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Abstract: A systematic determination of electronic coupling matrix elements in U-shaped molecules is
demonstrated. The unique architecture of these systems allows for the determination of the electronic
coupling through a pendant molecular moiety that resides between the donor and acceptor groups; this
moiety quantifies the efficiency of electron tunneling through nonbonded contacts. Experimental electron-
transfer rate constants and reaction free energies are used to calibrate a molecular-based model that
describes the solvation energy. This approach makes it possible to experimentally determine electronic
couplings and compare them with computational values.

Introduction strated significant electronic couplings mediated through cova-
lent bonds, through hydrogen bondsand through solvent
molecules’® This work gquantifies the electronic coupling
through molecular moieties in van der Waals contact.

The U-shaped DBA systems designed by the Zifihand
Paddon-RoW!3 groups provide insight into the nature of
nonadiabatic electron-transfer processes that involve electron
tunneling through solvent molecules. These systems have the

Electron transfer is a fundamental chemical process of
immense scientific and technological importance. Consequently,
it has received much attentiéiThis study evaluates the electron
tunneling efficiency between electron donor and acceptor groups
by way of noncovalent molecular contacts. The tunneling
efficiency is quantified by the electronic coupling matrix
element, |V|, which characterizes the electronic interaction
between an electron donor (D) and acceptor (A). Donor-bridge- (6) (a) Paddon-Row, M. N.; Jordan, K. D. Modern Models of Bonding and

Delocalization Liebman, J. F., Greenberg, A., Eds.; VCH Publishers: New
acceptor (DBA) molecules have been successfully used to York, 1988; Vol. 6, p 115. (b) Shephard, M. J.; Paddon-Row, M. N., Jordan,
address important issues in electron transfer because they  K.D.Chem. Physl993 176 289. (c) Paddon-Row, M. N.; Shephard, M.

J.J. Am. Chem. S0d.997, 119, 5355.
provide systematic control over molecular properties such as (7) (a) Roberts, J. A.; Kirby, J. p Nocera, D. G.Am. Chem. Sod.995

117, 8051. (b) de Rege P. J. Wllllams S. A,; Therien, MSdience
bridge geometr?’ electronic state symmet?yreactmn free 1995 269 1409. (c) LeCours, S. M.; Philips, C. M,; DePauIa, J. C.; Therien,
energy;} and others. Electron transfer in DBA molecules can M. J.J. Am. Chem. 801997, 119, 12578. (d) Arimura, T.; Brown, C. T.;

i i Springs, S. L.; Sessler, J. Chem. Commurl996 2293.
be viewed as a superexchange mechanism that occurs through(s) (& Lokan. N_R.. Craig. D. C.. Paddon-Row, M. Syniett1999 397. (b)

the orbitals of the intervening medium along a path between Lokan, N. R.; Paddon-Row, M. N.; Koeberg, M.; Verhoeven, JJWAM.

; _ Chem. Soc200Q 122 5075. (c) Koeberg, M.; de Groot, M.; Verhoeven,
the donor and acceptor grou?;ﬁiecent studies have demon J. W,; Lokan, N. R.; Shephard, M. J.; Paddon-Row, MJNPhys. Chem.
2001, 105 3417. (d) Jolliffe, K. A.; Bell, T. D. M.; Ghiggino, K. P.; Jordan,
K.; Langford, S. J.; Paddon-Row, M. Mngew. Chem., Int. EA.998 37,
916. (e) Jolliffe, K. A.; Langford, S. J.; Oliver, A. M.; Shephard, M. J.;
Paddon-Row, M. NChem:Eur. J.1999 5, 2518. () Bell, T. D. M.; Jolliffe,

*To whom correspondence should be addressed. E-mail: (D.H.W.)
dave@pitt.edu; (M.N.P.-R.) M.PaddonRow@unsw.edu.au.

ICh?‘de State College. K. A.; Ghiggino, K. P.; Oliver, A. M.; Shephard, M. J.; Langford, S. J.;
University of Pittsburgh. Paddon-Row, M. NJ. Am. Chem. So@00Q 122, 10661. (g) Goes, M.;
§ University of New South Wales. de Groot, M.; Koeberg, M.; Verhoeven, J. W.; Lokan, N. R.; Shephard,
(1) (a) Balzani, V., Ed.Electron Transfer in ChemistryWiley—VCH: M. J.; Paddon-Row, M. NJ. Phys. Chem. 2001, 105 3417.
Weinheim, 2001. (b) Barbara, P. F.; Meyer, T. J.; Ratner, MJAPhys. (9) Kumar, K.; Lin, Z.; Waldeck, D. H.; Zimmt, M. BJ. Am. Chem. Soc.
Chem.1996 100, 13148. (c) Electron TransfefFrom Isolated Molecules 1996 118 243.
to BiomoleculesAdv. Chem. Phys Jortner, J., Bixon, M., Eds.; Wiley: (10) (a) Kumar, K.; Kurnikov, I.; Beratan, D. N.; Waldeck, D. H.; Zimmt, M.
New York, 1999. B. J. Phys. Chem. A998 102, 5529. (b) Read, I.; Napper, A.; Kaplan,
(2) (a) Hush, N. S.; Paddon-Row, M. N.; Cotsaris, E.; Oevering, H.; Verhoeven, R.; Zimmt, M. B.; Waldeck, D. HJ. Am. Chem. S0d.999 121, 10976.
J. W.; Heppener, MChem. Phys. Lettl985 117, 8. (b) Oliver, A. M.; (c) Napper, A. M.; Read, |.; Kaplan, R.; Zimmt, M. B.; Waldeck, D.H.
Craig, D. C.; Paddon-Row, M. N.; Kroon, J.; Verhoeven, J. @#hem. Phys. Chem. R002 in press.
Phys. Lett1988 150, 366. (c) Johnson, M. D.; Miller, J. R.; Green, N. S; (11) (a) Kaplan, R.; Napper, A. M.; Waldeck, D. H.; Zimmt, M. B.Am. Chem.
Closs, G. L.J. Phys. Chem1989 93, 1173. (d) Paddon-Row, M. Mcc. Soc.2002 submitted. (b) Kaplan, R.; Napper, A.; Waldeck, D. H.; Zimmt,
Chem. Res1994 27, 18. M. B. J. Am. Chem. So@00Q 122, 12039. (c) Napper, A. M.; Read, |.;
(3) (a) Zeng, Y.; Zimmt, M. BJ. Phys. Chenil992 96, 8395. (b) Oliver, A. Waldeck, D. H.; Kaplan, R. W.; Zimmt, M. Bl. Phys. Chem. B002 in
M.; Paddon-Row, M. N.; Kroon, J.; Verhoeven, J. @hem. Phys. Lett. press.
1992 191, 371. (12) Head, N. J.; Oliver, A. M.; Look, K.; Lokan, N. R.; Jones, G. A.; Paddon-
(4) Closs, G. L.; Miller, J. RSciencel988 240, 440. Row, M. N. Angew. Chem., Int. EA.999 38, 3219.
(5) (a) Newton, M. D.Adv. Chem. Phys1999 106, 303. (b) Jordan, K. D; (13) Napper, A. M.; Read, |.; Waldeck, D. H.; Head, N. J.; Oliver, A. M.;
Paddon-Row, M. NChem. Re. 1992 92, 395. Paddon-Row, M. NJ. Am. Chem. SoQ00Q 122, 5220.
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Chart 1

