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Abstract: The rate of intramolecular charge transfer from biphenyl to naphthalene was determined for the
radical anions and radical cations of molecules with the general structure: (2-naphthyl)-(steroid spacer)-
(4-biphenylyl). Varied degrees of unsaturation (one double bond, NSenB; two double bonds, NSen,B; and
the b-ring completely aromatized, NSarB) were incorporated into the steroid spacer to examine the effect
it would have on the charge transfer rate. The charge transfer rate, as inferred from the decay of the
biphenyl radical ion absorption, increased in all cases relative to the completely saturated 3-(2-naphthyl)-
16-(4-biphenylyl)-5a-androstane (NSB) reference molecule. For the anion charge transfer, the decay rates
increased by factors of 1.4, 4.2, and 5.1, respectively, and for the cation, the decay rates increased by
factors of 5, 276, and 470. To explain the results, the charge-transfer process was viewed as a combination
of two independent mechanisms: a single-step, superexchange mechanism, and a two-step, sequential
charge transfer. Using a low level of theory, simple models of the superexchange and two-step mechanisms
were developed to elucidate the nature and differences between the two mechanisms. The critical variable
for this analysis is the free energy of formation (AG\°) of the intermediate state: (2-naphthyl)-[spacer]'+-
(4-biphenylyl). The conclusion from this treatment is that superexchange is the dominant mechanism when
AGY is large, but at small AG°, the sequential mechanism will dominate. This is because the superexchange
rate is shown to have a weak dependence on AG°, changing 10-fold for a change in AG° of 2 eV, compared
to the sequential mechanism in which the rate can change over 10° for 0.5 V.

Introduction
Superexchange and sequential (charge hopping) mechanisms k - R
. -2 NSpB K3
can both contribute when an electron (or ET for electron transfer / /:2 1&1 IAGIO
in the case of the radical anions) or hole (HT for hole transfer 1
in the case of the radical cations) is transferred from a donor to N'SpB NSp B
an acceptor with the assistance of an intermediate or “midway”
group, as exemplified in Figure 1. In the superexchange sequential mechanism
2 4 . . (charge hopping)
process;? direct, long-distance electron transfer (or simply CT
for the charge transfer of either charge) is enhanced by indirect

mixing of the donor and acceptor wave functions through the
orbitals located between the donor and acceptor. In sequential
CT, the charge temporarily resides on the midway group, while = =~

in superexchange, this intermediate state only participates byrigure 1. Sequential (charge hopping) and superexchange mechanisms
providing a virtual state. The two mechanisms have received illustrated for electron transfer in an anion having a phenyl group in the

theoretical treatments in several papgefsand several molecules ~ SPacer. In its initial state, the electron resides on biphenyl NSp(Bjthe
sequential mechanism (solid lines), the charge transfers to the phenyl in

have been constructed to provide insight into the different ihe spacer to form a thermally relaxed N(SB)(heavy line) at a ratek;.
mechanismg-1! In addition, more complex unified treatments The reverse rate ik_;, and the free energy changeAs°. In a second
step, the charge transfers to the naphthalen&(@) with a ratek,. In the

.~ superexchange
mechanism

* Argonne National Laboratory. superexchange mechanism (dashed arrows), the charge transfer occurs in a
§ University of Chicago. single-step process, but the electronic coupling is enhanced by the indirect
Brookhaven National Laboratory. mixing of the biphenyl and naphthalene molecular orbitals througlwthe
T Deceased. o*, 7, andz* molecular orbitals of the steroid spacer.
(1) (a) Anderson, F(’j WEh)F/,s. Re. h95(]Y79,k351%%%563/. (Ib)I Anggrs(o;\,HP.l Vc\e/fn
Magnetism Academic Press: New York, :Vol. |, . (c) Hal ,
b %rgel‘“ﬂ_mscuss_ Faraday S00960 29, 35 P P have_ been d(_eveloped to account for b_oth mechanfsiise
(2) McConnell, H. M.J. Chem. Phys1961, 35, 508-515. relative magnitude of these two mechanisms has been a source
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of controversy in a number of different systems. One of the
most well-known and hotly debated is the charge separation
step in the photosynthetic reaction cerifeAnother vigorous
debat&613concerns the charge transport in DMAnd whether

it is a “molecular wire”. This question of mechanism also arises
in molecular assemblies constructed for vectorial energy cap-
ture/1516in the charge transfer through polypeptidésnd
through conjugated molecules attached to electrédeés.

One source of this controversy stems from the problem that
if the charge transfer involves a temporary, intermediate, ionized
species, such as the example in Figure 1, it may not be
observable if the second charge-transfer skejin(Figure 1) is
faster than the firstq). The lack of an observable intermediate
cannot exclude a multistep mechanism. So, in general, any result
must be scrutinized carefully.

NSB

NSenB

NSen,B

NSarB

(3) (a) Sumi, H.; Kakitani, TChem. Phys. Letl996 252, 85-93. (b) Iversen,
G.; Friis, E. P.; Kharkats, Y. |.; Kuznetsov, A. M.; Ulstrup JJBiol. Inorg.
Chem.1998 3, 229-235. (c) Zusman, L. D.; Beratan, D. N. Chem.
Phys.1999 110, 10468-10481.

(4) (a) Sumi, H.J. Electroanal. Chem1997, 438 11-20. (b) Bixon, M.;
Jortner, JJ. Chem. Phys1997, 107, 5154-5170. (c) Sumi, H.; Kakitani, Figure 2. Series of compounds studied in this work.

T. J. Phys. Chem. B00Z 105 9603-9622.
P E. G.; Shevchenko, Y. V.; Teslenko, V. I.; M hem. Phys. . .

) P 1E Siog S1opoko, Y- Vei Teslenko, V. I May.viChem. Phys In this paper, the charge-transfer rates were determined for a

(6) () Li, X. Q.; Yan, Y.J. Chem. Phys200], 115 4169-4174. (b) Bixon, series of compounds (shown in Figure 2) with the structure (2-
M.; Jortner, JJ. Am. Chem. So2001, 123 12556-12567. . . . .

(7) (a) Osuka, A.; Maruyama, K. Mataga, N.; Asahi, T.; Yamazaki, |.; Tamai, naphthyl)-steroid spacer-(4-biphenylyl), NSpB. Pulse radiolysis
N.J. Am. Chem. Sod.99Q 112, 4958-4959. (b) Greenfield, S. R.; Svec,  was used to generate the radical anion or radical cation of the
W. A.; Gosztola, D.; Wasielewski, M. Rl. Am. Chem. Sod.996 118

6767-6777. molecule. The transfer process was then observed photo-
(8) (a) Maruyama, K.; Osuka, A.; Mataga, Rure Appl. Chem1994 66, metrically
867—872. (b) Osuka, A.; Mataga, N.; Okada, Rure Appl. Chem1997, '
69, 797-802.
(9) Creager, S.; Yu, C. J.; Bamdad, C.; O’'Connor, S.; MacLean, T.; Lam, E.; NSp(Bi) = (Nf)SpB (]_a)
Cﬂong, Y.; Olsen, G. T.; Luo, J. Y.; Gozin, M.; Kayyem, J. F.Am.
Chem. Soc1999 121, 1059-1064. T\ +
(10) Robinson, D. B.; Chidsey, C. E. D. Phys. Chem. 002 106, 10706~ NSp(B") = (N")SpB (1b)
10713.

