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The dependence of the donor/acceptor electronic coupling on the topology of-dwitge—acceptor (DBA)
molecules is probed experimentally and theoretically. The temperature dependence of photoinduced electron-
transfer rate constants is analyzed with a semiclassical electron-transfer model to extract the donor/acceptor
electronic coupling matrix element¥| and the low-frequency reorganization energy at 2954295 K),

for four rigid DBA molecules. The sensitivity of the electronic couplivg to the models and parameters

used to fit the data are extensively investigated. The treatment of the low-frequency reorganization energy’s
temperature dependence has a significant impact on the analysis. The identity of the principal coupling
pathways is determined for molecular linkages that propagate symmetry allowed donor/acceptor interactions
and molecular linkages that propagate symmetry forbidden donor/acceptor interactions. For the symmetry
forbidden case, these analyses demonstrate that solvent molecules provide the dominant coupling pathway in
the nine-bond bridge, C-shaped molec@ldut do not significantly influenceV| across the seven-bond,

linear bridge inl.

1. Introduction Ve 2 N —(AG® + A, + nhw)®
An interesting challenge in the study of electron-transfer kET:—l/Z € 1 & :

reactions is to identify and probe structural elements that A[A7KTA, ] 1= n AAKT

promote electronic coupling{|) between an electron donor S=A/j/hw (2)

(D) and an electron acceptor (A). In systems where the strength

of the electronic coupling between the donor and the acceptor g|ectron-transfer rate constant data in a wide variety of donor/
(in frequency units) is smaller than the reciprocal time spentin 5ccentor systems. Within this formulation, the semiclassical
the transition state region, the .associateo! eIec.tron-transfere|ectr0n_tr(,msfer rate constat is controlled by five param-
reactions are clas§|f|ed as nonadiabaficln this regime, the eters: |V, the donor/acceptor electronic coupling matrix ele-
Golden Rule predicts that the electron-transfer rate constant, yent- — AG®, the reaction driving forcel,, the low-frequency
KeT, is_proportional to the square of the donor/acceptor electronic (primarily solvent) reorganization energy;, the high-frequency
coupling, namely, reorganization energy arising from structural changes of the
donor and acceptor upon electron transfer; iandthe average
kETZ%IVIZFCWDS (1) energy spacing of the effective quantized mode undergoing
reorganization upon electron transfer.

) ) ) Different approaches have been used to evaluate the four
where FCWDS is the FranekCondon weighted density of  qyantities in the FCWDS expression aii Plots of electron-
states’ As aresult, electron-transfer rate constant measurementsyansfer rate constants versus driving force, through the Marcus
in nonadiabatic systems provide a means to explore the normaft and invertedb<regions, provide impressive demonstra-
depend_ence of donor/acceptor electronic coupling on moleculariigns of the utility of eq 2 and yield useful estimates|df, 4o
properties and structure. _ andly. Simultaneous analyses of charge-transfer absorption

The Golden Rule rate expression (eq 1) depends on nucleargng emission spechi# yield accurate determinations BiG°
geometries, mainly through the Franekondon term. Theo-  gng estimates of,, fiw, andAy. Resonance Ramastudies of
reticaf~* and experimentaktudies demonstrate the many orders ground-state charge-transfer complexes characterize structural
of magnitude impact that the FCWDS exerts on the rate constant.changes attending electron transfer and allow for more elaborate
To obtain meaningful estimates ¢¥| from rate data, the  parametrization of semiclassical models of the FCWDS. The
FCWDS must be determined accurately. For large organic temperature dependence of electron-transfer rate constants has
systems, accurate evaluation of the FCWDS is very difficult. 559 peen employed to evaluate FCWDS and to characterize

Instead, numerous groufisave successfully employed a single  he reorganization parametérd® The latter approach is used
quantized mode, semiclassical expres#igaq 2) to interpret i this study.

This paper uses the semiclassical model (eq 2) and temper-
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* Brown University. ature-dependent rate data to extract values for the electronic
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CHART 1 electron-transfer data. This paper also explores the dependence

A of |V| on the number of quantized modes employed in the

Qe M: i COCH, calculation of the FCWDS.

OOO RN COL0H, These inquiries provide insight into the origin and magnitude

OMe of uncertainty inV| values that are extracted from temperature
dependence data. It appears that uncertaintylin(values
ranging from 0.0 to 0.5 eV) translates into less than a factor of
3 uncertainty in the magnitude ¢¥|. Use of different models
for AG°(T) and(T) can also generate significant variations
in |[V|. The modeling of the these two parameters is explored
extensively. Importantly, in comparisons among DBA/solvent
systems with the same donor and acceptor but different bridge
structures, the variations ¢¥| resulting from different models
and parameters are such that the relative magnitude¥|of
remain nearly constant. This result allows robust conclusions
to be drawn concerning solvent mediated superexchange.
Finally, comparisons of DBA molecules with different donor
and acceptor orientations relative to the bridge demonstrate that
[V| in symmetry allowed DBA molecules is at least 1 order of
magnitude larger than for symmetry forbidden DBA molecules
with comparable length bridges.

