals has several interesting consequences.
First, oxidation and reduction of the unit involve different sites: Ru(bpy)33+
is a true Ru(IIl) complex, whereas the Ru(bpy)s* is not a Ru(I) species,
but rather a Ru(II) complex with two neutral ligands and one ligand radical
anion [63]. Second, the lowest excited states of Ru(bpy)32+ are of metal-
to-ligand charge transfer (MLCT) character, with an electron distribution
resembling a Ru(III) complex with two neutral ligands and one ligand radi-
cal anion. Despite the presence of appreciable spin-orbit coupling, the MLCT
states can be considered as having singlet or triplet spin multiplicity. The
lowest singlet is responsible for the intense visible absorption while the low-
est triplet is responsible for the characteristic phosphorescence emission. The
relatively small singlet-triplet energy difference (ca. 0.4 €V) is a consequence
of the charge transfer nature of the transition. Within the triplet lifetime,
fast equilibration between the three MLCT states localized on different lig-
ands can be usually assumed [64]. The fractional population of such localized
states (33% in symmetric complexes such as Ru(bpy) 32%) can be substantially
unbalanced in less symmetric cases. In ligand-bridged bimetallic systems,
a relevant question may be whether the predominant population is on the
bridging ligand or on the ancillary ones.® This depends on the relative LUMO
energies (or redox potentials) of the tree ligands. In the Ru(II) polypyridine
unit of the dyad in Fig. 8b, because of the appreciable (albeit small) conju-
gation with the polyphenylene chain, the lowest energy site for the excited
electron is definitely the bridging bipyridine.

For typical (e.g., organic) donor-acceptor systems, simple HOMO-LUMO
pictures such as those of Figs. 3 and 7 are often used to describe photoin-
duced electron or energy transfer. When coordination compounds are used
as A and/or B molecular components, such kind of pictures might be overly
simplistic given the peculiar localization of HOMOs and LUMOs. Figure 9a
schematically shows the redox sites involved in MLCT excitation (process 1),
photoinduced electron transfer (process 2) and charge recombination (pro-
cess 3) for a typical Ru(II)-Rh(III) dyad. These localization aspects are likely
to be important in the analysis of intramolecular electron transfer rates,
where intercomponent distance and electronic coupling play a crucial role.

Similar arguments apply to the case of intercomponent energy transfer in-
volving MLCT chromophores. In a Ru(II)-Os(II) dyad such as that of Fig. 9b,
exchange energy transfer following MLCT absorption by the Ru(II) compon-
ent (process 1) and leading to MLCT emission from the Os(II) component

3 The localization of the MLT state on bridging or peripheral ligands may have relevant conse-
quences on energy transfer kinetics. A clear example is discussed in Sect. 5.1.2.
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Fig.9 Schematic representation of the one-electron processes involved in photoinduced
electron and energy transfer in bimetallic dyads (for detailed discussion, see text)

(process 3) can be visualized as two simultaneous cross-electron-transfer pro-
cesses (process 2): between the two bpy ends of the bridging ligand, and
between the two metal centers. It should be noticed that, with short bridges
such as that of the Ru(II)-Os(II) dyad of Fig. 9c, what is formally (by analogy
to the previous case) an intercomponent energy transfer phenomenon in fact
amounts to a simple metal-to-metal electron transfer (process 2).

5
Case Studies

Studies of intercomponent energy/electron transfer processes have been per-
formed on a great variety of bimetallic dyads [21,22]. In this review we
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discuss in particular the behavior of dyads containing two specific classes of
bridges: polyphenylenes and poly-quinoxalines. Such bridges are longitudi-
nally rigid, so as to guarantee good structural definition of the dyad. They are
conjugated systems favoring, in principle, energy/electron transfer over long
distances. As shown below, however, the behavior of the two types of bridge
is quite different. The polyphenylene systems behave as ideal superexchange
mediators, while in the poly-quinoxaline series injection behavior and other
mechanistic complications are encountered.

5.1
Dyads with Poly-p-phenylene Bridges

Dyads with poly-p-phenylene bridges have attracted much interest because in
theses systems the bridge is made of a sequence of individual weakly coupled
rigid units. This allows one to obtain families of dinuclear compounds in
which the metal-metal distance can be tuned without changing the nature of
active units and to perform systematic studies on the distance dependence
of electron and/or energy transfer rates. Because of synthetic difficulties re-
lated to solubility problems, in most of the systems studied the number of
phenylene spacers was limited to one or two units [21,22, 65-73]. Recently,
however, more extended systems have been reported [21, 74, 75].

5.1.1
Ru(l1)-Rh(lll) Systems

A series of Ru(II)-Rh(III) dyads bridged by rod-like polyphenylene spac-
ers of various length have been synthesized and studied in the last few
years [21, 68, 69,76]. In these systems, the two metal units are suitable pairs
for oxidative photoinduced electron transfer, the Ru(II) polypyridine unit
playing the role of photoexcitable donor (A) and the Rh(III) polypyridine
unit the role of electron acceptor (B in Fig. 1). The photoexcitable donor
fulfills the following requisites: (i) low-energy intense absorption (i.e., be
a visible chromophore), (ii) strong excited-state reducing character, (iii) rela-
tively long excited state lifetime (to support relatively slow electron transfer
processes) and (iv) easily detectable emission (for facile excited-state moni-
toring). Taking Ru(Mezphen)z(Meszy)2+ (1) as a paradigmatic case, the rel-
evant properties are: E00 =2.16eV, E°(A*/*A) = 1.02V, E°(A*/A) = 1.14V
vs. SCE, ASn = 610nm, @ =0.11, T = 1.8 ps [73].

The electron acceptor satisfies specific requirements that it: (i) be practi-
cally non-chromophoric (so as to avoid absorption of excitation light) and (ii)
be a good ground-state electron acceptor [E°(B/B~) > E°(A*/*A)], (iii) lack
of low-energy excited states [E®-°(*B) < E®-%(*A), in order to avoid energy
transfer quenching], (iv) be kinetically stable in the reduced form (at least
in the time scale of the charge recombination process). For Rh(Meszy)33+
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2

Formula (2) as a paradigmatic case, relevant properties are: E0-0 =2.77 eV,
E°(B/B™) = —0.89 V vs. SCE, T = 3 ns [76].

The series of dyads studied is shown in Scheme 1. In this series the chro-
mophoric and acceptor units were of the tris-bipyridine (or phenanthroline)
type [21] or of the bis-terpyridine type [68,69]. The general properties of
Ru(II)-Rh(III) dyads can be discussed taking dyad (5), with one phenyl as
spacer, as an example.

The absorption spectrum of the dyad, is practically the superposition of
the spectra of the isolated mononuclear model complexes (1) and (2), as ex-
pected for weak intercomponent interaction. The Rh(III) complex does not
absorb in the visible region, where the spectrum of the dyad is character-
ized by the typical metal-to-ligand charge transfer (MLCT) transitions of the
Ru(II) component. Therefore selective (100%) excitation of the Ru(II) chro-
mophore can be easily performed in the visible, whereas partial excitation
of the Rh(III) component can be achieved in the ultraviolet (where overlap-
ping ligand-centered, LC, bands of both molecular components are present).
The energy level diagram for this dyad is shown in Fig. 10. The diagram holds
for the whole series of dyads studied, with minor quantitative differences
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Scheme 1

between the bpy (or phen) complexes and the tpy ones. Indicated are the
common photophysical processes taking place within each molecular compo-
nents, i.e., prompt intersystem crossing to form the long-lived triplet states.
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Fig. 10 Energy level diagram of the Ru(II)-Rh(III) dyad (5)

Also indicated are a number of thermodynamically allowed intercomponent
processes, including:
(a) *Ru(II) — Rh(III) — Ru(III) — Rh(II)

oxidative quenching of the excited Ru(II)
(b) Ru(II) — *Rh(I1T) — Ru(III) — Rh(II)

reductive quenching of the excited Rh(III)
(¢) Ru(II) — *Rh(III) — Ru(III) — Rh(II)

energy transfer from Rh(III) to Ru(II)
(d) Ru(I1I) — Rh(IT) — Ru(II) — Rh(III)

charge recombination

In principle, all of these processes can be time-resolved under favorable

experimental conditions [76]. With this series of poly-p-phenylene bridged
systems, attention was focussed on the slightly exergonic oxidative quench-
ing following Ru(II) excitation (process a in Fig. 10) and the emphasis was
placed on the study of bridge and distance effects. This type of study is usu-
ally performed by exciting the chromophoric donor (Ru(II) component) with
appropriate light pulses and by observing electron transfer to the acceptor
(Rh(III) component) by means of time-resolved spectroscopy. In analyzing
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the results of these studies, it should be kept in mind that the energetics of
photoinduced electron transfer (see, e.g., Fig. 10) is practically the same for
the all systems investigated.

The rate constants measured for photoinduced electron transfer process
are reported in Scheme 1 and indicate a general decrease of electron trans-
fer rates with increasing bridge length [21]. Of particular interest is the
comparison between the omogeneous dyads containing tris-bypyridine (or
phenanthroline) species as chromophore ((5), (6), (8)). The rate constants are
displayed on a logarithmic plot as a function of the metal-metal distance in
Fig. 11. It can be seen that the three systems with unsubstituted polypheny-
lene spacers exhibit a nice exponential dependence of rates on distance. This
is the behavior predicted by Eqgs. 1 and 2 on the basis of the exponential de-
cay of the electronic factor Hyg, if the distance dependence of the FCWD term
can be neglected. This type of dependence is consistent with a superexchange
mechanism (see Sect. 2.1).

An interesting result is the fact that dyad (7), which is identical to (8)
except for the presence of two solubilizing hexyl groups on the central pheny-
lene ring, undergoes a photoinduced process 10 times slower than its un-
substituted analog. This is related to the notion that in a superexchange
mechanism the rate is sensitive to the electronic coupling between adjacent
molecules of the spacer (eg. Hiz, Hy3 in Eq. 5), and that in polyphenylene
bridges this coupling is a sensitive function of the twist angle between ad-
jacent spacers [77,78]. It is worthy to note that the planes of the rings of
unsubstituted adjacent phenylene unit form an angle of ca. 20-40° [79, 80]
because the steric repulsion between the ortho hydrogens. Substitution of the
rings leads to an increase in the twist angle (ca. 70°) [79] and, as a conse-

22

20 o

18

In k

16+

144 v

12 T T T
14 16 18 20 22 24

r, A

Fig. 11 Distance dependence of photoinduced electron transfer rates in dyads (5), (6), (8)
(circles) and (7) (triangle)
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quence, a decrease of electronic coupling between adjacent phenyl rings that
causes a drastic slowing down of the electron transfer process.

From the slope of the line in Fig. 11 an attenuation factor 8 (Eq. 3) of
0.65 A1 can be calculated. It is important to note that this value is ob-
tained neglecting the distance dependence of the FCWD term (Eq. 1). The
two possible causes of distance dependence of the FCWD term are the driving
force and the solvent reorganizational energy, A [25, 81]. From this viewpoint,
a useful feature of the Ru(II)-Rh(III) dyads is the charge-shift nature of the
process (it leads from a 2+ /3 + to a 3 + /2 + species). Thus, at difference
with typical organic dyads, the driving force is independent on the donor-
acceptor distance. On the other hand A is expected to increase slightly with
distance. Its contribution to the observed rate decrease is presumably rela-
tively small, but is difficult to evaluate exactly as it depends on the assumed
partitioning of A into inner and outer parts. Therefore the j value of 0.65 A~
should be regarded as an upper limiting value for the attenuation factor of
the intercomponent electronic coupling. This value is much lower than those
observed for rigid saturated bridges (0.8-1.2 A-1)[20, 33,82-84], and similar
to that obtained for electron transfer across oligophenylene spacers between
porphyrins by Helms et al. [85] and more recently by Weiss et al. [43] for
organic donor-acceptor systems.

It is instructive to compare the electron transfer rate constant observed
for dyad (5) (k=3.0 x 10° s7') of the Scheme 1 with that measured for dyad
(9) (k=1.7 x10° s7!). The two dyads are similar in driving force and reor-
ganizational energies (FCWD in Eq. 1). Thus the main effective differences,
lies in the bridge. It is seen that, although the metal-metal distance is longer
in (5) (15.5 A relative to 13.5 A for (9)) the electron transfer is faster across
the phenylene spacer than across the methylene one. This result demon-
strates that the phenylene group is a better conducting spacer as compared to
methylene. This is no doubt related to the lower energy of the LUMO of the
phenylene group, facilitating superexchange interaction (Eq. 4).

)
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A last observations is worth of comment. Dyads (3) and (5), despite the
vast difference (three orders of magnitude) in lifetimes of the chromophores
involved, give identical electron transfer rates. This is experimentally gratify-
ing and confirms that the rate determining factors are practically the same for
dyads of the bpy (or phen) and tpy families.

In conclusion the study of the Ru(II)-Rh(III) dyads in Scheme 1 has shown
that rigid polyphenylene bridges are efficient mediators of long-distance pho-
toinduced electron transfer. Coupled with the long lifetime of the excited
Ru(II) chromophore, such bridges could, in principle, sustain electron trans-
fer over very long distances (e.g., extrapolating from Fig. 11, > 40 A). In
principle, the dependence of the electronic coupling on the inter-spacer twist
angle could be used for tuning or switching purposes.

5.1.2
Ru(I)-0s(11) Systems

Binuclear systems containing ruthenium(II) and osmium(II) complexes as
active metal units represent by far the most extensively investigated class of
compounds for the study of electronic energy transfer processes. In most of
the dyads studied, the Ru-based and Os-based chromophoric components are
tris-bipyridine or bis-terpyridine complexes connected by a large variety of
bridging ligands [21, 22, 65, 66, 86-89]. For both metal components, the low-
est excited states are triplet states of metal-to-ligand charge transfer (MLCT)
nature. The Os(II) unit is easier to oxidize than Ru(II) unit, and thus the
MLCT levels lie at higher energy in the Ru-based component than in the
Os-based component. Therefore the Ru(II) units play the role of donor and
the Os(II) units of acceptor in an intercomponent energy transfer process
(Eq. 15).

*Ru(Il) — L — Os(II) — Ru(II) — L — *Os(II) (15)

Dyads containing bridging ligands with oligophenylene spacers have been
studied by various authors [21,22,65,66] but only recently new synthetic
strategies based on a modular approach have been developed that allowed to
obtain families of dyads with high number of phenylene units [74, 75].

The series of the binuclear complexes (10) investigated by Schlicke et
al. [74] represent the first example of a systematic study on distance de-
pendence of energy transfer rates for Ru(II)-Os(II) dyads. These systems
of nanometric dimension (the metal to metal distance is 4.2 nm for longer
spacer) contain a central phenylene unit which bears two alkyl chains for
solubility reason and a progressively increasing number of unsubstituted
phenylene units.

The absorption spectra and luminescence properties have been investi-
gated in acetonitrile solution at 293K and in butyronitrile rigid matrix at
77 K. Besides complete quenching of the fluorescence of the oligophenylene
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n=1,2,3

spacers, quenching of the phosphorescence of the Ru(II) based unit and
parallel sensitization of the phosphorescence of the Os(II)-based unit were
observed, indicating that energy transfer from Ru(bpy);** to the Os(bpy);>*
unit takes place (Eq.15). The rate constant of the process is practically
independent of temperature and decreases with increasing length of the
oligophenylene spacer. The plot of Inke, vs. the metal-metal distance is
shown in Fig. 12. As one can see, a linear dependence was observed accord-
ing with expectations based on a Dexter-type mechanism (Sect. 3). The plot
yields an attenuation factor (8) of 0.32 A-1. This value quantifies the behavior
of polyphenylene spacers as good energy transducers.

A new series of Ru(II)-Os(II) dyads (11) have been synthesized very re-
cently by Welter and coworkers [75].

These compounds are very similar to the previous ones except for the
fact that the metal centers Ru(bpy)s;2* and Os(bpy);2* are linked by a bridg-
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Fig. 12 Plot of In kep vs. the metal-metal distance, () dyads (11) (n =2, 3, 4, 5) with bare
phenylene units, ((J) dyads (10) (n =1, 2, 3) with n-hexyl chains on the central phenylene
unit
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(11)

n=2,3,4,5

ing ligand where the spacer is made only of unsubstituted phenylene units
(n =2-5). The elimination of the bulky solubilizing groups permits exam-
ination of the effects of inter-phenylene twist angle on energy transfer rate.
The rate constants, measured by time resolved emission and absorption spec-
troscopy, are reported in Fig. 12 and compared with the data obtained for
the dyads (10) in which the central phenylene unit is substituted. Consider,
e.g., the compounds containing three or five spacers for the two series: the
driving force and the metal to metal distance is the same while a differ-
ence of rate constant of 40 fold has been observed in both cases. This is
a consequence of the increase in twist angle upon substitution that reduces
the electronic coupling along the spacer. Interestingly a similar same de-
crease of rate has been reported for photoinduced electron transfer process
in analogous Ru(II)-Rh(III) polyphenylene dyads (7) and (8) (Sect. 5.1.1). In-
spection of Fig. 12 clearly indicates that for both series of dyads the plots of
In ke vs. metal-metal distance are linear confirming that energy transfer pro-
cess across polyphenylene spacers takes places with a Dexter-type (exchange)
mechanism. As expected on the basis of the structural similarity (in both
cases, elongation only involves unsubstituted phenylene spacers), the slope of
the lines for the two series of dyads is practically the same (a 8 value of ca.
0.4 A1 is obtained in this case).