3

donor and acceptor groups connected by a highly curved, rigid, toluene and mesitylene solvents and combines it with earlier
covalent bridging unit that holds them apart at a fixed distance daté® obtained in CHCl,, THF, and acetonitrile solvents.
and orientation. An increase in the electron-transfer rate constantElectronic structure calculations and the experimental free
has been observed in such systems when solvents of appropriatenergies of reaction in the aromatic solvent are used to calibrate
sizes and orbital energetics are used. This increase has beea molecular solvation model and subsequently determine the
ascribed to the occupation of the interior cavity by a solvent values of the electronic coupling matrix element foand 2.
molecule(s), for example, benzene or benzonitrile, that allows The electronic couplings are then compared with those calcu-
for an enhancedine-of-sight electron tunneling between the lated for a model system.
donor and acceptor groups, as opposed to a longer, through- A frequently applied analysis of the electron-transfer rate
bond, coupling pathway occurring via the U-shaped bridge. The constant relies upon a semiclassical version of the Marcus
electronic couplings determined in these systems can beexpression. In this treatment, the solute high-frequency intramo-
correlated to the size of the solvent moleé@fland its electronic lecular degrees of freedom, which are coupled to the charge
charactet! However, these systems do not provide direct separation process, are treated as a single effective quantum
experimental evidence for the presence of a solvent moleculevibrational mode, and the low-frequency intramolecular and
within the cleft. solvent modes are treated classically, so that the rate constant
More recently, Paddon-Row et ¥.have constructed su- can be expressed as
pramolecular systems in which a pendant group, covalently

attached to the intervening bridge, occupies the interior of the 27VPE 2 ]S —(AG+ 4, + nhw)
cleft (Chart 1). Comparison of the electron-transfer rates for Kot = —Z}e - ex (1)
three different systems], 2, and 3,'® were measured as a Ay 44 ks T n 4ok T

function of solvent polarity. It was shown that when an aromatic

moiety is positioned in théne-of-sightbetween the donor and  where A(G is the reaction free-energy, is the outer-sphere
acceptor pair, as ifh, the observed rate constant is significantly (solvent) reorganization energy, is the frequency of the
higher than systems in which it is not present, ag,ior is not effective vibrational mode, an8 is the Huang-Rhys factor
in the line-of-sight, as in3.12 The current work quantitatively ~ given as the ratio of the inner-sphere reorganization enérgy,
analyzes the electron-transfer rate data for systeusd 2 in to the quantized mode energy spacing/hf).1° The electron-
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Chart 2 Table 1. Selected Data for the Ground and CS States of 4—7 and

7' Obtained from Geometry Optimizations at the (U)HF/3-21G

Level
R R o P charge

4R=H system state (0] (A) (deg) (O) DMN DCV imide?
oRIMe 4 Arground 10.90 11.43 6.01 0.06+0.191 —0.377
7R—nf-’hr A" CS 6.50 9.56 389 12.84 0.836-0.726 —0.340
B 5 1A' ground 10.78 11.38 5.59 0.059-0.192 —0.358
MeO A" CS 6.59 9.33 33.4 14.81 0.845-0.718 —0.324
6 1A’ ground 10.70 11.33 5.25 0.058-0.192 —0.353
A" CS 9.03 11.02 36.5 30.81 0.906-0.749 —0.382
7 A’'ground 10.97 11.45 5.75 0.069-0.187 —0.394
transfer rate constants predicted by eq 1 are a strong function A" CS 8.75 10.86 34.4 28.64 0.893-0.751 —0.378
of the parameter set used, and an accurate determination of these? ‘A" CS 30.53 0.904-0.768 —0.381

parameters is necessary when _drawmg comparls_ons with 2 The center-to-center separation between the chromophores (see Figure
experimental rate data. The quantities and 4; are typically 1).® The bridge edge-to-edge separation (see Figuré e degree of
evaluated using a combination of experimental charge-transferpyramidalization of the DCV group (see Figure 1JThe charge on the R
spectra and ab initio calculations. Usually,G is estimated ~ 970UP S &lso included in the total charge on the imide group.
through experimental redox data and dielectric continuum energy state of that particular state symmetry and multiplicity. As the
corrections to the solvation energy. This approach is not CS states of—7 posses#A” state symmetry, that criterion is satisfied
appropriate in weakly polar and nonpolar solvents, however. in these molecules. All calculations were carried out using the Gaussian
In this study,A,G is obtained in nonpolar aromatic solvents 98 progrant?
from an analysis of the kinetic data using a two-state model. ~ Salient geometric features of the ground and CS statds-@fare
The model assumes that an equilibrium exists between theSummarized in Table 1. The ground-state geometriegifof are all
locally excited state and the charge-separated species and permifé.e?;ls'?”f"* W't:: :Cve R ?TIOLIJDpMOI\TIy Zal\Dn(r:]\% a small _:_r;]flug_ncTZf’/o) .
evaluation of the forward and backward electron-transfer rate °" ¢ €IS:ance betwveenhe an groups. 'he dipole momen
. varies little (5.3-6.0 D), and the total charges on the DMN, DCV,
constants. These data are used to calibrate a molecular-base

. 15 . X nd imide chromophores show little change in going fréro 7. It
solvation modeft>that is able to reproduce the experimental should be pointed out that the ground-state optimized geometry of the

A/G(T) values. The same model is used to predict the temper- N.phenyl system7, was constrained to hav@ symmetry, with the
ature dependence @§. The electronic couplingv| and,(295 phenyl ring lying in the plane of the imide group, and hence parallel
K) are obtained by fitting the experimental rate constant data with the DMN and DCV groups. This is not the global minimum,
using theA,G and di/dT values from the model in conjunction  however; that structure corresponds to the configuration, 1.35 kcal/

with A; andv values taken from charge-transfer speétfes mol more stable than th@ structure, where the phenyl ring is rotated
) ) ] 71° out of the imide plane. Similarly, thé-n-propyl system,6,
Experimental and Computational Details possesses a global minimum structure similar to, but 0.23 kcal/mol

lower in energy than, theCs symmetric structure used in these
fcalculations. However, because the UHF level geometry optimization
calculation of the CS state required that the molecule possess some
symmetry, theCs symmetry structures were used rather than the global

Time-resolved fluorescence kinetics bfand 2 were measured in
toluene and mesitylene as a function of temperature. Comparison o
the fluorescence decay kinetics with that of the donor-only reference
molecules InoA and2noA) allowed the electron-transfer rate constants o
to be obtained. In all cases, the molecule’s excited decay law was foundMinima structures fo6 and 7. o _ _
to be biexponential’ This finding is consistent with a small reaction In general, there is much to criticize in using a single determinant

free energy for charge separatianG. A previous studi? measured UHF wave function to calculate excited states. Not only does it neglect
the electron-transfer kinetics fot and 2 in CH,Cl,, THE, and electron correlation, but it fails to give a qualitatively correct description

acetonitrile. In these three solvents, a single-exponential decay was®f the open-shell singlet excited-state wave functiothe zeroth-order
observed, consistent with a larger reaction driving force. Simple Wave function of such states is biconfigurational. Consequently, the

continuum calculations suggest that the increased dipolar nature of thesa”HF wave function for singlet excited states is severely spin contami-
solvents leads to an increase in the magnitude AfG. nated. Indeed, we find thas2(~ 1 for the UHF CS singlet CS states

The preparation of the electron-transfer moleculeand 2 was of 4=7, implying ca. 50:50 singlettriplet mixing. The use of such a

reported previousl§?2 The solvents were purified in the manner Iqw level of theory (UHF) to calcylate reliable relaxed geometries and
described previousip dipole moments (but not energies) of CS states has been addressed

The ground and charge-separated (CS) states of the imido systemsand fully justified in earlie'r [_)ublicationka:l_g In partic_ular, we have
4—7 were studied computationally (Chart 2). Ground-state geometries 10und that UHF/3-21G optimized geometries and dipole moments for

of 4—7 were optimized at the RHF/3-21G level, whereas the excited giant CS singlet states related to those studied here are almost the same

singlet CS states were optimized at the UHF/3-21G level. It has been @S t0se calculated using higher levels of theory, such as CIS which,
found that the UHF level of theory provides satisfactory optimized being multideterminantal, does not lead to spin contamination of the
geometries of CS staté%!® provided that the CS state is the lowest

