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I. Introduction 

Over the past few years a wide body of experimen- 
and theore t i~a l~-~  data have become available 

demonstrating that through-bond (TB) coupling? or 
equivalently, superexchange,'O can lead to rapid electron 
transfer (ET) and hole transfer (HT) in donor-bridge 
acceptor (D-B-A) compounds. An important devel- 
opment in th is area has been the design, synthesis, and 
characterization of series of rigid D-B-A compounds 
such as 1-5 shown in the Chart I.2 In the nonadiabatic 
weak-coupling limit the rates for ET and HT are given 
by 

theoretical characterization and their ionization po- 
tentials (IPS) and electron affinities (EA'S) (at least for 
those compounds in which the electronic couplings are 
sufficiently large) can be determined by means of 
photoelectron spectroscopy (PES) and electron trans- 
mission spectroscopy (ETS), respectively. 

Figure 1 depicts the relevant potential energy curves 
for ionization of (or electron attachment to) a symme- 
trical chromophorebridge-chromophore system, e.g , 
one of the dienes 6-10. The ion states are shown in 
both the diabatic (charge-localized) and adiabatic rep- 
resentations. The techniques of PES and ETS give the 
splittings between the adiabatic states of the ions (AIP 
and AEA for the cations and anions, respectively) at the 
geometry of the nsutral molecule. The AIP and AEA 
values, thus determined, may be associated with mh 
and We, respectively. These associations are only ap- 
proximate because the AIP and AEA values are deter- 
mined at the geometry of the neutral molecule, while 
the splittings between the ions at  the geometry of the 
ground-state ion in its symmetric, charge-delocalized 
structure are usually used to calculate the electronic 
couplings in eqs 1 and 2. We assume here that the 
errors introduced by the differences in the geometries 
are small. 

When interpreting experimental data it is often as- 
sumed that the electronic coupling for ET or HT in 
D-B-A compounds falls off exponentially with the 
"length" of the bridge separating the D and A groups.'J17 
With the above-mentioned association of AIP and AEA 
with mh and 2H,, respectively, the former quantities 
would also be expected to display an exponential de- 
pendence on the bridge length as expressed in eqs 3 and 
4:5,12 

k, = 2a/hH,2(FCWD} (1) AIP = A h  exp(-Phn) (3) 
and AEA = A, exp(-&n) (4) 

k h  = 2?r/ hHh2(FcwD) (2) 
where (FCWD} is a Franck-Condon weighted density 
of states and He and Hh give the electronic coupling 
between the donor and acceptor groups for electron 
transfer and hole transfer, respe~tively.'*~J~ 

We have advocated the use of symmetric model 
compounds, e.g., 6-10, shown in the inset, for develop- 
ing a detailed understanding of the factors important 
for the variation of the electronic coupling on the length 
and other characteristics of the bridge.4J2J3 The model 
compounds offer two advantages over the more complex 
D-B-A compounds in that they are more amenable to 

where n corresponds to the number of bonds involved 
in the coupling. For molecules with complex bridges, 
possessing cross-linkages, e.g., 610 ,  there is the question 
as to how to define n. In this work we associate n with 
the number of C-C bonds along one side of the main 
bridges (i.e., those with the shortest paths). For 6-10, 
the terminal C-C bonds of the bridges do not play a 
major role in the coupling of the ?r or ?r* orbitals of the 
ethylenic groups to the bridge, and it is actually more 
appropriate to view the number of bonds involved in 
the coupling as ranging from 2 to 10 rather than from 
4 to 12. In any case, assuming that eqs 3 and 4 are 
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valid, the B values are independent of whether or not 
the terminal C-C bonds are counted. Our recent the- 
oretical studies of 6-10 have shown that while AIF' and 
AEA appear to depend exponentially on n for the com- 
pounds with the longer bridges (Le., 8-10), significant 
deviations from exponential behavior are found for the 
dienes with the shorter bridges.I3 

Additional motivation for the study of model com- 
pounds such aa 6-10, is provided by the expectation 

a 
a l a 

b 
Figure 1. Diabatic (dashed lines) and adiabatic (solid lines) 
potentials relevant for ionization of a symmetrical ethylene 
bridgeethylene system. The curves on the left represent the 
weak-coupling limit and those on the right the strongcoupling 
limit. The reaction coordinate Is dominated by the ethylenic C C  
stretch. Analogous potentials exist for electron attachment to 
form the radical anions. 

Figure 2. Correlation diagram of the I IF% and r* EA'S of 
ethylene, 6, and 7. The d i d  linea represent the negatives of the 
experimental Ip's and EA'S (from ref 4) and the dashed lines the 
STO-3C 1 and I* orbital energies. The energies of the I+ and 
1. orbitals of 6 and 7 have been shifted by the amount needed 
to bring the calculated 1 orbital e n e w  of ethylene into agreement 
with the negative of the experimental IP. Likewise the energies 
of the I+* and 1: orbitals of 6 and I have been ahifted by the 
amount needed to bring the calculated x* energy of ethylene into 
apeement wi th  the negative of the experimental EA 

that the distance dependence of the electronic coupling 
in theae model compounds should be similar to that for 
related molecules with the same bridges but more 
complicated chromophores, e.g. the dibenzo analogues 
11-15. shown in Chart I, or even to that for molecules 
with closely related, but not necessarily identical, 
bridges (e.g., 1-5).12 To the extent that eqs 3 and 4 are 
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valid, strict transferability would require that ,6 be in- 
dependent of the chromophore. 

In this review, we first consider experimental evidence 
provided by ETS and PES for the importance of TB 
as well as long-range through-space (TS) interactions. 
We then consider the McConnell model14 for TB cou- 
pling, which gives an exponential dependence of AIP 
and PEA on the bridge length and which provides in- 
sight into the validity of the assumption that the 0 value 
is transferable (i.e., independent of the nature of the 
chromophores). This is followed by a discussion of the 
results of MO calculations for 6-10. We then examine 
the utility of localized orbitals for dissecting the TB 
splittings into contributions due to different pathways 
and use these results to test the McConnell-type model 
and to identify the most important corrections to this 
model. 

I I .  ETS and PES Studies 

A. Results for the 4-Bond and &Bond Dlenes 6 
and 7 

ETS and PES measurements have proven particu- 
larly valuable for elucidating TB interactions in 6 and 
7 and in a large number of other m o l e c u l e ~ . ~ J ~ J ~  
However, because the splittings between the anion 
states and between the cation states in 8 and the longer 
dienes should certainly be too small to be determined 
by these techniques, the difficult syntheses of these 
compounds was not undertaken. 

Figure 2 presents a correlation diagram of the ex- 
perimental IP's and EA's of ethylene, 6, and 7. This 
figure also includes the energies12 for the ?r and ?r* or- 
bitals obtained from Hartree-Fock (HF) calculations 

15 

on the neutral molecules using the STO-3G basis set.17 
In the Koopman's theorem (KT) approximation18 the 
energies of the appropriate cation and anion states are 
associated with the negatives of the energies of the fded 
and unfilled orbitals, respectively. The orbital energies 
have been shifted by the amounts needed to bring the 
theoretical ?r and ?r* orbital energies of ethylene into 
agreement with the experimental IP and EA, respec- 
tively. The experimental AIP and AEA values of 6 are 
0.87 and 0.80 eV, respectively, while the corresponding 
results for 7 are 0.32 and 0.25 eV.4 These splittings are 
much larger than those that would result if only TS 
interactions were important, thus demonstrating the 
importance of TB interactions in these molecules. 
Particularlv striking is the excellent agreement between 
the experimental and the KT/STO-3G values of the 
splittings. Although there are sizable errors in the I P S  
and EA's calculated at this level of theory (due to basis 
set deficiencies and the neglect of relaxation and cor- 
relation corrections), these errors prove relatively un- 
important for the splittings. However, it  should be 
noted t b t  there is a sizable uncertainty in the exper- 
imental AEA value of 7, and that calculations on 7 using 
larger basis sets give considerably smaller splittings 
between the ?r* orbitals than is found with the STO-3G 
basis set. Thus, in this case, the good agreement be- 
tween experiment and theory may be fortuitous. 

In interpreting the experimental results, it is con- 
venient to consider the symmetry-adapted semilocalized 
?r+sL and ?r-sL orbitals ?r+sL = (1/~'2)(?rL + TR) and ?rPL 
= (1/v'2)(7rL - rR), where ?rL and TR are ethylene ?r 
orbitals localized on the "right"- and "left"-hand side 
of the molecules, respectively. The ?r+sL and ?r-sL or- 
bitals neglect coupling with the u and u* orbitals of the 
bridge. Similarly, the ?r+*sL and  IF-*^^ orbitals may be 
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expressed as r+*SL = (l/v'2)(rL* + rR*) and r.*SL = 

The TS contributions to the splittings can be esti- 
mated from the differencea in the energies of the r+sL 
and r-SL (or r+*SL and T . * ~ ~ )  orbitals.lg For a given 
molecule, the difference between the TS splitting and 
the splitting obtained from the MO calculations in- 
cluding the bridge orbitals can be associated with the 
TB contribution to the splitting. Assuming the validity 
of Koopmans' theorem, we may associate the splitting 
between the cation states with that between the r+ and 
r. orbitals and the splitting between the anion states 
with that between the T+* and r.* orbitals. For 6-10 
the through-space contributions to the splittings are 
much smaller than the TB contributions. Hence, ex- 
perimental measurements of the AIP and AEA values 
of these compounds wentially provide a mmure  of the 
TB interactions. 
Both the T+ and r- orbitals of 6 and 7 are destabilized 

with respect to the r orbital of ethylene indicating that, 
as expected, r / u  mixing, which destabilizes the T+ and 
r. orbitals relative to the T orbital of ethylene, is much 
more important than r / u *  mixing, which tends to sta- 
bilize the T+ and r. orbitals relative to the r orbital of 
ethylene. On the other hand, the r+* and T-* levels of 
these compounds straddle the r* MO of ethylene, with 
the r-* lying above and the r+* lying below that of 
ethylene. This observation requires that both r*/u* 
and + / u  interactions are important, since the latter are 
needed to "push" the r.* level of these molecules above 
that of ethylene. This is a surprising result since the 
energy separation between the r* and the u orbitals is 
much larger than that between the I* and u* orbitals 
and, in fact, is comparable to that between the T and 
u' orbitals (and we have already noted that r/@ m i x i i  
is much less important than u / u  mixing). 

