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An ab initio study of specific solvent effects on the electronic coupling
element in electron transfer reactions

Thomas M. Henderson and Robert J. Cave®
Department of Chemistry, Harvey Mudd College, Claremont, California 91711

(Received 3 June 1998; accepted 28 July 1998

Specific solvent effects on the electronic coupling element for electron transfer are examined using
two model donor—acceptor systems §Zmand Li) and several model “solvent” species
(He, Ne, HO, and NH). The effects are evaluated relative to the given donor—acceptor pair
without solvent present. The electronic coupling eleméhy,j is found to depend strongly on the
identity of the intervening solvent, with He atoms decreaskhg,, whereas BHO and NH
significantly increaseH,,. The distance dependen¢essentially exponential decays weakly
affected by a single intervening solvent atom—molecule. However, when the donor—acceptor
distance increases in concert with addition of successively greater numbers of solvent species, the
decay with distance oH,, is altered appreciably. Effects due to varying the orientation of
molecular solvent are found, somewhat surprisingly, to be quite modestl998 American
Institute of Physicg.S0021-960608)30141-3

I. INTRODUCTION also focused on interference effects between two or more
“pathways” from D to A along the bridging
Solvent often plays an important role in controlling the medium?®2226-2°The effects due to solvent betweBnand
rate of electron transfeef) between dono¢D) and acceptor A have also been examined. The work of Miller and
(A) sites’™ The work of Marcus, Hush® Levich and  co-workers® provided the first experimental evidence that
Dogonadzé€, and otherd has shown the important role sol- solvent could could play a significant role in mediating the
vent plays in determining the rate of reaction via dielectricelectronic coupling. Recent work has shown that “through-
response to the transferring charge. In the classical or semsolvent” superexchange effects may be the predominant
classical theorie3® the solvent is treated as a dielectric con- means of mediating the electronic coupling in some linked
tinuum with at least two response tim@se slow, one fagt D—A systems*!®In addition, Gouldet al!’ studiedet be-
and one obtains the familiar Marcus—Hush quadratic expregween alkyl-substituted benzenes and cyano-substituted an-
sion for the free-energy of activation which is dependent orthracenes and found evidence for possible solvent-separated
the solvent reorganization energy\,. More recent radical-ion pairs. Here too the solvent may have a significant
theorieS~** and experiment have revealed that the diffu- effect on the electronic coupling between donor and accep-
sive motion of the solvent can also play a significant role intor.
controlling the rate of electron transfer, especially for very ~ The purpose of the current article is to initiate a detailed
fast reactions. ab initio quantum chemical study of the orientation-,
Previous work has also suggested that intervening sodistance-, and energy-dependence of solvent effects on the
vent can alter the electronic Coupm?fgzj-between donor and electronic Coupling element for electron transfer. In semi-
acceptor sitesia a superexchange mechaniém?> The con- classical theories the rate expression for nonadialgtio
cept of superexchange coupling @t has its roots in the the high-temperature limit is of the forth
work of Halpern and Orge® McConnell?* and Larssof? )
| . > an 2[H gl
and arises physically due to weak interactions of e Koy=———
and/orA diabatic states with localized or delocalized states h
of the intervening medium. In the present article we use th
term “superexchange” to indicate any electronic interaction
(one-electron or many-bogipetweenD or A and the inter-

112
exp(—AG*/RT), (1)

3
ART

Svith A the total reorganization energy amxiG* the free
Senergy of activation. The derivation of E(l) is based on a

Landau—Zener treatmefitand as such requires the value of

\(;enmg m(;adlum th(?r,:[ altler theb e(ljectr]?mc Eo;:pllng betweo?r]_lab at the minimum energy point along the crossing seam of
onor and acceptor. A large body of work has appeared e giapatic surfaces involved in the reaction, at which point

V\{hich_ has exgmined such effects when the intervening MEH | = AE,qpad2. In fully quantum mechanical treatmehfs
d|lf£§1122|526a§ont|ggou§ly bonded network also bondeB@nd "1\ ,nadiabaticet H,, is the interaction energy between
A1822:26"3Detailed information has been obtained about thejonor and acceptor diabatic statesaay nuclear geometry,
rate of decay of the coupling with distancer number of = merely that of the crossing seam. However, most quan-
bonds and its dependence on intervening medium. Work hag,m mechanical theories invoke the Condon approximation
(that is,H ,, is weakly dependent upon nuclear coordingtes
dAuthor to whom correspondence should be addressed. generally choosing the value bf,,, as in semiclassical theo-
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ries. The values oH,, that we obtain are not, in general, the methods used to calculate the electronic wave functions

those along the crossing seam of the two diabatic surfaceandH 5, are presented and the basis sets which were used are

hence the donor and acceptor diabatic state energies are riiscussed in detail. In Sec. Il results are presented. Section

equal. The systems studied here have many independent dd* contains a discussion of the results, while conclusions are

ordiates and the search for the crossing seam, let alone thpgesented in Sec. V.

minimum energy point along it, is not feasible for the sys-

tems examined. However, the methods employed allow thd. THEORETICAL METHODS

calculation ofH,,, at any nuclear geometry and the Condon

approximation suggests thel,, values obtained at the

nuclear geometries we use should be similar to those along All systems were described using complete active space

the crossing seam. In a series of test calculatisee below  self-consistent fieldCASSCH wave functions}! the calcu-

we examine the validity of the Condon approximation andlations were performed usingoLcas 3.* Since more than

find it holds reasonably well in these systems. one state was sougtd minimum of two, in order to describe
Given the size limitations imposed by use a initio the initial and final states in thet procesy the state-

methods the systems considered are restrict@ #, and a averaged CASSCF (SA/CASSCH method was used here.

small number of weakly interacting solvent atoms—The SA/CASSCF wave functions are denotenfm

molecules. As a result one might consider use of the ternfPSA/CASSCF, where andmare the number of active elec-

solvent inappropriate when applied here. Indeed, the importfons and orbitals, respectively, apds the number of states
tant energetic effects due to dielectric polarization and posUS‘id in the state—averag|ng7 ngOCGSS- In previous studies on
sible ligation of theD and A species are missing in such a Zn With the GMH method,’** we have used wave func-
treatment. However, the superexchange interactions whichons separately optimized for each adiabatic state of interest
are important in altering the electronic coupling element2nd found little change i, relative to SA/CASSCF re-
should arise largely from solveriietween Dand A,1%18:36 sults. Similar agreement is expected hgre. In a few cases for
and neglect of the solvent outside the line of centers of th&nz . four state SA/CASSCF calculation@SA/CASSCH