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

(14) Read, |.; Napper, A. M.; Zimmt, M. B.; Waldeck, D. Bl. Phys. Chem. A R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
200Q 104, 9385. K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
(15) Matyushov, D. V.; Voth, G. AJ. Chem. Phys1999 111, 3630. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
(16) (a) Marcus, R. AJ. Phys. Chem1989 93, 3078. (b) Lilichenko, M.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Tittelbach-Helmrich, D.; Verhoeven, J. W.; Gould, I. R.; Myers, A.B. Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
Chem. Phys1998 109, 10958. J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
(17) As described in an earlier repéttthe fluorescence decay also shows a Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
contribution from an impurity that corresponds to the donor only compound, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
but this feature is accounted for in the data fitting. Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
(18) Shephard, M. J.; Paddon-Row, M. l.Phys. Chem1999 103 3347. M.; Replogle, E. S.; Pople, J. &aussian 98Gaussian, Inc.: Pittsburgh,
(19) Shephard, M. J.; Paddon-Row, M. 8l.Phys. Chem200Q 104, 11628. PA, 1998.

J. AM. CHEM. SOC. = VOL. 124, NO. 34, 2002 10173



ARTICLES Napper et al.

Chart 3

singlet CS-state wave function. We have also found that, at the UHF, molecules. The electron-transfer rate constan® af toluene

CIS, and DFT levels of theory, triplet CS-state relaxed geometries and was found to be less than 2 108 s 1 at 293 and 333 K. In
dipole moments of a variety of bichromophoric systems reported in contrast, the electron-transfer rate constart iof toluene was

ref 18 are practically identical to those calculated for the respective found to be 29x 108 s! at 327 K, and the electron-transfer
singlet CS states. This finding is not unexpected, given that charge rate constant of in toluene was found to be 16 108 s at
separation is practically complete in the CS states of these giant 327 K. A comprehensive set of electron-transfer rate constant
bichromophoric systems and that the two radical ion chromophores data f6r1 and2 as a function of temperature is provided in the

are onlyweakly couplepthat is, the CS states may be regarded as two . . .
isolated radical ions interacting almost exclusively by Coulombic Supporting Information. These data show that in the caske of

attraction. Consequently, both singlet and triplet wave functions are and 2 the through-bond coupling mechanism is only weakly
expected to have nearly the same spatial distribution. This explains present, having only a minor influence on the overall coupling.
why — notwithstanding severe spin contamination, amounting to 50:  Determination of 4; and hv. Charge-transfer absorption and

50 singlet-triplet mixing — the UHF relaxed singlet CS-state geom-  emission band shape analysis provide an effective means of
etries and dipole moments should be of acceptable quality. Last, the determining the internal reorganization energy associated with
geometry for7 was optimized at the CIS/3-21G level and compared 0 the electron donor and acceptor groups. For an electron-transfer
that obtained at the UHF level. The geometry and dipole moments of reaction that is coupled to a single, effective, high-frequency

the CS singlet state are nearly the same in the two calculations. The_ . . - L
CIS dipole moment is 28.56 D, as compared to 28.64 D (reported in vibrational mode, the emission band shaig&E) is given by

Table 1). The only noticeable geometric difference is in the pyrami-

dalization anglef in Table 1) about the DCV group; at the UHF level, L(AE) = - o st _ (AG+ AE+ nfw + ’10)
itis 34.4, whereas at the CIS/3-21G level, it is 28.Zhis discrepancy (AE) =exp(-9 _| ex
o . . f=on! 4 ks T
is quite small and does not impact the conclusions. o
(2)

Evaluation of Through-Bond Mediated Electron where AE is the photon energy. In practice, the fitting treats
Transfer AG, hv, A, and/, as adjustable parameters and often gives

Given the U-shaped architecture of moleculeand 2, the several parameter sets that provide adequate fits. By combining

intervening pendant group should mediate electron transferthis analysis with quantum chemical calculations, a suitable
between the donor and acceptor chromophores in preference tdange of parameter values can be establidhed.

the two chromophores, coupling via the orbitals of the con- ~ Charge-Transfer Spectra.In the present work, the internal
necting bridge in @hrough-bondpr superexchange, mechanism. reorganization energy is determined using the charge-transfer
The through-bond mechanism has been extensively studied in@bsorption and emission spectra for a related compa@irid,
similar system&! The importance of the through-bond coupling hexané?22Although 9 has a different bridge structure than

mechanism, which may be in operationliand2, to the overall those of1 and2, it has the same donor and acceptor groups
electronic coupling was assessed by comparing the electron-2nd can reliably be used to quantify the internal reorganization
transfer rate ol and2 with that of a reference syste®(Chart parameters, because they are primarily associated with the

3). SystenB possesses a bridge with the same number of bondsgeometry changes of the donor and acceptor upon electron
||nk|ng the donor and acceptor Chromophores as in mo|ecu|estran5fer. The Stokes Shls, is related to the total reorganization

1 and2; however, it does not possess the U-shaped architecture €nergy through
so that the most direct coupling of the donor and acceptor is

via the bonds of the bridge and not through any solvent B=2(,+4) )

(21) (a) Warman, J. M.; de Haas, M. P.; Paddon-Row, M. N.; Cotsaris, E.; Hush, and th? Sto_kes shift fc_ﬁ in hexane isB _1'26 ev. Assumlng
N.'S.; Oevering, H.; Verhoeven, J. \Mature1986 320, 615. (b) Penfield, that 4, in this solvent is zero, one obtains a value of 0.63 eV
K. W.; Miller, J. R.; Paddon-Row, M. N.; Cotsaris, E.; Oliver, A. M.; Hush, . ;
N.S.J. Am. Chem. S04987 109 5061, (¢) Warman, J. M. dé Haas, M. for Ai. The frequency of the effective quantum mode can be
P.; Verhoeven, J. W.; Paddon-Row, M. Ndv. Chem. Phys1999 106,
571. (d) Oevering, H.; Verhoeven, J. W.; Paddon-Row, M. N.; Warman, J. (22) Oevering, H.; Paddon-Row, M. N.; Heppener, H.; Oliver, A. M.; Cotsaris,
M. Tetrahedron1989 45, 4751. E.; Verhoeven, J. W.; Hush, N. 8. Am. Chem. S0d.987, 109, 9, 3258.
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Chart 4
CN
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in the R; distances between the molecules with small pendant
groups4 (6.50 A) ands (6.59 A), as compared to the molecules
with more bulky pendant group$, (9.03 A) and7 (8.75 A).
This difference arises from the size of theropyl and phenyl

groups, which are fully interposed between the DMN and the
ﬁr DCV groups in6 and7, respectively. The steric bulk of these
groups forces the oppositely charged DMNnd DCV
* chromophores in the CS state to remain further apart despite
the strong Coulomb attraction. In contrast, the H and methyl
m

groups are small enough to allow significant distortion of the

DMN and DCV chromophores to occur. Consequently, the

charge-transfer state dipole moment that was calculated for
molecule7 was used in the calculations of the outer-sphere

reorganization energy and Gibbs free energy of reaction, which
are presented below.