(11) Smalley, J. F.; Finklea, H. O.; Chidsey, C. E. D.; Linford, M. R.; Creager, Here, B= biphenyL N= naphthalene, and Sp is the Spacer
S. E.; Ferraris, J. P.; Chalfant, K.; Zawodzinsk, T.; Feldberg, S. W.; Newton,

M. D. J. Am. Chem. So@003 125, 2004-2013. group. The steroid spacer acts as a rigid scaffold and either is
(12) (a) Bixon, M.; Jortner, J.; Michel-Beyerle, M. Ehem. Phys1995 197, completely saturated or includesbonds. Ther bonds in the

389-404. (b) Arlt, T.; Schmidt, S.; Kaiser, W.; Lauterwasser, C.; Meyer, P y . . .

M.; Scheer, H.: Zinth, WProc. Natl. Acad. Sci. U.S.A993 90, 11757 spacer can increase the charge-transfer rate by (1) improving

11761. (c) Schmidt, S.; Arlt, T.; Hamm, P.; Huber, H.; Nagele, T.; i i
Wachiveitl 3. Zinth, W+ Meyer, M. Scheer. Bpectiosc. Acta, Part A: the electronic coupling between the donor and acceptor, or (2)

Mol. Biomol. Spectroscl995 51, 1565-1578. (d) Kirmaier, C.; Laporte, ~ actually transfer charge to the intraspaaesystem [Is) as a

L.; Schenck, C. C.; Holten, DIl. Phys. Chem1995 99, 8910-8917. (e) i i H

Kirmaier. C.. Laporte, L.: Schenck. . C.. Holten, D Phys. Chent995 Ell’St st_ep,”followed by transfer to the naphthalene in a sequential

99, 8903-8909. hopping” mechanism. Both mechanisms contribute to the
(13) (a) Grozema, F. C.; Berlin, Y. A,; Siebbeles, L. D. A.Am. Chem. Soc. _ i o ; i

2000 122 10903-10909. (b) Sartor, V.. Boone, E.: Schuster, G.B. charge trarjsfer process. Determlnlngﬁ@ of the |nt_ermed|

Phys. Chem. B001, 105 11057-11059. (c) Pascaly, M.; Yoo, J.; Barton, ~ ate state is necessary for estimating the magnitude of the

J. K.J. Am. Chem. So2002 124, 9083-9092. (d) Giese, BAnnu. Re. T . . : .
Biochem.2002 71, 51-70. (e) Bixon, M.: Joriner, Chem. Phys2002 individual mechanisms, so a principal focus of this work is

) %B)LM393—h4og. L Arkin M. R Jenkine. Y - Ghatlia. N. b B S toward the reliable assessment of the energetics.
a) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossmann, S. : :
H.. Turro, N. J.. Barton, J. KSéiencel993 262, 1025-1029. (b) Arkin, The compounds in the present study have the following

gJRC Stgm% E. DF; As: Holmggbz.zgé 33“&02'8%' l(<) I;Aorrréanr%, ﬁw CtJI?on, notable features: (1) The same compounds can be used for both
. J. C.; Barbara, P. Bcienc . (c) Meade, T. Metal
lons in Biological System#larcel Dekker: New York, 1996; Vol. 32, pp electron transfer and hole transfer. (2) The number of bonds

453-478. (d) Barbara, P. F.; Olson, E. J. Electron Transfer: From separating the naphthalene from the biphenyl is the same in all
Isolated Molecules to Biomoleculedohn Wiley and Sons: New York, - .
1999; Part 2, Vol. 107, pp 647676. () Xu, B. Q.; Zhang, P. M. Li, X. of the compounds, and similarly, the distance between them

L.; Tao, N. J.Nano Lett.2004 4, 1105-1108. remains almost constant. (3) The free energy change for the
(15) (a) Kaschak, D. M.; Johnson, S. A.; Waraksa, C. C.; Pogue, J.; Mallouk, ( ) 9y 9

T.’E. Coord. Chem. Re 1999 186 403-416. (b) Imahori, H.: Yamada,  biphenyl to naphthalene charge transfer is precisely known and

K.; Hasegawa, M.; Taniguchi, S.; Okada, T.; SakataAvigew. Chem. i imi i
Int. Ed. Engl 1997 36, 26962620, (c) Harriman, A Sauvage. J Ehem. is S|m|la.r for the' electron and hqle transfer reactlons. (4) The
Soc. Re. 1996 25, 41-48. (d) Sisido, M.Prog. Polym. Sci1992 17, electronic couplings can be estimated from a previous set of

699-764. (e) Brouwer, A. M.; Eijckelhoff, C.; Willemse, R. J.; Verhoeven, H i “ _shift"-
J. W.; Schuddeboom, W.; Warman, J. M.Am. Chem. S0d.993 115 experiments. (5) The reactions are of the “charge-shift’-type

2988-2989. (f) Gust, D.; Moore, T. A.; Moore, A. L.; Macpherson, A.  (donor)-acceptor— donor(accepto#) (as opposed to charge
N.; Lopez, A.; Degraziano, J. M.; Gouni, |.; Bittersmann, E.; Seely, G. R.; ; *

Gao. F. Nieman. R. A: Ma, X. G. C.. Demanche. L. J. Hung, . C.. separation (donor)*accepter (donor)"(acceptor)). Charge
Luttrull, D. K.; Lee, S. J.; Kerrigan, P. KI. Am. Chem. S0d.993 115
11143%-11152. (g) Maniga, N. I.; Sumida, J. P.; Stone, S.; Moore, A. L.; (17) (a) Ogawa, M. Y.; Moreira, |.; Wishart, J. F.; Isied, S.Ghem. Phys.