It is interesting to note that the B values for energy transfer in these
Ru(II)-Os(II) complexes (0.34-0.40 A‘l) are very similar to that obtained for
photoinduced electron transfer in Ru(II)-Rh(III) complexes with the same
bridges (0.65 A™'). On general grounds, as discussed in Sect. 3, 8 values for
exchange energy transfer are expected to be larger than those for electron
transfer [55]. In fact, this coincidence may be fortuitous as, because of the
distance dependence of the reorganizational energy, the real 8 value for the
Ru(II)-Rh(III) system is expected to be lower than the experimental one (see
discussion in Sect. 5.1.1). A comparison between the behavior of dyads (11)
and dyads (12) is instructive in order to highlight the importance of the struc-
tural and electronic factors on the energy transfer rates.
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(12)

Consider, e.g., the dyads with three and five phenylene units for both se-
ries (De Cola L, personal communication): energy transfer is faster across
the para substituted (k =2.77 x 10! s™! and 4.90 x 108 s™! for n = 3,5 respec-
tively) than across meta substituted ones (k = 1.32 x 10° s™! and 6.67 x 107 s~
for n = 3,5 respectively). The results clearly demonstrate that energy trans-
fer occurs through-bond (the through-space distance is larger for systems
(11) than for systems (12) and that para-phenylene spacers are better energy
transducers as compared to meta-phenylene ones.

Another interesting comparison is between two series of related Ru(II)-
Os(II) polyphenylene dyads containing bis-terdentate complexes as metal
based components. The first series of dyads [65, 70, 71] contains bis-terpyrid-
ine species (13). In the second series [71, 72] tpy chelating sites of the bridging
ligand are substituted by cyclometallating units (14). The results show that
the rates of energy transfer are orders of magnitude slower for complexes (14)
with respect to complexes (13) with the same number of phenylene spacers
(e.g., with two phenylene spacers, k <2 x 10’ s} and k=5 x 10'0 s7! for cy-
clometallated and non-cyclometallated system, respectively). The reason for
this behavior is the different localization of MLCT states involved in the trans-
fer process: in complexes (13) the lowest MLCT states of each chromophore
involve the bridging ligand whereas in complexes (14) these states are local-
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—‘2+

n=0,1,2

ized on the peripheral ligands. Therefore, in the latter case the energy transfer
pathway is longer. This result highlights the crucial role of excited-state local-
ization in determining the energy transfer rate.

5.2
Dyads with Extended Aza-aromatic Bridges

An interesting class of molecular bridges that have been recently used in
the construction of binuclear and polynuclear complexes is represented in
Fig. 13. Because of the presence of fused pyrazine and phenyl rings as charac-
teristic motif, these bridges can be loosely termed poly-quinoxaline bridges.
With their extended aromatic character, these ladder-type ditopic ligands
cannot be dissected, as done for most of the previously discussed examples,
in bpy-like binding sites (belonging to the metal-based molecular compo-
nents) and a central spacer part. Rather, the ligand should be treated as
a single entity, with fully delocalized molecular orbitals (see, e.g., the LUMO
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Fig. 13 Representative poly-quinoxaline bridging ligands
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Fig. 14 Low-lying unoccupied molecular orbitals for the tpphz, tatpp, and bqpy ligands.
Relative energies as obtained from PM3 calculations

and LUMO + 1 depicted in Fig. 14). This section highlights some of the pecu-
liar problems that are encountered in the analysis of electron/energy transfer
processes across this class of bridging ligands.

5.2.1
tpphz Complexes

Binuclear complexes with this bridging ligand have been studied in consider-
able detail. Information from fast (ns) and ultrafast (fs-ps) studies is available
on both the homonuclear Ru(II) and Os(II) species. Moreover, the heteronu-
clear Ru(II)-Os(II) and Ru(II)-Os(III) species have been investigated, with
the aim of unraveling the complex mechanisms of energy and electron trans-
fer processes.

5.2.1.1
[(bpy), Ru(tpphz)Ru(bpy),]**

Spectroscopic, electrochemical, and photophysical studies with ns time reso-

lution [90-92] yielded the following picture of [(bpy),Ru(tpphz)Ru(bpy),]**

1. in the ground state, the binuclear complex can be described as a supra-
molecular system with relatively weak intercomponent interaction;
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in the binuclear species, the lowest emitting metal-to-ligand charge trans-
fer (MLCT) excited states involves the tpphz bridge;

consistent with the presence of two closely spaced ligand 7* orbitals with
different electron density patterns (Fig. 14), two types of MLCT states in-
volving the bridging ligand are present in this complex: MLCT;, with no
electron density on the central nitrogens and substantial density on the
coordinating atoms, and MLCT( with substantial electron density on cen-
tral nitrogens and little density on the coordinating atoms. For simplicity,
these MLCT states can be referred as phenanthroline-like and pyrazine-
like and can be schematically depicted as in Fig. 15;*

. states of type MLCT] are involved in absorption;
. at room temperature, emission takes place from states of MLCT, type;

the MLCTj states are substantially stabilized in polar solvents, leading to
pronounced red shift and lifetime shortening of the emission.

More recently, ps [94] and fs [95] time-resolved experiments have per-

mitted the direct observation of the MLCT; — MLCTj interconversion. The
formation of the MLCT, state is clearly detected as an increase on opti-

4 A similar situation holds for ruthenium complexes of the related dppz ligand [93].

MLCT,

Fig.15 Schematic representation of the two types of metal-to-bridge charge transfer ex-
cited states in tpphz binuclear complexes: MLCT;, with main electron density on the
phenathroline-like moiety of the bridge; MLCT(, with main electron density on the
pyrazine-like moiety of the bridge
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Fig. 16 Photophysical mechanism for [(bpy)zRu(tpphz)Ru(bpy)z]4+ in CH,Cl; (left) and
CH3CN (center). Schematic picture of the changes in charge distribution along the pho-
tophysical pathway (right)

cal density with maximum at 610 nm. The kinetics of formation and decay
of this state are solvent-sensitive, as a consequence of the above-mentioned
(point 5) energy shifts. The photophysical behavior can be summarized as
shown schematically in Fig. 16 [95].

In Fig. 16, the MLCT; — MLCT, interconversion is indicated as intra-
ligand electron transfer (ILET), to emphasize the displacement of charge
taking place within the bridging ligand following excitation.

5.2.1.2
[(bpy), Os(tpphz)0s(bpy) 1**

Allowing for the obvious spectral differences, the behavior of [(bpy),0s-
(tpphz)O0s(bpy), ]t is very similar to that of the ruthenium analogue. In
particular, the transient formation of MLCT, with characteristic absorption
at 610 nm is again observed [95]. The behavior is summarized in Fig. 17.
The solvent dependence has the same origin as in the previous case. The
shorter time scale for decay to the ground state is as commonly observed for
Os(II) relative to Ru(II) complexes, consistent with the energy-gap law.

5.2.1.3
[(bpy), Ru(tpphz)0s(bpy),1**

In general terms, the behavior of the heteronuclear species [(bpy),Ru(tpphz)-
Os(bpy)2]4+ is similar to that of other Ru(II)-Os(II) polypyridine com-
plexes [22, 83]. Indeed, the conventional photophysics of this complex [91]
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Fig. 17 Photophysical mechanism for [(bpy),Os(tpphz)Os(bpy)2]** in CH,Cl, (left) and
CH3CN (center). Schematic picture of the changes in charge distribution along the pho-
tophysical pathway (right)

reveals the occurrence of efficient (100%) and rapid (< 10 ns) Ru(II) — Os(II)
energy transfer. At room temperature, the emission takes place, regard-
less of excitation wavelength, from the lowest Os-based MLCT, excited
state.

In mechanistic terms, [(bpy),Ru(tpphz)Os(bpy),]*" is expected to be
quite interesting, as the presence of MLCT; and MLCT) states on both chro-
mophores provides multiple available pathways for the observed Ru(II) —
Os(II) energy transfer process. Two such possible pathways are indicated in
Fig. 18: (i) Ru(II) — Os(II) energy transfer at the MLCT; level (EnT), fol-
lowed by MLCT; — MLCT) relaxation within the Os(II) chromophore (ILET
Os); (i) MLCT; — MLCT) relaxation within the Ru(II) chromophore (ILET
Ru), followed by Ru(II) — Os(II) energy transfer at the MLCT, (that, in this
schematic representation of the electron distribution, amounts to excited-
state metal-to-metal electron transfer, MMET).> Ultrafast spectroscopy has
been used to discriminate between such pathways [95]. The behavior turns
out to be strongly dependent on the solvent, not only in terms of kinetics (as
was the case of the homonuclear species) but also in terms of mechanism. In
fact, the time-resolved spectral changes clearly indicate that pathway (i) is fol-
lowed in CH;,Cl,, while pathway (ii) prevails in CH3CN [95]. The measured
rates illustrate the role of the solvent in mechanism selection: in CH,Cl, rapid
energy transfer at the MLCT level is followed by a slower MLCT; — MLCT,
relaxation (ILET) in the Os-centered chromophore, whereas in the more polar

4+

5 A third pathway, involving direct conversion from Ru-based MLCT; to Os-based MLCT, is con-
sidered less likely.
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Fig.18 Mechanistic paths for intercomponent energy transfer in [(bpy),Ru(tpphz)Os-
(bpy)2]**

CH;3CN ILET in the Ru-centered chromophore is sufficiently fast to precede
energy transfer.

The results of this study clearly emphasize how far this bridging ligand is
from the standard picture of a simple spacer. In fact, tpphz plays here an ac-
tive role in mediating the intercomponent energy transfer via its own energy
levels. Some of the problems related to the description of the photophysi-
cal behavior of bimetallic dyads in conventional terms were mentioned in
Sect. 4. The [(bpy),Ru(tpphz)Os(bpy),]** complex provides an example of
the further intricacies added when the bridging ligand itself has a complex
electronic structure. In fact, although the overall process taking place is en-
ergy transfer, energy and electron transfer processes are deeply intertwined
at the mechanistic level.

5.2.1.4
[(bpy),Ru(tpphz)0s(bpy),1°*

The Ru(I1)-Os(III) species [(bpy),Ru(tpphz)Os(bpy);]°* can be obtained by
chemical oxidation of the previously described Ru(II)-Os(II) complex [91].
Upon oxidation the osmium component loses its chromophoric properties
and becomes a good electron acceptor. Therefore, as other Ru(II)-Os(III)
polypyridine complexes [21] the [(bpy),Ru(tpphz)Os(bpy),]°* dyad is suit-
able for the study of photoinduced electron transfer.

The dyad is non-emissive and gives no transient in ns laser photolysis fol-
lowing excitation of the Ru(II) chromophore [91]. The efficient quenching is



94 C. Chiorboli et al.

attributed to electron transfer from the excited Ru(II) chromophore to the
Os(III) metal center. It should be noticed that in this system, owing to the
presence of MLCT; and MLCT) states on the Ru(II) chromophore, the elec-
tron transfer quenching could takes place either directly from the MLCT;
or in a stepwise manner, via ILET. Detailed insight into the mechanism can
be obtained using ultrafast spectroscopy studies [95]. These studies demon-
strate that, in CH3CN, the quenching of the Ru(II) chromophore proceeds by
a sequence of two electron transfer steps (ILET followed by ligand-to-metal
electron transfer), as schematically indicated in Fig. 19.

As in the previously discussed Os(II)-Os(II) case, the results again empha-
size the key role of the tpphz ligand in the mediating intercomponent transfer
processes. The stepwise electron transfer observed in the Ru(II)-Os(III) sys-
tem clearly does not proceed by superexchange. Rather, it can be considered
more close to the hopping mechanism discussed in Sect. 2.2 (although here
the bridging ligand is not made of weakly interacting modular subunits).
Bridges of this type should be able to sustain charge transfer over long dis-
tances. As shown in the next sections, however, the extension towards longer
poly-quinoxaline bridges causes further mechanistic complications.

N A P ) ~
S'N-J oUW e O
A “Ru(ih-Os(ill) ,?QQ)J\NO o
MLCT, O W VO & u
2 A O ‘
4 LET  *Ru(i)-Os(llly
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Fig.19 Photophysical mechanism for [(bpy),Ru(tpphz)Os(bpy);]>" in CH3CN (left).
Schematic picture of the changes in charge distribution along the photophysical pathway
(right)
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5.2.2
tatpp Complexes

Homo-binuclear complexes with the tatpp ligand (15) have attracted consid-
erable attention as potential multi-electron catalysts. In particular, [(phen),-
Ru(tatpp)Ru(phen)2]4+ is known to undergo two reversible electrochemical
reductions at moderately negative potentials (—0.18 and —0.56 V vs. SCE in
acetonitrile) [96]. Moreover, it is capable of reversibly storing two electrons
(and protons) per molecule upon visible light irradiation in deoxygenated
acetonitrile and in the presence of sacrificial reductant agents [97]. In both
cases, the doubly reduced form can be considered as a binuclear Ru(II) com-
plex with the tatpp dianion. These interesting features have prompted some
detailed photophysical studies on binuclear complexes with the tatpp bridg-
ing ligand.

\ 7/ \ 7/

5.2.2.1
[(phen),Ru(tatpp)Ru(phen),]**

The absorption spectrum of [(phen),Ru(tatpp)Ru(phen);]** exhibits MLCT
bands quite similar to those of a [Ru(phen)3]2+ model complex indicating
that, again, the spectroscopic transitions lead to higher unoccupied phen-like
orbitals of the ligand (Fig. 14) [96]. The complex is appreciably non-emitting.
The time-resolved spectroscopic behavior is characterized by the ultrafast ap-
pearance (36 ps in CH3CN, 1 ps in CH,Cl,) and slow disappearance (10 ns
in CH3CN, 1 us in CH,Cl,) of a transient absorption with Am,x 580 nm. By
analogy with the tpphz-based systems, it is tempting to associate this behav-
ior to the population and decay of a lowest MLCT state with the electron
localized on the central phenazine-like part of the bridging (see the LUMO
in Fig. 14). Such a mechanism was indeed proposed in a preliminary report
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Fig.20 Photophysical mechanism for [(phen);Ru(tatpp)Ru(phen),]**

on the time-resolved spectroscopy of this complex [98]. On closer exam-
ination, however, the behavior of [(phen),Ru(tatpp)Ru(phen);]** proves to
be quite different from that of the tpphz analogue. In fact, because of the
high degree of conjugation of the tatpp ligand, the ligand-centered (LC) -
7™ triplet is lowered considerably, to an energy close or even lower than
the MLCT state. Definite proof that the 580-nm transient is indeed ligand-
centered (LC) m-r* triplet is obtained from the transient spectroscopy of
the tatpp ligand (as a Zn complex) [99]. Thus, a plausible mechanism for
the photophysical behavior of [(phen),Ru(tatpp)Ru(phen),]** is sketched in
Fig. 20.

The strong solvent dependence of formation and decay of the *LC state can
be easily explained in terms of a solvent-sensitive equilibrium between the
intrinsically long-lived, non-polar LC state and an intrinsically short-lived,
polar MLCT state (similar situations can be found in bichromophoric systems
such as, e.g., Ru(polypyridine)/pyrene dyads) [100].

5.2.2.2
[(phen),0s(tatpp)Os(phen),]**

In the case of the tpphz bridging ligand, ruthenium and osmium homonu-
clear complexes exhibited qualitatively the same behavior (Sects. 5.2.1.1 and
5.2.1.2). By contrast, the photophysics of [(phen),Os(tatpp)Os(phen),]|** is
completely different from that of the ruthenium analogue. In fact, the tran-
sient behavior of [(phen)zOs(tatpp)Os(phen)z]4+ is characterized by an ul-
trafast depletion of absorption at 580 nm (0.4 ps in CH3CN, 3.8 ps in CH,Cl,),
followed by a slower decay of the resulting spectrum to the original baseline
(3.9 ps in CH3CN, 50 ps in CH,Cl,) [99]. The difference in behavior is associ-
ated to a difference in the energy levels of the system. In the osmium complex,
because of the easier oxidation of the metal, the whole MLCT excited-state
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Fig.21 Photophysical mechanism for [(phen);Os(tatpp)Os(phen),]**

manifold is expected to be lower by ca. 0.5 eV with respect to the analogous
ruthenium system. As a consequence, the relative energies of the lowest ex-
cited states of the system are likely to be reversed, with the MLCT triplet being
lower than the LC one. The situation is sketched in Fig. 21. The ultrafast de-
cay of the MLCT state is in the ps time scale, as expected for a low-energy
MLCT state, and its solvent dependence can be related to energy-gap-law
effects [99].

5.23
bqpy Complexes

The bgpy ligand can be viewed as an analogue of tatpp with a pyrene unit
substituting the central benzene ring. With a more extended 7 system, bqpy
complexes could be expected as a further step towards delocalized behavior,
characterized by facile reduction and low-lying MLCT and LC states. In fact,
the behavior of [(bpy),Ru(bgpy)Ru(bpy) , 14 (16) deviates sharply from these
expectations [101]. For instance, one-electron reduction (—0.90 V vs. SCE) is
much more difficult than for the analogous tatpp (—0.18 V vs. SCE) and even
than tpphz (- 0.71 V vs. SCE) complexes. Also, the photophysical properties
(intense, long-lived MLCT emission at 628 nm in CH3CN) are quite different

\ /" 7
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from those of tatpp (no emission, lowest LC excited state) and tpphz (weak,
short-lived MLCT emission at 740 nm in CH3CN). The anomalous behavior of
bgpy complexes with respect to the other ladder-type systems can be related
to the presence of additional angularly fused rings. This causes the LUMO of
the ligand to have a peculiar nodal structure (nodes both at the pyrazine ni-
trogens and at central carbons) and a very high energy (Fig. 14). Although at
the moment no bqpy heteronuclear complexes are available, it would be inter-
esting to investigate how these peculiar properties may affect intercomponent
electron/energy processes.

6
Conclusions

Photoinduced electron and energy transfer processes in binuclear metal com-
plexes have been discussed, with particular emphasis on the role of the
molecular bridges connecting the donor and acceptor components. The binu-
clear complexes considered have metal polypyridine components, with Ru(II)
units acting as photoexcited electron/energy donors, Os(II) units as energy
acceptors, and Rh(III) and Os(III) units as electron acceptors. Two classes
of rigid bridges have been considered, based on polyphenylene and poly-
quinoxaline structures. The two types of bridge behave rather differently with
regard to their electron/energy transfer mediating ability.