We have suggested that these trends are due to the 
differences in the magnitudes of the coupling of the r* 
(and r) orbitals with the relevant u and u* orbitals of 
the bridge.' Due to the additional node in the localized 
u* than in the u orbitals, one would expect the matrix 
element for r*/u* interaction to be smaller than that 
for r*/u i n t e ra~ t ion .~~  However, the localized orbital 
analysis to be presented subsequently, shows that the 
matrix elements between the + MOs with the relevant 
localized u and u* MOs are comparable. 

B. Dependence of Through-Bond Interactions 
on the Bridge Conflguration 

1. Experimental Demonstratlon of the Ail-Trans Rub 

An important consequence of Hoffmann's pioneering 
extended Huckel studies of through-bond intiractions 
in model a,o-polyenediyl systems was the finding that 
the through-bond coupling is sensitive to the configu- 
ration of the relaying bridge and is maximized for an 
all-trans (or antiperiplanar) arrangement of relaying u 
bonds (the all-trans r ~ l e ~ , ~ ) .  Thus, the predicted 
splitting between the r orbitals for the model systems 
16-18 should decrease in the order 16 > 17 > 18. PES 
provides a convincing confirmation of the all-trans rule. 
For example, for the pair of 4-bond dienes, 6 and 19, 
the r+,r. splittings are 0.87 and 0.44 eV,15a*20 respec- 
tively, and for the pair of 6-bond dienes, 7 and 20, the 
r+,r- splittings are 0.32 and 0.17 eV,lSb respectively. 

(l/d2)(*L' - T R * ) .  

Jaden and Pa-ow 

16 

Gvx 
17 u- I8 

20 19 

21 

KT/STO-3G calculations on these dienes closely re- 
produce the observed splitting energies, thereby ena- 
bling one to explore quickly, and cheaply (in a compu- 
tational sense) orbital interactions in more complicated 
dienes, such as the 6- and %bond dienes, 22 and 23.12 
The KT/STO-3G r + , ~ .  and r+*,r.* splittings for the 
all-trans dienes, 7 and 8, are significantly larger than 
those for the respective systems, 22 and 23, containing 
some gauche arrangements of u bonds, which are in- 
dicated in the structures by bold lines.12 

22 23 

dhle 

24 

6M. 
25 

The dependence of the electronic coupling on the 
configuration of the bridge is nicely paralleled by the 
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observed rate data for photoinduced intramolecular 
electron transfer in 2,3,24, and 25.2d,21 Thus, for the 
pair of 6-bond species 2 and 24, photoinduced electron 
transfer (in MeCN solvent) occurs about 7 times more 
rapidly in the all-trans system 2 than in 24, which has 
a gauche linkage in each relay, and this is similar to the 
value of 12 for the ratio of the squares of the KT/ 
STO-3G r+*,r.* splitting energies for the corresponding 
6-bond dienes, 7 and 22.12 Likewise, for the 8-bond 
compounds, photoinduced electron transfer (in MeCN 
solvent) occurs about 14 times more rapidly in 3, com- 
pared to 25, which has two gauche arrangements of u 
bonds in each relay.2d,21 Again, this ratio is comparable 
to the KT/STO-3G value of 18 for the ratio of the 
squares of the r+*,r.* splitting energies for 8 and 23.12 
The close correlation between the electron-transfer rate 
ratios in the naphthalenespacer-dicyanovinyl systems 
and the ratios of the squares of the KT/STO-3G r+- 
*,r-* splitting values for the corresponding dienes 
strongly suggests that the former are also caused by the 
variation of through-bond coupling with the configu- 
ration of the hydrocarbon bridge, and that this coupling 
is stronger in 2 than in 24 and in 3 than in 25. 

It has also been found that the KT/WO-3G splitting 
energies of dienes serve as useful predictors of electron 
transfer rates in an extended series of donor-acceptor 
system, including 1-5. For example, the square of the 
KT/STO-3G r+*,n-* splitting energies for a series of 
polynorbornyl dienes, including 6-8, was foundI2 to 
follow an approximate exponential decay with in- 
creasing number, n, of u bonds in the relay: 

AEA2 = 16.3 exp(-1.20n). (5) 

The exponent (1.20) in this expression is very close to 
those deduced from the rate constants for photoinduced 
ET in 1-5 and related systems, which range from 0.92 
(in THF) to 1.00 (in EtOAc) to 1.23 (in MeCN).2J2 
This, admittedly crude approach to estimating ET rates 
should be of general use.12 

A similar dependence of electron-transfer rate on the 
configuration of the bridge has also been observed for 
thermal electron transfer in anion radicals of 1,4-di- 
arylcyclohexanes,' and for photoinduced electron 
transfer in wme porphyrin-quinone moleculea3' On the 
theoretical front, Ohta et al. have calculated matrix 
elements for electron transfer between two methylene 
groups across a cyclohexane bridge as a function of 
stereochemistry.22 In accordance with the all-trans rule, 
they found that the matrix element was largest when 
the two methylene groups adopted the equatorial con- 
formation, corresponding to an all-trans arrangement 
of the C-C bonds. 

2. Laticyclic Hyperwnju@thm 

The experimental n+,r- splitting energy for the 6- 
bond diene 21 (0.52 eVIsb) is considerably larger than 
that found for the all-trans 6bond diene, 7, even though 
the bridge in the former molecule has two gauche ar- 
rangements of bonds in each relay. The r+,n. splitting 
energy found for the &bond diene 26 is 0.27 eV, which 
is a very large value indeed, when one recognizes that 
the two double bonds in this diene are separated by 
about 9 A! The origin of the large r+,r. splittings in 
21 and 26 is attributed to a variant of hyperconjugation, 
termed laticyclic hyperconjugationZ3 in which the r 
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orbitals of the double bonds overlap with the pseudo-n 
orbital(s) of the intervening methano bridges, as shown 
schematically by 27 and 28. The X-ray crystal struc- 

26 

27 

28 

tures of chlorinated derivatives of 21 and 26 show that 
the carbon atoms of the methylene bridges are about 
3 A from the nearest double bond and, consequently, 
reasonably strong interorbital overlap of the kind shown 
by 27 and 28 should be obtained. An estimate of the 
contribution of orbital interactions through the 6-bond 
relays to the r+,r. splitting in 21 is provided by the PES 
split of 0.17 eV for diene 20. Subtracting this value 
from the observed r+,r. splitting of 21 gives an estimate 
of 0.35 eV for the laticvclic hvperconiuaative interac- .. .. 
tions in 21. 

It has been found that laticyclic interactions in these 
systems can be nicely modeled by means of KT/STO- 
3G calculations on ethene/(CHA./ethene sandwiches. , . 1 .., 
in which the ethene molecules are in van der Waals 
contact with a "chain" of CHI molecules spaced 3 A 
apart, as in 29. The computed r+,r. split of 0.39 eV 

29 

for 29, with a single intervening CH, moiety, is in good 
agreement with the value of 0.32 eV estimated from the 
PES data for dienes 20 and 21.'"tW Laticyclic hyper- 
conjugation therefore accounts for about 75% of the 
total experimental r+,r- splitting energy found for 21. 
In a similar fashion, the KT/STO-3G laticyclic hy- 
perconjugative split for the &bond diene is found to be 
0.17 eV, accounting for 63% of the total experimental 
splitting ene1gy.2~ 

The long-range nature of these laticyclic hypercon- 
jugative interactions is exemplified by a calculated 
KT/STO-3G r+,r- splitting energy of 0.025 eV for both 
the ethene/C,*H,/ethene complex (in which CI2H, is 
a straight chain hydrocarbon) and the ethene/ 
(CH,),/ethene complex, in both of which the ethene 
molecules are placed ca. 21 A apart! Such splits could 
correspond to positive hole-transfer rates within the 
cation radical of these complexes as fast as 10'' s-'. This 



400 Chemical Reviews, 1992, Vol. 92, No. 3 

is several orders of magnitude larger than electron- 
transfer rates found in (modified) biological systems, 
in which the donor and acceptor sites are separated by 
comparable distances (14-25 These predictions 
find some support from the recent ESR investigation 
of the cation radical of 21 at 77 KSB The ESR spedrum 
of this species revealed a symmetrical triplet with a 
hyperfine splitting (hfs) of 30 G, which became a 
doublet with the same hfs value in the ESR spectrum 
of the corresponding cation radical in which the central 
bridging CHz group was replaced by a CHD group. 
These data suggest substantial accumulation of un- 
paired spin density on the central CHz bridge and that 
the hole migration rate between the double bonds is 
very rapid on the ESR time scale (i.e., > los s-l). In 
fact, given the magnitude of the electronic coupling, the 
hole is probably delocalized. 