Moore, T. A.; Gust, D.J. Porphyrins Phthalocyanines999 3, 32—44. 1993 176, 589-600. (b) Ogawa, M. Y.; Wishart, J. F.; Young, Z.; Miller,
(h) Miller, S. E.; Zhao, Y. Y.; Schaller, R.; Mulloni, V.; Just, E. M.; J. R.; Isied, S. SJ. Phys. Chenil993 97, 11456-11463. (c) Schanze, K.
Johnson, R. C.; Wasielewski, M. Rhem. Phys2002 275, 167—183. (i) S.; Cabana, L. AJ. Phys. Chenil99Q 94, 2740-2743. (d) Vassilian, A.;
Davis, W. B.; Ratner, M. A.; Wasielewski, M. R. Am. Chem. So2001, Wishart, J. F.; van Hemelyryck, B.; Schwarz, H.; Isied, S1.3Am. Chem.
123 7877-7886. So0c.199Q 112 7278-7286. (e) Isied, S. S.; Vassilian, A.; Wishart, J. F.;

(16) Weiss, E. A.; Ahrens, M. J.; Sinks, L. E.; Gusev, A. V.; Ratner, M. A.; Creutz, C.; Schwarz, H. A.; Sutin, N. Am. Chem. S04.988 110, 635—
Wasielewski, M. RJ. Am. Chem. So2004 126, 5577-5584. 637.
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Table 1. Rate Constants for Intramolecular Hole Transfer in Cations and Electron Transfer in Anions and Free Energies, AG/°, for Charge
Transfer to the Intermediate States

Hole Transfer AL AL s Electron Transfer
compound Roi (B2 ke (574 AGP (meV) size (eV) distance (eV) (eV) ker (579 EAcrs'gas (eV) AGP (eV)?
NSB 17.4 1.3x 108 0.45 1.9x 108
NSenB 10.5 6.3« 10° 3584+ 100 0.26 -0.21 0.59 2.7 108 —2.24 1.46+ 0.3
NSenB 10.5 3.5x 10° —20+ 30C¢ 0.08 —-0.21 0.55 8.1x 10° —0.62 0.27£ 0.2
NSarB 9.4 6.0x 10° 0+ 3C° 0.08 —-0.27 0.43 9.7 10° —-1.12 0.774 0.2, 0.79+ 0.08

a Center-to-center distance from the donor (biphenyl) to the intermediate gFbyimK to the acceptor in the case of NSBrrom measurements on
model compounds (see Table 2From participation of the spacargroup in the equilibrium in the NSpB iod.Change in solvent reorganization energy
for the charge-transfer reaction from biphenyl to the intermediate relative to the transfer from biphenyl to naphthalenelin-NGB eV).* TheAls size
of ITs and theA/s distance are estimated by egs 5a and 5b. Valuds,afre then 0.75, 0.80, 0.62, and 0.56 for the four compouh@smputed® (B3LYP/
6-31G*) internal reorganization energies for the charge transfer from biphenyl to the intermediatk, Toe NSB is from refs 18 and 25Vertical
electron affinities measured by electron transmission spectro&8ppn models for the intermediate groups, trimethylethylene<2.24 eV), butadiene
(—0.62 eV), and benzene-(.12 eV), in the gas phaséEnergy to transfer an electron from biphenyb the intermediate group. Estimated from the
difference in vertical electron affinities (EA) and corrected for the difference in solvation energh@szs°, determined for cations (Table 2y AAG¢® for
the diene was taken to be the same as that for the OHP based on nearly identical computed solvation energies (PCM/b3lyp/3-21g). For bipheayl, the verti
EA (EAgrs = —0.3 eV®3) was assumed to include a 0.13 eV reorganization energy from torsional vibfatibasare of small importance in the other
molecules. That amount was, therefore, added to EA(biphehys,° in THF is estimated from a measured equilibria for the benzene &hidorrection
of 184+ 80 meV for the effects of the alkyl groups was based on Lawler and T&hitsasurements of equilibria of mono- and dialkylated benzene anions.
Partial additivity is assumed and is responsible for most of the uncertainty. * Sttictty0.62 eV, but this does not affect the corrections.

shift reactions are easier to interpret because of the absence of Following the charge capture, we observed the charge transfer
Coulombic forces. reactions photometrically as they prgceeded to equilibrium. Iqtramo-
In this paper, the Results section presents the rates of electrorfecular rate components, reported in Table 1, were determined by
and hole transfer reactions for the four NSpB compounds (eight concentration dependence. Electron and hole transfer reactions were
rates in all). The first part of the Discussion section describes followed by biphenyl radical ion absorption &fax The HT reactions
the method.s used to estimat,°, the electronic couplings were monitored at 730 nm, and the ET reactions were monitored at
| L 1

. . X ) . 650 nm. Acquisition of transient absorption data and fitting of the data
and the reorganization energies associated with the formation,,ye peen described elsewh&®uring and after the charge transfer,

of the NSp'B intermediate states. The second part uses thesehe jons (NSpB) or (NSpB) decay principally by reaction with the
quantities to plot the modeled sequential and superexchangecounterions, Clin DCE or the solvated protons in THF. While these
rates as a function oAG°. The calculated rates are then decay processes are considerably slower than those of the charge-
compared with the observed rates to evaluate the theoreticaltransfer reactions that are the subjects of these measurements, they were
models and to reach conclusions about the Charge-transfeﬁnduded in the kinetic mod& and are fully corrected. The intermo-

mechanism. lecular equilibrium measurements of model compounds will be
described separately along with an ongoing study of their description
Experimental Section by computational modelS.

. . In NSpB, both the cation and anion were observed to form in a
The 3,5-cholestadiene, 2-methyl-2-butene, and 2,3-dimethyl-2 buteneIroughly equal ratio of NSpB and NSpB (50 + 10%). Determination

were purchased from Aldrich, and the 1,2,3,4,5,6,7,8-octahydrophenan- S . . .

. h of the CT kinetics does not depend on this ratio as long as there is a
threne was purchased from CTC Organics. The 3,5-cholestadiene Wassufficient change in absorption to follow the reaction as it goes to
recrystallized from absolute ethanol prior to use, and the 1,2,3,4,5,6,7,8- g P g

. AR Vo equilibrium. The equilibrium constants for charge transfer to the
octahydrophenanthrene was purified by passing it through activity 1 naphthvl aroun in NSoB were determined from the reduction of the
alumina with 1:9 methylene chloride/hexane. The 2-methyl-2-butene phthy! group P

and 2,3-dimethyl-2-butene were used without any purification. 1,2- biphenyl ion absorption compared to that in 3-(4-biphenylg)-5

Dichloroethane (DCE) from Burdick and Jackson was distilled from androstane (BS7. The equilibrium values were verified by comparison

P,Os under an argon atmosphere and then placed in an evacuated buISNIth NSB. . . .
For the cations, a possible source of uncertainty is the capture of

over a mixture of 4 ath 3 A sieves. Tetrahydrofuran (THF) was dried he o
over sodium metal with benzophenone as the indicator, distilled under gddltlonal positive charge by tHé; groups to generate more (NSpB)

nitrogen, and placed in a dry evacuated bulb with a sodipotassium ions the_m in_the satur_ated reference moleculgs, BS and NSB. This

alloy. After sonication for several minutes, an aqua blue color from uncertainty, included in the reported values_,_ is very small because

solvated electrons appeared, indicating the solution was dry and oxygen-the molecules ca_ptL_Jre nearly aII_ of th_e positive ch_arge (bGEd

free. CH,=CHCI*"). This is not a consideration for the anions because the
The samples were prepared by vacuum distilling the solvents into I1s groups reduce very slowly or not at all.

the sample vials containing the compounds. If the compounds were Results

volatile, the samples were cooledZ0 to—2100°C) prior to evacuation.