The polyphenylene bridges perform, both in energy and electron transfer,
as well-behaved superexchange mediators, with exponential dependence of
transfer rate on bridge length. The experimental attenuation factors § in the
range 0.34-0.65 A1, permit efficient energy and electron transfer over lon
metal-metal distances, e.g., 42 A for energy transfer in Ru(II)-Os(1I), 24
for electron transfer in Ru(II)-Rh(III). The results demonstrate that with this
type of bridges, the twist angle between adjacent phenylene units is an ex-
tremely important parameter. In fact, alkyl substitution in a single unit of the
polyphenylene chain causes a strong decrease of energy and electron transfer
rate constants. This effect can be easily rationalized considering the increase
in the twist angle accompanying substitution and the concomitant decrease in
the electronic coupling between adjacent modules of the bridge. The sensitiv-
ity of transfer rates to twist angles could, in principle, be exploited to achieve
tuning or switching of signals along polyphenylene molecular wires.

The polyquinoxaline bridges, because of their fully aromatic structure,
contribute low-lying electronic levels to the dyads. As a consequence, they
are likely to participate in the energy/electron transfer processes in a more
direct way. Indeed, the shortest member of the series, tpphz, mediates en-
ergy transfer in the Ru(II)-Os(II) system by a solvent dependent sequence
of steps involving the unoccupied orbitals of the bridge. Also, photoinduced
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electron transfer in the Ru(II)-Os(III) system proceeds stepwise through the
bridging ligand, with some similarities to a charge injection/hopping mech-
anism. The delocalized nature of these bridges causes further problems when
the length of the bridges is increased. In fact, complexes of the next member
in the series, tatpp, have not only (as expected) MLCT states of lower energy,
but also ligand-centered (LC) triplet states at very low energy. Thus, e.g., in
Os(II) tatpp complexes the situation is similar to that of analogous tpphz sys-
tems (lowest MLCT state), but for Ru(II) complexes the lowest excited state is
LC. For long bridges, such low-energy LC states are likely to act as an energy
sink, preventing the study of intercomponent transfer processes. It should
be pointed out, however, that these systems may also hide some surprise. In
fact, the longest member of the series, bqpy, behaves in many respects as the
shortest tpphz, with high-energy redox levels and MLCT states. This is appar-
ently related to the presence of angularly fused rings, which strongly affect
the nodal properties of the molecular orbitals. These effects could probably be
used in the design of longer ladder-type bridging ligands without the handi-
cap of low-lying LC states.
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Abstract In this chapter, we explore experimental and theoretical aspects of molecular
wire-like charge transport from the mechanistic point of view. We discuss competi-
tion between coherent superexchange and sequential mechanisms of transport through
donor-bridge-acceptor systems, where the donor and acceptor are either molecules or
metal/semiconductor contacts. The focus is on the two major determinants of mechan-
ism: electronic coupling and energy level matching. Some methods of calculating conduc-
tance are outlined, and the relationship between conductance in a metal/molecule/metal
junction and electron transfer, where donor and acceptor have relatively discrete elec-
tronic energy levels is explored. Finally, we give several examples of chemical systems that
have displayed wire-like behavior and discuss their characterization.

Keywords Molecular wire - Superexchange - Electron transfer - Energy Transfer -
Electronic coupling
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1
Introduction

The term “molecular wire” has been used liberally in chemistry, physics, and
materials science literature. In some cases, it describes a system with a very
specific behavior; in others, it refers simply to the shape of the molecule
under consideration. A molecular wire has been defined as “a molecule
connected between two reservoirs of electrons” [1], more stringently as
“a molecule that conduct(s) electrical current between two electrodes” [2],
and even more narrowly as a device that conducts in a regime “wherein the
distance dependence [of electron transfer (ET)] may be very weak” [3].

More important than the nomenclature is the desired function of a mo-
lecular wire system, namely, robust and directional transport of charge or of
energy. Are molecules the ultimate interchangeable electronic components?
Because they can be tuned by an infinite series of synthetic adjustments, they
offer a potential for controllability and versatility superior to that of metals
and semimetals. Defined orbitals of predisposed shape dictate where within
the molecule the charge carrier can move, and with what energy. An even
more subtle property of molecules is that their electronic distribution may de-
cide whether the spin properties of the traveling electron will be conserved
during the transfer or redistributed in the form of spin polarizing to other
electrons in the system.

Although energy transport along a molecular wire might be thought of
as motion of an electron/hole pair or Frenkel exciton (a boson) and charge
transfer (CT) might be seen as motion of one hole or one electron (a fermion),
they are closely related phenomena. From a transport viewpoint, the import-
ant insight is that molecular wires should behave as Hiickel-like or tight-
binding systems, dominated by nearest-neighbor contacts. Then we should be
able to write, quite generally,

H=Hp + Hg + Vpg (1)
Hp = Z ¢ cigi + Z Vii(cl ¢ + c}'ci)
i ij

1
Hg = Z [(bxbx + E) ha);\ + anh]

A

Ver= Y > M) (bt +by)
A

)
Here, Hp, Hg, and Vpg are the Hamiltonians for the moving particle, the en-
vironment, and the particle/environment interaction respectively. The opera-
tors b; and ci+ create, respectively, environment boson excitations (phonons,
vibrations, photons, solvent modes) and carriers (electrons or excitons). The
environment bosons have index A and frequency w,, the particles have site
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energy ¢; and tunneling matrix elements Vj; the sum in the second term
of Hp is usually restricted to nearest neighbors or next-nearest neighbors.
This restriction is physical and fundamental, arising from the molecular or-
ganization of space. The term denoted (anh) corresponds to the anharmonic
behavior of the environmental bosons, and is almost always ignored.

While many significant terms such as the electronic repulsion and ex-
change terms and all spin-dependent structure are missing from Eq. 1, much
of what is needed to understand molecular wire behavior is present; indeed
Eq. 1 contains the Marcus-Jortner-Dogonadze Hamiltonians for intramolec-
ular electron transfer and the Frohlich—Toyozawa-Holstein polaron treat-
ment as special cases.

The operator ¢ can be of boson type (for exciton-mediated energy trans-
fer) or of Fermion type (for hole- or electron-mediated CT). The energy
quantity M;{ characterizes the coupling involved when changing either pop-
ulation (i = j) or motion (i #j) of the carrier.

Since excitons are electron/hole pairs, it is reasonable to expect that the
tunneling matrix element for excitons might be proportional to a product
of matrix elements for hole and electron tunneling. This is discussed in
Sect. 3.1.2.

A final note should be stressed concerning the Hamiltonian of Eq. 1. The
local sites denoted (i, j) might be atomic orbitals or molecular orbitals of
a fragment. For example, in a p-phenylene wire, they might be the pz orbitals
on the individual carbons or the frontier orbitals on each C¢H, fragment.
Each of these representations is useful. The latter, however, is most often used,
essentially because otherwise the matrix elements Vj; are like those in ac-
tual Hiickel theory; those values are on the order of 2-3 €V, and then the
assumption of relatively weak electronic coupling, nearly always assumed in
transport, becomes invalid. For quantitative study Eq. 1 is usually replaced
either by the full electronic Coulomb Hamiltonian or by semi-empirical atom-
based Hamiltonians such as CNDO, INDO, or PPP [4-6].

In this chapter, we will discuss both mechanisms and experimen-
tal evidence for wire-like transport (simply meaning transport arising
from motion assisted by the molecular bridge) of electronic charge (in
donor/bridge/acceptor intramolecular ET rate constants and in molecular
electronic transport junction conductance) and of energy. The focus is on be-
haviors; because this field is so rich and the phenomena are so important,
the literature is vast. The chapter is intended as a sketch, not as a review or
a portrait.

In keeping with the theme of molecules as individual wires, we will not
deal at all with the closely related and even larger field of charge and en-
ergy transport in molecular materials. Many of the mechanisms (coherent
tunneling, thermal hopping, Forster transfer, Dexter exchange energy flow,
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defect-dominated transport) occur both in single-wire systems and in mo-
lecular materials such as conductive polymers and molecular crystals.

Section 2 outlines the different mechanisms for CT, while Section 3 dis-
cusses the matrix elements and energy differences that help determine the
mechanism. After a very brief discussion of conductance calculations in Sec-
tion 4, Section 5 is devoted to examples of molecular wire systems.

2
Mechanisms of Charge Transfer

Long-distance CT is intrinsically a nonadiabatic process [7,8] in which the
rate of CT is dictated by some combination of a strongly distance-dependent
tunneling mechanism and weakly distance-dependent incoherent transport.
The tunneling mechanism is often considered to be that of superexchange,
the transfer of electrons or holes from donor to acceptor through an energet-
ically well-isolated bridge, during which bridge orbitals are utilized solely as
a coupling medium with no nuclear motion along the bridge [9-11]. Incoher-
ent or sequential CT involves real intermediate states that couple to internal
nuclear motions of the bridge and the surrounding medium, and are there-
fore energetically accessible and change their geometry [12]. This is called
a (thermally activated) hopping mechanism [3, 13].

The B parameter, the characteristic parameter for the decay of CT rate
constant k as a function of distance, rpa,

k = koe Froa )

has been used as a benchmark for the quality of a molecular wire and, in fact,
to determine whether a donor-bridge-acceptor system should be considered
to display wire-like behavior at all. The smaller the 8 value, the longer the dis-
tance over which charge can be transferred without penalty. The g parameter
is often used to characterize all types of transport, although by definition it
only applies to exponentially decaying processes. Some may liken the limit
of small 8 to band transport, a so-called -way through which the electron
can travel coherently [14]. This can be confusing because shallow distance
dependence can also be achieved via a series of short tunneling events, the
incoherent hopping mechanism, which should not lead to exponential de-
cay with length. Additionally, 8 should be considered intrinsic not to the
molecule serving as the bridge, but rather to the wire system as a whole,
i.e., donor+bridge+acceptor, whether the donor and acceptor are molecular
species or metallic contacts.

The range of 8 values found for identical bridge units measured in solution
and through self-assembled monolayers (SAMs) of organic thiols on the sur-
faces of metal electrodes (Ag, Au, and Hg) reflects the fact that the most fun-
damental aspects of transport, including length dependence, are sensitive to
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environment (e.g., 8 =0.6-1.2 A-! for alkanes [15-23], B=0.32-0.66 A-! for
oligophenylenes [24-31], 8 = 0.06-0.5 A™ for oligo-(phenylene ethynylene)s
(OPEs) and oligo(phenylenevinylene)s (OPVs) [32-34], 8 = 0.04-0.2 A-! for
oligoenes [35-37], and 8 = 0.04-0.17 A-1for oligoynes [38-40]).

2.1
Superexchange

Superexchange is thought to be an important mechanism for efficient ET within
the photosynthetic reaction center [41,42] and has been studied in various
biomimetic systems [43,44]. The term was first used by Kramers [9] and later
by Anderson [10, 11] to describe the indirect exchange coupling of unpaired
spins via orbitals having paired spins, which acquire paramagnetic character
through mixing with CT excited state configurations [11]. In CT occurring via
superexchange, no charge ever actually resides on the bridge, and the states that
the molecule occupies between the time when the electron leaves the donor
and when it arrives at the acceptor are called virtual excitations. The quan-
tity that dictates the probability of transmission of an electron from donor
to acceptor in this way is the electronic superexchange coupling, tpy [45, 46].
McConnell gives a perturbation-theory-based expression for the magnitude
of the donor-acceptor superexchange coupling, fpa, in terms of individual
resonance integrals between molecular subunits and the energy gap between
the degenerate donor and acceptor and the homologous bridge [47]. The Mc-
Connell model predicts an approximately exponential dependence of tpa on
the donor-acceptor distance, rpy, with decay parameter BE:

BSE=-2(n|t/A)/r, (3)

where t is the nearest-neighbor transfer integral, A is the energy of the
bridge orbitals relative to the donor/acceptor, and r is the width of one sub-
unit. This approximation is verified by many experimental data [48-50].
Significant extensions of this model have been derived to accommodate non-
nearest-neighbor interactions [51], multiple geometry-dependent CT path-
ways [52, 53] and a nonhomologous bridge [54].

2.2
Sequential Charge Transfer

As the length of a bridge increases, the superexchange interaction (decay-
ing exponentially) can become small. In this case, if donor and bridge are
within several kg T of resonance, the rate constant for CT may be dominated
by the incoherent term. According to Jortner et al. [55], sequential CT only
occurs when there is near-resonant charge injection, vibronic overlap of the
ion pair states formed as the charge moves from bridge site to bridge site,
and vibronic overlap of the ion pair state in which the charge is located on
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the terminal bridge site with that in which it is located on the acceptor. The
distance dependence of hopping transport is sensitive to the nature of the
diffusion of the charge from donor to acceptor. For a reaction with suffi-
cient free energy for the charge to get to the acceptor, the CT rate is given
by [14, 55, 56]:

In kCT X-n InN > (4)

where 7 is between 1 and 2, N is the number of hopping steps, and the pro-
portionality constant is dependent on the individual tunneling probabilities.
For long distances, the incoherent, wire-like channel generally becomes more
efficient than the coherent one [3, 57].

Both analytical [58] and numerical density matrix [59,60] approaches
have been used to understand the competition between superexchange and
sequential mechanisms for the limiting case of three states. In the initial state,
donor, bridge, and acceptor are neutral. In the intermediate state, whose en-
ergy is systematically varied, the donor is oxidized and the bridge is reduced.
In the final state, the donor is oxidized and the acceptor is reduced. These
studies predict that, in a regime in which there is a large energy gap be-
tween the initial and intermediate states, superexchange is effective because
it is an activationless mechanism. However, if this energy gap is compara-
ble to the reorganization energy or electronic coupling, superexchange and
sequential mechanisms can compete. Tang [61] has derived a general expres-
sion for CT rate that includes activationless and activated terms and reflects
this competition. The result has also been generalized to disordered extended
systems [62].

For understanding the mechanistic transfer from coherent tunneling
[found for big injection gaps (alkanes) and low temperatures] to incoherent
hopping [found for small gaps (7-systems) and higher temperatures], it is
useful to think in terms both of energies and of times. Figure 1 shows the
situation schematically: the bridge sites (here assumed degenerate) couple
according to the H in Eq. 1. Figure la and b are drawn for the local bridge
frontier orbitals and for the bridge eigenstates, respectively: the bandwidth
W varies from 2Vg;p; for a two-site bridge to 4Vg;p; for an infinite length
bridge. The value Eg is the injection gap energy (here shown for electron in-
jection, but the hole injection is very similar). The levels labeled D, A can be
the donor and acceptor frontier orbital levels (for ET kinetics) or the Fermi
levels (for conductance junctions).

If kgT is of order Eg or Eg - W/2, then thermal injection is relatively
facile, and we expect to observe either resonant tunneling (for weak vibronic
coupling—small M;] of Eq. 1—as in carbon nanotube wires) or localized hop-
ping, if the vibronic coupling is stronger.

The second consideration involves a generalization of the Landauer/Buttiker
contact time for bridge tunneling [63]. This time, t1p, is the time that the
electron is actually on the bridge. In the limit of large Eg, it is of the simple
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_——_—— = w
B, B, B, B, —_
EG EG
D

local bridge states bridge eigenstates

a b

Fig.1 Degenerate bridge sites in two representations: Panel a is drawn for the local bridge
frontier orbitals and b is drawn for the bridge eigenstates. Bandwidth W varies from
2Vpip; for a two-site bridge to 4Vg;p, for an infinite length bridge. The value Eg is the
injection gap energy (here shown for electron injection, but the hole injection is very
similar). The levels labeled D and A can be the donor and acceptor frontier levels (for
electron transfer kinetics) or the Fermi levels (for conductance junctions)

uncertainty principle form

Nh

B~ (5)
with N the number of bridge sites. If Eg is large and N is small (alkane wires),
718 is sub-femtosecond. This is a great deal faster than the period, 27w/w;
of the environmental vibrations or polarizations that provide localization.
In this limit, then, the mechanism should be coherent tunneling; the only
vibronic coupling should be the very weak inelastic electron tunneling sig-
nal [64-68]. Conversely, when N is larger and Eg far smaller (;-type bridges),
the value of 713 can approach 27/w;. Then the vibronic coupling to the A
mode can be significant (for large M}, and activated polaron-type hopping
should be seen). These timescale arguments are useful for understanding the
length and energy dependence of transport mechanisms.

3
Factors that Determine the Charge Transfer Mechanism

3.1
Electronic Coupling

Both incoherent and superexchange mechanisms for electron transport be-
tween metallic or molecular donors and acceptors depend on the electronic
coupling between the system’s components. For the superexchange mechan-
ism, the relevant quantity, as mentioned previously, is the donor-acceptor
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superexchange coupling, tpa. If the bridge is energetically accessible and the
incoherent mechanism dominates, the coupling between hopping sites is rate-
determining.

3.141
Calculation of Electronic Coupling

The calculation of direct and indirect (superexchange) coupling has been
a theoretical challenge. It has been formulated through generalized Mulliken-
Hush (GMH) theory [69, 70] in terms of parameters that can be either derived
from optical spectra in cases where the CT state is optically-accessible, or
calculated using any method that yields excited state energies and dipole mo-
ments. However, for long-distance ET systems, the CT states from which tpa
can be obtained are not CT states at all, but rather real radical ion pairs (RPs)
that can be several electron-volts above the neutral ground state and have
vanishing transition moments. As a result, they display no emission upon
charge recombination and acceptable determination of GMH parameters be-
comes very difficult.

There are several alternative approaches. Kumar and coworkers [71] used
Marcus and Jortner’s single-mode, semiclassical model for nonadiabatic ET
to extract the electronic coupling for individual ET processes by calculating
the free energy for reaction and the internal and external reorganization pa-
rameters.