DA pair will not qualitatively affect the coupling. The defi- have been performed, including states in the averaging pro-
nition of solvent(S) used here is thus any species that isCSS that correlate at large Zn-Zn distances with the
weakly interacting withD and A, either because of intrinsi- Yalence—Bond-type  configurations *S(Zn)—"S(Zn"),

2 1 3 2 2
cally weak bonding or due to sufficieBt—S (or A—S) dis- SB(Z”Jr)_ S(Zn), °P(Zn)-*S(zn”), and *S(zn")
tance to lead to a weak interaction. —°P(Zn). However, in most cases we are concerned with

In the present study we use Zrand Li as model electron transfer involving ground-state donor and acceptor,

donor—acceptor pairs. They are particularly simple from ar?nd in these cases a ZSA/CA_SSCI_:}éaIcuIagion was per-
electronic structural viewpoint, but Znhas been well stud- [ormed[including states correlating witf5(Zn)—"S(zn"),

2 +y_1 +
ied in the absence of solvéAt®in the ground and several ~ (2N )="S(Zn)]. For Li; only the two lowest states of the

low-lying excited states so that the effects of the solventgYStem Were fO”S'dff@fdP{fe'g“”g, at large separation with
used here can be accurately assessefl.itian extremely Stk = S(Li") and S(Li")—"S(Li)].

simple system, which, when compared with,Zrallows one

to examine the sensitivity of solvent effects to the energy o
the donor or acceptor states involved in the process. The A variety of one-electron basis sets were used in the
solvents used include He, Ne,®, and NH which allow  present study:

further assessment of energetic effeatariation in ioniza- (i) Zn: The basis set was built upon the Wachters
tion potential IP) and electron affinity(EA)], as well as (14s,9p,5d) basié® contracted using a Raffenetti schethe
possible orientation effects in the two molecular cases. Usingased on the coefficients provided in Ref. 43. This yields
these models fob, S andA the distance dependencetdf,,  four s functions, twop functions, and onel function. The

as a function oD —A separation an@® —S separation is ex- two most diffuses basis functions and the most diffusend
amined. Finally, the decay dfl,, with D—A distance is d functions of the original basis set were also added as ad-
examined when increasing numbers of intervening wateditional  uncontracted  functions.  Finally, diffuse
molecules or He atoms are included. 5(0.3960,0.015) p(0.310,0.120,0.047,0.018), awnid0.155)

The electronic coupling element is evaluated using thdunctions were added to the basis. This basis set is referred to
recently developed generalized Mulliken—HugiEMH) below as Zn basis, and is the basis set employed for Zn
approactt’*8 The GMH method can be used for ground- or unless otherwise specified. In some cases extended basis sets
excited-state calculations, for the simultaneous evaluation ofvere used, built on basis sa&tZinc basisb was constructed
the electronic coupling between several stdies, beyond from basisa by adding additionas(0.0044),p(0.0069), and
the two-state approximatipnat any nuclear geometrfnot ~ d(0.042) functions. Zinc basis was used to examine basis
merely at the geometry corresponding to the crossing poirget completeness questions fdr, and contained all the
of the pair of relevant diabatic surfagest has been com- functions in basi, with an additionals, p, andd function
pared with other approachéslock diagonalizatiori®*®half ~ based on even tempef@extension using the last two func-
the minimum energy splittingand found to be in good tions in each angular momentum. Tests with basisIseisd
agreement. c in the absence of solvent molecules yield ground-state cou-

The rest of the article is organized as follows. In Sec. lIpling elements differing by at most 12% at a separation of 10

A. Wave functions

1B. One-electron basis sets
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A compared to results with basis s&t while similar aug-  basis functions were placed in the wa@y, orientation(see
mentations in the presence of solvent in the course of thbelow at the positions they would have occupied had a wa-
current study yielded even smaller differences. ter been preserihote, however, that no water nuclei or elec-

For Li, He, Ne, H, O, and N, members of the family of trons were present in these calculatipasd the electronic
atomic natural orbitalANO) basis sets of Widmarkt al*®  coupling for Zrj was recalculated in this larger basis set to
were used: assess BSSE oH,,. It was found that at 6 ah8 A sepa-

(i) Li: The primitive set is (14,9p,4d,3f).*® H,, val-  ration the electronic coupling element for ground-state
ues for L, were compared for several contracted basis setdiffered by less than 1% from the results without the water
and the ANO contraction (§3p,2d) was found to yield re- basis present, while at 10 A separation the coupling differed
sults in good agreement with those obtained using more expy at most 11%. Similar variation at large,,z, was ob-
tended basis setfup to (7s,6p,4d,3f)]. Even tempered served in the progression from Zn basis&éb basis set at
extensioff® of the primitive Gaussian basis was also found tolarge Rz,z, and is much smaller than the changesHg,
have little effect orH,, over the range of 6-12 A. Thus, in obtained with solvent presefgee below. It is interesting to
all calculations reported here theg8p,2d) ANO basis set note that the BSSE(estimated using the counterpoise
was used. correctiont’) for Zn; with the water basis set present is

(iii) He: The primitive basis set is 6#p,3d).*® Several ~107° hartrees at all separations. This is significantly
ANO contractions were examined for He as solvent and thémaller tharH,, at 6 and 8 A, but is a factor of 2 larger than
(5s,2p) ANO basis was found to yielH,, values for Hap at 10 A. Thus even in the presence of reasonably large
[Zn—-He-ZA™" in good agreement with those obtained from BSSE (compared tdH,,) one can still extract accurate val-
larger contracted basis sétsp to (7s,4p,3d)]. ues forH,, for weakly interacting systems. These results