We emphasize that all optimized geometries refer to gas-
phase structures. Consequently, the relaxed gas-phase geometries
of the CS states will be more distorted than those in solvent
because the electrostatic interactions will be attenuated in

Figure 1. Profiles of the ground (left) and CS (right) optimized geometries
for the systemd (top)—7 (bottom) obtained at the (U)HF/3-21G level.

determined from the charge-transfer emission bandwiki;,. solvent. Unfortunately, all attempts so far to calculate relaxed
When the mode frequendy > kgT, the emission bandwidth ~ geometries by including solvent effects (using solvation con-
can be written as tinuum models) have failed, owing to the lack of convergence
in the SCF part of the calculation. Nevertheless, we did manage

(AE,,»)? = 8(In 2)(XTA, + Ah@DD) 4) to calculate the relaxed geometry for the radical anion of

7-dicyanovinylnorbornan€l0, in a solvent continuum having

Assuming that the outer-sphere reorganization energy is zero@ dielectric of 37.5, equivalent to acetonitrile. As with the gas-
in hexane, one finds an average intramolecular mode frequencyPhase structurel,0 displayed a marked pyramidalization about
h@[J) of 1100 cnr! from the emission spectrum shown in ref the DCV group. We therefore believe that our relaxed gas-phase
21d. geometries of CS states reveal structural features that are
Theoretical Calculations. Quantum chemical calculations retained, perhaps to an attenuated degree, in solvents.

indicate that electron transfer can result in dramatic geometrical ~TWo vibrational modes appear to be coupled to the electron
changes between the ground and charge-separated states fdransfer in our systems. First, the formation of the anion involves
these U-shaped molecules, particularly in nonpolar sonédts. @ pyramidalization of the DCV acceptor group and an out-of-
The two major structural features present in the CS-state Plane bending mode (see Chart 4). The frequency associated
geometries, compared to those calculated for the ground statesWith out-of-plane bending of the DCV group, schematically
are the pyramidalization of the DCV radical anion group at C7 depicted byl0a, is 1088 cn*.2* Second, the naphthalene ring
and the degree of distortion in the DMN radical cation group, undergoes a ring deformation upon formation of the cation that
as shown in Figure 1. Some distortion of the connecting bridge Primarily involves stretching modes at1600 cn*. These
also occurs. While the pyramidalization is inherent in the DCV frequencies bracket the 1100 cheffective mode frequency
radical anion specié$;the direction of this pyramidalization ~ found from the analysis of the charge-transfer spectra. Both
and the general distortion of both the DMN group and the bridge results are consistent with the large internal reorganization
arise from the strong Coulomb attraction between the two €nergy observed in these systems. With no information at this
oppositely charged ends of the molecule. For example, the time as to the degree of partitioning of the internal reorganization
center-to-center chromophore separati®®, contracts, on  €nergy with respect to the high-frequency modes, the analysis
average, by 3.6 A, while the bridge’s edge-to-edge separation,is largely limited to the case of a single high-frequency mode
Re, contracts by about 1.5 A (Figure 1 and Table 1). Unlike the of 1600 cntl. This choice is consistent with prior attempts at
ground_State s_tructures, tﬁe andRe values found for the .C.S_ (23) A harmonic frequency calculation was carried out on neutral 7-dicyanovi-
state geometries 04—7 depend on the nature of the imide nylnorbornanel0. The level of theory used was B3LYP/6-38G(d,p)//
substituent group, R. FdR., the range of values for the CS- CB:BLYP/6-31HG(d,p), and the geometry optimization was carried out under

. ] . >, Symmetry constraint. The frequency associated with out-of-plane
state geometries is 2.53 A, whereas for the ground states, itis  bending of the DCV group, schematically depictedlifia is 1132 cn.
0n|y 0.21 A. ForR., the ranges are 1.69 A in the CS states and Applying the recommended scaling factor of 0.9613 gave a corrected

_ R . . . frequency of 1088 cnt; see: Wong, M. WChem. Phys. Letl996 256,
0.11 A in the ground state. Especially noticeable is the difference 391.
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-0.04 r Table 2. Parameters Used in the Molecular Solvation Model
[ B
> -0.08 - - a, solute radius (A) 7.77
o .41 et AvaG (eV) for 1 0.159
K -0.12 - M AvaG (eV) for 2 0.114
® et Ay (A3 6.2
<G -0.16 —~ tex (D) 28.64
tgs (D) 5.75
-0.20 T . toluene polarizability (&) 12.32
250 300 350 400 mesitylene polarizability (4 16.14
Temp, K

Figure 2. The experimental\;G values are plotted fot in toluene () h AwG is the f f th .
and mesitylenelf). The experimental values f@rin mesitylene are shown where Avacs 1S the Tree energy o € process In a vacuum,

asa. The lines show the\G values predicted for all four aromatic systems Agq,,GW is the contribution from first-order dipole, quadrupole,

by the molficul;’:\r mfodel Wllth the p%rametelrsb?w;ndm Tablede- The and induction interactionsAgisgG is the contribution from

experimental values fdt in toluene could not reliably be determined from ; i i ; (2) TR

the fluorescence lifetime data. TG values predicted by the model for dispersion mte_racnor.]s’ a_ij r_epresents .Con'[nbuuon.s from

2in toluene are indicated by the bottom dolashed line. See text for details. Secor.‘d'olrder 'ndUCt'Qn Interactions. De'FaIIS about .thIS model
and its implementation are provided in Appendix A and

analysis using the semiclassical equation in related systems withelsewhere?

dicyanoethylene acceptof® The effect of independently Use of this model requires parameters for both the solute and
partitioning the inner-sphere reorganization energy between twothe solvent. The toluene and mesitylene solvent parameters are
modes, taken to be 990 and 1600 ¢nwas explored to examine  the same as those described in earlier wéikhe solute ground-

its impact on the ratio of the electronic coupling matrix element and excited-state dipole moments were set equal to those
for 1 and2. Calculations of the actual partitioning of the inner- calculated at the UHF/3-21G level f@r(Table 1), 5.75 D for
sphere reorganization energy are underway and will be publishedthe ground state and 28.64 D for the CS state. The polarizability
later. Last, no matter what partitioning was used, the electronic was calculated to be-128 A® for 1 and 124 & for 2.26 Table
coupling was always larger fdr than2. 2 summarizes the other solute parameters. Calibration of the
molecular model requires determination of the parametees,

the solute radiu®,, andAy'. The temperature depende®iG

ArG can be determined from experimental fluorescence values in toluene and mesi’[y|ene, measured Toand 2

lifetime data, provided the locally excited (LE) and charge- (mesitylene only), were simultaneously fit to eq 5 by adjusting
separated states lie close in energy, so that an excited-stat¢hese three parameters.

equilibrium occurd?2425The analysis assumes that the absorp-  The fit of the model to the experimentalG for 1 in toluene,

tion and emission of radiation arise from the LE state of the and1 and2 in mesitylene, and the predicteXiG values for2
donor and allow the rate constarkg; (LE to CS) andkpack in toluene are shown in Figure 2. Given the similarity between
(CS to LE) to be determined. Their ratio is used to compute moleculesl and2, the parameter set was taken to be the same
A/G. This behavior was observed fdrin both toluene and  for both solutes with the exception &f.G. The AyaG value
mesitylene. In toluene and mesitylene, the reaction free energywas chosen independently for the two solutes, so thattBe

for 1 changes systematically with temperature fref®.12 and  value in 2 was more negative than that ip an observation
—0.05 eV (see Figure 2). At higher temperatures, the same effectconsistent with the experimental data. The differencAinG

was observed fo2 in mesitylene. In toluene, the fluorescence  for 1 and2 can be rationalized as the difference in the Coulomb
lifetime decay was clearly dominated by the short time stabilization energies fat and2 in a vacuum. Using effective
component (ca. 99% or greater at all the temperatures), so thatielectric constants for benzene and hexane in Coulomb’s law
it was not possible to accurately determine the reaction free expression, we estimated the Coulomb stabilization energy for
energy for this solvent. In the more polar solvents, THF2CH 2 to be 0.066 eV lower than that fdr2? The resultingA,G