Stuchebrukov et al. [72] calculated electronic superexchange matrix elem-
ents in several ruthenium-modified proteins, where the ruthenium, attached
to the surface of the protein, donates an electron to a heme inside the pro-
tein 13-20 A away. By modeling the structure of the donor and acceptor
through ligand field theory using available spectroscopic data, they were able
to use symmetry considerations to determine that the ET takes place mostly
through a system of overlapping 7 orbitals. They began with the expression
for tpa in terms of the Green’s function of the bridge (the intervening protein
medium) in the nonorthogonal extended Huckel basis:

toa(E) = Y _ (Al Vi) (BS - H®);' (j| VD) (6)
y

where V is the strength of the coupling to the bridge, S = (i | j) is the overlap
matrix and H® is the Hamiltonian of the bridge in the extended Huckel ba-
sis set |i). However, instead of inverting the matrix ES - H, as would be done
in Green’s function methods, they rewrote tpa in terms of transition ampli-
tudes, Tj, the probabilities of “superexchange transitions” between the donor
orbitals and the orbitals |i) of the bridge:

tpa(E) = Y (Al Vi) T; (7)

1
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To obtain the amplitudes Tj, one only has to solve a system of linear equa-
tions,

(il VID) =) (ES- H");T;, 8)
J

for which they recommend the conjugate gradient method [73,74]. They
get very reasonable agreement with effective superexchange coupling matrix
elements derived from measured rates of ET with this method. An extension
of the above treatment also allows one to distinguish hole pathway contribu-
tions from electron pathway contributions to the overall coupling [75].

The ample experimental data (see Sect. 5.3) on charge migration in DNA
provides an excellent opportunity to test methodology for calculations of in-
trastrand and interstrand base-base couplings. Voityuk et al. [76] calculated
nearest-neighbor intrastrand and interstrand couplings, which may then be
used as inputs in the McConnell formulation for superexchange. These dir-
ect couplings were taken as half the splitting between ground and CT excited
states of a base-base pair, which may be estimated within the Hartree-Fock-
Koopmans’ theorem formalism as the splitting between one-electron energies
of the highest occupied molecular orbital (HOMO) and HOMO-1 orbitals of
the neutral pair [77]. The distance dependence of coupling strength was ex-
ponential, and the results were found to be almost independent of the chosen
basis set and to agree well with experimentally derived couplings.

Troisi and Orlandi [78] also calculated intrastrand and interstrand ad-
jacent base couplings at the Hartree-Fock level as the off-diagonal matrix
elements of the Kohn-Fock operator within a density functional theory calcu-
lation. They found that couplings between different pairs of bases may differ
by up to an order of magnitude and that the geometry of the base pair can
have a dramatic effect on the coupling magnitude.

3.1.2
Estimation of Donor—Acceptor Coupling
via Magnetic Exchange Measurements

In certain molecular systems, there is a sensitive and quantitative way to
measure fpy. When the charge transport process originates from a state in
which the redox centers are also paramagnetic, e.g., charge recombination
from a RP, the electronic coupling that dictates CT from the RP to energet-
ically proximate electronic states is also that which facilitates the magnetic
exchange interaction between the unpaired spins of the RP [9,10,79-81].
Exchange interactions between magnetic moments of unpaired spins have
been investigated to explain magnetic behavior in transition metal-insulator
systems for decades [10,11,79,82], and have recently sparked the interest
of those attempting to build organic molecular magnets [83-86]. Sensitive
measurement of exchange interactions within long-range RPs in electron
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transferring systems, most notably photosynthetic systems [87, 88], using
electron paramagnetic resonance [89] and optically detected magnetic res-
onance (magnetic field effects) [27,90,91] has sparked new interest in ac-
quiring a fundamental understanding of indirect exchange mechanisms. The
contribution of exchange coupling to the mechanism and efficiency of long-
range charge and energy transfer processes [92], and the relationship between
coupling and molecular structure [93-96], constitutes a central issue in con-
structing systems for use in molecular electronics.

The singlet and triplet RP states are either stabilized or destabilized
through one- and two-step virtual CTs via coupling of the orbitals on the
paramagnetic centers to the bridge orbitals and to each other. The total per-
turbation to each RP state, AEs or AEt for the singlet and triplet, respectively,
is a sum of pairwise interactions between the RP state and the state to which
it couples via CT . Anderson [11] used a perturbation approach to describe
kinetic exchange between two magnetic centers separated by a nonmagnetic
medium as the mixing between the ground state of the system and a CT ex-
cited state via a virtual excitation. Further work [97] led to the conclusion that
the most important CT in the kinetic exchange mechanism is that between
half-filled orbitals of the magnetic pair, giving a contribution of 21.‘1-2]. /AE to
the magnitude of exchange. Here tfj is the transfer integral [52] between or-
bitals on magnetic centers i and j and AE is the energy difference between
the ground state and the CT state. The transfer integral t;; is equivalent to Mc-
Connell’s superexchange coupling, tpa; therefore, under certain assumptions,
the magnitude of the magnetic interaction is directly proportional to £3,.

The magnetic interaction between the spins S; and S, for paramagnetic
centers 1 and 2 is written in the form suggested by Heisenberg, Dirac, and Van
Vleck [98]:

Hpgx =-2]-81-$2, 9

where ] is positive if the spins are parallel and negative if they are antiparallel.
For two spin 1/2 particles, the eigenvalues of Hgx for S = §; + S, give:

E(S)-E(S-1)=-2]-S (10)
Es.r =E(1) - E(0) =-2] (11)

The singlet-triplet (S-T) splitting, Es.t, within the RP is therefore given by
the phenomenological parameter, 2], the magnitude of the indirect exchange
interaction.

The quantity 2] can be measured directly using magnetic field effects
(MFEs) on the yield of triplet states resulting from RP recombination. The
MFEs are due to the radical pair intersystem crossing (RP-ISC) mechan-
ism, which is well-known to account for triplet production within photo-
synthetic reaction centers [99-103], and has been described in detail else-
where [27,91, 104-110]. The total spin Hamiltonian for a radical pair in solu-
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tion, where dipole-dipole coupling and other anisotropic interactions average
to zero, is given by [111]

Hst = BBo(181 +8282) + ) auS-Ii+ ) ayS-Ix + Hix (12)
i k

where f is the Bohr magneton, By is the applied magnetic field, g; and g, are
the electronic g-factors for each radical, $; and S, are electron spin operators
for the two radicals within the radical pair, I; and I} are nuclear spin oper-
ators, a;; and ay are the isotropic hyperfine coupling constants of nucleus i
with radical 1 and nucleus k with radical 2.

Immediately following charge separation from a singlet excited state pre-
cursor, the correlated electron spins are in a singlet configuration. This pure
state is, in general, not an eigenstate of Hgr, as the weakly coupled electron
spins are free to precess independently around the resultant of their respec-
tive local fields (due mainly to electron-nuclear hyperfine interactions) and
the external applied field. After times usually in the range of a nanosecond,
this RP-ISC results in formation of a triplet spin configuration. When hyper-
fine and exchange interactions are isotropic and spin-spin coupling is weak,
and if By = 0, each of the three zero-field triplet states of the RP will be nearly
degenerate with the singlet and will be populated with equal probability at
room temperature. If the spin-spin exchange interaction within the RP is
non-zero, the triplet manifold is not initially degenerate with the singlet, but
rather separated from the singlet by an energy 2J.

Application of a magnetic field results in Zeeman splitting of the triplet
sublevels, which at high fields can be described by the T and T states (see
Fig. 2). In the high field limit, population of the RP triplet state occurs ex-
clusively by S-Ty mixing, while T_; and T4, remain unpopulated. When the
Zeeman energy from the applied field equals the S-T splitting, either the low-
energy triplet state, T_;, or the high-energy triplet state, T.;, depending on
the sign of 2], crosses the singlet, and the RP-ISC rate is maximized, which
produces a resonance in the triplet yield at magnetic field value By;. An in-
crease in the rate of triplet formation at resonance implies that the RP decay
rate also increases. One can therefore monitor the RP population as a func-
tion of the applied magnetic field and obtain a plot with a minimum at Byj to
obtain 2] as well. The 2] resonance gives the zero-field splitting of the singlet
and triplet RP levels due to magnetic superexchange coupling.

A clear example of the exponential decay of superexchange coupling with
DA>

2] =2Jo exp(- arpa) (13)
can be found in the case of the series of donor-bridge-acceptor (DBA)
systems, phenothiazine-p-oligophenylene- perylene diimide (PTZ-ph,-PDI,

n=2, 3, 4, 5) [27]. In Fig. 3, In 2] is plotted versus rpa, with fitting param-
eters & = 0.37 A~! and 2Jo = 8.6 x 10* mT. Because, as previously mentioned,
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Fig.2 Schematic of radical ion pair energy levels as a function of magnetic field

the superexchange coupling tp, is related to 2] through the approximate ex-
pression 2] ~ 2t3, /AE, and there is very little distance dependence of AE,
tpa decays with 8= /2 = 0.19 A~! for this system. This measurement pro-
vides quantitative evidence that the magnetic superexchange coupling, and
therefore the probability of a coherent ET mechanism, decreases approxi-
mately exponentially as the bridge lengthens. Concurrently, the near resonant
interaction of the radical pairs PTZ"-ph,-PDI" and PTZ-ph;-PDI", when
n =4 and 5, makes incoherent hopping a viable CT mechanism. These two
effects combined ensure the dominance of wire-like charge transport (inco-
herent) for n=4 and 5, as will be discussed in Sect. 5.2. These results allowed
for the first observation of the relative contributions of both the coherent
superexchange and incoherent hopping mechanisms to the overall charge
transport process in a conjugated bridge molecule.

Studies concerning couplings between paramagnetic metal centers [112-
114] and biradicals [115-117] have shown that multiple CT pathways (o-0o,
o-m, m-7) may be contributing to the S-T splitting, but previous work in
calculating 2] has shown [95] that assigning different distance dependencies
to different CT pathways in hopes of distinguishing the respective orbitals
involved does not improve the fit to experimental data over using a single
exponential. Although it is not straightforward to deconvolute the separate
contributions of various CT pathways to the total S-T splitting, both 2] and
tps are inherently a sum of many ET processes. The exponential decrease
of 2] with rpa parallels the approximately exponential decay of the coherent
contribution to the various ET processes.

The 2]values are measurements of effective coupling: average values, taken
over the conformational space sampled by the molecule [118]. The magnetic
field effect experiment can also be used to monitor this effective superex-
change coupling as a function of temperature. The magnetic field effect
on yield of triplet recombination product within the donor-chromophore-
acceptor system, , where p-methoxyaniline- 4-(N-piperidinyl)naphthalene-
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1000
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Fig.3 Logarithmic plot of the spin-spin exchange interaction, 2J vs. rps for the
phenothiazine-p-oligophenylene-perylene diimide (PTZ-ph,-PDI) species [176]. The
best fit line through the data points for n =2 - 5 gives R? = 0.99 and a slope of - 0.37 A~

1,8-dicarboximide- naphthalene-1,8:4,5-bis(dicarboximide) (MeOAn-6ANI-
NI) was measured from 140 to 300 K in toluene [119]. Two distinct groups of
RP conformations are identified by the approximately fourfold difference in
magnitude of the spin-spin exchange interaction, 2/, at 140 K, which directly
reflects the difference in their electronic coupling. The equilibrium shifts al-
most entirely to the more strongly coupled conformation as the temperature
is increased.

Paddon-Row and Shephard [118] used time-dependent density functional
theory to calculate S-T gaps for charge-separated states of a series of DBA
molecules, with a dimethoxynaphthalene donor, a dicyanovinyl acceptor
and a norbornyl bridge. They used a variety of functionals (B3P86, B3LYP,
B3PW91, BPW91, and BLYP) [120] and a 6-311 G(d) basis set and calculated
an exponential decay of 2] with o = 0.91 per bond, in good agreement with
experimental results. Nelsen and coworkers [121] confirmed the asserted rela-
tionship, 2] = 213, / AE, between the S-T splitting and the electronic coupling
for CT within a symmetrical, strongly coupled bishydrazine. The electronic
coupling and the energy of the CT state were calculated via Mulliken-Hush
theory, and 2J determined by electron spin resonance.

3.2
Energy Matching

A key to assessing the transport properties of a system is the determination
of the charge injection energy, given by the energies of the frontier orbitals
of the molecular bridge relative to the Fermi energy of the metallic contacts
or the molecular levels of the donor and acceptor. This is a slightly mislead-
ing but very common description. What is really relevant is the state energies
of the donor (or the Fermi level) and of the bridge cation and bridge an-
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ion. The frontier orbital energies are often a reasonable approximation to
these multi-electron values. In particular, electron transport across metal-
molecule-metal junctions depends strongly on the position of the Fermi level
of the metal electrodes relative to the lowest unoccupied molecular orbital
(LUMO) and the HOMO of the molecular bridge. When the difference in
energy between the LUMO and the Fermi level is large, electron transport
occurs by superexchange tunneling, i.e., tunneling mediated by interaction
between donor and acceptor and unoccupied orbitals of the organic bridge
that separates them. If the Fermi level approaches the energy of the orbitals of
the molecular bridge, resonant ET may take place (either hopping or resonant
tunneling) and the conduction of electrons will occur through the molecular
orbitals.

A clear example of the importance of energy matching in determining
transport mechanism can be found in the work of Fan et al. [122], who used
shear-force-based scanning probe microscopy (SPM) combined with current-
voltage (I-V) and current-distance (I-d) measurements to investigate inter-
facial ET across self-assembled monolayers (SAMs) of hexadecanethiol and
nitro-substituted compounds, including oligo(phenylene ethynylene) (OPE),
on gold. The hexadecanethiol SAMs showed an exponential increase in cur-
rent with decreasing distance with a relatively large 8 value, ranging from
1.3 to 1.4 A-'. This dependence was nearly independent of the tip bias in the
low bias regime and the current increased exponentially with bias at high
bias voltage. All of these observations suggest that transport through the hex-
adecanethiol SAMs proceeds through a superexchange mechanism due to the
mismatch between molecular orbital energies and the Fermi level of gold.

However, in the case of the nitro-substituted OPE SAMs, where the mo-
lecular orbitals are in close energetic proximity to the Fermi level, a dif-
ferent observation was made. In this case, the current was more weakly
distance-dependent and the B value low and strongly dependent on the
molecular structure. Reversible peak-shaped I-V characteristics, often de-
scribed as negative differential resistance, were obtained for most of the
nitro-substituted OPE SAMs studied here, indicating that part of the conduc-
tion mechanism of these junctions involves resonant tunneling. Although the
current decreased with increasing distance, d, between tip and substrate, the
B-values for the OPE molecules were low (0.15 A-lata-3.0-V tip bias) and
depended strongly on the tip bias, because the molecular orbitals are affected
by interaction with the contacts and by the applied voltage.

Photoelectron-spectroscopy-related methods provide a direct means of
addressing the issue of energy matching. One-photon photoelectron spec-
troscopy provides access to the energies and characteristics of the occu-
pied electronic levels while two-photon photoelectron spectroscopy allows
investigation of unoccupied levels. Zangmeister et al. [123] used one- and
two-photon ultraviolet photoelectron spectroscopies to determine the elec-
tronic structure around the Fermi level for SAMs of 4,4-(ethynylphenyl)-1-
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benzenethiol (an OPE) on gold. One-photon ultraviolet photoelectron spec-
troscopy yielded a hole injection barrier of 1.9 eV and an electron injection
barrier of 3.2 V. The shift toward the HOMO from mid-gap is due to CT
interactions between sulfur and the gold surface [124].

4
Methods of Calculating Conductance

Formulations for estimating the nonadiabatic ET rate for a variety of energy
and coupling configurations, first developed by Marcus, Hush, and Jortner,
are well-documented [7, 125]. The nonadiabatic ET through a molecule from
donor, D, to acceptor, A, is

2
kpa = % | Vol FCWD (14)

where Vp, is the donor-acceptor superexchange coupling and FCWD is the
Franck-Condon weighted density of states. In the classical limit [126-129],
e~ O+AE? /40ks T
FCWD(AE) = ———— (15)
arikgT
where A and AE are the reorganization energy and free energy change, re-
spectively, of the CT reaction.

More recent developments have been in the theory used to calculate con-
ductance across a molecule, the rate of CT in the case where donor and
acceptor are a continuous density of states across which a time-dependent
voltage is applied. The coherent, elastic conductance, g, is most often ap-
proached through the Landauer formula [130-133]

2¢?
g="->_Ti, (16)
i

where T is the scattering matrix, whose elements give the probability of the
electron’s scattering via channel i. Of course, if the transmission probability
is unity for every channel, then the conductance is an integral multiple of the
quantum of conductance, 2¢%/h = (12.8kQ)"!. The scattering matrix can be
expanded in the Green’s function of the molecule, G,

T=Tr{IG*TGR}; GM(E)=[GR(E)]* = (E - H + ie) ™! (17)

where Hy, is the molecular Hamiltonian, and I is the spectral density coup-
ling the molecular terminus to the electrode. Conductance measurements are
far newer than rate constant measurements in donor-bridge-acceptor (DBA)
species. Moreover, while many test beds exist for measuring conductance
in molecular transport junctions, the interpretation remains challenging,
mostly because contact effects can totally dominate (the contact-dominated
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spectral density I term in Eq. 17 varies more from measurement to meas-
urement than does the molecular contribution G). Both experiments and
theory agree that in some limits (notably oligoalkane bridges [134-137]),
the transport is simple tunneling, but even for that case disorder effects
cause lack of agreement from experiment to experiment. With smaller en-
ergy gaps [e.g., oligo(phenylenevinylene) (OPV) wires [138]), the Landauer
formula fails because charges localize on the wire and move by a polaron-
type mechanism [139, 140] that does not conform to the elastic-scattering
limit assumed by Landauer. A far more general nonequilibrium Green’s func-
tion technique has been useful for characterizing vibronic effects in junction
transport [130, 132, 133, 141-144].