After the solvent was transferred to the sample vial, the solutions were  The charge-transfer rates are presented in Table 1. The

degassed by cooling to temperatures just above the solvent freezingelectron transfer rates for NSenB, NgBnand NSarB increased

point and evacuating to pressures<of0~* mbar. by factors of 1.4, 4.2, and 5.1, respectively, relative to NSB,
The radical anions were generated by irradiating solutions of the \yhile hole transfer rates increased by factors of 5, 276, and

NSpB compounds in THF with 30 ps, 20 MeV electron pulses from 470, respectively. From previous studies on NSpBithe AG®
the Argonne Linac. Irradiation generates solvated electresq 105 ' '

M) which attach _to the b_lphenyl and naphthalene. grogps. N for@pﬂ} (18) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller, J. R.
and NSpB. Radical cations were generated by irradiating solutions of J. Phys. Chem1986 90, 3673-3683.

the NSpB compounds in DCE. Irradiation of DCE produces two (19) |6iU, Yk‘J|P‘|‘;] Rdostov, I. V.; Newton, M. D.; Paulson, B. P.; Miller, J. R. To
oxidizing species, DCE and CH=CHCI**. Both react with the NSpB € published:

(20) Miller, J. R.; Calcaterra, L. T.; Closs, G. . Am. Chem. S0d.984 106
compounds to form NSpB and NSpB. 3047.

4862 J. AM. CHEM. SOC. = VOL. 127, NO. 13, 2005
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for the charge transfer from biphenyl to naphthalene was
determined from the intramolecular equilibrium to b&0 +

10 meV for the ET and-40 + 10 meV for the HT reactions.
Identical results were found for four of the six reactions with
unsaturated spacers; th&° was not altered by the presence
of the r groups in the spacer. For the other two cases (the HT
reactions in NSesB and NSarB), the unsaturated spacer ion
exists in the final equilibrium mixture (elaborated on later in
the paper), which adds uncertainty to the assessmenGof
The observations were still consistent with&° = —40 meV,

but a change in thAG® for charge transfer to naphthalene of
+20 meV would also be consistent with the observed results.
Such a perturbation could conceivably come from the unsat-
uration in the spacer.

The superexchange coupling resulting from an intermediate
virtual state, |, between the donor and acceptor can be estimated
from first-order perturbation theory:

VoiVia
Voa =

whereE, — Ep is the energy required to promote an electron or
hole from the donor to the intermediate, avigi andV|a are
electronic coupling matrix elements between the donor and
intermediateITs and between thdls and acceptor states,
respectively?26

Equation 3 is the simplest possible model of the superex-
change coupling through a low-lying intermediate state. It is

The observed charge-transfer rate is the sum of the super-,cc rate for a single intermediate state when the coupling terms

exchangeksg) and sequential charge-transfer rateg)( ket =

in the numeratorVp, and Via, are much smaller than the

kse 1 kos The methods used to assess the different rate constant$yenominatorVp, andVia can be estimated using earlier results

are discussed next.
Nonadiabatic electron transfer the®tyhas successfully

from these labs that delineated the distance dependence of the
matrix elements in saturated hydrocarbon spacers, such as the

described the superexchange process in molecules with saturategnes in the present study. In our analysis of the data, eq 3 is

spacerg?21.23-25 The theory describes the electron transfer rate
constant using four principle factors: the electronic coupling,
V(r), the free energy changAG°, the solvent reorganization
energy,4s, and the internal reorganization enerdy, These
values were determined for a similar set of compoéhekand

are used in this analysis to estimate the ratesk§grand kys.

applied to the ground state of the charged intermediate {RSp
This method enables the use of experimental energies.

The sequential charge-transfer rg, is expected to be well
approximated by the first charge-transfer stlepiri Figure 1).
The steady-state expressidaks/(k-1 + ky), used to analyze
these results is a better estimate of the overall sequential rate,

Since the sequential charge-transfer mechanism is simply twopt the two are in very good agreement.
discrete superexchange processes, eq 2 can be used to calculate petermination of the AG,° for Charge Transfer to &

k; andka.
ker = 2V FFCWD @)
FCWD = (41 ksT) S (e_s%)exp{ —[(A+ AG® +
N | whv)47 ks T}

S= Av/hv

Groups in the Spacer.In principle, electrochemical redox
potentials can provide estimates fAG,°. Unfortunately, the
electrochemical oxidations of simple olefins can be highly
irreversible, so other methods were used to determiGe.

AG° of the Cation Intermediates.Upon completion of the
charge-transfer reaction, some donor ion (biphenwiill exist
in the equilibrium mixture. WheiKeq is small enough that at
equilibrium a sizable population of the charge resides on the
I1;, it, and thereforé\G,°, can be estimated from the equilibrium
absorption. Because the radical cations of Ehegroups have
much smaller extinction coefficients than those of the naph-

When the rate of sequential charge transfer is much slower thalene or biphenyl radical cations throughout the—\NgR

than the superexchange raktes> ko9, the intraspacer system

spectral regions, any charge on ffigis readily observed as a

(I only alters the electronic coupling and does not change reduction of the absorption in the equilibrium mixture. Such a
the other parameters of eq 2. In this case, the charge-transfefeduction relative to the reference compound NSB was not
rate provides a simple measure of the superexchange couplinghpserved for any of the anions but was observed in two of the
(V) as enhanced by the bonds in the spacer. cations, NSesB and NSarB. In each molecule, there is only
one biphenyl, one naphthalene, and dib¢group competing

for the charge, so this method is only effective kg < ~10
(JAG°| = 60 meV). The corresponding free energy changes
are reported in Table 1.

AG)° can also be deduced from the equilibrium constant of
the hole transfer (4) from 4-cyclohexylbiphenyl (CB) and a
model compound (M) whose structure is similar to that of the
7t system within the spacer. This method accesses a larger range
of Keq because concentrations can be independently adjusted.
The free energy change for this reaction will be written as
AG°(M), indicating that it is an estimate &G,° determined
from a model compound. For direct equilibria, this method is
limited to |[AG,°(M)| < 200 meV, and its precision depends on

(21) Johnson, M. D.; Miller, J. R.; Green, N. S.; Closs, GJLPhys. Chem.
1989 93, 1173-1176.

(22) (a) Marcus, R. AJ. Chem. Phys1956 24, 966-978. (b) Marcus, R. A.
Discuss. Faraday Sod96Q 29, 21—-31. (c) Levich, V. G. InAdvances in
Electrochemistry and Electrochemical Engineerilelahay, P., Tobias,
C. W., Eds.; Wiley: New York, 1966; Vol. 4, p 249. (d) Levich, V. G. |
Physical ChemistryEyring, H., Henderson, D., Jost, W., Eds.; Academic
Press: New York, 1970; Vol. IXb. (e) Dogonadze, R. Ber. Bunsen-
Ges. Phys. Cheml971, 75, 628-634. (f) Van Duyne, R. P.; Fischer, S. F.
Chem. Phys1974 5, 183. (g) Fischer, S. F.; Van Duyne, R. €hem.
Phys.1977 26, 9—16. (h) Ulstrup, J.; Jortner, J. Chem. Physl975 63,
4358-4368. (i) Siders, P.; Marcus, R. A. Am. Chem. Sod.981 103
741-747.