The ETS spectrum of 21 yields a single peak at  low 
energy, indicating that the splitting between the x* 
orbitals is less than 0.2 eV (confirmed by HF/STO-3G 
and HF/3-21G  calculation^).^ Laticyclic hyperconju- 
gation is unimportant for the x* orbitals because they 
cannot mix with the methylene C-H orbitals (at least 
not in a minimum basis set picture) due to symmetry. 
However, if the methylene bridge were replaced with 
an ethano bridge (to give 30), laticyclic hyperconjuga- 

Jordan and Paddon-Row 
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tion would also be possible in the x* manifold. Indeed, 
KT/STO-3G calculations on 30 bear out this expecta- 
tion, giving x+,x- and x+*,x-* splittings of 0.43 and 0.25 
eV, respectively. Moreover, KT/STO-3G calculations 
on the model ethene/ethane/ethene sandwich, whose 
geometry mimics that of 30, give a A+,K splitting of 0.29 
eV and a x+*,x-* splitting of 0.19 eV.23 Thus in 30, the 
major contribution to both the x+,x- and x+*,x-* 
splittings is due to laticyclic hyperconjugation through 
the ethano bridge. 

Compounds, such as 21 and 26 may be viewed as 
models for the interaction between two ethylene mol- 
ecules with methane "solvent" molecules sandwiched 
in between. The MO calculations on the model eth- 
ene/ (CH,),/ethene complexes described above give a 
distance dependence of the x+,x- splitting surprisingly 
close to that found for 6-10, indicating that significant 
coupling can be relayed through a series of "solvent" 
molecules (at least in the ideal geometrical alignments 
enforced in the model molecules). These preliminary 
studies have important ramifications for long-range 
electron-transfer processes in that they suggest that 
solvent molecules can greatly facilitate rapid ET 
through a laticyclic type of mechanism. Of course, in 
practice, solvent molecules will not normally obligingly 
align themselves so as to maximize laticyclic hyper- 
conjugative interactions. Nevertheless, random orien- 
tations of solvent molecules occupying the space be- 
tween two chromophores may still result in significant 
electronic coupling. This aspect is being actively ex- 
plored by us. We note that one can achieve near op- 
timal alignment for laticyclic interactions by using 
Langmuir-Blodgett films.2g 

I I 

Figure 3. Schematic representation of the McConnell model for 
a symmetric chromophore-bridge-chromophore system. The 
chromophores are denoted as C's. The identical bridge subunits 
are denoted B1, Bz, ..., B,. The coupling of the chromophores to 
the adjacent bridge subunits (B, and B,) is given by T, and the 
coupling between adjacent bridge subunits is given by t .  

C. Long-Range Through-Space Interactions 

ETS studies have shown that through-space inter- 
actions extend over greater distances in anion states 
than in cation states, at least for the gas-phase species.30 
Perhaps the most clear-cut example of this is provided 
by cis- and trans-1,3,5-hexatriene. The ET spectra 
show that the second EA'S of the two isomers differ by 
about 0.6 eV, with the anion being more stable in the 
cis isomer. In an orbital picture this means that the xz* 
orbital is 0.6 eV more stable in the cis than in the trans 
isomer. This can be understood from the facts that this 
orbital has large coefficients on the Cz and C5 atoms and 
that the C&5 distance is much smaller in the cis than 
in the trans isomer. MO calculations using the STO-3G 
basis set give nearly the same energy for the x2* orbital 
in the two isomers, due to the inability of this basis set 
to describe interactions occurring over distances much 
greater than 2.5 With the 3-21G basis set, on the 
other hand, the xz* orbital is predicted to be appreci- 
ably more stable in the cis isomer, in agreement with 
experiment. 

In a Huckel model the occupied x2 MO of hexatriene 
has the same magnitude coefficients on the C2 and C5 
atoms as does the x2* MO. However, both PES stud- 
ies31 and MO calculations indicate that the energy of 
the x2 orbital is nearly the same in the cis and trans 
isomers. These results demonstrate that long-range 
interactions tend to be more important in anion than 
in cation states, and they indicate the need of employing 
sufficiently flexible basis sets in theoretical studies of 
such interactions. 

I I I .  McConnell Model 

A simple model which leads to the exponential de- 
pendence of the splittings on the number of bonds in 
the bridge, consistent with eqs 3 and 4, is that for- 
warded by McConnell to explain the coupling in the 
anion states of phenyl-bridge-phenyl systems.14 The 
essence of the McConnell model is illustrated in Figure 
3 for a symmetric system with two identical chromo- 
phore units (C) and n identical bridge subunits {B,, Bz, 
..., B,]. 

This model includes explicitly only a single orbital 
on each chromophore and on each of the identical 
bridge subunits and assumes that only nearest neighbor 
interactions are important. Typically, the orbitals on 
the chromophores could be occupied x (or unoccupied 
x * )  orbitals and those on the bridge occupied u (or 
unoccupied a*) orbitals. This model gives the following 
expression for the splitting, AE = E=- - E*+ (or E,* - E*+*), 
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between the "-" and "+" orbitals of the chromophores, 
due to mixing with the orbitals of the bridge: 

AE = -2(P/A)(t/A)"-' (6) 
where T gives the coupling of the chromophores to the 
adjacent subunits (B, or BJ, t gives the coupling be- 
tween two adjacent bridge subunits, and A is the energy 
gap between the relevant orbital of the chromophore 
and that of the bridge subunit. 

In addition to the above-mentioned assumptions, the 
derivation of eq 6 assumed that (1) the bridges are 
"simple" in the sense of lacking branches or cross- 
linkages, (2) the splitting of the band of orbitals asso- 
ciated with the bridge is small compared to A, and (3) 
It/Al << 1. An excellent discussion of the McConnell 
model and of generalizhtions of this model is given in 
the recent review of Newtonas 

AE has been defined so that a positive sign is con- 
sistent with the so-called natural ordering of the "+" 
and "-" orbitals, in which the A+(A+*) level lies below 
the A-(A-*) level in energy. Other authors (see, for 
example, ref 8) have adopted the opposite sign con- 
vention, in which case the minus sign in eq 6 would be 
absent. The energy gap, A, is defined to be positive for 
both A / U  and A*/u* mixing. Moreover, t is assumed 
to be negative. For TB interactions involving coupling 
of A orbitala via intervening u orbitals, eq 6 leads to a 
positive value of AE for even n and a negative value for 
odd n. This means that for even values of n, the A+ 

combination lies below the A- combination in energy. 
The levels therefore follow the natural sequence of 
orbitals, which also obtains for sequences arising from 
pure TS  interaction^.^^ In contrast, for odd n, A- lies 
below A+, and this is the basis of the so-called parity 
rule? which has been confirmed e~perimentally.~ A 
similar analysis for the A* orbitals leads us to expect 
A+* to be more stable than A-* for even n and A-* to 
be more stable than A+* for odd n. 

Ph, 0, = -In It/Al (7) 

A h ,  A, = 2P/t (8) 

Equating eq 6 with eqs 3 and 4 gives 

and 

where the subscripts "h" and "e" that should be asso- 
ciated with T, t, and A in order to distinguish the 
electron (anion) and hole (cation) cases, have been su- 
pressed. 

The McConnell model leads to a very appealing 
physical interpretation in that the splitting is a product 
of a factor due to the coupling of the chromophores to 
the bridge 2(T2/A) and a factor of t / A  for each relay 
between bridge subunits. From eq 7 it is seen that &, 
and 8, depend on the energy gap between the relevant 
orbitals of the chromophore and the bridge subunit. As 
a result, the j3 value determined from calculations or 
experimentally for a specific chromophore can be di- 
rectly used to predict the distance dependence of the 
splittings for a different chromophore only if the 
energies of the relevant orbitals of the two chromo- 
phores are very close. However, from the McConnell 
model one can derive the following result: 

(9) 
where /3 and 8' are the exponents for the two chromo- 
phores and A and A' are the corresponding energy gaps. 

8' = j3 - In (A/A') 
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For 6-10, A, as determined from the STO-3G calcula- 
tions, is of the order of 8.4 and 9.0 eV for the filled and 
unfilled orbital spaces, respectively. Using these A 
values and the differences between the first IP's and 
between the first EA's of ethylene and benzene, we 
predict using eq 9 that j3h and j3, for 11-15 should be 
smaller than the corresponding exponents for 6-10 by 
about 0.14 and 0.06, respectively. The change predicted 
for j3h is greater than that for 8, because the difference 
between the first E ' s  of ethylene and benzene is 1.3 eV, 
while the difference in the first EA's in these molecules 
is only 0.6 eV. (These energy differences are deter- 
mined from the experimental E's and EA's). Of course, 
B values estimated in this manner wil l  be reliable only 
to the extent that the McConnell model itself is valid. 