Nitzan [2,145] discussed the relationship between conduction through
a metal-insulator-metal (MIM) junction and the nonadiabatic ET rate
through the molecule serving as the insulator. In the case where the DBA sys-
tem with identical bridge units, 1...N with nearest-neighbor couplings V3,
Vb1, and Vya, is the molecular conductor between two metallic leads, the
Hamiltonian for the system can be written:

H=Hy+V (18)

where Hj describes the uncoupled electrodes and the molecule and V is the
coupling between them. Then, the scattering matrix can be written, in the
absence of direct coupling between metallic leads:

T(E) = VG(E)V (19)
where G(E) = (E - H - ig)! is the retarded Green’s function for the system.
The ET rate through the molecular linker is analogous to Eq. 14,

21
kpa = = Vb1 Vxal* |Gin(Ep)|* FCWD (20)

where Gy is an element of a submatrix of G corresponding to the bridge

subspace. When |Vg| < |Ep - E| (the weak coupling limit), then
ol

(Es - E)N

If the donor and acceptor are strongly coupled to the left (L) and right (R)
leads, then the conduction through the junction is

Gin(E) = (21)

2
g(E) = % |Gpa(B)* TP ()™ (B) (22)

_ Vp1VNa
GoalE) = T T ) E - Ba = A )

where I' is defined above and Xp and X, are the components of the total
self energy of the molecule associated with the perturbation of the donor due
to the left contact and the acceptor due to the right contact, respectively. If
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we assume that the structure of the molecule is not altered by the contacts,
then the conductance for injection at the Fermi level of the metal, Er, may be
expressed as:

16¢2 | VpiVyal?

= g(Ep) = |Gin(Ep)I* 5 Ep=Ep=Ea (23)
878 wh (e r®E)
Then,
2
g e*  kpa 8h (24)

" TR FCWD 70 [

where kpa is given by Eq. 20. For reasonable values of FCWD (0.02 éV)7!,
and Ip =13 (0.5eV), g= [107Y7 kpa(s )]~ such that kpy must exceed
~10°s7! in order to observe measureable current (with a detector sensitive
to pico-amperes) at - 0.1 V voltage.

5
Examples of Molecular Wire Systems

Charge and energy transport through a variety of potential molecular wire
systems, e.g., benzenes [146, 147], modified proteins and peptides [148, 149],
p-phenylacetylenes [32, 150, 151], and porphyrin arrays [152-155], have been
investigated. The methods of investigation are just as varied. SAMs [156, 157]
have been the basic building block for the majority of organic devices. Var-
ious types of MIM junctions [158] including single layers of molecules be-
tween aluminum and titanium/aluminum [159, 160], gold and other metal
contacts [2, 161], mechanically controllable break junctions [146], silicon ad-
layers [162], electrochemical break junctions [163], and SAMs sandwiched
between two mercury electrodes [164-166] have all facilitated conduction
measurements and, at the same time, provided an extensive set of transport
environments leading to a wide range of results. In this section, we will touch
on just a few example systems for energy transfer and for conductance.

5.1
Oligo(phenylenevinylene)

OPV is considered an excellent choice for efficient charge transport because
it is composed of coplanar phenyl groups linked by vinylene bonds around
which the phenyl groups have a higher barrier of rotation than in, for ex-
ample, the OPE system [167]. This conformational rigidity preserves the
conjugation of the w-system. Room temperature current-voltage (I-V) meas-
urements of gold nanowire-SAM-gold nanowire junctions [168, 169] showed
that for a particular pair of metal contacts the conductance of OPV molecu-
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lar wire junctions is approximately one order of magnitude larger than the
OPE molecular wire junctions and three orders of magnitude larger than the
saturated dodecane junctions.

Dudek and coworkers [170] synthesized ferrocene OPV methyl thiols
and characterized their SAMs on a gold electrode. Through a laser-induced
temperature jump technique, they found that CT to the tethered ferrocene
through even the longest oligomer (35 A) proceeded at a rate greater than
10° s}, and interpreted the mechanism to be fast electron-tunneling, as the
energy levels of the bridge relative to the gold ruled out a hopping mechan-
ism [34]. They note that extrapolation of the distance-dependent rate con-
stants reported for ferrocene ester-linked alkanethiols to the same length
gives a rate constant of 4 x 10 s, 10 orders of magnitude slower than the
OPV systems. They suggest that, for bridges 28 A or shorter, it is structural
reorganization of the redox species with respect to the monolayer-water in-
terface, not electronic coupling, that is rate limiting.

A molecule may show very different transport behaviors depending on
the environment. Sikes et al. [34] have studied transport through OPV and
found that efficient tunneling occurs between a gold surface and an acceptor
through OPV over 28 A, during which no electrons are donated or removed
from the bridge. In contrast, Davis et al. [3,171] studied a series of five
donor-bridge-acceptor (DBA) molecules in which the donor was tetracene,
the acceptor was pyromellitimide, and the bridge molecules were OPVs of
increasing length. For short bridges (OPV; and OPV;) superexchange dom-
inated charge separation, which was strongly distance-dependent. But for
longer bridges, bridge-assisted hopping dynamics dominated, resulting in
relatively soft distance dependence for ET and a rate 3-5 times higher than in
the shorter bridges.

The temperature dependence of the charge separation rates in all five
molecules in the Davis studies did not appear to obey the predictions of semi-
classical ET theory. The hypothesis that ET was “gated” by torsional motion
between the tetracene donor and the first bridge phenyl ring was put forth
and supported by the fact that the measured activation energies for charge
separation for all five molecules equaled the frequency of a known vibrational
mode in 5-phenyltetracene. Additionally, in the molecule containing a trans-
stilbene bridge, a competition exists between the tetracene-phenyl torsional
motion and one that occurs between the vinyl group and the phenyls linked
to it, resulting in complex temperature-dependence of charge separation that
exhibited both activated and negatively activated regimes. The occurrence of
higher rates in the molecules with longer bridges was attributed to increased
planarity between donor and acceptor.

Subsequent theoretical work [172], in which density functional theory was
used to study the electronic structure of OPV and quantum dynamics calcu-
lations were used to study the ET, supported the switch in mechanism from
tunneling through the bridge to utilization of the bridge as a real interme-
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diate. With a model that included no localization of charge on the shorter
bridges, they obtained rate constants that agreed well with those experimen-
tally observed by Davis. However, they found that it is not only torsional
modes of the bridge plane or side groups, but also C— C stretch vibrations
that contribute to the higher rates in the longer bridges.

DBA systems with extended tetrathiafulvalene donors, OPV bridges,
and fullerene acceptors have been constructed [173,174]. Superexchange-
mediated hole transfer occurs over distances of up to 50 A with a very small
attenuation factor 8 = 0.01 £0.005 A~!. The authors attribute this efficient CT
to energy matching between the HOMOs of the excited fullerenes and those
of the OPV bridges and to strong electronic coupling (they estimate 5.5 cm™)
between the donor and acceptor moieties, mostly due to donor-bridge orbital
overlap.

5.2
Oligophenylene

Schlicke et al. [175] synthesized rod-like compounds in which two metal-
bipyridyl complexes were linked with oligophenylene. The metal-to-metal
distance was 4.2nm for the longest spacer (seven phenylene units). The
rate of the Dexter-type energy-transfer process from the [Ru(bpy)s]** to the
[Os(bpy)3]** unit was found to be essentially temperature-independent and
decreased exponentially with an attenuation coefficient of 0.32 A~! (1.5 per
interposed phenylene unit).

It has been observed [176] that the aforementioned oligomeric p-phenylene
bridge (ph,) acts as a molecular wire for the charge recombination reac-
tion of phenothiazine-p-phenylene-perylenediimide, PTZ*-ph,,-PDI", when
n > 4. The rate constants for charge recombination were obtained from the
decay rate of the PDI anion. Charge recombination within the DBA com-
pounds where n =1, 2, 3 was strongly exponential, and the plot of log (kcr)
vs rps yielded B =0.67 A-!, Fig. 4. The rate constants for charge recombi-
nation in the compounds where n =4 and 5, however, did not lie along the
linear curve established by n =1, 2, 3, and, in fact, actually increased with
increasing bridge length. For charge recombination within these compounds,
a switch in mechanism from superexchange to thermally activated hopping as
the bridge is lengthened is postulated.

A change in charge recombination mechanism from superexchange to
hopping relies on efficient charge injection into the ph, bridge such that
the PTZ*-ph;;-PDI and/or PTZ-ph}:-PDI " states are real intermediates. The
energies of PTZ*-ph-PDI for n = 1-5 all are > 3.0 €V, so that electron in-
jection onto the bridge during the charge recombination reaction cannot
occur. On the other hand, as the bridge lengthens, the calculated energy
of PTZ-ph/--PDI™ decreases significantly due to the increased conjugation
length, as can be seen in the decrease in oligophenylene band gap energy
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Fig.4 Logarithmic plot of the charge recombination rate constant, kcr vs. donor-acceptor
distance, rpa for the PTZ-ph,-PDI molecular wire system [176]. The best fit line through
the data points for n =1, 2, 3 gives R = 0.99, 8 = 0.67 A~ and ko =5 x 102 57"

from 7.3 eV for n =1 to 3.3 eV for n = 5, calculated with time-dependent DFT
(B3LYP hybrid functional, 6-31 G** basis set) using the Q-Chem 2.1 software
package [177]. The accompanying increased ease of oxidation of the oligo-
p-phenylene, coupled with the increase in the energy of PTZ*-Ph,-PDI™
due largely to Coulomb destabilization, Fig. 5, leads to a near resonance of
PTZ-ph}:-PDI" with PTZ*--ph,,-PDI" for n =4 and 5. The slight increase in
charge recombination rate observed for n = 4 and n = 5, relative to n = 3 may
be due to the combination of the increasing electronic interaction between
PTZ*-ph,-PDI™ and PTZ-ph;} -PDI" as the energy gap between them be-
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Fig.5 Energy levels for the electronic states relevant to the charge recombination path-
ways for the PTZ-ph,-PDI, n=1-5
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comes smaller and the decreasing internal reorganization energy associated
with putting a charge on a longer bridge.

5.3
DNA

It has been proposed that B should be <0.2 A-! for DNA to be considered
a molecular wire [178]. However, many (e.g. [179]) have proposed that su-
perexchange and charge hopping are competitive in DNA, and the mechanism
depends on the energy gap between donor and bridging states, as well as the
sequence, and therefore varies with experiment.

Berlin and coworkers [180] asserted that hole-hopping between G bases
is the dominant mechanism of CT within DNA and that, for long, regu-
lar sequences of AT and GC base pairs, the CT rate, as measured by hy-
drolytic cleavage [181], will fall off with a shallow exponential distance
dependence (8 ~ 0.1 A-1). This behavior is indicative of the hydrolytic de-
cay as it moves through the strand, not of interbase electronic coupling.
The same group [14, 182] studied the effects of injection barrier and base
sequence on hole migration within DNA, and included dynamic disorder
by treating the base pairs as a series of harmonic oscillators coupled to
the injected charge and numerically propagating the wavefunction of the
charge, see Fig. 6. For high injection barriers (0.55 V), they found that single-
step tunneling dominated transport and that this mechanism was expo-
nentially distance-dependent with a large fall-off parameter (8 ~ 0.85 A~1).
When the injection barrier was lowered, however, 8 dropped significantly
to a value of 0.09 A~! for the limiting case of a 0eV barrier. Addition-
ally, they found that interrupting a relatively short AT base sequence with
a GC pair increased the CT rate by almost two orders of magnitude and
weakened the distance dependence by shortening the average length of
the tunneling steps that comprise the hopping transport. In longer chains,
however, thermal activation may dominate tunneling as the mechanism
of G —G transport such that the average rate is no longer sequence de-
pendent [13]. Bixon and Jortner have discussed general thermal hopping
models [183], and given specific comparisons to distance-dependent meas-
urements, while Rosch’s group [184] has used electronic structure methods
to predict both the energetics of hole formation and the interbase tunneling
matrix elements.

Predictably, a range of values for g for charge separation and charge
recombination have been observed, g =1.5 A1 [185], B=1.0 A-1 [186],
B=0.9 A-11187], B=0.7 A-1[188], reflecting the influence of the charge in-
jection process and the DNA sequence chosen. Lewis et al. [189] covalently
bound stilbenedicarboxamide to small, synthetic DNA hairpins and found
B to be 0.7 A~! for the forward ET and 0.9 A~! for the reverse step. It was
suggested that these relatively small s might be due to the similarity in
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Fig.6 Hole transport rates in DNA, as measured using hydrolytic cleavage. Note that
the bridges containing only A and T bases behave like simple tunnel barriers, while GA
pairs cause localization and hopping transport. The solid triangles are experimental data
from [216]; the solid circles are experimental data from [217]. The dotted line is theory
for superexchange, solid line is theory for hopping [182]. The sequences over which the
charge transfer efficiency was measured or calculated (between G* and GGG) are listed
next to the data points

energy of the HOMO in stilbene to that in DNA. Wan et al. [190] incor-
porated 2-aminopurine, an isomer of adenine, into well-characterized DNA
assemblies, and a similar distance dependence to that of Lewis was observed,
B=06A".

Okamoto and coworkers [191] incorporated designer nucleobases, ben-
zodeazaadenine derivatives, which have lower oxidation potentials and wider
stacking areas than natural bases, into a DNA strand. They observed ef-
ficient hole transport between two GGG sites that are 76 A apart without
any detectable nucleobase decomposition and concluded that highly ordered
m-stacking, in addition to low oxidation potentials, and minimal oxidative
degradation are necessary for DNA to act as a wire.

Recent work by Tao and collaborators [192] has demonstrated both strong
and weak distance dependence of conductance in DNA double strands in elec-
trochemical break junctions. The overall behavior observed (as is generally
true of both CT and conductance measurements [193]) is consistent with
a combination of local tunneling of holes in GC regions, with far less efficient
tunneling, or activated hopping, over AT regions [183, 194].

54
Oligothiophene

Synthetic work on oligothiophenes with more than ten thiophene units was
begun in the early 1990s, when Wynberg et al. in 1991 reported the synthesis
of the region-irregular decyl-substituted 11-mer [195]. Since then, oligoth-
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iophenes have been made with sufficient length to span two nanoelectrodes
made by lithographic techniques; Otsubo and coworkers synthesized a 72-
mer in 2001 [196]. It was observed that, even for the longer 15-mer [197] and
16-mer [198], the ground state absorption energy continued to red-shift. An
extrapolation of the absorption energy/chain length relationship suggested
that the effective conjugation length is 20 thiophene units in the neutral state
and around 30 units in the oxidized state [199].

The high degree of conjugation in these molecules has made them at-
tractive candidates for bridges in a number of multi-component systems
such as anthryloligothienylporphyrins [200,201] and anthryloligothienyl-
fullerenes [202, 203]. Sato et al. [204] built hexyl-sexithiophene and methoxy-
terthiophene derivatives with two terminal ferrocenyl groups as model com-
pounds for molecular wires. In the hexyl-sexithiophene derivative, the re-
sultant oxidized state spread over both the ferrocene and the sexithiophene
moiety. In the methoxy-terthiophene derivative, the oxidized species spread
over the entire molecule containing the terthiophene moiety and the other
ferrocene moiety terminal, indicating the CT between the terminals via the
wire.

Otsubo and coworkers [205] examined porphyrin-oligothiophene-fullerene
triads, in which rates of intramolecular ET from the porphyrin to the fuller-
ene were estimated for different oligothiophene lengths from the degree of
quenching of the porphyrin fluorescence. The ET took place on the nanosec-
ond timescale: 5.7 x 10° s7! for rpp = 1.4nm, 6.2 x 108 s7! for rps = 3.0 nm,
2.0 x 108 s7! for rpy = 4.6 nm. A plot of the natural log of the rate constant
versus rpy is linear with a decay parameter of ~ 0.11 A1,

Nakamura and coworkers [206] studied photo-induced charge separation
(CS) and recombination (CR) processes of porphyrin (H2P)-oligothiophene
(nT)-fullerene (C60) linked triads, where n =4, 8, and 12, by time-resolved
fluorescence and absorption spectroscopic methods. After the excitation of
the H2P moiety in benzonitrile and o-dichlorobenzene, HZP‘L—nT-Cg0 was
produced and the subsequent hole shift resulted in the energetically sta-
ble H2P-nT*-Cg, state. The initial charge separation rate decreased with
bridge length with a small, solvent-dependent exponential attenuation factor
(0.03 A1 in benzonitrile and 0.11 A~ in o-dichlorobenzene).

In order to model the effects of incorporating oligothiophene bridges into
solid-state devices via thiol linkages, Hicke, et al. [207] studied several olig-
othiophenes with 2-mesitylthio (MesS) substituents. MesS groups are strong
electron-donating substituents and have been shown to strongly perturb the
electronic structure of oligothiophenes by affecting their redox properties
and constraining their geometry. These groups may act as hole traps or, alter-
natively, promote hole-hopping onto the polymer bridge. Due to conjugation
between the mesitylthiosulfur lone pair and the oligothiophene 7 system,
the ground state solution electronic spectra of all oligomers displayed a red-
shifted lowest-energy transition maximum (Amax) relative to oligothiophenes
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lacking the MesS group. Electrochemical measurements indicated that the
MesS group significantly lowers the first and second oxidation potentials of
the oligomers, and, by causing charge density in the radical cations to con-
centrate at the chain ends, lowers the Coulombic barrier to introduction of
a second positive charge. As a result, the difference between first and second
oxidation potentials in the MesS-substituted oligomers was much lower than
known alkyl-substituted oligomers. Finally, these groups were shown to im-
prove the stability of the bis(arylthio)oligothiophene radical cations such that
they can be more robust charge carriers.

For a comprehensive review on oligo- and poly-thiophenes, see [208], and
for more examples of surface-bound thiophenes, see [209, 210].