Clp, and CHCN, the CS state is sufficiently stabilized so that values are in qualitative agreement with the experimental data.
the back electron transfer is not observéd. The difference in the value ak,.G for solutesl and2 was

The measured\G values forl (in mesitylene and toluene)  also estimated by treating,.G as an adjustable parameter,
and?2 (in mesitylene only) were used to calibrate a molecular-

based solvation model. The model was then used to predict the(26) The polarizabilities of the molecules were obtained using the HF3=21

. . method and a “divide and conquer” approach. Calculations were performed
temperature dependence &fand the reaction free energy in for analogues of and2 that did not contain the phenyl substituents on the
more polar solvents. The model treats the solute and solvent ~ naphthalene, nor the four GECH; groups on the bridge. This calculation

. . yielded values of 73 Afor the analogue of and 70 & for the analogue

molecules as polarizable hard spheres and accounts for ¢ipole of 2. Independent calculations for the phenyl and ether substituents gave 9
dipole, dipole-quadrupole, induction, and dispersion interac-
tions. A;G is calculated as the sum of four components

Determination of A,G

and 4 A, respectively. The polarizability of and 2 were obtained by
assuming that the polarizabilities of these components were additive and
yielded 107 & for 1 and 103 & for 2. A comparison of calculated
polarizabilities for a range of molecules whose polarizabilities are known
indicated that the calculation systematically underestimated the polarizability
(5) E\% fa fa2ct0r of 0.83. Correction by this factor gives 128fAr 1 and 124

or 2.

(27) The molecular moiety’s polarizability was used to estimate the effective
dielectric constant of the molecular cleft through the ClausMsssatti
relationship. The polarizability perpendicular to the propyl group’s long
axis was taken to be 5.73Aand the polarizability perpendicular to the
phenyl axis was taken to be 7.£8.AThe polarizabilities were taken from:

AG= A, G+ Ay GY + Ay G+ AG?

vac

-

(24) Gu, Y.; Kumar, K,; Lin, A;; Read, |.; Zimmt, M. B.; Waldeck, D..H.
Photochem. Photobiol., A997 105, 189.
(25) (a) Paddon-Row, M. N.; Oliver, A. M.; Warman, J. M.; Smit, K. J.; de

Haas, M. P.; Oevering, H.; Verhoeven, J. W.Phys. Chem1988 92,

6958. (b) Warman, J. M.; Smit, K. J.; de Haas, M. P.; Jonker, S. A.; Paddon-

Row, M. N.; Oliver, A. M.; Kroon, J.; Oevering, H.; Verhoeven, J. W.
Phys. Chem1991, 95, 1979.
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Ma, B.; Lii, J.-H.; Allinger, N. L.J. Comput. Chen00Q 21, 813. The
cleft volume was estimated to be 108.Ahis simple calculation predicts
a shift in the reaction free energy between compouratsd2 that is similar
to the observed difference.
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Table 3. Best Fit |V] and 10(295 K) Values for the Aromatic Table 4. Free Energy and Reorganization Energies for 1 and 2 in
Systems the More Polar Solvents
2(295 K) in 2(295 K) in AG(295K), eV 26(295 K), eV
system V[, em~t toluene, eV mesitylene, eV solvent 1 ) 1 )
: 122 g-gg’ 8"552 THF ~0.37 ~0.42 1.13 1.09
) ’ CH.Cl; —0.37 —0.42 1.20 1.16
CHsCN —0.52 —0.57 1.50 1.50

which was constrained by fitting the experimental Gibbs free
energy data from predictions derived using the molecular
solvation model. The best fit difference of 0.045 eV is quite
close to the observed difference and that which is estimated. 252

aThe reaction free energy was calculated using the molecular model for
solvation. Details may be found in the text and in the Appendix.

[}
The table in Appendix A gives the predictédG values and 248 ]‘}\g
lists the contributions from the different terms in eq 5. * ﬂ"rﬂ!{i
. . . . . . 524.4 =
With a parametrization of the internal reorganization energy x Iy oy
parametersi{ andv) and the reaction free energkG) in hand, =240 M\A
it is possible to fit the temperature-dependent rate data to the 236 —_—
form of eq 1 and obtain values for the electronic coupling 25 27 29 31 33 35 37
parameterfV| and the solvent reorganization energyy This 1000/ T, K"

analysis would be straightforward [¥/| andA, were known to  Figure 3. Experimental rate datakg,) are plotted versus T/ for 1 in
be temperature independent. Althoughj is likely to satisfy toluene (), 1in mesitylene M), 2 in toluene (), and2 in mesitylene 4).
this approximation, the solvent reorganization energy is expected T lines represent the best fits to Egsee text for details.

to be temperature dependent because the solvation of the solute 25.0
by the solvent is temperature dependent. For this reason, the
molecular model that is parametrized to the reaction free energy <
data is used to treat the temperature dependence of the solvent ki
reorganization energy. The temperature-dependent rate constant E
data can then be used to extract the best fit parameters for the

electronic coupling parametgy| and the solvent reorganization

energy at 295 K4,(295 K).

2.8 3 32 34 3.6 3.8
1000/ T, K"

Determination of 4, Figure 4. Experimental rate datdi;) are plotted versus T/ for 1in CHs-
CN (O), CH.CI;, (O), and THF ©) and2 in CH;CN (@), CH.CI, (m), and

The outer-sphere reorganization energy is also CalculatedTHF (®). The lines represent the best fits to eq 1; see text for details.

using this molecular solvation model. The reorganization energy
is written as a sum of three components obtain electronic couplingVv| and1,(295 K) values. For these
A=l 4 42 (6) systems; was taken to be 0.63 eV, andwas taken to be
o Tp ' ind 1600 cntl. The fitting was performed using\,G(T) and
where/, accounts for solvent reorganization arising from the dio/dT values predicted by the molecular model. Figures 3 and
solvent dipole and quadrupole momenriigq is the contribution 4 show fits of the model to the rate data foand2 in toluene
from induction forces, andgisp accounts for the dispersion —and mesitylene as well as three more polar solvents;GGH
interactions. The model treats the solute as a dipolar, polarizableTHF, and acetonitrile. The rate data fbrand 2 in the latter
sphere and finds the reorganization energy; see the Appendixthree solvents were reported earfighut until now a quantita-
and earlier work*15 for further details. The Appendix also tive analysis of the data has not been reported. The rate data
provides the values of the reaction free energy and the were fit to eq 1 by adjustingo(295 K) in each solutesolvent
reorganization energy that are predicted by the model. It is well system and adjusting the electronic coupling of the solute.
appreciated that continuum calculations are unreliable in non- Clearly, the fit quality is excellent.
polar solvents. More importantly, the continuum theory failsto ~ The values obtained fgiv| and 4, are reported in Tables 3
predict the temperature dependencelgfthat is, the sign of and 4. The electronic coupling is not dependent on the solvent,
di,/dT, even in polar systems, whereas the molecular model and the value obtained fdris 3 to 4 times larger than the value
predicts the correct temperature dependéfsehe continuum obtained for2, 168 cnt! versus 46 cm. From eq 1, a 3- to
model incorporates only the temperature dependence of mo-4-fold increase in the electronic coupling should give rise to a
lecular rotation, whereas the molecular model includes both 9- to 16-fold increase in the rate constants. However, the
translational and rotational degrees of freedom so that the magnitude of theFCWDS term, arising from the differing
temperature dependence of the reorganization energy is moreAG(T) data, also changes frand2, and this change partially
faithfully reproduced. For these reasons, the molecular model counteracts the effect from the change|¥h. The best fitl,
is used to calculate/d/dT, and an adjustable offset is used to values, evaluated at 295 K, are also reported. From simple
fit the experimental data. The best fit(295 K) values are continuum arguments, the solvent reorganization energy is
reported in Tables 3 and 4. expected to be larger for the solvent with the more dipolar
character, and this expectation is verified for bbthnd2 (see
Tables 3 and 4). In addition, the reorganization energyi fisr
Using the values obtained fds, v, A/G, and dy/dT, it is found to be a bit higher than that f@rin most of the solvents,
possible to fit the temperature-dependent rate data to eq 1 andvhich may indicate a small difference in the effective molecular

disp

Determination of the Electronic Coupling, %
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v(2)
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D-A
Reaction Coordinate (6)