(23) (a) Stein, C. A,; Lewis, N. A,; Seitz, G. Am. Chem. S0d.982 104, 4.

(b) Penfield, K. W.; Miller, J. R.; Paddon-Row, M. N.; Cotsaris, E.; Oliver,
A. M.; Hush, N. SJ. Am. Chem. S04987, 109, 5061-5065. (c) Paulson,
B.; Pramod, K.; Eaton, P.; Closs, G.; Miller, J. R.Phys. Chem1993
97, 13042-13045.

(24) Oevering, H.; Paddon-Row, M. N.; Heppener, M.; Oliver, A. M.; Cotsaris,
E.; Verhoeven, J. W.; Hush, N. 8. Am. Chem. S0d.987, 109 3258-
3269.

(25) Closs, G. L.; Miller, J. RSciencel988 240, 440-447.

(26) (a) Kuznetsov, A. M.; Ulstrup, J. Chem. Phys1981, 75, 2047-2055.
(b) Broo, A.; Larsson, SChem. Phys199Q 148 103-115.
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Table 2. lonization Potentials and Intermolecular lon Equilibria N*SenB. The strong coupling¢600 le) between the diene
e ances e o besmetons o and naphthalene could alfe the energy OSNE. TheAG”
uncertainty in Table 1 includes the possibility that the oxidation
potential of naphthalene has been perturbed.
compound’ (e'\P/)b A(i;(\x')c _(ﬁSVG)ZO AG‘O(’E"%;‘;;’WE“ NSarB: The model compound used for NSarB, 1,2,3,4,5,6,7,8-
octahydrophenanthrene (OHP), gav&,°(M) = 0 + 10 meV.

Relative to CB

CB 7.714 0.02 . . . N .
MaEt 8681001 >100 <870 3584 10 'I_'h|s resultis consistent with the more direct measurente@(,
MEt 827+ 001 -52+6 612+36 = 0+ 30 meV, from the absorption difference between NSarB
Cdien <—-90 and NSB. As with NSeiB™, the intermediate is one of the
OHP 7.89£0.05 010 1804+ 20 0+10 reaction products existing at equilibrium, and the possibility of

@ Abbreviations: CB= 4-cyclohexylbiphenyl, MEt = 2-methyl-2- electronic _per_tl_'lrbatlon _IS (_:Onfc’ldered' . o
butene, MEt = 2,3-dimethyl-2-butene, Cdier 3,5-cholestadiene, OHP The availability of the ionization potentidfsand the equilibria
=1,2,3,4,5,6,7,8-octahydrophenanthrehianization potentials in the gas measured here provides an opportunity to estimate the difference

phase?® ¢ Free energy change measured in DCE solution for charge transfer . . o . .
from CB™ to the model compound, M.Differences in solvation energies in solvation energyAAGs’) between two ions. If two ions have

relative to CB based on measured equilibria and ionization potentiass the same solvation energhAG® is expected to be zero.

= AGP(M) — (IPu — IPcg). ©Free energy for transfer from CB to the  |nstead, the results in Table 2 indicate that there are large
group in the spacer estimated/&8,°(MsEt) corrected with thé\AGs from . . .

M.EL. differences in the solvation energy betweepBtt and larger,

more delocalized ions, such as methylbiphérnyl OHP". The
how structurally and electronically similar the model compound values of AAGS® are used to estimatAGe® | and As for the
is to thesr portion of the spacer. To measuraA&® of —200 intermediate anions, NSp.
meV (Keq = 2500) requires a concentration ratio of [CBJ/[M] AG° of the Anionic Intermediates. AG,° could not be
> 1000, which is feasible if the lifetimes of both ions are long. gjrectly determined for the anions because their reduction
Equilibria for model compounds have been studied experimen- potentials are much more negative than that of CB (by greater
tally and theoretical? and are reported in Table 2. than 100 mV). Instead\G,° values are estimated fromAGs
" R " and the difference in gas-phase electron affinities (EA) of
(CB)' +M=CB+M (4) representative compounds:3! trimethylethylene £2.24 eV),
butadiene £0.62 eV), and benzene-(.12 eV). In contrast to
ionization and oxidation potentials, EAs and reduction potentials
are not very sensitive to the degree of alkyl substitution on the
carbon attached to the oleft3! For example, the EAs of
1-hexene andert-butyl ethylene are within a few hundredths
of an electronvolt of the EA of ethylerié.
Because thé&ls groups are smaller than biphenyl, their anions
are stabilized to a greater degree by solvation. Therefore, the
gas-phase values need to be adjusted for their differences in

NSenB:Table 2 gives information for two model compounds,
2-methyl-2-butene (IVEt) and 2,3-dimethyl-2-butene (J&t),
studied by Liut® M3Et is structurally more similar to the spacer
o bond of NSenB than MEt because it has three alkyl groups
attached to ther bond compared to the four in JEt. The
equilibrium for eq 4 was far to the left for M= M3Et, so no
measurement could be obtained, but the measured equilibrium
constant for the CB to MEt hole transfer reaction gave
AG|°(M4Et) = —52 meV. Though the equilibrium constant of

eq 4 for MiEt could not be measuredG°(MsEt) was estimated solvatiqn. This adjustm_ent can be approximated withAhe&s:° _
from AG,°(M.Et) and the difference in ionization potentials (IP) determined for the cations (Table 2). For NSarB, an alternative

between MEt and MEt. Using the relationshipAIP(CB, m_ethod was availgble which gaveAd5,° in good agreement
MJEt) = AG°(CB, MiEt) + AGs and assuming that the with the methods JL.ISt de§crlbed (see Table 1). .
solvation energyAGs, is roughly the same for bEt, AG,°(CB, One further consideration needs to be addressed to estimate
M3Et) can be solved (Table 2). AG° for the anions. The EA for biphenyl is measured to be
—0.3 eV, but this value reflects the vertical transition for the
the equilibrium absorption from NSB, indicating that the ©lectron attachment. Modeli and co-workéfsave shown that
“intermediate” NS(ep")B is present at equilibrium, yielding ~ the adiabatic EAis actually —0.2 eV (the difference 0f-0.1

AG° = —20 + 30 meV. Thus, the diene cation is not a high- €V 1S due to the rotational freedom between the phenyl rings.)
energy intermediate, but is one of the reaction products having We have also measured this difference in the form of a low-
a free energy between that of NSBri and N*SenB. frequgncy ET re(_)rganlzatlon eng@ytlndln_g that this differ-

The model compound, 3,5-cholestadiene (Cdien), gave a®nceis 0.13 eV, in agreement with Modeli's results. Therefore,
AGP°(M) < —90 meV. Like NSepB, Cdien also has two O estimateAG* for the charge transfer from biphenyl, an EA
conjugated double bonds, but at different positions in the steroid ©f ~0-3 = (=0.13)= —0.17 eV is used in Table 1.
scaffold. This positional difference will slightly alter the

NSenB: In the full molecule, NSeiB shows a decrease in

(27) The fraction of NSen2Bobserved in the equilibrium between the three

conform_ation around the double bonds. species, NSen2B N*tSen2B, and NSenB, was evaluated using= 1/(1
The disagreement between the tw@,° values could come + exp(-AG°/kT) + exp(~AG°/kT)). .