5.5
Photonic Wires

A photonic wire conducts excited-state energy rather than charge from donor
to acceptor. Photonic wires may be operated from a distance, i.e., by the ap-
plication of light without any physical contacts to the device. Lindsay and
co-workers built the first molecular photonic wire based on conjugated por-
phyrin arrays [211] in 1994. More recently, Heilemann et al. [212] covalently
attached five different chromophores to single-stranded DNA fragments of
various lengths (60 or 20 bases) at well-defined positions and induced hy-
bridization of the fragments. The chromophores were spaced 3.4 nm from
each other for a total length of 13.6 nm. Single molecule spectroscopy in com-
bination with spectrally resolved confocal fluorescence scanning microscopy
on four detectors was used to get exclusive excitation of the first donor.
Emitted photons were split into four spectrally separated collection chan-
nels. About 10% of all photonic wires show predominantly emission on the
red channel, that is, unidirectional highly efficient (~ 90%) multistep energy
transfer across 13.6 nm.

6
Remarks

Electron and energy transfer are two of the most significant processes in
chemistry and in biology. By restricting the transfer to either within a given
molecule (intramolecular electron or energy transfer kinetics) or across
a given molecule (single molecule transport junction conductance), it is pos-
sible to characterize both the response coefficients (rate constant or conduc-
tance) and the mechanisms for such transfers. As we have seen, the dominant
mechanisms extend from coherent tunneling (for large injection energy gaps,
low temperatures, and short bridges) to incoherent polaron-type hopping (for
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small gaps, higher temperatures, and longer wires). The relative importance
of these two can be understood on both energetic (the injection barrier ver-
sus thermal energy) and temporal (Landauer/Buttiker contact time versus
vibrational period) bases.

A tight binding model linearly coupled to environmental boson excita-
tions is given in Eq. 1: it describes very well the motion of both excitons and
charges along molecular wires. Because excitons are (at least at low energies)
just electron/hole pairs, it is not surprising that the mechanistic patterns of
electron and energy transfer should be similar. It might also be expected that
the matrix element for exciton transfer should be proportional to the square
of the ET matrix element. As pointed out in Section 3, such is often the case.
The similarities go even deeper: Hopfield [213] used ideas on Forster en-
ergy transfer to develop a formalism for calculation of ET rates, and Fleming
and Scholes [214] used superexchange-type ideas from ET theory to derive
approximate rate expressions for bridge-assisted long range energy wire be-
havior.

In classical chemical kinetics, one studies a thermal ensemble of systems.
The rate constant for a given reaction can then be observed or calculated
from Boltzmann distribution averages. For true molecular wire behavior,
one is concerned with a single molecule observation. Then the transfer rate
within a given donor/bridge/acceptor molecule, or the conductance of a sin-
gle molecule transport junction, would be expected to show the characteristic
fluctuations that are the hallmarks of single-molecule spectroscopy. Such
fluctuations have indeed been observed in molecular conductance, both for
a single system observed over time [215] and for multiple systems with
the same components and roughly the same structure [163]. As in single-
molecule spectroscopy, these fluctuations and blinkings almost certainly arise
from different geometries of the bath particles or the atoms comprising the
molecular wire or the terminal (donor, acceptor, or electrode) groups.

Many issues, besides those characteristic fluctuations, remain to be clari-
fied for the understanding of molecular wire behavior. Ever greater challenges
occur in trying to control, by synthesis, positioning, and excitation, the rate
processes. This is crucial in the preparation of much of organic and molecular
electronics, as well as photovoltaics, sensors and some medical intervention
protocols. Molecular wires continue to pose major and tantalizing challenges
to the science and technology communities.
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Abstract The optoelectronic properties of dilute solutions of oligomeric and (broken-
conjugation) polymeric phenylenevinylene chains were studied using the following
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techniques: optical absorption and (time-resolved) emission spectrophotometry, flash-
photolysis time-resolved (real and imaginary) microwave conductivity, pulse-radiolysis
time-resolved microwave conductivity, and pulse-radiolysis time-resolved optical ab-
sorption spectrophotometry. The following properties were determined: absorption and
emission spectra, fluorescence quantum yields and decay times, exciton polarizabilities
and dissociation probabilities, charge mobilities, and radical cation absorption spectra.
The experimental results are compared with theoretical calculations of exciton polariz-
abilities, charge mobilities, and radical cation absorption spectra.

Keywords Molecular wire - Conjugated polymer - Phenylenevinylene -
Excess polarizability - Charge carrier mobility

1
Introduction

In 1970 Horhold and Opferman first reported that poly-phenylenevinylene
(PPV) was a “moderately good” organic photoconductor [1,2]. However,
little further interest was shown in the optoelectronic properties of this
m-bond-conjugated material until the discovery of the electroluminescent
properties of PPV in Cambridge almost 20 years later [3]. A significant sub-
sequent advance was the replacement of the precursor route to PPV thin-film
preparation by soluble PPV derivatives which could be deposited on sub-
strates by more generally applicable techniques such as spin-coating and
drop-casting [4-8]. The availability of soluble derivatives [in particular the
now “classic” poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene
derivative(MEH-PPV)], made it possible in addition to highly purify such
polymeric materials, an essential requirement for fluorescence studies. The
ready solubility also opened up the possibility of carrying out fundamental
studies of the opto-electronic properties of the isolated polymer chains [9].
Literally hundreds of papers have appeared in the subsequent decade in
which a great variety of experimental and theoretical techniques have been
focused on obtaining a full understanding of the photophysical properties
of PPV oligomeric and polymeric chains, together with the numerous ad-
ditional 7-bond conjugated compounds that have been synthesized. The
interested reader is directed to several review articles which deal specifically
with the opto-electronic properties of isolated chains (i.e. dilute solutions) of
oligomeric and polymeric phenylenevinylene (PV) derivatives [10-12].

In this paper we present a review of the experimental results that have
been obtained in our group on dilute solutions of a variety of PV oligomers
and polymers, some of which are shown in Fig. 1. In addition to conventional
spectrophotometric measurements of absorption and emission spectra, flu-
orescence quantum yields and decay times, we present results on the excess
polarizability and heterolytic dissociation of the relaxed S; excitonic state
and the mobility and absorption spectra of electrons and holes on isolated
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tb-PVn, R=t-butyl

OR,

MEH-PPV: Rj=methyl, R,=2-ethylhexyl MEH-PPV(x): R |=methyl, Ry=2-ethylhexyl
MDMO-PPV: R |=methyl, Ry=3,7-dimethyloctyl MDMO-PPV (x): Rj=methyl, Ry=3,7-dimethyloctyl
(DMO),-PPV: Ry, Ry=3,7-dimethyloctyl

Fig.1 Molecular structures of phenylenevinylene (PV) oligomers and polymers investi-
gated. Note that the numerical value of #n in the PV#n notation of the oligomers refers
to the number of PV units and that the currently used prefix for 2-methoxy-5-3,7-
dimethyloctoxy-PPV (MDMO) replaces the previous versions (dAMOM and OC10C10).
MEH-PPV Poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene, tb tertiary-butyl
substituted, da dialkoxy-substituted

PV chains, determined using flash-photolysis and pulse-radiolysis techniques
with time-resolved microwave conductivity and optical absorption detection.
Theoretical results on exciton polarizability and the mobility and absorption
spectra of radical cation sites (holes) are also presented.

2
Exciton Formation and Decay

The formation of photo-excitations on conjugated polymer chains and their
ultimate decay can be studied by the commonly used methods of absorp-
tion and emission spectrophotometry. Steady-state measurements provide
information on electronic transition energies, oscillator strengths (extinction
coefficients), vibrational spacings, and post-excitation structural relaxation
(Stokes shift). Absolute measurement of the fluorescence quantum yield, ¢z,
and the fluorescence decay time, t, provide additional information on the
rates of radiative and non-radiative transitions from the relaxed S; state to
the ground state. In the following subsections we present spectrophotomet-
ric results obtained on dilute solutions of PV oligomers and polymers that
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illustrate the general trends also observed by others. Where direct compar-
ison with results obtained by other groups could be made, good agreement
was found [13-19].

2.1
Oligomers

The molecular structures of the oligomeric series of PV derivatives inves-
tigated are shown in Fig. 1. The characteristic bathochromic shift in the
absorption and emission spectra with increasing chain length is illustrated
for the tertiary-butyl-substituted (tb) series in Fig. 2. Also apparent is the un-
derlying vibrational structure which is more readily seen in emission then in
absorption. The first vibrational band in absorption is, in fact, only apparent
as a shoulder at approximately 0.18 €V below the maximum; the same energy
difference as between the 0,0 and 0,1 vibrational bands in emission.

In Table 1 are listed the energies of the absorption maximum, E,, and the
first vibrational band of the fluorescence, Er, together with the energy dif-
ference AEar = Ea - Ef for all of the oligomers studied. Comparison of the
results for the PV2 and PV4 oligomers in the two series illustrates the in-
fluence of dialkoxy substitution in decreasing the Sy-S; energy gap by about
0.25 V. For both series, the value of AEar is only weakly dependent on length
and equal to 0.30 eV for the longest chains. Taking into account the vibrational
shoulder at 0.18 €V below Ej in the absorption spectrum mentioned above,
results in a Stokes shift of 0.12 eV. Relaxation from the Franck-Condon ex-
cited state would therefore appear to be associated with only a small degree
of structural rearrangement. The sharper fluorescence spectra would, how-
ever, suggest that a higher degree of backbone planarity (decrease in torsional
disorder) pertains in the excited state than in the ground state.

It should be noted that the absorption spectra of oligomeric thiophene
and para-phenylene chains display no resolved vibrational structure at room

1.0 1.0
8 08 208 donih | [ th-PV2
§ o6 £ o6 - - tb-PV3
8 £ — tb-PV4
2 04 e N tb-PV5
< 14

o
)

024 .-

oo 1N S TS
320 360 400 440 350 400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Fig.2 Optical absorption spectra (left) and emission spectra (right) of the tertiary-butyl-
substituted (tb) PV oligomers
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Table 1 The extinction coefficient per phenylenevinylene (PV) unit (&) at the first absorp-
tion maximum (E4 ). The 0,0 band energy (Eg), quantum yield (¢r), and decay time ()
of the fluorescence, together with the calculated values of the lifetimes towards radiative
(tr) and non-radiative (tnr) decay of the S; state of excess polarizability Aw

Com- & EA EF AEAF TF (}51: TR TNR Ao
pound (1M1 (eV) (eV) (eV) (ns) (ms) (ns) (A%
cm™)

tb-PV2 26.0 3.43 3.12 0.31 0.98 0.77 1.3 3.98 300
tb-PV3 19.3 3.20 2.88 0.32 0.95 0.68 1.4 2.96 530
tb-PV4 23.5 3.07 2.76 0.31 0.74 0.56 1.3 1.72 810
tb-PV5 25.8 3.00 2.70 0.30 0.67 0.57 1.2 1.52 930

1da-PV2 - 3.18 2.79 0.39 1.0 - - 250
2da-PV4 - 2.88 2.55 0.33 0.8 - - 660
3da-PV6 - 2.77 2.45 0.32 0.7 - - 900
4da-PV8 - 2.72 2.42 0.30 0.61 - - 960

temperature [20-22]. This indicates that the ground states of these molecules
are subject to much greater torsional disorder than the PV oligomers. This is
also evidenced by the larger values of AEar for oligothiophenes (0.4-0.7 eV)
and oligophenylenes (0.6-0.7 éV) than for the PV oligomers, indicating that
a larger rearrangement to a more coplanar structure occurs in the excited
state of the former compounds. In the case of the oligophenylenes, the flu-
orescence spectra also display a lack of vibrational structure which may be
taken to indicate a high degree of torsional disorder even in the relaxed S;
state.

The highly emissive nature of oligo-PVs is illustrated by the fluorescence
quantum vyields, ¢p, in Table 1. A gradual decrease in ¢p with increasing
chain length is seen to be accompanied by a decrease in the overall life-
time of the S; state, tz. Interestingly, the radiative lifetime, tr = 7g/¢E, re-
mains almost independent of chain length at circa 1.3 ns and the changes
in ¢r and r observed can be attributed mainly to a substantial decrease in
the lifetime towards non-radiative transitions, Tygr. This can be attributed
to an increase in the intramolecular vibrational modes available for energy
dissipation.

The extinction coefficients per monomer PV unit at the absorption
maxima, ¢, have been determined for the ¢-butyl-substituted derivatives
and found to be insensitive to chain length with an average value of
2.4 x 10* M~! cm™!. This value can be used to determine an approximate value
of the oscillator strength per monomer unit, f, of the vertical ground state to
S; transition using the relationship

f=35x%x 107 gAv (1)
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with Av the spectral half-width (FWHM) in electron volts of the first absorp-
tion band. From the average value of 0.53 eV for Av, the value of f is found to
be around 0.44.

2.2
Polymers

The first absorption bands of the PV polymers display no evidence of a re-
solved vibrational structure as found for the oligomers, although this is still
apparent in emission (see Fig. 3, uppermost spectra), indicating that the tor-
sional disorder in the ground state of the polymers is greater than in the
oligomeric molecules. The values of AEar of 0.27 and 0.26 €V respectively
are, however, both significantly lower than the value of 0.30 eV found for the
longest oligomers, indicating a smaller degree of structural relaxation in $;
for the polymers. These observations combined suggest that structural dis-
order in the relaxed S; state is also greater than for the oligomers. This is
supported by the less sharply defined vibrational structure in the emission.
The absolute values of Ex and Er are identical for the three “fully conju-
gated” polymers within the error of the measurements and are about 0.20 eV
lower than for the dialkoxy-substituted (da)-octamer. This difference can be
mainly ascribed to the fact that the polymers are dialkoxy-substituted on all
phenylene rings, whereas in the octamer only alternate rings are substituted.
This is supported by the observation that a decrease in Er of 0.17 €V occurs
on going from the alternately to the fully dialkoxy-substituted tetrameric PV
oligomer [23]. We conclude that the S; to Sy energy gap would decrease by

) AA J\‘\ _
5 x =1.00 %
g 2
5 A x=096 J\ Z
g //\ x =087 3
3 c
5 x =0.82 5
2 g
< x=0.63

x =0.57

I I T R L1 1 1 1 1
300 400 500 600 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fig.3 Optical absorption spectra (left) and emission spectra (right) of MDMO-PPV(x)
polymers with degrees of conjugation, x, from fop to bottom of the vertically displaced
spectra, of 1.0, 0.96, 0.87, 0.82, 0.63, and 0.57
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Table2 The energies of the first absorption band maximum (E4) and 0,0 emission band
(Er) together with the quantum yield (¢g), decay time (t¢) of the fluorescence and the
calculated values of the lifetimes towards radiative (tr) and non-radiative (ygr). The ex-
cess polarizability of the S; exciton (Aw) and the product of the charge carrier quantum
yield and mobility sum (¢csd i) are also listed

Compound EA EF AEAF TF (}51: TR TNR Ao (ﬁcs Z M
(eV) (eV) (eV) (ns) (ms) (ns) (&%) 10 cm?/
Vs
MEH-PPV 2.47 2.20 0.27 0.25 0.20 1.6 0.31 1600 2.6

(DMO)2-PPV 248 222 026 025 023 1.1 032 1550 2.6
MDMO-PPV 247 223 024 030 020 15 038 1600 2.0
MDMO-PPV(x)

x=0.96 252 223 029 025 018 1.4 030 1050 1.0
x=0.87 258 224 034 033 020 1.7 0.41 950 0.3
x=0.82 262 225 037 034 021 1.6 043 975 -
x=0.63 286 230 056 060 034 1.8 0.90 500 -
x=0.57 284 230 054 060 036 1.7 093 340 -

only a few hundreths of an electron volt in going from a fully substituted
octamer to the fully substituted polymer.

The trend of decreasing fluorescence yield and lifetime found for the
oligomers is seen in Table 2 to be extended to the polymers, again with good
agreement between the three PPVs studied. This further decrease in both pa-
rameters can also be attributed to a decrease in the non-radiative lifetime to
about 0.3 ns compared with 1.5 ns for the longest tb-pentamer.

23
Broken-Conjugation Polymers

The effect of breaking the conjugation in the polymer (decreasing the fraction
of unsaturated vinylene units, x) on the optical properties is illustrated for 2-
methoxy-5-3,7-dimethyloctoxy-PPV (MDMO-PPV) in Fig. 3 and the relevant
parameters are listed in Table 2. A gradual shift of the absorption maximum
from 2.47 €V for the fully conjugated polymer to 2.84 €V for x close to 0.6 is
apparent, and is accompanied by a considerable increase in the width of the
first absorption band, particularly on the high-energy side. These effects can
be explained by the increasing contribution from excitation of short conjuga-
tion length segments.

In the case of the fluorescence, no significant change in Er is found down
to x = 0.82 and the increase of only 0.05 €V on further reduction of x to circa
0.6 is much smaller than the overall increase of 0.37 €V in E5. The net effect
of these changes is that AEsr increases gradually from 0.24 for the nomi-
nally fully conjugated polymer to 0.54 €V for the x = 0.6 broken-conjugation
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derivatives. The corresponding increase in Stokes shift can be explained by
the occurrence of the migration of energy, subsequent to photo-excitation ,
from short to more highly conjugated segments of the broken-conjugation
chains.

Comparison with the Ep values for the da-oligomers, taking into account
the approximately 0.17 eV lower energy of the fully versus the alternately da-
PV chains mentioned above, leads to the conclusion that the emission for
the x=0.6 polymers arises effectively from segments with an average conju-
gation length of approximately six PV units. The fluorescence spectra of the
MDMO-PPV(0.6) polymers are, however, seen in Fig. 3 to be much broader
than those for the more conjugated polymers, indicating that emission most
probably occurs from a distribution of conjugated segment lengths. In this re-
gard, the high-energy shoulders in the MDMO-PPV(0.6) fluorescence spectra
at 2.48 eV (500 nm) and 2.64 €V (470 nm) could be attributed to emission from
conjugated segments only two to three PV units long.