(iv) Ne: The primitive basis set is (§8p,4d).*® The indicate that we can assign the changes in electronic cou-
ANO contraction (8,4p,2d) was used for all calculations Pling observed in the presence of solvent in what follows to
reported here, but tests with ag8p,1d) contraction pro- superexchange-type effects, rather than BSSE.
ducedH;, values for Zn—Ne—Zri" in excellent agreement
with those from the larger ANO set, suggesting that the re-
sults were converged with respect to contraction scheme. C- Method for the calculation of  H,p

(v) H20, NH3: The water and ammonia molecules were  The method used in the calculation of the electronic cou-
assigned their experimental equilibrium structdfé8 (wa-  pling element was the generalized Mulliken—HUSMH)
ter: Rop=0.957 A, £=104.59, (ammonia:Ryy=1.012A,  method®3® The GMH method is based on the original
+=106.79. The primitive basis sets for O and N were Mulliken—Huslt? treatment for charge transfer transitions;
(14s,9p,4d);*® the primitive set for H was (84p). In most  the method has been presented in detail in Refs. 37 and 38,
cases a (4,2p) ANO contraction was used for O or N, with and only a brief discussion is given here.

a (2s) ANO contraction for H, in test calculations with water In an electron transfer process, it is natural to assume
as solvent, larger ANO contracted sets were ufgul to  there are two or more sites at which the electron may be
(7s,4p,3d) for O and (%,2p) for H], yielding values oH,,  localized, with associated diabatilocalized states charac-

for [Zn—H,0—Zn]* within 10% of those obtained with the terizing the total electronic wave function at each distinct
water (4s,2p/2s) ANO contracted basis. Augmentation of site. The GMH method defines diabatic states as those states
the water primitive basis sdeven-tempered extensipin  having zero off-diagonahtersite (paralle)> dipole moment

the s and p spaces for O and space for H also produced matrix elements. Thus, the transformation that diagonalizes
modest changes iRl,, (<10%) relative to the results ob- the adiabatic (paralle) dipole moment matrix is a transfor-
tained in the contracted &2p/2s) basis. mation to the GMH diabatic states. When the same transfor-

Given that the systems examined below are not in closemation is applied to the adiabatigliagonal Hamiltonian
contact(i.e., weakly interactingthe description of the long- matrix, one obtains diabatic coupling elemenks,f). For
range behavior of the wave functions is important in obtain-systems with two or more states of interest localized at a
ing converged electronic coupling elements. This is to begiven site(e.g., ground and one or more excited stathe
distinguished from the basis set dependendd gffor long-  diagonalization of the entire dipole moment matrix is not
rangeet in covalently bonded systeri®where it has been justified by the initial Mulliken—Hus?f assumption concern-
shown that modest basis sets can yield converged resultsig the nature of charge-transfer states. In this case, the
due to the relatively large overlap of atomic orbitals on ad-GMH method assumes that diabatic states localized on a
jacent atoms. For weakly interacting systems one possiblgiven site are weakly perturbed and Hamiltonian matrix ele-
concern would be that basis set superposition errorsments between these states should be zero. Rediagonaliza-
(BSSB® (due to basis set incompletengrsght have a sig- tion of the transformed Hamiltonian over local site blocks
nificant effect on the value dfi;,. A series of test calcula- (and analogous transformation of the diabatic dipole moment
tions were thus performed to assess such effects on the elematrix over local site blocKsyields the locally adiabatic
tronic coupling in Zg . Using Zn basis seh, H,, for  GMH stated”38 (which are nevertheless diabatic in the inter-
ground-stateet was first calculated &&,,,,=6, 8, and 10 A.  site sensg
The electronic coupling was then recalculated at the same In order to compactly indicate specifi¢ processes, they
distances, having placed the §2p/2s) water basis set at will at times be described in terms of the orbitals from which
various positions between the two Zn atoms. The O and Hhe electron originates and to which the electron transfers.
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6L TABLE I. Distance dependence dafar H,;, .
7 System ARym(A) Orientation  B(A™Y A (a.u)
8- zng 6-10 271 7.5
_ - [Zn-He-zi* 6-10 2.61 2.1
£ °r [Zn-Ne-zq* 6-10 252 4.4
= L [Zn-Li-zn]* 6-10 1.08 0.26
L Lig 6-12 1.83 2.7
1 e [Li—He—Li]* 6-12 1.52 0.14
L [Li-Ne—Li]* 6-12 1.71 1.2
12 “ [Zn—H,0-Zr]* 6-1C Ca, 2.09 2.2
5 [Zn-H,0-Zn]* 6-1¢ C, 2.33 6.7
13 | L ] ) | I | | v
P 7 3 9 10 [Zn-H,0-Zn]* 6-1C¢ perp 2.39 7.4
; Zn-H,0-zn"* 6-10 OH 2.53 14.5
Rznzn(A [
zn(A) [Zn—-H,0-Zn]* 6-10 HH 2.49 125
FIG. 1. Plot of IfH, for 4s—4s transfer vsRz,z, for Zn; (solid line, [L'—HZO—'—']++ 6-12 Cay 1.66 18
circles, [Zn—He—ZA™ (short dashed line, trianglgsand [Zn—-Ne-Zij* [Z”‘NHTZ”L 6-10 N 2.32 8.5
(long-dashed line, squadesHe or Ne are placed equidistant from the two [Zn—NH;—Zn] 6-10 H 2.32 8.5
Zn. Basis sets and wave functions as defined in Table I. [Zn—NH;-Zn]* 6-10 NH 2.30 9.2

@Unless otherwise noted the solvent is at the midpoint of the M—M distance.