From the McConnell model one can also derive the 
following relation between the ratio of the splittings for 
two chromophore-bridge-chromophore systems with 
different chromophores but identical bridges. If A is 

AE/AE' = (F/Tf2)(A'/A)" (10) 
approximately equal to A', then a rough estimate of 
AE/AE'is provided by the ratio of the squares of the 
MO coefficients of the two chromophores at their sites 
of attachment to the relay. 

Compounds 6-10 may be viewed as having two main 
bridges with multiple cross-linkages. In the absence of 
coupling between the bridges, the McConnell model 
would still hold, providing that the various criteria 
discussed above are valid. In this case, the only mod- 
ification needed to accomodate the presence of two 
bridges is the inclusion of an additional factor of 2 in 
the expression for the splitting, giving 

(11) 

where the exponent in eq 11 is n-3, rather than n-1 as 
in eq 6 because we have allowed for the fact that the 
coupling of the chromophores is primarily to the C&3 
and CN-1-CN-2 bonds of the two main bridges, and we 
have neglected the coupling of the u NBO's associated 
with the terminal C-C bonds of the main bridge with 
the other u NBO's of the bridges. One might expect 
that both the interactions between the two parallel 
main bridges as well as those between nonadjacent 
bonds within the main bridges are important, thus, 
causing significant deviations from the behavior pre- 
dicted by the McConnell model. The ETS and PES 
data alone do not permit us to resolve this issue since 
results are available for only the first two molecules in 
the series. (For the molecules with the longer bridges 
the splittings should be much too small to be deter- 
mined by these techniques.) Therefore, in determining 
the range of validity of simple models for the TB in- 
teractions, electronic structure calculations can prove 
particularly valuable. 

IV. Ab Inltlo Results for 6- 10 

AE = -4( T2 / A) (t / A)n-3 

In this section we consider the results of ab initio 
calculations for 6-10.12J3 It has already been noted that 
for 6 and 7 good agreement is found between the orbital 
splittings calculated at the KT/STO-3G level of theory 
and the experimentally determined splittings between 
the anion and between the cation states. Thus, we 
believe that this approach should also provide a qual- 
itatively (and, perhaps even, semiquantitatively) correct 
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TABLE I. Values Determined from Exponential Fits to the Splittings for Successive Pairs of Dienes' 
@( AIP-KT) b(AIP-SCF) B(AEA-KT) j3( AEA-SCF) 

pair STO-3G 3-21G D95v STO-3G 3-21G D95v STO-3G 3-21G D95v STO-3G 3-21G D95v 
6 7  0.51 0.48 0.49 0.58 0.58 0.54 0.69 0.75 0.68 0.68 0.75 0.60 

0.45 0.42 0.41 0.54 0.48 0.49 0.60 0.35 0.22 0.65 0.45 0.41 
0.56 0.59 

7 8  
0.39 0.33 0.34 0.50 0.46 0.47 0.59 0.52 0.59 0.66 

0.58 0.64 
8,9 
9,lO 0.40 0.34 0.35 0.50 0.47 0.48 0.60 0.55 0.65 0.66 

In determining the j3 values for the 6,7 pair of molecules, the TB rather than the net splittings are used for 6. 

description of the TB coupling in the longer members 
of this series. However, it is possible that in the longer 
dienes, interactions which are longer range than can be 
accounted for with the STO-3G basis set are important, 
and for this reason it is instructive to examine also 
results obtained using more flexible basis sets. 

Before proceeding, we note that the anion states of 
6-10 all lie in the continuum of the neutral molecule 
plus a free electron. As a result the anion states are 
temporary in nature, and may be viewed as descrete 
states coupled to a continuum.32 In such cases, care 
must be exercised in equating the virtual orbitals ob- 
tained from HF calculations on the neutral molecules 
with the anion states, since with sufficiently flexible 
basis sets, some of the low-lying unfilled orbitals will 
correspond to approximations to continuum functions 
rather than to approximations to anion states in the KT 
sense. In was shown in ref 13, that for the basis sets 
considered here, the lowest a2 and bl a* orbitals do 
correspond to anion states in a KT sense, and that the 
splittings between these unfilled orbitals can be mean- 
ingfully correlated with those between the anion states. 
Further justification of this approach was provided by 
comparison of the trends in the energies of the a* or- 
bitals of 6, calculated with the STO-3G, 3-21G, and 
D95v basis sets, with those from more rigorous stabi- 
lization  calculation^^^ using more flexible basis sets. 

Table I summarizes @ values derived assuming va- 
lidity of eqs 3 and 4 and using the splittings calculated 
for consecutive pairs of dienes. The geometries of the 
dienes were all optimized in the HF approximation, 
using the 3-21G basis set, within the CZ0 symmetry 
constraint. Results are presented for three different 
basis ~ets'~-ST0-3G, 3-21G, and D95v-of increasing 
flexibility as well as at  both the KT and ASCF levels 
of theory. The splittings in the ASCF approximation 
are obtained from differences of the Hartree-Fock en- 
ergies of the ion states. The KT/STO-3G results are 
considered first. 

Several important conclusions can be drawn from 
these results. First, neither the j3, nor the Ph values are 
constant along the series of compounds. For example, 
the @h values determined from the KT/STO-3G split- 
tings for the (6, 7), (7, 8), (8, 9), and (9, 10) pairs of 
molecules are 0.51, 0.45, 0.39, and 0.40, respectively, 
while the corresponding j3, values are 0.69,0.60, 0.59, 
and 0.60. Secondly, as one progresses to longer bridges, 
both the j3, and j3h values approach constant values. 
Thirdly, the 8, values are consistently larger than the 
j3h values. We have suggested that the variations in the 
j3 values with bridge length could be due to multiple TB 
pathways, the contributions from which fall off at  dif- 
ferent rates with the bridge length.13 This possibility 
will be examined in the next section of the review. 

To the extent that interactions occurring over dis- 
tances larger than about 2.5 A are important, one might 

expect that the STO-3G basis set would prove to be 
inadequate. It is of interest, therefore, to examine the 
Ph values obtained using the 3-21G and D95V basis sets 
(still focusing on the KT results). The @h values are 
reduced upon going from the STO-3G to the 3-21G 
basis set, with the reduction being greatest for the @h 
values deduced from the splittings of the longer dienes: 
For the (9, 10) pair of molecules the reduction is 15%. 
On the other hand, nearly identical j3h values are ob- 
tained with the 3-21G and the more flexible D95v basis 
sets. These results suggest that pathways other than 
those involving interactions between adjacent bonds 
must be important, but that interactions which skip 
over three or more bonds are apparently unimportant, 
at  least for the coupling of the a orbtials. 

Nearly the same 8, values are determined from the 
a+*,a-* splittings for the (6,7), (8,9), and (9, 10) pairs 
of molecules when using the D95v basis set as when 
using the STO-3G basis set. (However, the 
"intermediate" 3-21G basis set yields j3, values which 
differ by about 10% from those obtained with the 
STO-3G and D95v basis sets.) This is a surprising 
result since it was anticipated that the use of flexible 
basis sets would be more important for describing the 
interactions in the a* than in the a manifold. The @, 
value determined from the *+*,a_* splittings for 7 and 
8 proves to be much more sensitive to the basis set, 
being 0.60,0.35, and 0.22 with the STO-3G, 3-21G, and 
D95v basis sets, respectively. The rather different be- 
havior found for these @, values is due to the fact that 
the a+*,a-* splitting of 7 decreases rapidly, with in- 
creasing flexibility of the basis set, being 0.23,0.18, and 
0.11 eV in the STO-3G, 3-21G, and D95v basis sets, 
respectively. The reason for the anomalous behavior 
of 7 is not known. It is expected that a pathway 
analysis similar to that discussed below for the a or- 
bitals will prove useful in identifying the origin of this 
behavior. 

The @, and j3h values obtained in the ASCF approx- 
imation are generally larger and show lePs variation 
along the series of molecules than do those obtained in 
the KT approximation. The inclusion of electronic 
relaxation effects is particularly important for the j3h 
values, leading to increases of as much as 38%. For the 
@, values the inclusion of relaxation effects is of major 
importance only for that determined for the (7,8) pair 
of molecules, and only then when using the 3-21G and 
D95v basis sets, in which case the ASCF 8, values are, 
respectively, 30 and 95 ?% larger than the corresponding 
KT values. 

The experimental AIP values of 6 and 7 are consistent 
with a j3 value of 0.50 which is actually closer to the 
values determined in the KT approximation than in the 
ASCF approximation for each of the basis sets consid- 
ered. Hence, the KT approximation may actually be 
more reliable for predicting the distance dependence 



Lmg-Raw ThroughBonbMediated EIOCtronic Coupling Chemical Revlews. 1992. Vol. 92. No. 3 403 

n 

W 
T' 

Figure 4. Pathways contributing to the r+,r. splitting in 6. The 
presence of equivalent pathways has been accounted for in nu- 
merical prefactors. The various interaction terms are determined 
in terms of the NBOs obtained using the STO-3G basis set. The 
dominant pathways are a and b which do not involve retracing 
interactions. Au contributions have been computed using t = -2.68 
eV and A = 8.45 eV. This t value is that giving the coupling 
between the C,& and C,-C, n NBOs. 

of the TB coupling than is the ASCF approximation. 
This hypothesis could be tested by performing high 
quality C1 calculations on the ion states of 6-10. 