The gradual trends found for the optical absorption and emission spec-
tra are paralleled by changes in the fluorescence quantum yield which almost
doubles, from 0.20 to 0.36 and the lifetime which increases from 0.3 to 0.6 ns.
As for the oligomers discussed above, these changes in emissive properties
can be ascribed mainly to a change in the non-radiative component of the
decay, with g remaining almost constant at 1.6 +0.2 ns. This is as expected
if emission occurs from conjugated segments of decreasing length as x de-
creases.

3
Exciton Polarizability

As shown in the previous section, substantial information can be gained
about the nature and decay modes of the S; excited state of oligomeric and
polymeric PV chains from a consideration of the optical properties of dilute
solutions. Questions remain, however, about the extent of delocalization of
the “bound” §; exciton and its ability to dissociate into “free” electron and
hole charge carriers.

Here, we show how the flash-photolysis time-resolved microwave conduc-
tivity technique (FP-TRMC) can provide additional information, in particular
about the polarizability (extent of delocalization) and the charge separation
probability of the excitonic state. The methodology depends on measuring
the small changes in the real and imaginary microwave conductivity of di-
lute solutions which occur on flash-photo-excitation of the solute molecules.
The transients measured correspond to only a few parts-per-million change
in the relative dielectric constant of the solutions. The experimental method-
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ology is reviewed briefly in Sect. 7.3. After presenting the experimental data
a theoretical treatment of the exciton polarizability will be given.

3.1
Experimental Measurements

Transient changes in the imaginary component of the conductivity on photo-
excitation of solutions of the tb-PV oligomers and for the MDMO-PPV(x)
polymers are shown in Figs. 4 and 5 respectively. Fits to the data, taking into
account the exciton lifetimes, g, provide estimates of the isotropic value of
the excess exciton polarizability, Aw = [¢(S1) - @(So)]. The values obtained
for all of the compounds investigated are listed in Tables 1 and 2 and in Fig. 6.

For the two oligomeric series in Table 1, A« is seen to increase gradually
with chain length from circa 300 A3 to circa 1000 A3, The values for the da-
PV series tend to be lower by approximately 20% than for the tb-PV series.
This effect of backbone substitution on the polarizability will be discussed in
more detail below. Even the values of A for the shortest oligomers are more
than an order of magnitude larger than values found by measurements of the
Stark-shift by electro-optical absorption for isolated aromatic molecules; for
example, a value of 17 A® for anthracene [24, 25]. Clearly the conjugated na-
ture of the present molecules results in extensive delocalization of the exciton
over the PV backbone. The results indicate that the S; state must be strongly
coupled by an electric field (large oscillator strength) to a close-lying upper
level in the singlet manifold.

£
1% tb-PV5
u?O
< tb-PV4
r
<
tb-PV3
tb-PV2

| | | |
0 20 40 60 80 100

Time (ns)

Fig.4 Dotted traces are the transient changes in the imaginary component of the conduc-
tivity on flash-photolysis of OD = 1 benzene solutions of the tb-PV oligomers shown on
the right. The traces have been vertically displaced by 5 units for clarity. The full curves
are calculated fits from which the exciton polarizability is determined. The noise level
corresponds to a change in the relative dielectric constant of the solutions of 0.5 x 107
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Fig.5 The effect of broken conjugation on the transient changes in the imaginary
(left, dotted traces) and real (right) component of the microwave conductivity on flash-
photolysis of OD = 1 benzene solutions of the MDMO-PPV(x) polymers. The traces have
been vertically displaced for clarity. The full curves on the left are calculated fits from
which the polarizability of the relaxed S; state was determined

As mentioned above, the extent of delocalization is sensitive to the nature
and pattern of backbone substituents. This is illustrated by the results for the
series of PV4 oligomers with different substituents shown in Fig. 6. Taking
the t-butyl end substituents to have only a minor influence on the electronic
states of the PV chain, the result for the tb-PV4 compound may be taken to
be close to that expected for an unsubstituted chain. Single, dialkoxy sub-
stitution of the central phenylene ring is seen to result in a pronounced (ca
30%) reduction in the value of A@. As will be discussed in more detail in
the following theoretical section, this can be attributed to partial localiza-
tion of the positive charge at the central site. On double dialkoxy substitution,
the polarizability increases and on full substitution of the phenylene rings in
compound 5da-PV4, the polarizability further increases to a value which is
even larger than that found for the tb-PV4 derivative. In the case of 5da-PV4
all PV units are now equivalent and only end-effects will limit the magnitude
of the polarizability.

In the case of the dicyano-substituted compound, CN-1da-PV4, the polar-
izability is seen to decrease dramatically to only 210 A3, In this case both the
electron and hole wavefunctions are presumably concentrated in the central
part of the molecule resulting in a highly localized excitonic state.

Turning to the polymers, we see that Aw undergoes a further substantial
increase to 1600 A compared with even the longest oligomers. A simple lin-
ear extrapolation of the tb-PVn results indicates that this value corresponds
effectively to delocalization over eight to nine PV units. This is similar to es-
timates of about ten units for the exciton correlation length in PPVs made on
the basis of trends in the optical properties.
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th-PV4 Ao=810 A3
1da-PV4 Aa =590 A3
2da-PV4 Ao =660 A3

Aa =860 A3
CN-1da-PV4 Ao =210 A3

Fig.6 The influence of substitution on the polarizability (right column) of the relaxed $;
state of phenyl-capped PV tetramers. CN Dicyano-substituted

3.2
Theoretical Studies of Exciton Polarizabilities

Information on the properties of excited states in PVs can also be obtained
by theoretical methods; however, there are only a few studies reporting cal-
culations of excited state polarizabilities for PVs. Van der Horst et al. have
calculated excited state polarizabilities for conjugated polymers by solving
the Bethe-Salpeter equation to describe the excitonic state, starting from
a ground state calculation using density functional theory (DFT) [26]. For
PPV, the excited state polarizability was calculated to be 1000 A3, signifi-
cantly smaller than the experimental value obtained by FP-TRMC meas-
urements in solution (1600 A3) [27], but somewhat larger than the value
obtained from electro-absorption measurements in a glassy tetrahydrofu-
ran matrix (670 A3) [28]. It has also been shown by Van der Horst et al.
that, in a sum-over-states description of the excited state polarizability, 99%
or more of the polarizability of the S; state results from coupling to the
S, state [26]. The same calculations for other polymers (polythiophene and
poly-paraphenylene) showed that the trends in these calculations were in
agreement with experimental measurements [26, 29].

In another approach it has been shown that time-dependent DFT (TDDFT)
calculations combined with an external electric field can be used to calculate
polarizabilities for excited states by evaluating the change in the transition
energies as a function of the applied electric field [30, 31]. This way of calcu-
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lating the change in polarizability on excitation is analogous to the method
in which the excess polarizability is derived from electro-absorption meas-
urements [24]. The calculated excess polarizabilities for short PVs, up to
a length of four phenyl rings, are listed in Table 3. For PV2 oligomers the cal-
culated values are in reasonable agreement with experimental results (351 A3
vs 420 A from electro-absorption measurements [32]). For longer chains,
the calculated polarizability is considerably overestimated [30]. This is a well-
known phenomenon that has also been observed in the calculation of ground
state polarizabilities and has been attributed to the inadequate description
of long-range electron-electron interactions in the conventional exchange-
correlation functionals that were used in these calculations [33, 34].

Using computational methods it is also relatively straightforward to calcu-
late the effect on the magnitude of the excess polarizability of variations in
the molecular structure, such as changes in the nature and location of sub-
stituents. This was carried out for the PV2 oligomers shown in Fig. 7 [35].
The effect of introducing methyl groups was found to be rather small. If two
methyl groups are present on the central phenyl ring (di-Me-PV2) the excess
polarizability decreases from 351 A3 to 271 A3, If both outer rings are sub-
stituted with two methyl groups the excess polarizability increases slightly to
383 A3, However, as shown above by the experimental results the introduc-
tion of alkoxy groups can be expected to have a much larger influence on the
excess polarizability.

For PV2 containing two methoxy groups on the central phenyl ring the
excess polarizability is reduced by almost a factor of 4 to 91 A3, This shows

Table 3 Calculated values of the excitation energy (Eexc), the oscillator strength (f), and
the excess polarizability (A (calc.)) for the S; state together with experimental values of
the last parameter (A@ (exp.))

Compound Eexc f A (calc.) A« (exp.)
(eV) A’ A’
PV1 - - 47 -
PV2 2.67 1.58 351 4202
PV3 1283
di-Me-PV2 2.69 1.53 271 -
tetra-Me-PV2 2.69 1.66 383 300P
1da-PV2 2.47 1.04 91 150°
34072
3da-PV2 2.22 1.06 808 3112
CN-PV2 2.52 0.52 107 -
meta-PV2 2.83 0.03 1148 -

2 Electro-absorption measurements by Lane et al.
> FP-TRMC measurements by Gelinck et al.
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Fig.7 PV model compounds for which the excess polarizability was calculated

that the presence of the alkoxy groups strongly reduces the spatial extent of
the excited state compared to the unsubstituted PV2; the exciton becomes lo-
calized on the ring where the alkoxy groups are present. These results are in
qualitative agreement with experimental data from both electro-absorption
measurements [32] and from FP-TRMC [23].

The effect of alkoxy substitution is further illustrated by calculations for
a PV2 oligomer that bears two methoxy groups on each phenyl ring. In this
case the calculated excited state polarizability increases in comparison with
1da-PV2 and becomes even larger than the value for the unsubstituted PV2.
These results on the effect of the position of alkoxy side chains are in qual-
itative agreement with the experimental results for PV4 oligomers discussed
above. It should be noted that the actual orientation of the alkoxy substituent
has a significant influence on the magnitude of the excited state polarizability.
The excess polarizability was calculated to be largest when the first carbon in
the alkoxy chain is in the plane of the conjugated 7-system.

Introduction of a cyano group was found to result in a similar lowering
of the excited state polarizability, as found for methoxy groups. The large ef-
fect of cyano groups was also found experimentally for PV4 containing both
methoxy and cyano groups (Fig. 6).

Variation of the PV backbone structure was found to have a dramatic ef-
fect on the magnitude of the excess polarizability. If the two styryl groups
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in PV2 are linked to the central phenyl ring in a meta-configuration the ex-
cess polarizability for the lowest excited state is very large (1148 A%); however,
excitation to this state is only very weakly allowed from the ground state.
The most strongly allowed transition was found to be due to an excitation to
the third excited state. An excess polarizability of 88 A was found for this
state, comparable to the experimental value from electro-absorption meas-
urements (80 A3) [32].

4
Exciton Dissociation

In the previous section we presented results on the polarizability (extent of
delocalization) of the relaxed S; excitonic state determined from measure-
ments of the transient change in the imaginary component of the microwave
conductivity on photo-excitation , Aot. In this section we are concerned with
changes in the real (dielectric loss) component, Aoy, which provides infor-
mation on the formation of charge-separated dipolar or free-carrier states.

For all of the oligomeric compounds the Aoy transients were close to the
noise level of detection, indicating only a small, if any, dipolar character of
the S state. As shown in Fig. 5(right), this was also the case for the broken-
conjugation MDMO-PPV(x) polymers up to x = 0.82. For higher degrees of
conjugation however, a definite indication of a change in the dielectric loss on
photo-excitation becomes increasingly apparent. The Aop transients for the
DMOM-PPV(x) polymers with x = 0.87, 0.96 and 1.0 are shown expanded in
Fig. 8 together with a transient obtained for an MEH-PPV solution under the
same conditions of optical density and laser pulse intensity.

An important aspect of the Aoy transients is that they decay over a much
longer timescale than would be expected if they were attributable to the S;
exciton itself with its sub-nanosecond lifetime. The decays are in fact quite
disperse and extend into the microsecond time domain [36]. We attribute
the observation of such “long-lived” dielectric loss transients to the (partial)
dissociation of S; excitons into freely diffusing electrons and holes on the
isolated polymer chains. The product of the quantum yield for charge sep-
aration, ¢cs, and the sum of the mobilities of the charge carriers, Y u, can
be calculated from the end-of-pulse value of Aog. The values of ¢cs >
found are 2.6 x 107, 2.0 x 10~ and 2.6 x 10~ cm?/V's for MEH-PPV, MDMO-
PPV and (MDO),-PPV, respectively. Because of the random orientation of the
polymer chains, ) u will be the effective isotropic value of the mobility, i.e.
> mip/3 with ) puip the one-dimensional intrachain value. On the basis of
the electron and hole mobilities on isolated MEH-PPV chains given in the
next section, Y i = 0.3 cm?/Vs. The quantum yield for exciton dissociation
into free charge carriers, on excitation at the laser wavelength used of 308 nm
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Fig.8 The change in the real (dielectric loss) component of the microwave conductivity
for benzene solutions of the following polymers: A MEH-PPV, B MDMO-PPV, C MDMO-
PPV(0.96), D MDMO-PPV(0.87)

(4.0 éV), can therefore be estimated to be close to 1.0 x 107, If this efficiency
is the result of thermal dissociation of the relaxed exciton, then it would imply
an exciton binding energy of approximately 0.25 eV. This may be taken to be
a lower limit since we cannot exclude the possibility that dissociation of “hot”
excitons contributes at least in part to the value of ¢cs.

An interesting complication in the study of dilute MDMO-PPV solutions
was the finding that the colour changed from orange to red over a period of
hours at room temperature, and on standing overnight at 5 °C a red gel phase
separated from the solvent. Photo-excitation of the gel suspension resulted
in Aog transients more than an order of magnitude larger and considerably
longer lived than found for the polymer solutions [20, 36]. This is attributed
to the occurrence of exciton dissociation by interchain charge transfer in
the aggregated gel matrix. These results are in agreement with recent THz
conductivity experiments where it was found that the upper limit for the
quantum yield of photo-generation of charge carriers is 1% [37, 38].

5
Mobility of Electrons and Holes

5.1
Experimental Measurements

It goes without saying that the use of PV chains as wires in molecular elec-
tronic devices requires that they are able to transport charge. The mobility
of positive and negative charges along isolated PV chains in benzene so-
lution can be measured using the pulse-radiolysis time-resolved microwave
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conductivity technique (PR-TRMC) [39-41]. Charge carriers are produced
in the solution by irradiation with a nanosecond pulse of 3 MeV electrons
from a Van de Graaff accelerator. This produces a close-to-uniform distribu-
tion of radical cations, Bz, excess electrons, e”, and excited states [42,43].
When an oxygen-saturated benzene solution is irradiated the excess electrons
and excited states react within nanoseconds with oxygen to form O,~ and
'Ag Oy, respectively [44]. The Bz* ions are unaffected by oxygen and can
diffuse to the dissolved PPV chains where they undergo charge transfer, lead-
ing to the formation of a radical cation site or “hole” on the chain. If the
mobility of holes on the PPV chains is higher than that of Bz* in solution
(1.2x 1072 cm? V1s7!) the conductivity should increase initially after the ir-
radiation pulse as the transfer of charge proceeds.

The conductivity of an oxygen saturated MEH-PPV solution after irradi-
ation is shown as a function of time in Fig. 9. The conductivity of the solution
is seen to increase over the first few hundreds of nanoseconds, which provides
immediate evidence that the mobility of positive charges on the polymer
chains is indeed considerably higher than the value of 1.2 x 107> cm? V- s7!
for the initially formed Bz" cations. Eventually the conductivity decays be-
cause of the recombination reaction between positively charged MEH-PPV
chains and electrons that were captured by oxygen.

From a kinetic analysis of the PR-TRMC transients in which all relevant
reactions between charged species are considered, the reaction rates for for-
mation and decay, and the mobility of the charge carriers along the polymer
chain can be obtained [41]. In Fig. 9, the kinetic fit obtained from such an
analysis is shown as a dashed line. The mobility of the positive charge on
MEH-PPV obtained from this analysis is 0.46 cm? V! 571,

The lower panel in Fig. 9 shows the radiation-induced conductivity of an
oxygen-free MEH-PPV solution in benzene containing NH3. The ammonia
acts as a scavenger for positive charges which are thus prevented from trans-
ferring to the polymer chains. Therefore, any conductivity signal must be
due to the negative charge carriers. For the electron signal, no increase in
the conductivity at short times is observed. This is due to the high mobility
of excess electrons in benzene (0.13 cm? V! s71), which leads to a very fast
transfer of the electrons from benzene to the polymer. Kinetic fits in this case
give a one-dimensional mobility for electrons along the MEH-PPV chains of
0.5cm? V-1s1[39].

It was shown in previous sections that the introduction of conjugation
breaks in PPV chains has a considerable effect on optical properties and ex-
citon delocalization. Insight into the influence of conjugation breaks on the
mobility of charges has been gained by performing PR-TRMC experiments on
MEH-PPV in which a controlled fraction of the vinylene groups are saturated
(Fig. 1) [45]. The radiation-induced conductivity transients for x = 1, x = 0.85
and x = 0.70 are shown in Fig. 10. The introduction of 15% of conjugation
breaks (x = 0.85) lowers the mobility by a factor of 10, to around 0.04 cm?/Vs.
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Fig.9 Upper panel Transient changes in the real conductivity upon pulse-radiolysis of
an oxygen saturated solution of MEH-PPV in benzene. Lower panel Transient changes in
the real conductivity upon pulse radiolysis of pure benzene and a MEH-PPV solution in
benzene containing NHj3

For x = 0.70 the mobility is close to the detection limit of the apparatus and
was estimated to be less than 0.01 cm?/Vs.