. . . (28) (a) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R.
from the conformational differences, to which IPs are known D.: Mallard, W. G.J. Phys. Chem. Ref. Dat988 17, 1-861. (b) Lias,

iti it i i ianifi S. G.NIST Chemistry WebBodhkttp://webbook.nist.gov/chemistry/), 2003.
to be sensitive, but it is also possible that there are significant (29) () Jordan. K. D Burtow, b Exham. Re 1087 87, 557558, (b) Jordan

electronic interactions between the diene and the naphthalene " k.'b.; Michejda, J. A.; Burrow, P. DJ. Am. Chem. Sod976 98, 7189

i ir oxidati i 7191.
WhICh' could alter their o>:|Qat|on potentials. The most relevant (30) Burrow, P. D.: Jordan, K. DChem. Phys. Let1975 36, 594-598,
experimental value foAG,° is the one measured from NS&. (31) Jordan, K. D.; Burrow, P. DI. Am. Chem. Sod98Q 102, 6882-6883.

o — _ ; (32) Modeli, A.; Distefano, G.; Jones, @hem. Phys1983 82, 489-492.
The value AG 20 meV was deduced by assuming (33 \iier 3’ R ; Paulson, B. P.; Bal, R.; Closs, G.1Phys. Cher1995 99,
AG® = —40 meV for the equilibrium between NS@81 and 6923-6925.
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Reorganization Energies and Electronic Couplings for 15 2.0
Charge Transfer to and from the Intermediate. Knowledge NSenB_ | |
of the solvent reorganization energids, and A,,, that ac- hg= 080eV |
company the charge transfer from biphenyl to Hhegroups is Ag= 059eV
needed to calculate both the sequential and superexchange = Vi = 102cm”
charge-transfer rates. In theory, the solvent reorganization energy "'3 Vi = d61cm’”| 7|
can be calculated from Marcus’ expressidg,= €*(eqp * — v SE '__Two-Step ———
es H(Yarp +Yora — Yr,,), but this dielectric continuum equation ] kgr=2.7x10"s_|
often fails to accurately describe experimental resdlisstead, I — | I
the A, values are derived from a combination of theory and E 8 - 3
experiment820.21.2533 | is estimated starting with the experi- @ \kjy= 3.5x10" s MTS:';EV ]
mental value ofis for NSB (0.75 eV) and adjusting for (1) the 108 = l;f 0.55 eV -
difference in size AA4(size)) in going from a naphthalene to 2 Vo= 133 cm’| 3
the smaller unsaturated groups, and (2) the difference in e r V= 602em’| ]
separation A1g(distance)). ;“3« 1o i

Al Jdistance)= €¥(e,, " — €5 )(L/Rpp — 1/Ry) (5a) ESE L — :
. B B L C ~_ |Ker=81x10°s ]
Ad(size)= AAGe,, ‘=€ N1 —e ) (5b) 7 . . .
10° = L k.= 6x10° s NSAB |+

The distance correction (eq 5a) is derived from Marcus’ HT A= 056eV
expression fois, while the size correction combines the Marcus T 043V
expression with the Born equati8hAGs = €2(rp(1 — es 1)) 4, 10tk Vo= 236em ||
to relateAls(size) to the change in solvation free enery\Gs. "o Vi = 390 em
The AAG;s values for positive ions of model compounds are x k= 9.7x10° &
reported in Table 2, and the corresponding contributionk to 10" - ! e
are shown in Table 1. The present procedure has the advantage SE '.
that most of the reorganization energy is obtained from . ! Two-Step
experiment, with corrections of smaller magnitude coming from 10" O - L L |
the dielectric continuum expressions. The use of the experi- 0.0 0.5 1.0 1.5 2.0
mental values (e.gds andAAG) has the added advantage that AG® (V)

it is likely to include some of the contributions recognized by Figure 3. Rate constants for the HT measured in DCE and ET measured
Matyushov3* even though the corrections rely on the form of in THF. Measured and calculated rates are presented as functions of the
the continuum model. Matyushov’s theory includes translation free energyAG,°, of formation of the intermediate state from the reactant.
) . . . _The vertical sizes of the oval shaped points represent uncertainties in the
of solvent molecules not described by the continuum expressionmeasurements of rates; the horizontal sizes give uncertaintieh The
of Marcus. dotted and dashed lines are the calculated superexchange and two-step
Charge transfers to and from the intermediates are ac- ;a‘;]ﬁg][‘t;ates? tehle Spide'";%isttheof?r:z g{;geot%"_’é’ rgtef_-n Thztzﬂetéoxiz_ig
- . S . . c e panels give estimates ronic couplings and reorganiza-
companied by internal reorganization ene_rgﬁa)(d#ferent tion energies. The uncertainty in the computed rates is estimated to be a
from the 0.45 eV value for transfer from biphenyl to naphtha- factor of 2.5, due principally to the uncertainty of the electronic couplings.
lene. Estimates oft,, for the NSpB to NSptB CT were able 3 Estimated Electronic Counlinas bet the Biohen
6 } * . able 3. Estimated Electronic Couplings between the Bipheny
Cgmputeé (B3LYP/6-31G*) and are reported in Table 1 and and the Intermediate, I1s Group (Vo)), and between the Ils and
Figure 3 (the values for ET and H7,, were averaged for  Naphthalene (Via) used to Calculate the Two-Step
simplicity.) The largestéy, = 0.59 eV for NSenB, decreased 2%t aRE (A (LT Fande Hole and Electron Transier
the sequential rates by a factor of 4 relative to the 0.45 eV a ! tperex

Rates
reference value, while barely affecting4%) the superexchange

H H c c Ve d -1
rates. These variations ity have only moderate effects on the Vo Via _Wedmlem™)
. ' compound " NP (cm™) (cm™) HT ET
appearance of Figure 3.
NSenB 6,3 2.2 102 461 3.3 2.0
(34) (a) Vath, P.; Zimmt, M. B.; Matyushov, D. V.; Voth, G. A. Phys. Chem. NSenB 5,2 1.7 133 602 8.6 6.9
B 1999 103 9130-9140. (b) Matyushov, D. VChem. Phys1996 211, NSarB 4,3 1.9 236 390 11.5 6.5

47-71.