V. Locaiiz6-d Orbital Analysis of the 
Through-Bond Interactions 

The MO calculations, by themselves, do not provide 
much insight into the factors responsible for the ob- 
served trends in the splittings. However, the canonical 
MOs can be transformed to localized orbitals, in terms 
of which the T+,P- and P+*,T.* splittings can be dis- 
sected into contributions due to various pathways. This 
approach was pioneered by Heilbronner and co-workers 
and by Imamura and O h ~ a k u . ~ ~  I t  was later used by 
us in conjunction with natural bond orbitals (NBO's)= 
as the orthogonalized localized orbitals in studies of the 
role of TB interactions in the T+,P. and P+*,P.* split- 
tings of 7-silanorbomadiene, 7-germanobomadiene, and 
7-stannan0bornadiene.~~ The NBO approach has re- 
cently been applied by Naleway, Curtis, and Miller36 
to examine pathways for electronic coupling in the 
hutane-l,4-diyl and 1,4dimethylenecyclohexane anions 
and by Liang and Newton3' in studies of other systems. 

h 

,e, 

Figure 5. Pathways contributing to the r+,*- splitting in 7. No 
retracing pathways have been computed. The various interaction 
terms are determined in terms of the NBOs obtained using the 
STO-3G basis set. Thew contributions have been computed using 
an average value for t of -2.82 eV and an average value of A of 
8.45 eV. 

In the present study, we focus on results obtained from 
NBO analyses of the TB pathways in 6-10. Due to 
space constraints, we consider in detail only the results 
obtained with the STO-3G basis set and, further, focus 
on the P+,P. splittings. The pathways important for the 
P+*.P.* splitting will be considered only briefly. A more 
detailed analysis of the role of localized orbitals in an- 
alyzing the TB interactions in 6-10 will be presented 
elsewhere.38 Other approaches to examining the role 
of pathways for long-distance electron transfer in pro- 
teins and other systems are being explored by Beratan 
and co-workers,39 Siddarth and Marc~s,'~ and Ratner." 

A. McConnell and Extended McConnell 
Perturbatlve Models 

Figures 4 and 5 depict various pathways important 
for the TB coupling between the localized P NBOs of 
6 and 7, respectively. Part a of these two figures shows 
the so-called McConnell pathway for the TB interaction 
between the localized P NBOs, in which coupling along 
the bridge is assumed to occur only between adjacent 
C-C bonds, and the localized T NBO's are assumed to 
couple to the bridge via mixing with the u orbitals as- 
sociated with the C2-C3 and CN-I-CN.~ bonds. (The 
number of bonds, n, in the main bridges is equal to 
N-1.) As noted above, the coupling of the T NBOs to 
the C ,C ,  and C,,,-CN., bonds is ignored because of the 
relatively poor overlap in this case. In addition, in the 
pathway analysis based on the McConnell model and 
ita extensions, we also ignore the coupling of the C I C 2  
and C,,,-CN.l N B O s  with the other u NBOs. Although 
such coupling introduces sizable shifts in the energies 
of the T+ and T. orbitals, it proves relatively unim- 
portant for the distance dependence of the splittings. 
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The effects of these interactions are discussed in the 
Appendix. With these approximations, the effective 
bridge length is then n-2 rather than n. 

Using the matrix elements and the I/. energy sep- 
aration obtained in the NBO analysis of 6 we have 

(12) 

t/A = -2.68/8.45 = -0.306 (13) 

AE,(6) = -4(P/A)(t/A) = 0.280 eV (14) 

where T, t ,  and A are in electron volts, and AEa(6) gives 
the I+,*- splitting for 6 due to the McConnell-type 
pathway depicted in Figure 4a. (With the sign con- 
ventions adopted, T and A are positive and t is nega- 
tive.) The resulting splitting, AE,, is about 3.7 times 
smaller in magnitude than that found in the MO cal- 
culations."2 Clearly, thii simple model is inadequate for 
accounting for the TB coupling in this molecule. 

From the I+,I. splittings of 6 and 7 determined from 
the MO calculations one can derive the following re- 
sults: 

('P/A)Mo = 0.75 eV (15) 

#/A),, = -0.575 (16) 

( P / A ) M ~  and (t/A),O are much larger in magnitude 
than the corresponding quantities obtained assuming 
that only pathway a is important. Comparison of the 
results in eqs 12 and 15 leads to the conclusion that the 
I orbitals couple to orbitals of the bridge other than 
those associated with the C2-C3 and CN.I-CN.2 bonds, 
and comparison of the results in eqs 13 and 16 shows 
that pathways other than those allowing for coupling 
between adjacent u bonds of the main bridges are im- 
portant for relaying the interaction. This conclusion 
was also reached by Naleway et a1.36 

Pathway b, depicted for 6 and 7 in Figures 4b and 5b, 
respectively, allows for the coupling of the I N B O s  with 
the u orbitals of the C3-C4 and CN-,-CN., bonds of the 
bridges. Although the relevant matrix element, denoted 
by T', is about 3.7 times smaller than T, this mechanism 
of coupling to the bridge is more important than that 
due to pathway a because T'is nearly equal to T(t/A) 
and because there are two pathways that involve T' 
coupling at one end of the bridge and T coupling at  the 
other end. For 6 these pathways lead to a contribution 
of 

(17) 

to the I+,X splitting. The net contribution of pathways 
a and b to the splitting is 0.77 eV, only 0.23 eV smaller 
in magnitude than that in the MO calculations. 

Because the derivation of eq 17 and of the contribu- 
tions of the other pathways considered here may not 
be obvious, we believe it to be instructive to present a 
derivation of eq 17. For 6, the symmetry-adapted 
semilocalized orbitals of interest are I+, I-, u+ = 1/2(u, 
+ u2 + ul) + u;) and u- = 1/2(u1 - u2 + u,' - u;), where 
the u, and u2 localized orbitals are associated, respec- 
tively, with the C2-C3 and C3-C4 bonds of one of the 
main bridges and ul) and u; are the corresponding or- 
bitals of the other, parallel, main bridge. In second- 
order perturbation theory, the shift in the energy of the 

P / A  = (1.39)2/8.45 = 0.229 eV 

and 

= -8TT/A = 0.49 eV 

Jwdan and F'nddaFRow 

I+ orbital due to mixing with the u+ orbital is given by 
W r + )  = 

t(l/fi) ((*L+*R)~l(u,+u2+a,'+u;) )12/(tr+ - t*+) 

(18) 

and that in the r- orbital due to mixing with u.. is given 
by 
A E ( r )  = 

Wfi) ((*L"R)IHl(u1-u2+u~-u;~) 12/(tr. - eo) 
(19) 

With the definitions (rLlflul) = T, ( r r L I ~ u 2 )  = T', tlL 
- en, = A, and ( u,lHlu2) = t ,  and the assumption that 
the TS coupling between the rL and xR orbitals is 
negligible so that t.+ = t, = erL = erR, these equations 
may be simplified to give 

AE(r+) = (2'P + 4TT'+ 2T")/(A - t) (20) 

and 
A E ( c )  = ( 2 P  - 4TT'+ 2T")/(A + t )  (21) 

where we have made use of the fact that eo+ = t2 + t and 
tc. = t2 - t ,  with t2 being the energy of the u NBO as- 
sociated with C2-C3 (and of the symmetry equivalent 
NBO's). With the further assumption that It/A( << 1, 
the t 's  in the denonimators can be neglected. In this 
case, subtraction of eq 20 from eq 21, gives -8TT'/A, 
the result expressed in eq 17. Moreover, if we expand 
the denominatom in powers of t/A, Le., (A - t).' = A-'(l 
+ t/A + ... ) and (A + t)-' = A-'(l- t /A + ... ), and keep 
only terms through t/A, we obtain 
AE = -(4P/A)(t/A) - (4T2/A)(t/A) - 8TT'/A 

(22) 
which includes the contribution from the McConnell 
pathway (Figure 4a) as well as contributions due to the 
'retracing" term (shown in Figure 4c) and to the 'TT'" 
pathway (Figure 4b). The T' interaction, describing the 
coupling of the xL orbital with the C3-C4 u NBO, is 
negative when the C1-C2. C2-C3, and C3-C4 bonds have 
a trans orientation, as shown in Figure 4b, but positive 
when these bonds are arranged in a cis or gauche, 
manner as shown. 

T' 

t negative 
T p i i i v s  
T'ncgativs 

8 negative 
T positive 
T'positivc 

The dependence of the sign of T'on the orientation of 
the u bonds is a major factor leading to the diminished 
T+,I. (and I+*,I.*) splittings in 19 compared to 61k*20 
anJ in 20 compared to 7.'" For 6 for which both t and 
T'are negative and Tis positive, all three contributions 
enhance the I+,*. splitting. 

The general expression for the *+,I- splitting of the 
dienes 6-10 due to pathways a and b is 
AEa + A E b  = -4(P/A)(t/A)"-, - 8(TT'/A)(t/AP4 

(23) 
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which may be rearranged to give 

AE, + A E b  = -4(P/A)(l  + 2T’A/Tt)(t/A)”-3 = 
-4 P/  A( t / A) n-3 (24) 

From eq 24 it may be seen that the presence of two 
mechanisms for coupling to the bridge can be viewed 
as giving an effective T value 

T = Td- (25) 

or, alternatively, a modified pre-exponential factor in 
eq 3. In this model the introduction of the longer range 
coupling between the chromophore and the bridge does 
not modify the propagation of the interaction along the 
bridge. 