= | t . Vi d-state Li d The basis sets used were Zx:Li:ANO (5s,3p,2d), He: ANO (5s,2p),
or example, aret process Involving ground-state LI and .. aNo (6s,4p,2d), H,0, NHs: AN (4s2p/2s). The wave functions

. .
Li .exchangmg an electron would be denotesd-2s trans- used are 3/2 2SA/CASSCF for Zn(with and without solventand 1/2

fer in this shorthand. However, the results are neverthelesgSA/CASSCF for Lj (with and without solvent Orientation refers to the
based on many-electron wave functions for the initial andrelative orientation of any molecular solvent used. Further details and defi-
- _ - nitions of labels are given in the text. Least-squares paramgheaad A)

final state;, not merely one-electron wave fur'lctlons.. from fit to Eq (2)

The distance dependence of the electronic coupling Waskange of M—M distances over which the fit parameters were obtained.

characterized by fitting an exponential to the data, i.e., O atom 4.0 A from one Zn, H atoms directed at opposite Zn.
40 atom 3.0 A from one Zn, H atoms directed at opposite Zn.
Hap=A exp(—BR/2), 2

€0 atom 3.0 A from one Zn.
. . . fq?‘ atom 3.0 A from one zn, H along line of centers 2.043 A from this Zn.

whereRis the 'UtemUdear separation between _th_e donor aney atoms on line of centers, projected O distance along line-of-centers is 3.0

acceptor, angB is the decay constant characterizing the dis- A.

tance dependence [ ,,|2. In almost all cases the exponen-

tial represented the data quite well, with correlation coeffi-

cients greater than 0.99. that He diminishes the magnitude of the coupling dramati-

cally, while Ne has little effect on the electronic coupling.
The B value for Li; (Table ) is considerably smaller than
that for Zn, sinceB goes roughly as the square root of the IP
of the transferring electrdifor systems of the type B (the
ionization potential of Li at the restricted open Hartree—
+ o ; ; : Fock/restricted Hartree—Fock ROHF/RHEVel in the basis
Zn, with & single intervening solvent atothle or Ne as ad_ set used here is 5.3 eV, while that for Zn is 7.7)eWith

function of Rz,7,. The solvent atom is located at the mid- ; . ) :
point of the Zn—2zn line of centers. For comparison purposeémervenmg solvent there is not expected to be a direct rela-

data are also presented for the correspondisg4s transfer tionship betweerg and IP, but one might expect differences
for Zny . (Note, the results with no solvent present are
slightly different from Z5 results presented previoudfy® 4
due to differences in the number of states examined and the
SA/CASSCF employed. The present results are generally
within 10% of those reported previoushA single He at the
midpoint of Rz,z, significantly decreased,, relative to that 7
obtained with no intervening He. Neon has a small effect on
the magnitude of the Zn—ZHhl,,. The decay oH,, with
Rznzn (seeB values in Table)lis largely unaffected by the

Ill. RESULTS
A. M3 with a single intervening solvent atom

In Fig. 1H,, data are presented fos4o 4s transfer in

InIHabl
-]
LI L L L L L ]

presence or absence of the single He or Ne. This is not un- -10

reasonable since Zn has the lowest ionization potential in 11 .
these systems, and as such the decay of thesZorfital is T :
expected to be the dominant factor controlling the distance 2 7 8 9 10 11 12

dependence dfl 5, on Rz,z, when a fixed number of solvent
species is considered. The similar valuesgaeflect the fact

that all three cases involve Zn-Zrs44s _et . 4 . [Li-He-Li]™ (short-dashed line, trianglgsand| Li—-Ne—-Li]* (long-dashed
Analogous results are pres_ented n Flg. 2 _forz LI Jine, squares He or Ne are placed equidistant from the two Li. Basis sets
Ground-stateet (2s—2s) is examined and it is again found and wave functions as defined in Table I.

RLiLi(A)

FIG. 2. Plot of IfH,| for 2s-2stransfer veR,; ; for Li; (solid line, circles,
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8E-6
7TE-6

6E-6

InIHabl
InlHabl

SE-6

4E-6

L ) 1 L L 3E-6
6 7 8 9 10

Rznzn(A) RznHe(A)

FIG. 3. Plot of IlHal VS Ranzy for 4s—4p transfer for 2§ and 1G4, Plot of IfH, vs Ry for [Zn—He-2" with Ryyz=10 A. See
[Zn—He-Z1i", the latter with He equidistant from the two Zn. The 1ong- text for basis sets and wave functions.