88 Eﬁ;’;hMMZ'JRh%’rSu(l:EgEé' \7'\/5; Schlegel, H. B.: Scuseria, G. E.: Robb, M aNumber of saturated bonds in the shortest path from biphenyl to the

A.: Ch " J R.: Mont I AL IV T Kudin, K. N.; intermediate groudIs and fromI1s to naphthalene in the compounds shown
Buramt’eejs.ega;mMi”am, J,°',I,ﬁ°,”;eer?éar, S Sr T[)e,xggi’ K éjarlgne’ v.. inFigure 2.5 Ratio of thells to naphthalene MO coefficients at the point
Mennucci, B.; Cossi, M.; Scaimani, G.; Rega, N.; Petersson, G. A.; Of connection which gives the shortest chain of saturated bonds to biphenyl
Nakatsuiji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, (from AM1 calculations on alkenes of Decalin or OHP.Y = 950 cnt/
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;  1.654' x y,/yn. Uncertainties are estimated to be a factor of 1 &dditional
Ij" é'c;mfggr);’sJRE';Sﬂ;?rtﬁgﬁn'RH'EP';Ycarzglsésv’ %BALﬁci%mX \(]:';(‘:]:r?rrr?im% superexchange coupling resulting from thebonds within the spacer

o , R , ROES , O y AL , R i = 1 i
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; (aixglgigmgt?(ﬁgsia)le 6.2 cn" from the coupling through the bonds),
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, y €q b.
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D,
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; H i i
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, The electronic coupllngs for the Charge transfer from blphenyl
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;  to the ITs (Vp)) and from thells to naphthalene\a) are
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, ; R ;
B.. Chen, W.: Wong, M. W.. Gonzalez, C.. Pople, J. @aussian 03 estimated in Table 3 _based on the results from pr(_ewous
revision A.1; Gaussian, Inc.: Pittsburgh, PA, 2003. measurements of the distance dependéh€e?>Those studies
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concluded that through saturated bond$/ = 950 cnT%/1.65' reorganization energy @f = As, + Ay, to form the intermediate

for both ET and HT. The estimated couplings in the present assessed as described above.

molecules also include a factor for the larger orbital coefficients ~ These assumptions and approximations presume that (1) the
of the I1s groups. Scaling/ based on the MO coefficients is  coupling through thes bonds of the steroid spacer is unaffected
not well verified and contributes to the estimated uncertainties py the change in hybridization in some of the bonds, (2) the
by a factor of 1.3. Because the MO coefficients for the anions complex nexus of ands interactions that give rise t@sg(r)

and cations are within 10%, they were averaged to give a can be described in the simple form of egs 6 and 3, and (3) the

common value folp; andVia. total coupling can be partitioned into discrete and &
Charge-Transfer Reaction MechanismsWith estimates of components.
the salient energy terms\G,°, reorganization energies, and Figure 3 compares predictions of the simple superexchange

electronic couplings), it is possible to calculate the sequential and sequential models with the measured electron and hole
and superexchange rates. Sequential rates are calculdtge/as transfer rates. It is evident that whehG,° is large, the
(k-1tkp), using eq 2 to calculate ea¢h To computek; and superexchange mechanism determines the rate, which depends
k-1, V= Vp andAG°® = £AG,°. To computeky, V = Via and only weakly onAG°. At small AG°, a sharp increase in the
AG°® = AGgn° — AG)°, whereAGg\° is the overall free energy  rate occurs as the sequential mechanism becomes dominant. The
change for charge transfer from biphenyl to naphthalene. The experimentally observed rate increases are explained by this
superexchange rates are also calculated with eq 2 using thesimple description. The figure indicates that the modest rate
established values fakG°, 45, and4,,? but using|Vsg(o)| + increases in the anions, NSenB and NSarB, are due to enhance-
[Vse()| for V, whereVsg(o) represents the coupling that occurs  ment of the superexchange coupling, while the large rate
through theo bonds, andvsg(r) the additional coupling that  increases in HT reactions for NS@and NSarB are clearly
results from the incorporation of the bonds (this calculation  due to the sequential mechanism. The present results and
is described later)/sg(0) is treated as though it does not change analysis do not determine the relative importance of the two
throughout the series of compounds and is equal to the couplingmechanisms in the remaining two (ET/N$Brand HT/NSenB)

in NSB (6.2 cn1?).2® cases.

The assumption of constructive, but not destructive, inter-  Sensitivity to the Parameters and Modelln the sequential
ference between the and x is able to explain the data. mechanism, the rate calculation is very sensitive to the energy
Remarkably good agreement is found by examining the ratios of the intermediaté\G,°. Fortunately, for the two cases in which
of the calculated superexchange rate to the observed ET ratehe sequential mechanism dominatA&,° is well measured.
(kse/Kobserved- Assuming constructive interferenceV (= Where the uncertainty iM\G,° is larger, the superexchange
|Vse(0)| + |Vse(r)]), values for this ratio are 1.3, 1.1, and 0.82 mechanism, which is relatively insensitiveAds,°, determines
for NSenB, NSesB, and NSarB, respectively, but assuming the rate.

destructive interferenceV(= [Vsgo)| — [Vse(n)l), the same In the sequential mechanism, the rate is proportional to the
ratios areksg/Kopserves= 0.32, 0.003, and 0.0004. A similar result  square ofVp,, while in the superexchange mechanism, the rate
was observed for the NSenB HT, whekgd/Kopservea= 0.48, is proportional to the square o¥§ x Via). Though both rate

assuming constructive interference, versus 0.043, assumingcalculations are sensitive to the electronic coupling and,
destructive interference. In addition, had destructive interferencetherefore, to its uncertainties, the superexchange calculation will
occurred, thells groups would have decreased the ET rates be affected the most because it squares the error of \4gth
contrary to observation. The present results raise the possibilityand V.
of a propensity toward constructive interference. If constructive  The solvent reorganization energy will cause only a modest
(C) and destructivel) interference were equally probable in  (~jinear) change in the calculated superexchange rate but will
each case, then for ET in NSenB and NSarB, where superex-inquce a larger change in the sequential rate. A change of 0.1
change clearly dominates, four outcom&C( CD, DC, and eV in s, alterskse andkos by factors of~1.1 and 3, respectively.
DD) are equally likely. The observationCC’ does not 3 hasa smaller effect on the sequential rate and a minor effect
necessarily indicate a propensity ft Two more cases in  on the SE rate. Discrepancies between the calculated and
Figure 3, the HT in NSenB and ET in NS&) suggest  observed sequential rates in Figure 3 could be due either to
constructive interference. Finding all fo@; a 6.25% chance,  small errors inls, or to errors in our estimates of couplings.
would signal a preference for constructive interference, but this Equation 6 estimates superexchange couplings in a crude way.
second pair of rates can easily be understood in terms of the s are correct treatment would integrate the enhancement of
sequential mechanism, either or both mighthdtis notclear  oj6ctronic couplings over all configurations of the solvent and
whether con§truct|_v<_a interference is favored. While the presgnt internal coordinates with appropriate thermal weightings. Such
results are 'nd,ec's'v,e’ we may specula’Fe that construgtlve an integral is not difficult to evaluate given the availability of
|nterferen(?e mlght: .|r'1 fact, be favoreql In sy'.stems having an expression for the coupling produced as a function of energy,
configurational flexibility, such as the facile rotations of B and such as that in eq 3. Equation 3, however, is not adequate for
N groups in the present molecules. this purpose. At some nuclear configurations to be included in
the integral, the energy of the intermediakg, is close to or
equal toEp, causing eq 3 to produce unrealistically large or
infinite contributions. The approach used here combines all of
Equation 6 was used to calculategr) shown in Table 3. those weighted contributions into the most probable state. In
It is based on eq 3, but us@s5,° + 4, as an estimate for the  doing so, eq 6 provides the mean of contributions with larger
NSpB* to NSptB vertical charge transfer in solution, with a and smaller values of the energy denominalgr;- Ep, which