In deriving eq 23 it was assumed that the energies of 
the various localized u orbitals are nearly identical and 
that the matrix elements (Hi,i+l) between the different 
pairs of adjacent C-C bonds are also nearly identical 
(for all the molecules in the series). Examination of the 
NBO matrices reveals that, although the first assump- 
tion is justified, the second is questionable. In partic- 
ular, the interactions between adjacent u orbitals when 
both orbitals derive from the same norbomyl ring differ 
appreciably from those in which the two orbitals derive 
from adjacent norbornyl rings. The former matrix el- 
ements have a value of around 3.1 eV, and the latter 
2.6 eV. For example, for 9 the H!2, H23: 
matrix elements between consecutlve p u s  of u NBOs 
of the main bridge are 3.16, 2.56, 3.10, 2.56, and 3.10 
eV, respectively. Thus, to a good approximation, the 
nearest-neighbor matrix elements alternate between 
these two values as one progresses down the bridge. In 
such a case, it can be shown that an exponential de- 
pendence of the splitting on n is still obtained. The 
values of the two matrix elements in question are suf- 
ficiently close that their mean yields a j3 value quite 
close to that derived from a proper treatment allowing 
for the alternation in the couplings. In the following 
discussion we will ignore the alternation of the values 
of the matrix elements along the bridge. 

For the 6-bond diene, 7, and the longer dienes, there 
is a third contribution to the splitting 

(26) 

With the inclusion of this term, the pathway for which 
is shown in Figure 5c, the net ?T+,?T- splitting for 7 and 
for the longer dienes is 

and 

AE, = -4( T”/ A) (t / 

AE, + A E b  + AE, = -(4F/A + 8(TT’/A) 
(A/t) + 4(T’2/A)(A/t)2)(t/A)n-3 (27) 

= T(1 + (T’/T)(A/t)) (28) 

Note that an interaction of the form -4(T’2/A)(t/A) 
is also found for the Cbond diene, 6, as shown in Figure 
4c. However, this contribution to the splitting has a 
different origin in 6 and 7. In the former it is due to 
a “retracing” pathway, whereas in the latter, it is due 
to a pathway that does not involve retracing. From the 
results summarized in Figure 4, it is seen that this 
retracing pathway in 6 is relatively unimportant com- 
pared to contributions due to pathways not involving 
retracing interactions. 

and the effective T becomes 
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Although the inclusion of pathways b and c in ad- 
dition to a leads to an enhanced coupling of the ?T 
groups to the bridge, there is still the problem that the 
splittings decrease much too rapidly with increasing 
bridge length, compared to those from the HF calcu- 
lations. The obvious refinement to the McConnell-type 
model is to include next-nearest-neighbor interactions 
along the bridge. The relevant matrix element is de- 
noted t’. (The variations in the Hi,i+2 matrix elements 
along the bridge are negligible, being less than 1 % .) In 
a model neglecting coupling to the c NBO’s associated 
with the terminal C-C bonds, t’ interactions cannot 
contribute to the ?T+,?T- splitting of 6. The changes 
brought about by allowing for coupling to the terminal 
C-C bonds is considered in the Appendix. 

For 7, inclusion of pathways involving interactions 
between next-nearest-neighbor C-C u bonds gives 
contributions to the splitting of 

A E d  = -8( TT ’/A) (t ’/A) (29) 

AEe = -8( P/  A) (t ’/A) ( t  /A) (30) 

shown in Figures 5d and 5e, respectively. (t’is positive, 
so these two terms have the same sign as those in eq 
27). Although t’/A is about 3.6 times smaller in mag- 
nitude than t/A, pathways involving t’prove important 
for the splitting because each occurrence of a t ’ inter- 
action replaces two interactions via t and t’/A is com- 
parable in magnitude to 

The interactions considered thus far give rise to five 
pathways (ignoring those with retracing) contributing 
to the ?T+,A- splitting of 7. No one of these dominates; 
individually the contributions of the various pathways 
range from 0.025 to 0.058 eV. The two largest contri- 
butions (d and e) to the ?T+,?T- splitting of 7 involve t’ 
interactions that “skip over” one of the u bonds. These 
do not have counterparts in 6. 

The inclusion of pathways involving next-nearest- 
neighbor interactions introduces a nonexponential 
distance dependence into the splittings. Consider, for 
example, the case whereby the coupling to each end of 
the bridge occurs via T’. Because t’/A and (t/A)2 are 
of comparable magnitude, all terms of the form 
(t/A)l(t’/A)i, 1 + 2i + 5 = n, should be included in 
calculating the coupling along the bridge. However, to 
illustrate the origin of the nonexponential behavior, we 
focus (for simplicity) on pathways in which the matrix 
element t occurs only once, with the remaining transfers 
along the bridge occurring via t ’ “hops” and in which 
retracing is not permitted. The general form of the 
contribution of such pathways to the ?T+,?T- splitting of 
7 and the longer dienes is 

hEf = -4((n - 4)/2)(T’2/A)(t/A)(t’/A)(n-6)/2 (31) 

Quation 31 does not pertain to 6 because, in this case, 
T’coupling of both ?T N B O s  to the bridge would require 
a retracing interaction along the bridge, and we have 
excluded such pathways. Because of the (n - 4112 
factor, which gives the number of possible locations of 
the t’relay, eq 31 leads to a nonexponential distance 
dependence of the splitting. However, for large n, this 
term exhibits nearly exponential behavior. In the more 
general case in which all pathways involving various 
combinations of t  and t’are included, it is not clear that 

and 
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TABLE 11. r+,r- Splitting Energies (eV) Calculated in Various Models for 6-100 
modelb 

molecule I I1 I11 IV V HartreeFock 
6 0.257 0.735 0.744 (0.602) 0.745 (0.603) 0.610 0.990 (1.107) 
7 0.032 0.111 0.263 (0.234) 0.293 (0.254) 0.188 0.350 (0.372) 
8 0.004 0.014 0.096 (0.090) 0.130 (0.127) 0.057 0.141 (0.165) 
9 O.Oo0 0.002 0.036 (0.035) 0.058 (0.063) 0.019 0.065 (0.085) 

10 O.Oo0 0.000 0.013 (0.014) 0.026 (0.032) 0.006 0.029 (0.043) 

OResults in parentheses are obtained using the 3-21G basis set. All other results are obtained using the STO-3G basis set. *Model I 
includes only T type coupling of the T NBOs to the bridge and t type coupling along the bridge. Model I1 includes T’coupling to the bridge 
as well as T and t interactions. Model I11 includes T, T’, t ,  and t’interactions. Model IV includes T, T’, t ,  t’, and t”interactions. Model 
V includes all interactions between the occuDied valence NBO’s. 

an exponential distance dependence should result even 
in the limit of large n. Thus, it is especially noteworthy 
that the ab initio calculations are consistent with a 
nearly exponential dependence of the splittings on n 
for large n. 

The above analysis shows that there are two reasons 
that the ,8 values deduced from the splittings for the 
shorter dienes deviate from those deduced for the longer 
dienes: first, there are interactions involving nonadja- 
cent bonds that give rise to nonexponential couplings, 
and secondly, there are pathways that are important 
in the molecules with the longer bridges but which do 
not have counterparts in 6. Indeed, with the inclusion 
of still longer range interactions, there wil l  be pathways 
for 8-10 that will not have counterparts in either 6 or 
7. 

B. Nonperturbatlve Calculatlons of @,, Values 

In order to obtain quantitative assessments of the 
importance of various pathways for the T+,T- splittings, 
we have adopted an approach employed previously by 
us in analyzing the TB interactions in a series of sub- 
stituted n~rbornadienes.~~ In the current application 
of this approach, we start with the full STO-3GFock 
matrix expressed in terms of NBO’s. We then delete 
from this matrix various subsets of off-diagonal matrix 
elements. Five different models are considered. In each 
of these, all interactions involving the nonvalence core 
NBO’s and those involving the unoccupied NBOs are 
deleted. Unlike the simplified perturbation theoretical 
analpis presented above, none of the models considered 
here assumes special relationships between matrix el- 
ements (e.g., except when dictated by symmetry, the 
various matrix elements are not necessarily equal). 

Models I and I1 allow only for nearest-neighbor cou- 
pling ( t )  along the main bridge. These two models 
differ in that model I allows coupling to the bridge only 
via T, while model I1 allows for coupling to the bridge 
via both T and T’interactions. Models I11 and IV both 
allow for next-nearest interactions ( t?  along the main 
bridge as well as for the various interactions present in 
model 11. Model IV includes as well interactions along 
the main bridge that “skip over” two u bonds (so-called 
t ” interactions). For each of these models the terminal 
C-C u bonds are permitted to couple via t’and t”in- 
teractions with the other C-C u bonds of the main 
bridges. Model V is obtained by diagonalizing the NBO 
matrix, retaining all interactions between occupied 
NBO’s. 

In Table I1 we summarize T+,T- splittings obtained 
from diagonalization of the NBO matrices for each of 
the models as well as for the full ab initio calculations. 