dashed line is a linear fit to [, for Zn; . The solid line(squarepis for
[Zn-He-Z*, and is based on a fit of the functional forkh,,=A(R
—Ry)exp(—BR/2) (see Ref. 3pto H,, vs distancenote, IfH, is plotted.
The values oR, and 8 based on the fit are 7.13 and 1.97*Arespectively.  of the Zn 4p orbital in the3P state. With He present midway
See text for basis sets and wave functions. between the two Zn atoms, dramatically different behavior is
obtained. The distance dependence dHJ}g is no longer
monotonic;H,, in fact goes through zero near 7 A, changes
based on the relative energies of tbéA states and the sign and then increases in magnitude again at shBger,.
occupied and virtual orbitals of the solvent. Over the rangeThis behavior appears to be due to interference between “di-
of distances considered, He has a noticeable effegt be-  rect” and superexchange pathways as will be discussed in
tween the two Li atoms, leading to a lowering by 0.3A the following section. Similar behavior has been observed
Both He and Ne are atomic solvents with significantly for coupling through cyclohexane bridges by Braga and
higher ionization potentials than ti¥ A states of interest. In  Larssort?
order to examine the effects of more easily ionized interven- The data in Figs. 1-3 address the dependence of the
ing species the systepZn—Li—Zn]* was examined with Li  coupling onR,z,, and only indirectly address solvent-Zn
placed at the midpoint of the Zn—Zn distanceRys,, was  distance effectgvia the change irRz,,,). In Fig. 4 results
varied. Four-electron/three-orbital 3SA-CASSCF calcula-are presented for s+-4s transfer in[Zn—-He—-Zni™ where
tions(using Zn basi®) were carried oufthe active CASSCF R,z is fixed but the position of He along the line-of-centers
orbitals correspond to the two Zrs4rbitals and the Li 8 is varied(3/8 4SA/CASSCEF calculations, Zn basis betTo
orbitals; the three states correspond asymptotically tdhe extent that the Condon approximation is valid one would
[Zn-Li*-2Zn], [Zn-Li-Zn"], and[Zn*-Li-Zn]) followed  expectH ,, to remain constant &8, varies, sinceRy,z, is
by a two-state GMH analysis using the pair of adiabaticfixed at 10 A. Note that in Fig. 4 both the ordinate and
states corresponding f&Zn—Li-Zn*] and [Zn"-Li-Zn]. abscissa are linear scales. It is seen that there is some varia-
H., decayed exponentially over the range of 6-10 A fortion in the coupling as He is moved away from the midpoint
Rznzn (See Table)l with a significantly smaller value fo8  of Rznz,, closer to one of the Zn. AR,,=2.0 A one of the
than for He, Ne, or no solvent present. Zn and He begin to interact significantly aht},;, increases
In Fig. 3 GMH results are presented for excited-s&tte by a factor of 2.6. However, where He and Zn interact
based on 3/8 4SA/CASSCF calculatiopusing Zn basid)  weakly the position dependence is quite modest. Similar
for [Zn—He—Z1", with He again at the midpoint d®z,z,,. weak position dependence of the coupling element when
H.p vs distance is shown fors4-4p transfer(with and with-  D/A and solvent are weakly interacting is observed below
out He present arising from the coupling of Valence—Bond for molecular solvent species.
states of the forntP(Zn)—2S(zn*) and?S(zZn*)-1S(zn). Results were also obtained f¢Zn—H,0—Zn|" as a
These states are not degenerate at I&ge, and the cou- function of: () Rz, With Rz,o fixed [Fig. 5@)] Rzno With
pling element is that appropriate to photoinitiated Alter- Rznzn fixed [Fig. 5(b)]. Four different orientations were con-
natively, H,,, so obtained can be viewed as that for thermalsidered for the intervening water molecu(e) O located on
et involving the above two VB-type states at a geometry farthe Zn—Zn line of centers, with the water molecular plane
from the crossing point of their respective diabatic potentialperpendicular to the Zn—Zn axi$perpendicular” orienta-
surfaces. Previous resulfsand results reported below indi- tion), (b) both H atoms located on the Zn—2Zn line of centers,
cate that the electronic coupling is not a strong function ofwaterC,, axis perpendicular to the Zn—-zZn axt4HH” ori-
the energy separation of the two electronic states involved ientation, (c) O located on the Zn—-Zn line of centers, water
the transfer(i.e., the Condon approximatibir®is valid). C,, axis along the Zn—Zn axig' C,,” orientation), and(d)
Without intervening He the decay with distancetdf,  an O—H bond located on the Zn—-Zn line of centé\GH”
for 4s—4p transfer is essentially exponential with distance,orientation).
with a B value (1.85 A1) somewhat smaller than that for In Table | results foH 4, VS Rypz, fOr Zn, 4s—4s trans-
ground-stateet, consistent with the slower decélpwer IP) fer are presented for all four water orientations, and in Fig.
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10 |-
-1
12 L | | | 1 | 1 | | T
6 7 8 9 10 .
@ Rznzn(A) Rum(A)
0.00080 FIG. 6. Plot of IfHy for 4s—4s transfer vsRyy (M=Li or Zn) for
0.00075 __ T T T [M—(He),—M]" (n=1-3). For comparison purposesHi,| for s—s trans-
’ Pia ~ fer vs Ryy (M==Li or Zn) for [M—M]" is also plotted. Solid lines are for
[ s M=Li. upper line: No He present, lower line: With He presémiangles.
000070 = /‘/ Long-dashed lines are for #4Zn, upper line: No He present, lower line:
= B // With He presertiamonds$. Basis sets and wave functions as defined in
& 0.00065 - / Table I.
g -
T 000060 -
r H.p is increased by at most a factor of 2. In addition, little to
0.00055 1= no effect is seen oB.
0.00050 b | | | Ammonia was also considered as a solvent and values
T, T s for 3 are presented in Table | f¢Zn—NH;—Zn]" for sev-
®) Rzno(A) eral NH; orientations. The orientations include) N located

on the Zn-Zn line of centers, ammortig, axis perpendicu-
lar to the Zn—Zn axis(“N” orientation), (b) N located off
line, triangle$, or the OH orientatiorilong-dashed line, diamongdsn either the Zn—Zn line of centers, with th? Zn—Zn aXIf co_ntalned n
of the latter two cases the oxygen is pldc@ A from one Zn. In theC,, t_he plane formed by the ammonia H atomﬁ orienta-
orientation the H atoms are directed at the other Zn, in the OH orientatiotion), (c) one N—H bond along the Zn—Zn line of centers. In
the H atom along the line of centers is directed at the Zn atom which is 3 ,Ba” cases the N atom is located Symmetrica”y with respect to
from the O atom. Basis sets and wave funct|0n+s a_s defined in Tatide I. the Zn atoms. As was the case with water, we find that the
Hap for 4s—4s transfer vsRy,o for [Zn—OH,—Zn]* with Ry,,,=8 A. The . . . L
solid line (circles is for water in the perp orientation, the dashed litre presence of an mtgrvenmg ammonia r_nO|_eCU|e sf'g_r"ﬂcf'?mﬂy
angles is for the OH orientatioriwith Ry, for the H on the line of centers  iNncreased , at a givenR,,z,, but there is little variation in
less tharRz,o). Basis sets and wave functions as defined in Table I. H,p with ammonia orientation. We also find that for fixed
Rz.zn, @s the position of the ammonia between the Zn atoms
is varied,H,;, varied by at most 30% over a3 A range
(“N” orientation, Ry,7,=10 A).

FIG. 5. (a) Plot of InH,| for 4s—4s transfer vsRy,z, for Zn; (dashed line,
squarey and[ Zn—OH,—Zn] " with water in either theC,, orientation(solid

5(a) data are shown for the OH ar@,, orientations,(O
atom coordinate along the Zn—2Zn line of center8iA from
one of the Zn. The results for the other orientations are
similar to those presented in Fig(@. For comparison pur-

B. MJ with multiple intervening solvent
atoms—molecules

posesH,;, for Zn; (no solvent presehis also presented. It

Compared to the single solvent molecule cdsg, can

is seen that the presence of water between the two Zn atongve a quite different distance dependence when the M—M

leads to a significant increasekty, at all R,,,7,, but there is
at best a modest variation Hh,, with water orientation. The

distance is increased with an increasing number of interven-
ing atoms—molecules, due to superexchange interactions.

B values are somewhat smaller than those with no watefhe effects of intervening methanes or waters in idealized

present(Table |).
The results in Fig. &) show the dependence bf,,, for
Zn, 4s—4s transfer as a function of water position for fixed

Rznzn (=8 A). The variation is at most 50% over the range of

geometries have been studied previodsiyn this section
results are presented for multiple He atoms or water mol-
ecules, using either Znor Li; as theD/A pair.