% 1600 cm '

Figure 5. A schematic of the potential energy surface for photoinduced mode for 2

electron transfer is shown here— is the ground-state surface, BA is

the locally excited-state surface, and-DA~ is the CS-state surface. At

the avoided crossing, the energy gap beteen the locally excited and CS

states,AE, is twice the electronic coupling matrix element for electron Figure 6. The internal reorganization energy is systematically partitioned

transfer,|V|. between a 1600 and a 990 cthhmode. The three-dimensional plot
demonstrates the ratio ¢¥| that is obtained betweehand?2 for a given

. _percentage of 1600 crh mode. The lower frequency model corresponds
volume or dipole moment between the molecules. The depen to a pyramidalization of the cyanoethylene acceptor group, whereas the

dence of the electronic coupling rati®/(1)|/|V(2)| on the value higher frequency mode corresponds to a skeletal breathing mode of the
of the solvent reorganization energy was analyzed in a system-naphthalene donor.

atic manner, and the electronic couplinglofvas found to be
larger than that of for all reasonable reorganization energies.
Details of this analysis are provided in the Supporting Informa-
tion, which contains contour plots ¢¥(1)|/|V(2)| andy? as a
function of 4,, and plots such as that shown in Figure 3 under

dlf\f;\a/.r?t f|t:]|ng Constramfts. del. the el . substantially smaller than that estimated¥pfrom experimental
Ithin the context of a two-state model, the electronic data, the calculations correctly predict a 3- to 4-fold enhance-

coupling matrlxt etlﬁmeru\/!dmzy be ta!<en tof bt(;on:a-half gf tget. ment of the electronic coupling that arises from the presence of
energy gap at the avoided crossing of the two adiabaliC y,q 5romatic ring in the molecular cavity @f compared td".

(ezlgctronic S.tatefz’ T ;his casehbeing tr::e. Iocaléy _Ie_xc(;ted an_d theThe enhancement in the magnitude|¥sf is, no doubt, caused

i hsta:es (|.e_A — IV) abs shown 'rr: g\ljlrﬁ .doDCe\;ermlne by a superexchange mechanism. These computational results
! t ee ectror_uc coupling etW?e“ the and DLV groups i gicate that the central R group is important in mediating the
is in fact mediated by the substituent on the central imide group, coupling between the DMN and the DCV groups and that a
or whether the coupling proceeds mainly via a through-bond U-shaped system provides a controlled way to analyze effects

(28
mhe(;\\ﬁ]artlnlsnil AE was Cal?“"itﬁd g’lrSmOdil Zysct;e_ms bﬁ‘se‘?' oM that different solvents may have upon inter- and intramolecular
the N-phenyl system7, using the method. Given the size oo tron transfer processes.

of thes_e systems, .tWO apprOX|_mat|ons were made to make the The magnitude of the electronic coupling that is extracted
analysis comput.atlonal!y feaS|b|e..F|r3t, the model sysiem from experimental data depends strongly on the value of other
was created, which, Whllle.possessmg the same geometry as th?)arameters in eq 1, in particular, the reorganization energies,
CS state of thé\-phenyl imide,7, has a hydrogen atom in place the effective frequency, and the free energy. The analysis in

i 9
of the phenyl group (with an NH bond length of 1.01 Aj: mesitylene and toluene uses the experimental free energy and

Slecond, I W?S %ssurg(;d .thit tgtce:\;eactlon_ dccl)_ord_lnate fcl)r theadjusts the outer-sphere reorganization energy along with the
electron transfer if (and7’) is the pyramidalization angle,  g|ecironic coupling to fit the rate data. The impact of the

0, and that all other geometrical parameters are frozen. This modeling for the inner-sphere reorganization energy with a

. ) %‘lngle effective quantum mode was assessed by considering a
tions on7 revealed that the electron-transfer process is very .. "~ Odel (vide supra). The use of a two-mode model
sensitive to the magnitude Cﬂ but ot other geomet_rlcal generated results that are consistent with that found from the
fee_ltures. Thus, for bptﬁ and7, a SEeres O_f CIS/3-21G S|_ngle single-mode model; that is, the electronic couplingliris

point energy calculations was carried out in whitivas varied significantly larger than that i@. Figure 6 shows how the ratio

until the energy gap between the locally excited state and the of electronic coupling magnitudes changes when the partitioning

CS. state reached a minimum \(alue Wh'Ch was then equated 0ot the internal reorganization energy between the 1600cm
twice the value of the electronic couplingy/|.

- R mode and the 990 cnd mode is changed for each of the species
In the case of7, the avoided crossing is _enco_untered When 1 and2. This analysis shows that the ratio can change over the

the DCV is only slightly pyramidalized, witi§ = 12°. The range from 2.5 to 5, depending on the details of the mode
(28) (a) Hoffmann, RAcc. Chem. Resl971, 4, 1. (b) Paddon-Row, M. N. partltlonlng, but that the electronic COUplIthl_ﬂS .always.larger

Acc. Chem. Red982 15, 245. (c) Paddon-Row, M. N. lBlectron-Transfer than that in2. In addition, when the partitioning of internal

'2” %ﬂg’;{gﬁ“ﬁg'ﬁg'v V., Ed.; Wiley-VCH: Weinheim, 2001; Vol. 3, Part  regrganization energy between the vibrational modes is similar
(29) The N-H system,4, was not used for these calculations because, given in the two compounds (represented by the diagonal in the

the approximations made, the modified systerh, provides a better horizontal plane of the graph that goes from the origin of

comparison t@ for the influence that the phenyl group has upon the DMN -
DCV coupling. (0%,0% — a 900 cnt! quantum mode in each compound) to

% 1600 cm” 0
mode for 1

electronic coupling}V/, at this point is 16 cm!. In the case of

7', the avoided crossing occurs at a slightly larger pyramidal-
ization angle o) = 17.5, with |V| equal to 5 cm?. Thus,|V]

for 7' is significantly smaller, by a factor of 3, than that
calculated for7. While the predicted magnitude ¢¥| for 7 is
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Table 5. Individual Contributions to A;G and A, for 12
T (K) Adq,iGw A\G(Z) Ad\spG ArG )~p lmd lmsp lu