TABLE 111. Bh Values for 6-10 Obtained Using the STO-3G 
and 3-21G Basis Sets” 

Hartree- pair of 

(6, 7) 1.05 0.95 0.52 (0.48) 0.47 (0.43) 0.59 0.51 (0.48) 
(7, 8) 1.06 1.05 0.48 (0.48) 0.41 (0.35) 0.58 0.45 (0.42) 
(8, 9) 1.03 1.06 0.47 (0.47) 0.41 (0.35) 0.55 0.39 (0.33) 
(9, 10) 1.04 1.08 0.48 (0.47) 0.42 (0.34) 0.55 0.40 (0.33) 

“Results obtained using the 3-21G basis set are given in par- 
entheses. Model I allows for T and t interactions; model I1 for T, 
T’, and t interactions; model I11 for T, T’, t ,  and t’interactions; 
model IV for T, T’, t, t’, and t” interactions; and model V for all 
interactions between occupied NBOs. 

modelb 
molecules I I1 I11 IV V Fock 

The ,8h values derived from the splittings for consecutive 
pairs of dienes for each of these models are summarized 
in Table 111. For models I11 and IV and for the full 
HF calculations, results obtained with the 3-21G basis 
set are presented in addition to the STO-3G results. 

We first consider the results obtained using the 
STO-3G basis set. As expected, based on the pertur- 
bation theoretical analysis, the splittings are much too 
small (compared to the HF results) and fall off much 
too rapidly with increasing bridge length in models I 
and 11. The splittings obtained in models 111-V are 
appreciably larger and fall off more slowly with bond 
length. Particularly striking are the findings that the 
inclusion of the t’interactions leads to a reduction of 
the ,8h values by about a factor of 2 and that interactions 
that hop over two bonds are also important, leading to 
10-16% reductions in the ,8h values. The &, values 
obtained from model IV are in very good agreement 
with those of the full ab initio calculations, even though 
interactions between the two parallel main bridges, in- 
teractions involving the methylene bridges and the C-H 
bonds, and interactions involving u* orbitals are ne- 
glected. It is clear from the T+,T- splittings and the ,8h 
values obtained from model IV, model V, and the HF 
calculations that the good agreement of the results of 
model IV with the HF predictions is, in part, fortuitous. 
In fact, the splittings obtained from model V are ap- 
preciably larger than the HF splittings and the corre- 
sponding ph values, are larger by about one-third than 
those obtained from model IV or from the HF method. 
This implies that the net effect of pathways involving 
d‘ NBOs is to decrease the T+,T- splittings and to cause 
them to drop off more slowly with distance, leading to 
decreased &, values. The good agreement of the &, 
values obtained from model IV with the HF results, is 
due to the fact that there is considerable cancellation 
between contributions due to the various pathways 
neglected in model IV but present in the HF calcula- 
tions. 
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Thus, as expected, the use of basis sets more flexible 
than STO-3G is particularly important for describing 
the coupling between u* NBO's more than two bonds 
removed. 

Although the above discussion shows that long-range 
interactions (Le., those skipping over one or more 
bonds) are very important in the u* manifold, we have 
also noted that the 8, values derived from the I+*,I.* 

splittings for the (8, 9) and (9, 10) pairs of molecules 
are relatively insensitive to the basis set. These two 
observations appear to be inconsistent, but can be 
reconciled by the fact that there is considerable can- 
cellation between various pathways contributing to the 
I+*,T-* splittings in these compounds. 

As was noted above, the MO calculations on 6 and 
7 show that for these species, the I+* orbital is stabi- 
lized and the I.* orbital destabilized with respect to the 
I* orbital of ethylene. This indicates that interactions 
involving u NBOs must also be important for the 
*+*,I.* splittings. The NBO analysis shows that the 
matrix elements coupling the rL and the xL* NBOs 
with the C2-C3 u and u* NBOs are all comparable in 
magnitudes, as are the matrix elements coupling the IL 
and the rL* NBOs with the C,-C, u and ut NBOs. 
This is contrary to our earlier hypothesis," that matrix 
elements coupling the localized I and I* orbitals with 
the nearby localized u orbitals should be appreciably 
larger than those coupling the localized I and I* or- 
bitals to the corresponding localized u* orbitals. The 
greater importance of I * / U  than T / U *  mixing, in fact, 
appears to be due to differences in how the different 
interactions are propagated along the bridges. A de- 
tailed analysis of this phenomenon will undoubtedly 
require consideration of coupling between u and u* 
NBO's associated with different bonds. With the 
STO-3G basis set the matrix elements between u and 
o* NBOs associated with adjacent C-C bonds are about 
1 eV in magnitude as are those between u and 0' NBOs 
separated by one bond. 

VI .  Conclusions 

In this work we have examined the I + J .  splittings 
of a series of dienes with the ethylenic groups separated 
by saturated bridges containing 4-12 CJ2 u bonds. The 
calculated splittings display small, but significant, de- 
viations from an exponential dependence on the num- 
ber of bonds in the bridge, with the deviations being 
most important for the shorter bridges. 

An analysis of the pathways important for the I+,?.. 
splittings has been carried out using NBO's. Thls 
analysis revealed that nonexponential distance depen- 
dence of the splittings can originate from pathways that 
skip over bonds, both because some of these pathways 
have an intrinsically nonexponential distance (Le., n) 
dependence and because certain pathways that are im- 
portant for the longer bridges do not have counterparts 
for the shorter bridges. The inclusion of pathways that 
allow for interactions that skip over bonds is important, 
not only to account for the deviations of the splittings 
from an exponential distance dependence, but also for 
obtaining even qualitatively accurate splittings. In- 
teractions skipping over one or more bonds of the bridge 
are more important for describing TB coupling in- 
volving localized u* than localized u MOs. It should 
be stressed that this behavior has been observed for 

.. 

lbl A E h = - U q =  0.58cV 

W 
T" 

Figure 6. Pathways contributing to the TB coupling of the T* 

NBOs of 6 via e* NBOs of the bridge. 

For model I11 the *+,I. splittings and the Oh values 
obtained with the 3-21G basis set are nearly the same 
as those obtained with the STO-3G basis set. This is 
not surprising, since the longest range interactions 
permitted in this model are those that skip over one 
bond. On the other hand, for model IV, which also 
includes t"interactions, that skip over two bonds, the 
Bh values obtained with the 3-21G basis set are appre- 
ciably smaller than those obtained with the STO-3G 
basis set. The Bh values obtained from the full HF 
calculations undergo similar reductions when the 3-21G 
basis set is used in place of the STO-3G basis set, once 
again showing that model IV "captures" many of the 
essential features of the full HF calculations. 

We now consider briefly the interactions responsible 
for the splittings between the I* orbitals. For 6 the 
I+,I. splitting obtained for the 'clsrrsic" McConneU-type 
pathway, shown in Figure 6a, is about a factor of 12 
smaller than that obtained from the MO calculations. 
A significant increase in the T+*,I.* splitting results 
from inclusion of coupling of the I* NBOs to the C-C 
u* NBOs three bonds removed, as shown in Figure 6b. 
In fact, for 6 the contribution of pathway h (A&,* = 
-8T"TI/A* = 0.58 eV) is about two-thirds as large as 
the ab initio splitting of 0.86 eV. The T* and T" in- 
teraction matrix elements (shown in Figure 6) are the 
analogues of T and T' and give the coupling of the 
localized I* orbitals with the C-C u* orbitals of the 
bridge. A* is the energy gap between the I* and C-C 
u* NBOs. 

Interactions along the bridge that skip over bonds are 
more important in the u* manifold than in the u ma- 
nifold. In fact, the matrix elements between the 
next-nearest-neighbor u* orbitals are actually somewhat 
larger in magnitude than those between the nearest- 
neighbor ut orbitals (i.e., t" > t*), and the matrix el- 
ements (t'") between u* orbitals two bonds removed 
are about 60% as large (in magnitude) on the average 
as the t* interactions. Even t"" interactions (those 
skipping over three bonds) between u* NBOs are siz- 
able. It should be noted that t* is about 8 times smaller 
than t ,  t" is comparable to t'in magnitude, and t'" is 
about 2.5 times larger than t" in magnitude. Thus, 
although and t ' / A  are comparable in magnitude, 
( t " / A * )  is about 1 order of magnitude greater than 
(t*/A*)*. Examination of the STO-3G and 3-21G Fock 
matrices in terms of NBOs reveals that although the 
t* and t" matrix elements actually decrease somewhat 
in magnitude upon going from the STO-3G to the 3-21G 
basis sets, the t'" and t"" matrix elements are signif- 
icantly larger in magnitude in the 3-21G basis set. 
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eV, respectively, approximately 2 and 5 times larger 
than the T+,A- splittings of 6 and 7, respectively. The 
calculated ?r+*,?r-* splittings of 31 and 32 are 1.43 and 
0.44 eV, respectively, again much larger than those of 
the corresponding hydrocarbons. An examination of 
the Fock matrix over NBO’s reveals that both T / A  and 
some of the t / A  interactions are appreciably larger in 
magnitude in the silicon derivatives than in the parent 
hydrocarbons. Consequently, a perturbative approach 
is of little value in analyzing the contributions of various 
pathways in 31 and 32. However, the procedure de- 
scribed in section V, in which one diagonalizes NBO 
matrices, retaining various subsets of the possible in- 
teractions, is still applicable. 