V) = Vp Vi (AG° + 4)) (6)
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should be a reasonable approximation wheg° is large. But ;ilgeDZ{- hCOr;fgmeVdSGarCh Res;l_fs fglf in Derivatives Contain

o ; ; : ,16-Diphenyl-5a-androstane and its Olefin Derivatives Containing
whenAG,° is small, eq 6 _almost certamly L_mderestlmates the 5. c Double Bond, a Diene, and a Phenyl Group?
superexchange contributions. In application to the present

experiments, the deficiencies of eq 6 are not noticeable. f M“kllz f;”erlgy i edge-to-edge
WheneveAG,° is small, the rate from the sequential mechanism Shecer oo corome? (eamo) popuaton separation
overwhelms that from the superexchange. This masking of the 1 39.824 100.000 11.49
errors of eq 6 may not be unique to the present experiments. ~ S€" 1 36.854 99.993 11.46
Theory indicates that for low-energy intermediate states,  Sem % gg-;gé gggfg ié%
where both sequential and superexchange mechanisms contrib- ) i '
ute, these distinct routes to charge-transferred products can blur Sar 21 2275'?2633 926592258 1101'2487
into a common mechanism requiring a more complex theoretical 3 28.953 0.268 11.48
descriptiont Of the data shown in Figure 3, for two cases (hole ;1 gg.gé g.ggé 13.‘3“23
transfer in NSenB and electron transfer in NSgBi-), super- o 20.802 0012 0,68

exchange and sequential mechanisms probably both contribute
but the data appear to be described adequately by the simple asearch was performed with the MM2 force field using a minimum
sum of the two contributions. Boltzmann population cutoff at 0.01% by the Spartan Molecular Modeling
. . . . Program?®
Alternative View of Superexchange.Electronic couplings

are reported to decay less rapidf/+ 0.25-0.7 A™?) through closest to the spacer). A decrease in distance of 1.2 A typically
unsaturated spacér§'11637than saturated spacers £ 0.8 leads to a rate increase of a factor of aboi Biowever, the
A1) 1011L18.21.24An alternate way of envisioning superexchange change in distance occurs without a change in the number of
is to view it as a series resistance. For example, the spacer inbonds, which is a stronger determinant of the CT rate. In
NSarB could be viewed as three segments, a high-resistance (qdition, the accompanying change in conformation pushes the
segment through a saturated hydrocarbon, a lower-resistance piphenyl into an axial stereochemistry, and this has been shown
segment through the phenyl ring, followed by another high- tq significantly decrease ratéslt is not clear that the rate in
resistances segment. In this view, the coupling decays by & thjs conformation will be larger. If the rate of conformation
factor of~1.6/bond, as described above through folonds, change were much slower than the rate of electron or hole
then by a factor of-1.2/bond through three bonds, and then  ransfer, then this increased rate would only apply to 2.5% of
again by 1.6/bond through three marebonds. This analysis  the molecules; otherwise, the increase would be averaged with
yields rates within a factor of 2 of the observed values. This gz 2 504 weighting. These calculations, therefore, predict that
may be fortuitous because it does not consider the relative conformational changes are unlikely to contribute substantially
energy of thells, which should have some affect on the tg the observed rates in NSarB and very unlikely for the other
coupling. molecules.

Consideration of Conformation Changes.Trans-fusion of
the four rings in androstane makes it a very rigid spacer, but
introduction of ther groups into the spacer can decrease this  Incorporation ofzr bonds into the spacer always increased
rigidity, particularly in the case of NSarB. Possible conforma- the biphenyl to naphthalene charge-transfer rate, although in
tional changes were investigated by molecular mechanics two cases, a significant fraction of the charge in the equilibrium
calculations, making use of the MM2 force field and the mixture resided on thEls group. The results are consistent with
conformation search routines of the Spartan molecular modeling a low level of theory that predicts the dominant charge-transfer
program3® This routine searches for stable conformers by mechanism to be superexchange when the energy of the
rotating the dihedral angles (at specified increments) of chosenintermediateAG,° is large and sequential whexG,° is small.
bonds, and then minimizes the MM2 energy of each. The search In two of the six reactions (ET in NSenB and NSarB), the
routine was set to save any conformer with a population greater modest rate increases are attributed to superexchange, while the
than 0.01%. Table 4 presents results of calculations on the modeffactors of 276 and 470 for hole transfer in Ng@rand NSarB
compound, 3,16-diphenylesandrostane, and its three unsatur- arise principally from the sequential mechanism. The increases
ated variants, the monoene, diene, and phenyl groups. Thesén the other two reaction rates (ET in NSBrand HT in NSenB)
model molecules have the same spacers as NSB, NSenBmay contain contributions from both mechanisms in undeter-
NSenB, and NSarB, but have phenyls instead of naphthalene mined ratios. Presuming thEls groups solely increase the
and biphenyl at the 3 and 16 positions to simplify the calculation. electronic couplings, the change in coupling from the unsaturated

The conformer search on the model molecules of NSB and spacer relative to NSB (i.eV/Vnsg = (klknsg) Y2 for the ET
NSenB determined only a single conformer. A second confor- reaction is 1.2, 2.1, and 2.3 for NSenB, Ng&nand NSarB,
mation was found for the diene with a 0.013% population, but respectively, yielding/ = 7.4, 13, and 14 crt, respectively.
for the NSarB model compound, several conformations were In the HT reactions, both mechanisms probably contribute to
found, including one with a 2.5% population. In this conformer, the factor of 5 increase in the rate in NSenB.
the phenyl at the 3 position is in an axial-like conformation ~ The fact that the approximation for the superexchange
leading to a 1.2 A decrease of the edge-to-edge distance (definedoupling in eq 6 appears to adequately describe data for the
as the distance between the carbon atoms in the aromatic groupgresent compounds may say more about the insensitivity of
superexchange couplings to energetics at lakgk°® than a

Conclusions

(37) Langlais, V. J.; Schlittler, R. R.; Tang, H.; Gourdon, A.; Joachim, C.;
Gimzewski, J. K.Phys. Re. Lett. 1999 83, 2809-2812. (39) Ohta, K.; Closs, G. L.; Morokuma, K.; Green, N.Am. Chem. Sod.986
(38) Wavefunction Inc., V. K. A.: Irvine, CA, 2000. 108 1319.
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general validation of that approximation. Superexchange canespecially those in which several intermediate states span the

be more sensitive to energetics where reorganization energiegegion between donor and acceptof! the sequential mecha-

are smaller than that in the present molecules. The present resultsism would be likely to be increasingly importena/though it

suggest the possibility that constructive interference between has been ruled out in one c&$e.

andsr contributions to electronic coupling may be more probable
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amined here, the intermediatebonds span only a fraction of  ja044946A

the distance between the donor and acceptor, so significant
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