Toluene
287.15 —2.41x 109 —1.16x 10702 —2.91x 10702 —1.23x 1079 5.60 x 10792 1.07x 10702 4.75x 10704 6.72x 10792
29755 —235x 109 —1.07x 109 —-286x 1092 —1.16x 109 537x109 991x 109 448x 10% 6.40x 1092
298.75 —2.35x 10701 —1.07x 10702 —2.86x 10702 —1.15x 1079 5.34x 10792 9.83x 10793 4.45x%x 10704 6.37 x 10792
307.15 —2.30x 10791 —1.00x 10702 —2.82x 10702 —1.09x 10701 5.16x 10792 9.27 x 10793 4.25% 10704 6.13x 10792
316.95 —2.25x 10791 —9.40x 10703 —2.78x 10792 —1.03x 10701 4,96 x 10702 8.67x 10793 4.03x 10704 5.86x 10792
320.85 —2.23x 1070 —9.15x 1079 —2.76x 10702 —1.01x 1070t 4.88x 10702 8.44 % 10793 3.95x 107%4 5.76x 10702
323.85 —2.21x 100 —8.97x 10703 —2.74x 10702 —9.88x 10792 4.82x 10702 8.27x 10793 3.88x 10794 5.69 x 10792
326.65 —2.20x 10701 —8.80x 10703 —2.73x 10702 —9.71x 10792 4.77x 10792 8.12x 10793 3.83x 10794 5.62x 10792
333.15 —2.17x 109  —842x 109 —270x 1092 —-9.32x 1092 464x 109 777x10% 3.70x 10% 5.46x 10792
346.55 —2.10x 1079 —7.70x 10703 —2.65x 10702 —8.55x 10792 4.40x 10792 7.11x 10793 3.45x 10794 5.15x 10792
346.95 —2.10x 1009 —768x 109 —264x109 —853x109 439%x1009 7.,09x 109 3.44x 109 514x 1002
347.05 —2.10x 1079 —7.68x 10703 —2.64x 10702 —8.52x 10792 4.39% 10792 7.08x 10793 3.44x 10794 5.14 x 10792
357.75 —2.05x 10791 —7.16x 10703 —2.60x 10792 —7.93x 10702 4.21x 10702 6.60x 10793 3.26x 10794 4,90x 10702
371.45 —1.99x 10791 —6.54x 10703 —2.54x 10792 —7.20x 10702 3.99x 10702 6.04x 10793 3.05x 10794 4.62x 10702
37155 —1.99x 1001 —6.54x 10703 —2.54x 10702 —7.19x 10792 3.99x 10792 6.03x 10793 3.04x 10704 4.62x 10702

Mesitylene
27495 —-2.07x10°0 —-1.40x 10%? —4.09x 1092 —-1.03x 109  3.35x 10%? 1.29x 109 1.16x 109 4.75x 10702
277.85 —2.06x 1090  —-1.37x10%? —4.07x 1092 —-1.01x 10° 3.31x10% 1.26x109% 1.14x10% 4.68x 10
29355 —1.99x 1090 —-1.23x 1092 —-3.98x 1092 —-9.19x 1092 3.07x 10% 1.14x109% 1.04x 109 4.31x 100
29595 —-1.98x 1090 —-1.21x 1092 —-3.96x 1092 —9.05x 1092  3.04x 10%? 1.12x 109 1.02x 109  4.26x 10702
29845 —197x10° —1.19x10% —-3.95x 1092 —-891x10° 3.00x 107°? 1.10x 10°? 1.01x 109  4.21x 1079
304 -1.94x 10° —-1.15x10% —-391x 109 -8.60x 107° 293x10°%? 1.06x 10°? 9.78x 10  4.09x 10792
315.35 —1.90x 1091  —1.07x 1009%?2 —3.84x 1072 —7.99x 10792 278x 1092 9.85x 109 9.17x 109  3.86x 107
336.35 —1.82x 101 —9.35x 1079 —-3.72x 1072 —6.92x 10792 254x 10792 8.63x 109  8.18x 1079  3.48x 10°%
347.05 —1.78x109 —-875x 109  —3.65x 10%? —6.40x 10°%2 242x 109 8.07x10% 7.73x10°% 3.30x 109
357.75 —174x 109 —-820x10% —-359x 109 —-589x 109 231x10% 756x10% 731x10% 3.14x 10
37155 —1.69x 109 —-754x 109 —-351x 109 —-527x10% 218x10% 6.96x10% 6.81x 10 294x 1002

THF
2975  —4.92x 1001  -536x 100  —327x 102 —371x 10 221x10° 495x 10%  4.88x 100 2.26x 107
3071  —4.83x 100 —-500x 100 —323x 100 —361x 100 216x 100 461x 100 463x 100 221x 1070
3164  —473x 10  —467x 10 —3.18x10% —351x10° 211x10° 430x 10 441x10% 2.16x 10°%
3267  —4.64x 100 —433x 10 —3.14x10% —3.40x 100! 206x 100! 399x 10  418x 10%  2.10x 107

336 —455x 1090 —4,05x 1009 —3.09x 1092 —-331x10°% 201x 109 374x109 399x10% 205x 10%
Acetonitrile
301 —6.52x 10701 —1.38x 10702 —2.01x 10702 —5.27x 1070t 3.49x 1079 1.28x 10702 1.38x 10794 3.62x 10701
309 —6.47x 1090 —1.37x 1092 —1.98x 1092 —-521x10°% 347x10% 127x109 132x10% 359x10%
317 —6.41x 10701 —1.36x 10702 —1.96x 10702 —5.16x 1079t 3.44x 10701 1.26x 10702 1.26x 10794 3.57x 1070t
327 —6.35x 1070t —1.35x 10702 —1.92x 10702 —5.08x 1070t 3.41x 10701 1.24x 10702 1.19x 10704 3.54x 10701
337 —6.28x 10701 —1.34x 10702 —1.88x 10702 —5.01x 1079 3.38x 1079 1.23x 10702 1.13x 10794 3.50x 1079t
Dichloromethane
275 —5.29x 109 —6.37x 1093 —-231x109 —-399x10°% 251x10% 588x109% 218x10% 257x10%
290 —5.13x 109 —-573x 1093 —-224x 109 —-382x100% 243x10° 528x109 198x10% 249x 10%
296 —5.06x 10701 —5.49x 10703 —2.21x 10702 —3.75x 1079 2.40x 10791 5.07x 10793 1.91x 10794 2.45x 10701
308 —4.94x 10701 —5.06x 10793 —2.16x 10792 —3.61x 10701 2.33x 10791 4,66x 10703 1.78x 10794 2.38x 10701

a All values listed are in eV.

the point at (100%,100% a 1600 cm! quantum mode in each  a molecular-based model for solvation. This model and charge-
compound)), the ratio does not change dramatically. To the transfer spectra were used to define the reorganization energy
extent that the donor and acceptor groups rather than the pendardind free energy parameters for electron transfetr ahd2 in
moiety control the partitioning, this observation suggests that the five solvents studied. By combining the knowledge of these
the ratio of ca. 3 for the electronic coupling magnitudes is robust parameters with the temperature-dependent rate data, it was
with respect to the modeling for the internal reorganization possible to experimentally determine the electronic coupling for
energy. these two compounds in the solvents. Compolineas found

to have an electronic coupling that is 3 to 4 times larger than
that of compoun@. The dependence of the empirically derived

This work presents electron-transfer rate data and computa-electronic coupling values on the reorganization energy param-
tional results that demonstrate efficient electron tunneling eters was evaluated in detail (see Discussion and Supporting
through a pendant moiety located in thee-of-sight between Information). Also, the electronic couplings for the compounds
electron donor and acceptor groups. The electron-transfer rategvere found to be independent of the solvent. The difference in
for compoundsl and 2 were compared with that of control  electronic coupling values reflects the more efficient tunneling
molecule8 to demonstrate that the electron transfer proceeds through the aromatic moiety df than the alkyl moiety oP.
through the pendant moiety, rather than the covalent bridge. The absolute values of the experimentally derived electronic
The experimentally determined reaction free energylfon coupling values obtained fdr and2 were shown to be larger
toluene and mesitylene a2dn mesitylene was used to calibrate than those calculated by ab initio molecular orbital theory for

Conclusions
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Table 6. Individual Contributions to A;G and A, for 22
T (K) Adq,iGw A\G(Z) Ad\spG ArG )~p lmd lmsp lu