In Fig. 6 INH,y| vs distance is presented for Zand Li;

water positions, again lending qualitative support to the Conwith successive He placed along the line of centers. We as-

don approximation.
Calculations were also performed foLi—H,O—Li]"

sume a radius for each He of 1.75 (hased on the radial
distribution function for liquid He at between 1.5 and

with water in theC,, geometry described above and the 4.2 °k®*). The data points represent insertion of successive

results from the fit to Eq(2) are presented in Table I. For

He accompanying increased M—M distances of 3.5 A, with

Li, the presence of intervening water has a much smallethe initial M—M distance of 6 A(one He preseit In each

effect onH ,, than for the Z§ system. At shorR,;; there is
essentially no effect, while at the largeRf;; considered

case the coupling is smaller than with no He present, and the
decay with distance is essentially that fog MThe distance
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-4~ TABLE Ill.  Condon approximation te8t using [Zn,—(OH,)i,
5 I _Zr‘r_(OHz)our]+-
-6 Rzn-zn (A) Ran—(O)out (A)b H,p(hartrees
T 6.0 o0 5.9%2-3
E] r 6.0 3.0 6.18-3
L *r 6.0 2.0 6.88-3
= Lk 8.0 ® 6.862-4
B 8.0 3.0 7.68-4
10 - 8.0 2.0 9.6€-4
1k 10.0 o 5.66e-5
L 10.0 3.0 6.88-5
12 ' 10.0 2.0 1.0e-4
6 7 8 9 10 11 12 13 14 15
Rznzn(A) ®Basis sets and wave functions as described in Table I, footnote a.

X RZnHO)in:?’-O A.
FIG. 7. Plot of IH,y| for 4s—4s transfer vsR;,z, for Zn, (dash—dot line,  bpenotes distance between right-most Zn and outer water O.
squarel and[Zn—(OH,),—2Zn]* (n=1-4) with water in either theC,,
orientation(solid line, trianglel or the OH orientatior(long-dashed line,

diamond$. The assumed water diameter is 2.8 A. Basis sets and wave . .
functions as defined in Table I. were added, they assumed the same orientation as the pre-

ceding water, hence in the multiple perpendicular water re-
sults all HO have the perpendicular geometry. Up to four

dependence is not strictly exponential, and this behaviointervening waters were considered, beginning from initial
likely arises due to an even—odd alternation with increasindone water presenRznz, of either 6 or 8 A. The multiple
He, much as one observes for alternant hydrocarﬂfbns_ intervening waters not onIy Significantly increase the elec-
In order to examine superexchange effects with a motronic coupling at a giverRz,z, but the rate of decay is
lecular solvent, calculations analogous to those in Fig. eignificantly diminishedsee Table Il forg values, irrespec-
were performed using water as the solvéfig. 7). As in the tive of the water orientation considered. It is seen that use of
single water case, several geometries were investigated. Tielarger average radius for water leads to a modest increase
water diameter chosen for the calculations in Fig. 7 was 2.80 B as one might expect based on a McConnell-type
A, but results are presented in Table Il for water diameters ofmodel™ In test calculations with an average water radius of
2.8 and 3.0 A. The 2.8 A value is twice the van der Waalghearly 3.9 A, thed value for all water orientations increases
radius of O%® the latter value allows one to assess how smalfo ~1.7 A" and is essentially orientation independent. The
variations in O-0 distancéperhaps due to local density above results show that for smaller radii, variationsﬁiand
fluctuationg might alter H,, and its distance dependence. the magnitude oH,, are observed as the water orientation
The three orientations examined for the waters were the pehanges, but they are modest compared to the differences in
pendicular,C,, , and OH orientations used in the single wa- Han @nd 8 that arise relative to no waters present.

ter calculations. For each orientation, as successive waters Similar multiwater calculations were also performed for
Li, , only treating theC,, and OH water orientationtee

Table 1l). In this case there is less change in the coupling

TABLE II. Distance dependence datar H,;,; multiple solvent. relative to that obtained with noJ@ present than with Zn as
D/A.
ARznzn A soent The results presented above addressed non-Condon ef-
b c d -1ye e
System A A) i pATY Maw fects onH ,;, through the geometry sensitivity éf,, at fixed
[Zn—He-2Zn]" 6.0-16.5 35 1-4 2.78 43 Ryzn [Fig. 5]. The results in Table Il examine non-Condon
[Li-He,-Li]" 6.0-165 3.5 lw2 183 035 pehavior in a somewnhat different manner. These calculations

[Zn—(H,0),—2Zn]* 8.0-16.4 2.8 C,,1-4  1.38 0.16 ; _
[Zn{H.O)—Zn' 80-164 28 OH 1-4 125 0y [freat a complex having the geometryZn;—OH,

A : ) .
[Zn—(H,0),—zn]* 8.0-164 28 perp, 1-4 136 o014 —ZN—OH]", each water having th€,, orientation. The
[Zn—(H,0),-Zn]* 6.0-14.4 28 C,, 1-4  1.39 0.38 Zn,—OH, distance was fixed at 3.0 A, the ZnOH, distance
[Zn—(H,0),—2Zn]" 6.0-144 2.8 OH, 1-4 1.24 0.29 was set at 2.0 or 3.0 A, or the outer water was completely
+ . .
[Zn~H,0),-2n] " 6.0-14.4 2.8  perp, 1-4 139 034 removed(«) and theR,, distance was varied from 6.0 to
E::E:?g;”:§:}+ 2'8:1;'8 g'g Cgﬁ 11__44 1'1424 0'()2?6 10.0 A. It has been shown previously that the “outer” water
[Li_(szo)n”_ L] * 80-164 28 c, -4 134 0.56 has little effect onH,, when no intervening solvent is
[Li-(H,0),—Li]* 8.0-16.4 2.8 OH, 1-3 1.27 048 present, even though the presence of water(@) 2 lowers
_ — _ — the Zn IP by about A1) eV.*’ By keeping the Zp-OH,
ZBaS|s set and wave function !r?formatlor] as given in Tablg 1, footnote a. distance fixed and Changing the,Zr0H2 distance one alters
Range of M—M distances. Initial value is that for M—M with one solvent . . - .
(He, H,0) present, with He or O at the M—M midpoint. Increasing dis- the .relaUV_e energies Of the and A orbitals, I'eadmg '[C? po-
tances based on assumed solvent diameter, with addition of extra solvet@ntially different coupling elements at a giv&y,,, i.e.,
and translation of one Zn by the solvent diameter. possible non-Condon behavior for the through-solvent super-
~Solvent diametefsee text exchange coupling. It is seen thatRy,,,=6.0 A the varia-
YDenotes the orientation and range of number of solvent atoms—molecules . . . Zee
used in calculatings. tion of H,, with Zn,—OH, distance is quite small. At