In addition to providing a more detailed under- 
standing of the factors determining the splittings in 
D-B-A compounds, the NBO procedure provides a 
method of predicting the *+,A- and ?r+*,?r-* splittings 
of molecules with long bridges by using matrix elements 
determined from ab initio calculations on smaller 
molecules. This is possible because the matrix elements 
over NBO’s are, to a very good approximation, trans- 
ferable. For example, the matrix element giving the 
coupling between the u NBO’s of the Cz-C3 and C3-C4 
bonds is nearly the same for each of the dienes 6-10. 
The transferability of localized orbitals and their utility 
for studying through-bond interactions was noted well 
over a decade ago by Heilbronner and co-workers and 
by Imamura and Ohasaku,= but it is only over the past 
few years that various researchers have begun to use 
this technique for elucidating the factors contributing 
to the electronic coupling responsible for electron and 
hole transfer in donor-bridge-acceptor 

From the examination of the NBO matrices it is seen 
that the interaction elements between N B O s  separated 
by four or more bonds are very small even in the case 
of the u* NBO’s. Hence it should be possible to ignore 
all such matrix elements without introducing sizable 
errors in the a+,?r- or ?r+*,?r-* splittings. Moreover, due 
to the transferability of the matrix elements between 
molecules, we conclude that one could determine all 
matrix elements needed for accurately predicting the 
splittings of 9, 10, and longer members in this series 
from a Hartree-Fock/NBO analysis of 8, or perhaps 
even 6. It should also be possible to obtain all matrix 
elements needed for predicting the ?r+,?r- (or ?r+*,?r-*) 

splittings in 11-15 by combining the matrix elements 
describing the coupling, to the bridge (T, T’, etc.) from 
a HF/NBO analysis of 11 with the various matrix ele- 
menta describing propagation along the bridge ( t ,  t’, t”, 
etc.) obtained from the NBO analysis of 8. This ap- 
proach for predicting the electronic couplings in such 
molecules requires orders of magnitude less computa- 
tional time than would ab initio electronic structure 
calculations. 
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other saturated bridges, including those involving n- 
alkanes, cyclohexane, [ l.l.l]bicyclopentane, and 
[2.2.2] bicyclooctane ~ n i t s . ~ ~ B ~  

The analysis used in examining the role of various 
pathways (e.g., eqs 24,27, and 28) contributing to the 
TB coupling in the ?r manifold was based on pertur- 
bation theory and would cease to be valid if t / A  or T / A  
were not much less than 1 in magnitude. For 6-10, T / A  
is approximately equal to and the various t / A  terms 
are close to 1/3 in magnitude. These coupling constants 
are large enough that the corrections to the simple 
perturbation treatment involving retracing interactions 
are non-negligible. However, as shown in the Appendix, 
some of the corrections to the perturbation theoretical 
approach described in the main body of the paper are 
positive and others are negative, with the result that 
there is appreciable cancellation between these terms. 

A nonperturbative approach, in which one retains 
only subsets of the matrix elements over NBO’s, was 
also considered. This approach accounts for retracing 
terms to all orders and is applicable even if the various 
t / A  or T / A  quantities are not small. Within this 
scheme, we presented a simple model (designated model 
IV) which, although it retains only a small subset of the 
possible interactions, accounts in a semiquantitative 
manner for the ?r+,?r- splittings and their distance de- 
pendence. However, even in this case, the success of 
the model depends, in part, upon the fact that the 
contributions of various neglected pathways tend to 
cancel. 

So far we have focused our attention on the distance 
dependence of TB interactions. Although this depen- 
dence has great relevance to electron- and energy- 
transfer processes, another important factor is the 
strength of the interactions for a given distance. We 
have initiated theoretical studies to obtain a better 
understanding of the factors that determine the cou- 
pling strength and with the goal of designing bridges 
which would be more effective for electron and energy 
transfer. Our preliminary studies have focused on ap- 
propriately substituted polysilanorbornyl systems such 
as 31 and 32.43 The reason for choosing these species 

3 1  

32 

is that the replacement of carbon atoms by silicon at- 
oms at  the indicated positions should greatly increase 
P / A ,  both because the C S i  u NBO has a higher energy 
than the C-C u NBO and because the C-Si NBO is 
polarized toward the C atom, which should lead to an 
enhanced overlap with the ?r NBO over that for the C-C 
u NBO in the corresponding hydrocarbons. Similarly, 
we expect enhanced coupling of the ?r* N B O s ,  with the 
C-Si u* and u NBO’s. Indeed, calculations on 31 and 
32, which are Si-substituted analogues of 6 and 7 show 
that the introduction of the Si atoms leads to enhanced 
?r+,?r- and T+*,A-* splittings. With the STO-3G basis 
set, the ?r+,?r- splittings of 31 and 32 are 1.91 and 1.53 

Appendix: Influence of the Terminal C-C Bonds 

In the perturbative analysis interactions involving the 
C1-C2 and CN-l-CN bonds of the main bridge were ne- 



L-nge Throughgond-Mediated Electronic Coupling 

glected. From examination of the STO-3G NBO matrix 
of 6 it is seen that the matrix elements between the rL 
NBO and the ul, u2, and u3 NBO's are 0.48, 1.38, and 
4.38 eV, respectively. The latter two matrix elements 
are T and TI, considered in the main body of the paper. 
The matrix element between rL and ul NBO's (or be- 
tween rR and u4), denoted as P, is comparable in 
magnitude to T'. However, the P coupling to the 
bridge proves important for the r+,r- splitting only if 
the u1 and u4 NBO's are allowed to couple to the other 
u NBO's of the bridge, which leads to additional factors 
of ( t /A)2 or t / A  not present when the coupling to the 
bridge occurs via T! Thus, both the relatively small 
magnitude of P and the fact that coupling to the 
bridge via T+ rather than via T or TI, effectively 
lengthens the bridge along which the coupling must 
occur, requiring additional relays, tend to make these 
interactions small in magnitude. 

In order to estimate the importance of terms involv- 
ing Tc coupling to the bridge, it suffices to restrict our 
attention to the case in which propagation along the 
main bridge occurs via nearest-neighbor (Le, t-type) 
interactions. For 6, the following terms involving Tc 
coupling contribute to the r+,r- splitting: -8(TP/  
A)(t/ A)2, -4( P 2 / A )  ( t /  A)3, and -8( T P /  A)(t/A), where 
multiplicative factors accounting for the presence of 
equivalent pathways have been included. Of these, the 
first and third terms, which are negative, dominate. 
Combined, the contribution to these three terms to the 
T+,T- splitting is about 14% as large (in magnitude) as 
that due to the sum of the interactions given in eq 14 
and 17. Although, the net effect of these interactions 
terms involving P is to decrease the splitting, there are 
other interactions involving the terminal u bonds, to be 
discussed below, which act so as to increase the r+,r- 
splitting. 

The r+,r- splitting obtained by adding the general- 
ized form of the above three interactions to eq 27 is 
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respectively, than the -4(P/A)(t/A) and -8TT'/A 
contributions considered previously. Moreover, both 
of these terms are positive, and thus act 80 as to increase 
the u+,r- splitting in 6. In the general case, the effect 
of these additional interactions involving the terminal 
Q bonds can also be absorbed into an effective T cou- 
pling and, hence, are not expected to prove important 
for the distance dependence of the splittings (Le., for 
determining the j3 values). 

If one includes the coupling of the terminal C-C u 
bonds to the other u bonds of the main bridge, then for 
consistency, one should also include other interactions 
involving retracing, e.g., between u3 and u4 in 6. How- 
ever, the number of such terms depends on the length 
of the bridge. Thus, these pathways are analogous to 
those involving interactions that skip over bonds, in 
that their presence introduces deviations from expo- 
nential behavior and prevents a perfect factorization 
of the splitting into a term describing the coupling to 
the bridge and a term describing the propagation along 
the bridge. 

Registry No. 6, 83602-18-0; 7, 83830-72-2; 8, 83797-20-0; 9, 
128300-59-4; 10, 138060-37-4. 

AE = -4(F/A)(t/A)n-3 - 8(TT'/A)(t/A)n4 - 
8(TP/A)(t/A)n-2 - 4 ( P  '/A)(t/A)"-' - 

4(T'2/A)(t/A)n-5 - 8(T'T+/A)(t/A)n-3 (Al)  

All of the terms on the right hand side of A1 equation 
can be combined to give an expression of the form 
-4(p/A)(t/A)n-3, where = (T + T'A/t + P t / A )  is 
an effective coupling to the bridge. Hence, providing 
that coupling pathways along the bridge that skip over 
bonds and those which involve retracing are ignored, 
the additional interactions involving P coupling do not 
influence the distance dependence of the splittings. 

Even in the absence of the P coupling mechanism, 
the terminal C-C bonds of the main bridges are ex- 
pected to influence the r+,r- splittings since they raise 
the energies of the high-lying delocalized Q orbitals. In 
order to illustrate the nature of such interactions, we 
again restrict ourselves to the case that the coupling 
along the chain occurs via nearest-neighbor (i.e., t )  in- 
teractions and coupling to the bridge occurs via T and 
T'interactions. In this case for 6, there are two addi- 
tional contributions to the T+,P- splitting, -8( F / A ) -  

and -8(TT'/A)(t/A)', which are shown in Figure 
4, parts e and f, respectively. Both of these terms in- 
volve retracing interactions with the ul (or u4) NBO's, 
and thus are smaller by factors of 2(t/A)2 and (t/A)2, 
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