Toluene
290.25 —2.38x 10701 —1.12x 10702 —2.89x 10702 —1.19x 1079 5.49 x 10792 1.04x 10702 4.67x 10704 6.58 x 10792
296.15 —2.35x 10701 —1.08x 10702 —2.87x 10702 —1.15x 1070t 5.36x 10792 9.96x 10793 4.52x 10704 6.40 x 10792
296.65 —2.35x 10701 —1.08x 10702 —2.86x 10702 —1.15x 1070t 5.35x 10792 9.92x 10793 450x 10704 6.39x 10792
305.35 —2.30x 10791 —1.01x 10702 —2.83x 10702 —1.09%x 10701 5.17x 10792 9.34x 10793 4.29% 10704 6.14x 10792
316.3 —2.24x 10701 —9.39x 10793 —2.78x 10792 —1.03x 10701 4,94 % 10702 8.66x 10793 4.04x 10704 5.85x 10792
316.45 —2.24x 10701 —9.38x 10793 —2.78x 10792 —1.02x 10701 4,94 x 10702 8.65x 10793 4.04x 10704 5.84x 10792
323.75 —2.21x 1091 —8.93x 10703 —2.75x 10792 —9.80x 10702 4.79x 10702 8.24x 10793 3.89x 10794 5.66x 10792
326.65 —2.19x 10791 —8.76x 10703 —2.73x 10792 —9.63x 10702 4,74 x 10702 8.08x 10793 3.83x 10794 5.58x 10792
327.5 —2.19x 1079 —8.71x 10703 —2.73x 10702 —9.58x 10792 4.72x 10792 8.03x 10793 3.81x 10794 5.56 x 10792
34755 —2.09x 1079 —7.62x 10703 —2.64x 10702 —8.42x 10792 4.36x 10792 7.03x 10793 3.43x 10794 5.10x 10792
34755 —2.09x 1079 —7.62x 10703 —2.64x 10702 —8.42x 10792 4.36x 10792 7.03x 10793 3.43x 10794 5.10 x 10792
368.3 —2.00x 1090 —6.65x 10093 —255x 1092 —7.29%x 109 4.02x 1092 6.13x 109  3.09x 10%  4.66x 1092

Mesitylene
282.15 —2.03x 10 —1.32x 10792 —4.05x 10792 —9.78x 10792 3.22x 10792 1.22x 10702 1.11x 10798 4.55x 10792
292.85 —1.99x 10 —1.23x 10792 —3.98x 10792 —9.16x 10792 3.07x 10792 1.14x 10702 1.04x 10793 4.31x 10792
29745 —1.97x 10% —1.19x 10792 —3.95x 10792 —8.90x 10792 3.00x 1072 1.10x 10792 1.01x 10793 4.20x 10792
302.75 —1.94x 100 —1.15x 10792 —3.92x 10702 —8.60x 10792 2.93x 10792 1.06x 10702 9.85x 1079  4.09x 10792
31255 —1.90x 10 —1.08x 10702 —3.86x 10702 —8.07x 10792 2.80x 10792 9.98x 10793 9.32x 1079  3.89x 10792
323.05 —1.86x 10 —1.01x 10702 —3.80x 10702 —7.52x 10792 2.67 x 10792 9.34x 10793 8.79x 107  3.70x 10792
323.65 —1.86x 10 —1.01x 10792 —3.79x 10792 —7.49x 10792 2.67 x 10792 9.30x 10793 8.76x 1079  3.68x 10792
331.75 —1.83x10™ —9.58x 10703 —3.74x 10792 —7.09x 10792 2.57 x 10792 8.84x 10793 8.38x 1079  3.54x 10792
346.65 —1.77x 1070t —8.73x 10793 —3.66x 10792 —6.36x 10792 2.41x 10792 8.06x 10703 7.74x 1079  3.29x 10792
34745 —1.77x 1070t —8.69x 10793 —3.65x 10792 —6.32x 10792 2.40x 10792 8.02x 10703 7.71x 109 3.28x 10792
360.25 —1.73x 1070t —8.04x 10793 —3.58x 10792 —5.73x 10792 2.27x 1072 7.41x 10793 7.21x 1079  3.09x 10792
360.35 —1.73x 109  —8.03x 109 —358x 109 —572x109 227x1092 741x10% 7.21x10% 3.09x 10792
370.15 —1.69x 109 —757x 109 —352x109 —528x109 218x 109 6.98x 10 6.86x 109 2.95x 10792
379.25 —1.66x 109 —7.17x 109 —347x109 —4.88x 109 210x 1092 6.61x 10% 6.55x 109 2.82x 1079

THF
297.5 —4.88x 1091 —534x 109 —-327x109 —-367x10°% 218x10°% 493x10% 488x10% 224x 107
307.2 —479%x 1091 —497x 109 —-323x1092 —-357x10% 214x10°% 458x10% 463x10% 219x 102
316.4 —470x 1091 —465x 109 —318x 1092 —347x10°% 2.09x 109 429x10% 441x10% 214x10%
326.9 —460x 1091 —430x 109 —-313x1092 —-337x10°% 204x100% 397x10% 4.18x10% 2.08x 10701
Acetonitrile
302 —6.45x 1090 —1.38x 1092 —2.01x 109 —-520x 109 3.44x10° 127x109 137x10% 357x10%
309 —6.40x 1090 —1.37x 1092 —1.98x 109 —-515x 109 3.42x 109 1.26x109 132x100% 355x10%
317 —6.35x 1097 —1.36x 1092 —1.96x 1092 —-509x 10% 3.40x 109 1.25x109 126x 1009 353x10%
327 —6.28x 10791 —134x 109 —-192x109 —-502x 109 337x100% 124x109 1.19x10% 349x 102
337 —6.22x 10791 —-133x 109 —1.88x1092 —495x 109 334x10°% 123x109 1.13x10% 3.46x 100
Dichloromethane
273 —527x 109 —6.43x 109 —231x10%9 —-397x10°% 250x100% 593x10% 221x10% 256x 10701
283 —5.16x 1090 —-599x 1093 —227x109 —-386x 1009 244x10° 552x109% 207x10% 250x 10
293 —5.05x 1090 —558x 1093 —-222x 109 —-374x10°% 239x10° 515x109 195x10% 244x 10%
302 —4.96x 1091 —524x 109 —218x 1092 —-364x100% 234x10° 484x 109 184x10% 239x10%

a All values listed are in eV.

analogues ofl and2, but both agree that an aromatic group is
better than a propyl group in mediating the electron-transfer
process.

Agq GV = Ve P (Vayy)  (AD)
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Appendix A Yalos T Yole
. . 2
The molecular model for solvation in these electron-transfer lpp( )= |E>s,) (A2)
systems has been discussed extensively in earlier #fdrkis Ya¥q y2/< 1® 4 Voo ® 4 y2/< 14
model develops explicit expressions for the reaction free energy ] 29d0s - Jd (“Z)dq DDQ(Z) 49 DQQ
and the solvent reorganization energy. Yalos T Yolé

The free energy of reaction is given by the sum of four terms
in eq 5. The most significant contribution in these solvents In this equation, the terms account for saturation of the dipolar
comes from theAgq,G® term given by response that arises from higher order interactions, andjjthe
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are polynomial representations of the two and three particle (rré — mg)Zf(y 9)2 (e, — 1)2 8
perturbation integrals. Their explicit form can be found else- ;4= 5 5 [3 + (e, — 1)2]|g2 (A4)
wherel4:30 400 kTno® (e, + 2) 3

The solvent reorganization energy is given by a sum of three

terms in eq 6. The major contribution in the aromatic solvents Wherer is the reduced packing density of the solvent molecules,
comes fromi, and is given by o is the solvent hard sphere diameteande., is the solvent

high-frequency dielectric constant. Previous wdérkdicated
that the absolute values #§ predicted from the model are too
[f(Yd,yq)lPP(Yd,yq) - f(ye)‘I‘P(ye)] (A3) small. Therefore, only its temperature dependence is used.
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wherey is the reduced polarizability density of the solvent.

The induction termiing makes a small but relatively significant
contribution to the overall reorganization energy in these

A

. http://pubs.acs.org.
solvents (see Tables 5 and 6) and is given by PP g
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