®Values based on fit to Eq2). Rznzn=10 A the variation is less than a factor of@mpared
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to no outer water preseniWhile the Condon approximation Hp'ar=Hpa+HpsiHsia/(Ep—Esg)
does not rigorously hold, the coupling is not strongly depen-
dent on the outer water position. +HpsHsa/(Ea—Ey)

+HpsiHsisHsra/[(Ep—Eg)(Ea—Eg)],

whereS1 andSr denote the two possible intervening solvent
IV. DISCUSSION atoms. Based on the above assumptions the first and fourth

] . _terms have negative signs while the second and third are
Itis clear from the data discussed above that the medigssitive. I the fourth term is larger than terms two and three

tion 'of the eleqtronic coupling.by solvent can have widely gne would expecH 4, for two intervening He atoms to be
varying behavior as a function of solvent and donor—jarger than that for no intervening He. In fact, with two in-
acceptor properties. To briefly summarize the results, we f'n@ervening He atoms the value bf,,, is less than a factor of
that: (i) The two atomic solvents consideréde and N 5 gifferent from that with no He present although still
either diminishedH,;, or left it largely unchangedwhen — smalier. Of course, in order for the fourth term to be large,
compared with the sam®-A distance and no solvent h . needs to be reasonably large, which may not be the
presen, (i) multiple He atoms had little effect on the rate of ¢ase given it involves the coupling element between two He
decay ofHgp, (iii) the molecular solvents considered;3H  anq the He—He separation is fairly large. Our results do not
and NH;, markedly increasedi,, and reduceds (in the 40w us to directly assess the size lk,s,, but it is not
multiple solvent molecule casgsiv) the effects seen for the  nreasonable to assume that, given the slower decay &f the
molecular solvents were, t0 a first approximation, indepenyng A orbitals, a quantity likeH s, might be large enough
dent of the solvent's orientation, arid) Ne and the molecu- (rg|ative toH g Hg;s,) for the second and third terms to stil
lar solvents produce quite different effects ehy,, €ven  pe jmportant. In similar work Heifetst al® found a chain
though they are isoelectronic. These features are discussgf He could mediate the electronic coupling over a 20 A

below. distance, but their inter-He spacing was significantly smaller

A. Superexchange coupling involving one or more He than ours, leading to larger values Hf;s,, and, one ex-
) ) , .. pects, larger contributions from nearest-neighbor hopping.
The decrease in the electronic coupling due to an inter- 1+ ‘s be noted that the destructive interference is

vening He atom may at first seem surprising. However, for apredicated orEg<Ep A for s—s transfer; in fact the interfer-

system involvings—s transfer, With_an inte_rveni_ng—type ence would be constructive weFa>Ep, ». That we appear
orbital capable of a superexchange interaction withind 1, gpserve destructive interference for the He case suggests

A orbitals, one can show that an interference be_tween dll‘e(fﬁat the primary superexchange coupling route is via hole
and superexchange pathways may occur, leading to potefyansfer Our many-electron calculations do not permit us to
tially destructive interference and diminishethy,. For x- 501 the elegant analysis of Stuckebruhkov to assess hole
amplle, c9n5|d§r a onfe—electro_n model in whip and ¢, and particle contributions to the coupIiﬁ‘b.However, we

are identicals-like orbitals having equal zeroth-order ener- p ..o sed a miminum basis set ANO description in a series

gies. For simplicity assume there is a single intervening soly¢ tast calculations, and found that the results obtained for
vent (symmetrically placedwith ans orbital, ¢, that can [Zn—He—ZA"* with He symmetrically placed between the

undergo superexchange coupling withandA. We also as- 7y, gitered by no more than 30% from those with the large

Sum?EsﬁED'A' as is the case for He as solve_nt, and t_hat theHe basis. This basis affords no virtual orbitals on the(i+e,
relative signs ofgp and ¢, are such thatip, is negative.  , orpitals to promote particle transfeGiven the factor of 2
.(The sign convention has no effect on the final _result; ity 3 difference betweeh , with and without He present,

is assumed here for simplicilyWhen ¢p and ¢, inter-  nage values are in good enough agreement with the large

act with ¢, one obtains new zeroth-order states of the forMy,qis results to suggest that the dominant superexchange
$o=do+ dsHos/(Ep—Eg) and dp=¢a+ dsHas/(Eo  pathway isvia hole transfer.

—Eg). Forming Hp/p/, taking proper account of non-
orthogonality?> one obtainsHpa=Hpa+HpsHsa/(Ep
—Eg). One can show that the two terms in the expression fo
Hpr s are of opposite sign, leading to destructive interfer-
ence. In most instances where superexchange coupling is im- The most striking feature of these results is the large
portant the direct term is expected to be small, but when théncrease observed fdi ,, with H,O or NH; as solvent. In
coupling to solvent is wealas is expected for He as solvent analogous fashion to the calculations on He, we have per-
the two terms may be of comparable size, leading to an overformed calculations using minimum basis $ANO) water

all decrease iH,,,. In addition, since these two terms need to assess the relative importance of hole and particle transfer
not have the same distance dependence, their relative mafpr water's superexchange coupling. Using water in the per-
nitude need not be constant as a functioefA separation. pendicular geometriwhere, in the minimum basis set, there
This behavior is observed in Fig. 3 fors44p transfer, would be no ®-like unoccupied orbitals, and fewér' wa-
whereH,,, for 4s—4p transfer goes through zero due to theter virtual orbitalg, we find no more than a thirty percent