5.2
Theoretical Studies

Measurements of charge transport along isolated PV chains is of special inter-
est from a theoretical point of view because isolated polymer chains are also
tractable for theoretical treatments that take the inherently disordered nature
of dissolved polymer chains into account. Comparison of calculated charge
carrier mobilities with experimental data from PR-TRMC measurements can
give valuable insights into the relationship between the molecular structure of
PV chains and their conductive properties.
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Fig. 10 Transient changes in the real conductivity on pulse radiolysis of solutions of MEH-
PPV(x) in oxygen saturated benzene, with x = 1, 0.85 and 0.7

The mobility of charges along a PPV chain depends on the conjugation
length or the degree of delocalization of the m-electron system. A planar
chain conformation leads to a large conjugation length and hence to a high
mobility. In order to study the effect of torsional disorder on the mobility,
calculations were performed using a model based on the tight-binding ap-
proximation [46]. The polymer is modelled as a chain of sites that correspond
to the monomer units. Charge transport along such a chain is described by
the tight-binding Hamiltonian

Hq= Z [snazan - b(ABpp+1) (ajzﬂa” + a};anﬂ)] @

n

In this equation &, is the energy of the charge localized at the n-th site,
while af and a,, are the creation and annihilation operators for a charge at this
site. The charge transfer integral, b(A60y ,+1), which is a measure of the elec-
tronic coupling between neighboring sites, depends on the inter-unit angle,
ABp 41, between the n-th and (n + 1)-th repeat unit in the polymer. This was
calculated using quantum chemical methods [46]. The value of b is largest for
a fully planar conformation of the PPV chain and becomes zero for a fully
perpendicular orientation of two neighboring repeat units. This means that
a regular planar chain is the optimum situation for intramolecular charge
transport, as expected.

The probability of finding a point along the polymer where the inter-unit
angle deviates considerably from zero is dependent on the rotational poten-
tial energy profile. Such a potential energy profile was obtained from ab initio
electronic structure calculations. For PPV, the minimum was found for a fully
planar conformation, the most favorable situation for charge transport. The
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inter-unit angles along a PPV chain can be sampled from a Boltzmann distri-
bution using the potential energy profile from ab initio calculations [46].

The wave function, |¥(t)), of a hole is expressed as a superposition of
states |n) located on the different sites with coefficients cj:

W) = cn(t) In) (3)

For hole transport the states |n) were taken to be the highest occupied or-
bitals in the neutral monomer units. At t = 0 a positive charge is localized on
a single unit; i.e. ¢;(f =0) =1 and all other coefficients are zero. The time-
dependent coefficients, c,(t), were obtained by numerical integration of the
first-order differential equations that follow from the substitution of the wave
function in Eq. 3 into the time-dependent Schrodinger equation.

Propagation of the wave function in this way yields the mean square
displacement of the charge as a function of time. From this, the frequency-
dependent mobility of the charge carriers can be obtained from the mean-
square displacement of the charge A%(t) using the Kubo relation [47-49]

oo
- ew?

1) = JorRe / A%(t) exp (- i) dt (4)
0

in which e is the elementary charge, kg is the Boltzmann constant, T is the
temperature, w is the radian frequency of the probing electric field, and “Re”
denotes that the real part of the integral is taken.

The mobility for charges on an infinitely long polymer chain obtained
using the method outlined above is plotted in Fig. 11 as a function of fre-
quency. In the DC limit a mobility of close to 0.1 cm?/Vs was obtained. This
is several orders of magnitude higher than the mobilities that are typically
reported for DC experiments, for instance using the time-of-flight (TOF)
technique, which are of the order of 10> ¢cm?/Vs [50-54]. It should be noted
that a direct comparison between the calculated and TOF mobility is im-
possible since the TOF value refers to a bulk sample where the mobility is
dominated by interchain charge transport. The calculated values do, how-
ever, give an indication of the mobility that would be obtained if DC charge
transport could be measured across a single PV chain.

A direct comparison of the calculated mobility with the PR-TRMC value
is possible at 34 GHz. The calculated value is 12 cm? /Vs, which is 30 times
higher than the experimental hole mobility, 0.46 cm?/Vs [41]. The large dif-
ference between the calculated and experimental values is attributed to the
finite length of the polymer chains used in the experiments and the pres-
ence of polymerization defects. Side reactions during polymerization lead to
sites where single and triple bonds are present where a vinylene group should
be [55]. Such defects in the polymer chain act as reflecting barriers which
effectively lower the charge carrier mobility.
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Fig. 11 Calculated real component of the mobility of positive charges on a PPV chain as
a function of the frequency of the probing electric field. The vertical arrow indicates the
microwave frequency (ca. 30 GHz) used in the experiments

In order to reproduce the experimental data, calculations were also per-
formed for polymer chains of limited length. It was found that for a chain
length of 180 units the experimental mobility at 34 GHz of 0.46 cm?/Vs is
obtained. Even though the polymer used in the experiments contains up to
1000 repeat units the effective conjugation length is considerably less because
of polymerization defects that are known to occur in up to a few percent of
the units. The large effect of the introduction of conjugation breaks found in
these calculations is consistent with the experimental data presented in the
previous section.

6
Optical Absorption of PV Radical Cations

6.1
Experimental Cation Spectra

The optical absorption spectra of PV radical cations exhibit two or three
bands with energies below that of the neutral molecule [56, 57]. The position
of these sub-gap transitions contains valuable information on the spatial ex-
tent of charge carriers on the PV chains. The optical absorption spectra of
charged conjugated polymers are generally discussed in terms of a polaron-
band model (see Fig. 12a), in which the introduction of a charge leads to the
formation of two localized levels within the band-gap of the neutral polymer.
In oligomers with a finite chain length the excitations are better described in
terms of discrete energy levels as indicated in Fig. 12b.
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Figure 13 shows the optical absorption spectra of the series of (n/2)da-
PVn cations. The cations were generated by pulse radiolysis and the spectra
were measured by time-resolved optical absorption, see Sect. 7.5 [57].

For 1da-PV2, two absorption bands are clearly visible. Comparison with
semi-empirical quantum-chemical calculations has shown that the lowest en-
ergy band is mostly due to the excitation of an electron from the highest
doubly occupied molecular orbital (H in Fig. 12b) to the singly occupied or-
bital (P1). The second band was found to be mostly due to excitation from
the P1 level to the P2 level. For longer (n/2)da-PVn chains the lowest absorp-
tion band shifts below 0.9 €V, outside the range accessible in the experimental
equipment used. The high-energy band also shifts to lower energy up to
a chain length of eight repeat units. Further lengthening of the PV chain
leaves the position of the second band unchanged. Interestingly, for 2da-PV4
and 3da-PV6, the second absorption band clearly exhibits a double max-
imum.

From electronic structure calculations it was concluded that these max-
ima are due to two separate close lying electronic transitions with similar
oscillator strength [57]. The configuration in which the electron in the singly
occupied P1 level is excited to the empty P2 level was found to contribute
considerably to both these states.

In order to gain more insight into the effect of the alkoxy side chains on the
PV chains additional experiments were performed for 1da-PV4 (see Fig. 6),
which is dialkoxy-substituted only on the central phenyl ring [57]. The radical
cation spectrum of 1da-PV4 is compared to that for 2da-PV4 in Fig. 14.

There are considerable differences between the two spectra. The high-
energy band stays more or less in the same position, but its shape has com-
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Fig. 12 Band structure model (a) and molecular orbital model (b) for sub-gap absorption
features in singly charged PV's
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Fig.13 Optical absorption spectra of radical cations of a series of da-PV oligomers,
(n/2)da-PVn (see Fig. 1)

pletely changed. The onset of the low-energy absorption is clearly observed
in the spectrum of 1da-PV4, while this band lies completely below 0.8 €V for
2da-PV4. The low-energy band 1da-PV4 is in fact close to that for 1da-PV2,
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Fig.14 Comparison of the optical absorption spectra of the radical cations of 1da-PV4
and 2da-PV4

suggesting that the spatial extent of the charge in 1da-PV4 is much smaller
than in 2da-PV4.

6.2
Theoretical Studies

Quantum-chemical calculations can provide additional information on the
properties of charge carriers on PV chains. Calculations have been performed
for unsubstituted PVs, the fully dialkoxy-substituted (n + 1)da-PVn and the
partially substituted (n/2)da-PVn [57]. The geometry of all oligomers was
optimized by density functional theory (DFT) calculations. Abstraction of an
electron from PV oligomers leads to deformations of the geometry. These de-
formations are most notably present in the C — C bonds. It was found that in
DFT the geometry deformations are fully delocalized over the whole chain, up
to the longest chain length investigated (6da-PV12). This means that within
DFT no self-localized polaron is formed. This is in contrast to earlier calcu-
lations at the Hartree-Fock (HF) level where it was found that the geometry
deformation upon introduction of a positive charge comprises circa 5PV
units. These differences between HF and DFT calculations are the subject of
considerable debate, and it has not yet been established which of the methods
gives a more reliable description [57, 58].

Analysis of the wavefunction obtained from quantum-chemical calcula-
tions gives direct insight into the spatial extent of a charge carrier. The charge
distribution of a positive charge on 1da-PV4 is compared to that for 2da-
PV4 in Fig. 15. The charge distributions are based on the same wavefunction
used for the calculation of the radical cation absorption spectra, see below.
In 1da-PV4 the charge is localized around the central phenyl ring that is
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dialkoxy-substituted; more than a third of the charge is localized here. In
2da-PV4 the charge is much more evenly distributed over the chain.

The effect of the spatial extent of a charge on the radical cation absorption
spectrum is most clearly seen in the position of the low- energy absorption
band, as is evident from the spectra in Fig. 13. The radical cation absorption
spectra of the three series of PV oligomers mentioned above have been calcu-
lated. The spectra were obtained from configuration interaction calculations
based on an intermediate neglect of differential overlap (INDO) reference
wave functions. The geometry was obtained from DFT calculation as men-
tioned above. The transition energies for the low-energy absorption band
of the three oligomer series obtained from these calculations are listed in
Table 4. Where available, the experimental transition energies are also given.

All calculated transition energies are in reasonable agreement with the
experimental data; the maximum difference is 0.14 V. Comparison of the
transition energies for the PVn series and the (n + 1)da-PVn series shows
that dialkoxy substitution leads to a lowering of the transition energy. A simi-
lar lowering of the excitation energy upon increasing the amount of dialkoxy
side chain was also observed in the absorption for the neutral spectra of PV
oligomer as discussed in Sect. 2. This indicates that the oxygen atoms in the
alkoxy side-chains contribute significantly to the 7-electron system of the PV
chain.

If not all phenyl rings are dialkoxy-substituted, interesting changes in the
transition energies for the low-energy transition of the cation are observed. If
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Fig.15 Calculated charge distribution in 1da-PV4 and 2da-PV4. The letters p and v on the
horizontal axis denote the positions of phenyl and vinylene groups in the chain
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Table 4 Calculated transition energies for the low energy cation absorption band for the
oligomer series PV#, (n + 1)da-PVn and (n/2)da-PVn. Experimental values are given in
parentheses

Compound Unsub. (n+1)da (n/2)da
(eV) (eV) (eV)

PV2 1.13 (1.03) 0.90 (0.76) 1.26 (1.26)

PV3 0.87 (0.80) 0.71 (0.66) -

PV4 0.71 0.68 (0.59) 0.51

PV5 - 0.57 (0.54) -

PVé6 0.55 - 0.75

only a single phenyl ring is dialkoxy-substituted the localization of the charge
at that site leads to a significant increase in the transition energy of the low-
energy cation band, both in the experimental and calculated data, see Table 4.
This is already apparent for PV2 where there the experimental transition en-
ergy changes from 1.03 éV to 1.26 éV upon alkoxy substitution of the central
ring. The same trend was experimentally observed for 1da-PV4 and 2daPV4
in Fig. 14. An interesting case is encountered in 2da-PV4 where the degree
of delocalization is actually larger than for the unsubstituted PV4. It was in
fact shown that the charge distribution for PV4 has a maximum in the mid-
dle of the chain while for 2da-PV the charge on the three central phenyl rings
is almost the same (see Fig. 15) [57].

7
Experimental Methods

71
Materials

The tb-PV, partial-da-PV, and full-da-PV oligomers were provided by the
groups of professor K. Miillen (Max-Planck-Institute, Mainz), Prof. G. Hadzi-
ioannou (University of Groningen), and Prof. R.A.]. Janssen (University of
Eindhoven) respectively. Samples of MEH-PPV and MDMO-PPV(x) were
provided by the groups of Prof. A.B. Holmes (University of Cambridge) and
Dr. E.G.J. Staring (Philips Research Laboratories). The broken conjugation
versions of MEH-PPV(x) were provided by the group of Prof. G. Padmana-
ban (Indian Institute of Science, Bangalore). The molecular structures of the
compounds are shown in Figs. 1 and 5.

All of the microwave conductivity measurements were carried out on so-
lutions in Fluka “UV spectroscopic”-grade benzene. Dipolar solvents (even
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toluene) are unsuitable because of their large background dielectric loss at the
microwave frequencies used. Dipolar solvents such as chloroform or tetrahy-
drofuran could be used, however, for the optical measurements.

While the PV oligomers were in general readily dissolved in benzene,
polymeric PVs display a large range of solubilities. Thus, MEH-PPV solu-
tions are permanently stable at room temperature; solutions of the branched
chain dAMOM- and (dMO)2-PPV polymers are stable above about 50 °C,
but slowly (over a period of hours) gel at room temperature; symmetri-
cally substituted di-n-alkoxy PPVs aggregate strongly and were unsuitable for
the present dilute-solution investigations. The broken-conjugation polymers
were all much more soluble than their “fully conjugated” analogues.

7.2
Optical Absorption and Emission

Steady-state optical absorption and emission spectra were recorded using
a Kontron Uvikon-940 UV /Vis spectrophotometer and a PTI Quantamas-
ter spectrofluorimeter respectively. Fluorescence quantum efficiencies were
measured by comparing the integrated areas under the emission spectra of
the solutions with standard solutions of Rhodamine 6 G in ethanol (¢g; =
0.95) or 9,10-diphenylanthracene in cyclohexane (¢gr = 0.90). Fluorescence
decay times, tr1, were measured by flash-photolysis using 0.8 ns FWHM, 2 m]
pulses from a PRA LN1000 nitrogen laser with the emitted light detected
using either an ITL TF1850 photodiode or a Photek PMT-113-UHF channel-
plate photomultiplier. The estimated error in g1, was £50 ps.

7.3
Flash-Photolysis Time-Resolved Microwave Conductivity (FP-TRMC)

In FP-TRMC studies of dilute solutions, the liquid was contained in an X-band
(8.2-12.4 GHz) microwave resonant cavity with a quartz-covered grating for
transmission of the light pulse. The excitation source was a Lumonics “Hy-
perEX 400 excimer laser which delivered circa 7 ns FWHM pulses of 308 nm
light with an energy density at the position of the cell of ca 5 mJ/cm?/pulse.
The pulse form and beam power were routinely monitored. The laser was
used in (computer-driven) single-pulse mode with transients from a max-
imum of 32 pulses being averaged to improve the signal-to-noise ratio.
Transient changes in the microwave conductivity (dielectric permittivity)
of the solution on photo-excitation were monitored, with nanosecond time-
resolution, as changes in the microwave power reflected by the cavity. In the
initial experiments measurements were made only at the resonance frequency
of the cavity [59, 60]. This provides information only on changes in the real
component of the conductivity (the dielectric loss) which is related to the oc-
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currence of charge separation and the formation of mobile dipoles or freely
diffusing charges.

In a later development [20, 29, 60, 61], transients were measured also at the
upper and lower half-power frequencies, f * and f -, of the cavity resonance.
By addition and subtraction of these Transients, separate information could
be gained on changes in the real and the imaginary components of the con-
ductivity, Aor and Aoy. The latter provides information on the polarizability
or degree of delocalization of excited states which is a parameter of great
interest in the case of conjugated oligomers and polymers.

The microwave circuitry and components used were conventional and
commercially available, as were the amplifiers and digitizers used for record-
ing transients. Full details of the equipment and the data handling procedures
are to be found in references [20] and [61].

74
Pulse-Radiolysis Time-Resolved Microwave Conductivity (PR-TRMC)

In PR-TRMC studies the solution was contained in a cell consisting of a length
of Ka-band (26.5-40 GHz) rectangular waveguide terminated at one end by
a metal end-plate and at the other by a Kapton or aramide window. The solu-
tion was homgeneously ionized by a pulse of 3 MeV electrons from a Van de
Graaff accelerator. The incident side-wall of the cell was reduced to 0.4 mm
in thickness to minimize attenuation of the electron beam. The pulses used
were between 2 and 50 ns long with a beam current of circa 4 A. A number
of single pulses could be averaged to improve the signal-to-noise ratio. The
energy deposited per unit volume, Dy, was determined by dosimetry. From
this the concentration of charge carrier pairs formed in the pulse, N, was cal-
culated using the known value of the average energy per ionization event in
benzene [62, 63].

The formation of mobile charge carriers was monitored as a decrease in
the microwave power reflected by the cell, AP, using microwave circuitry
and detection equipment which has been described fully elsewhere [64-66].
Single-pulse conductivity transients could be measured over a time window
from nanoseconds to milliseconds using a transient digitizer with a pseudo-
logarithmic time-base. The absolute value of the radiation-induced conduc-
tivity, Ao, was calculated from AP using the known sensitivity factor for the
solution-filled cell. Only information on changes in the real component of the
conductivity could be determined using this technique. Fits to the conductiv-
ity transients allowed the determination of the mobility of charge carriers on
the polymer chains. Additional information on the kinetics of formation and
decay of the charged polymer chains could also be derived. Separate informa-
tion on negatively and positively charged polymer chains could be obtained
by using competitive hole or lectron-scavenging solutes. The underlying re-
actions and data analysis procedure have been fully described elsewhere [41].
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7.5
Pulse-Radiolysis Time-Resolved Optical Absorption (PR-TROA)

In PR-TROA experiments the solution was contained in a 12.5 mm optical
pathlength quartz cell and was continually refreshed during the measure-
ments by flowing the solution through the cell from a reservoir. The solution
was irradiated using a pulse of 3 MeV electrons from a Van de Graaff acceler-
ator, as for the PR-TRMC experiments. Changes in the optical absorption of
light (from a pulsed xenon arc lamp) passing through the solution were mon-
itored as a function of wavelength using a Jobin Yvon HL300 monochromator
and a photomultiplier or, for NIR detection, an InGaAs photodiode.
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