B- Superexchange interaction with one or more
molecular solvent species

different distance dependence for these two paths. difference between the minimum basis set and larger water
Using similar arguments for the case of two interveningbasis set results, even at up to three intervening watexter
He one obtains: spacing ~3.9 A). (At the largest Zn—Zn separatiot
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would be at least two orders of magnitude smaller, were n®pears and co-worker$.In these cases it may be that non-
waters present.Since we are unable to remove all unoccu-Condon behaviofposition dependeritl ;) may play a role
pied water orbitals we cannot conclude definitively that thein determining the relative rates ef from the various states.
coupling is purely holelike. However, the basis set truncatiorHowever, in most cases one is confronted with thermally and
involved in use of a minimum basis set description for watemposition-averaged data fétf,, and the relatively small error
removes seven of the nine unoccupied orbitaisluding the  introduced by geometric variation appears to be negligible in
only O p-like virtual orbital, which would be expected to comparison with other uncertainties in the theoretical analy-
have greatest overlap with and A orbitals in this geom- sis of such systems.

etry), and the change in the coupling is quite modest,

strongly suggesting that hole transfer is the dominant mechay  comparison with previous results

nism in the water-as-solvent case. . . . .
For the Zn-containing systems the orientation of the sol- Four previous theoretical studies have addressed the dis-

vent is found to be of litle importance. This last fact is tance and orientation dependence of the electronic coupling

perhaps most surprising, since the orientations chosen wouf/ément in water. Newton and Cdveexamined water-
appear to maximize the superexchange interactions Witﬁwedlateq coupling between methyl radicals using idealized
quite different orbitals. Assuming that hole transfer is thege_cimetnes an% also found relatively low values (1.0
dominant mechanism for water, the interaction with the oc2 - Lfg/erssoﬁ examined the electronic coupling in
cupied water orbitals is the most relevant factor to considert &H20)" self-exchange reactions as a function of dis-
For example, in the perpendicular orientation, one might ext@nce, with waters added betwebrandA as theD —A dis-

pect largest overlap with an Op2like orbital, whereas in the {@nce is increased. He used extendedkgiitheory and a3.0
C,, orientation the coupling could occur through a lone pairA diam for water and obtained a value fgrof ~2.4 A™.
and/or anA; OH bonding orbital. Nevertheless, the results & @lso found that the direct interactiofcomplex-to-
indicate that all orientations are of similar “value” in pro- COMPIex was, in most orientations examined, overshadowed
moting the electronic coupling. On the other hand, one mighPY the through-solvent coupling. The larger value gob-

have expected similar behavior for water ammoniaand  t@inéd by Larsson may arise frob/A energy differences
Ne, and they behave quite differently. In a one-electrorfnd/or the use of extended tkel theory to des;J(r:rslbe the
analysis similar to that used for He above, the Nead 20 System. Marchi and Chandféalso studied the Fé"? self-
orbitals offer independent superexchange pathways whichXchange reaction, using path-integral techniques with a
themselves destructively interfere. The numerical result®Seudopotential description for the Fe and waters. They
suggest that this cancellation is essentially complete, leadinfpund no evidence for superexchange enhancement of the
to a value ofHp . that is nearly identical tHp,. The  Slectronic 1(a§:oupllr!g. More  recently, Nitzan and
lowered symmetry in water or ammonia may be responsiblé?o'workerg exa_mlnedet between pgrallel pIate.eIectrodes
for incomplete cancellation of the various pathways availabldéhrough water, using a pseudopotential to describe the water.
in the molecular cases, leading to an overall increase in th&ney thermally equilibrated the solvent and calculated tun-
coupling. neling probabilities as a function of solvent configuration,

The multiple water calculations show a significant de-2SSume that the solvent positions are frozen on the time scale
crease ing for Zn asD/A. The value ofg for Li as D/A of the tunneling event. Their results suggest that tunneling is
decreases with multiple intervening waters, but to a smallefctually reduced by the presence of solvent, and that the
extent than Zn. Of course, one expects that the size of thiiNneling depends strongly on the orientation of the solvent
superexchange coupling will depend in part on the relativénolecules between the two electrodes. The latter two studies
energy of theD/A and solvent, and thus it is reasonable thatUsed one-electron treatments, which the above results sug-
Li and Zn behave differently in this case. Indeed, a singlegeSt’ will lead to a less accurate description of the electronic
intervening water has a much larger effect on the zn—zFOUPling in water(i.e., holelike superexhange is neglegted
coupling than the Li—Li coupling, suggesting that the Iong-Th'S surely accounts for some of the differences between our

range effect as multiple water molecules are interposed pdesults and theirs, but it is also possible that our results are

tween the two Li should be smaller. affected by the limited number of solvent molecules included
in the calculations. To address this question further we are
C. Condon approximation currently investigating use of semi-empirical methods

o coupled to molecular dynamics to calculate thermally aver-
The results presented above lend qualitative support tggeq in-solvent electronic coupling elements, with signifi-

use of the Condon appr_oximation in these systems. The r&antly larger numbers of solvent molecul@9—60 included
sults for H,, as a function ofi(a) He or HO placement iy the GMH calculation oH 4.3

between the two Zn at fixeRz,z,, (b) H,O orientation be-
tween the two Zn at fixedR,,o and Rz,z,, and(c) outer
water position in[Zn-OH,—Zn—0OH,]" show a modest
variation with geometry(factor of 2, but in all cases this Results are presented that address the size, orientation
variation is small relative to the dependenceHgf, onD—A  dependence, and distance dependence of the electronic cou-
distance. Clearly there may be some cases where such geopling element inet mediated by a variety of solvent species.
etry dependence will be important to consider as, for exdtis found that the solvent effect on the electronic coupling is
ample, the vibrationally state-resolvext rates studied by strongly dependent on the identity of the solvent, as well as

V. CONCLUSIONS
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the D/A orbitals involved in theet process. However, for
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27, A. Curtiss, C. A. Naleway, and J. R. Miller, J. Phys. Ched8, 1182

water and ammonia the electronic coupling element connect- (1995.

ing D andA states is found to depend weakly on the orien-

tation of the solvent moleculs). The data also qualitatively
support the Condon approximation.
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