The remainder of this paper is divided into eight sections.
In the next section (II) the modeling of the parameters in the
semiclassical expression is described. In section lll, the one
guantum mode model is used to simulate the rate constants for
1 and2, and values ofV| and1,(295 K) are extracted from the
data. Section IV addresses the impact of zero and two quantized
mode models on the values pf| for 1 and2. Section V of
the paper describes the electronic coupling3irand 4 and
3 4 investigates the possible role of solvent mediated superexchange

for the symmetry allowed systems. Section VI compares the

ab initio and semiempirical methods. The aim of the analysis g|ectronic couplings obtained from the data with theoretically
is to determine the relative importance of through bond and predicted values. Section VII discusses the results of the

through solvent coupling pathways. The donbridge- analyses, and section VIII draws conclusions about the electronic
acceptor/solvent systems analyzed here (Chart 1) are taken fro”?:oupling values and the importance of solvent mediated
prior experimental investigations of symmetry effécend electronic coupling.

solvent mediatiot of donor/acceptor coupling. Because of the

large number Qf pa.ramt.ater.s in the electron-transfer rate modeI”_ Overview of Models and Parameters Used To Analyze
(eq 2)_, a Qetalled inquiry into the dependence|\gf on the the Electron-Transfer Rate Constants
modeling is presented. The parameters used to simulate the
FCWDS cause significant changes in the valug\dfthat is Temperature-dependent electron-transfer rate constants are
obtained from the data. By exploring the sensitivity|df to commonly interpreted using a single quantized mode, semiclas-
the parameters and the modeling, it is possible to characterizesical rate expression (eq 2). Such an analysis requires five
the uncertainty in the value d¥%| one obtains from the rate  “fundamental parametersi4, Av, iw, |V|, andAG®) and their
data. individual temperature dependencies. It is usually assumed that
Three aspects of the kinetic models used to calculate the rate|V|, Av, andfiw are temperature independent. The latter two
constants are investigated. First, both the electron-transferquantities arise from high-frequency quantized modes coupled
driving force and the low-frequency (solvent) reorganization to the electron-transfer event. The initial populations, the
energy vary with temperatuf@?1! To analyze the rate data frequencies, and the displacements of these modes are unlikely
as a function of temperature, specific modelsAgs°(T) and to change over the temperature range employed in these
Ao(T) must be assumed. In this paper, the temperature dependinvestigations. Thus, the assumed temperature independence
encies of these quantities are modeled using (i) conventionalof these quantities appears reasonablein the absence of
continuum model81¢ (ii) recently developed continuum  prompting experimental resultgyV| is also assumed to be
algorithms (FDPB?) that explicitly account for the molecular  temperature independent. The challenge is to constrain the
shape and charge distributions of the ionic and neutral BB, values of the other four parametefs, (Av, hw, andAG®) and
or (iii) molecular models of solvation proposed by Matyushbv. the temperature dependencies/gfand AG°. Because the
Second, despite information obtained from analysis of charge-temperature dependence of the rate constant is well-described
transfer emission spectra and structural calculations, the mostoy an Arrhenius type of analysis (see Figure 1), only two
appropriate values diw and Ay, within the single quantized  parameters can be extracted from the data. The approach taken
mode approximation, are not known. Thus, this paper exploreshere is to extraci, at 295 K and|V| from the temperature-
the correlations between extracted valuegvpfand the values  dependent kinetic data and to model the other parameters and
assumed forly as well as forAG°(295 K). Third, eq 2 temperature dependencies.
incorporates one of numerous possible approximate descriptions A. Modeling the Quantized Mode @y and Aw). Appropri-
of the FCWDS. Two quantized mode and classical (no ate values folly andhw were estimated in two ways. First,
guantized modes) approximations are often used to analyzethe charge-transfer emission band shefg@&om shorter (three-
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A information,Aw was fixed at 0.175 eV (1412 crd) for all of
20.6 ~ ] the DBA systems. A variation ihw of £200 cnm? (at constant
i ] 9 has little effect on the calculated rate constant. This
— 202} 1 insensitivity to the value ofhw occurs because the summand
= . . . . .
- 19.8] 1 in eq 2 withn = 0 (independent ofiw) is the dominant
x 19 4' 1 contributor to the rate expression. Of greater concern is the
e broad range of values for thé, of DBAs 1—4.16 An
19.01 o] inappropriate value of the reorganization energy can significantly
18.6} . alter the extracted values ¢¥|. To explore this sensitivity,
. 2'8 - 3‘2 : 3'6 : 4'0 - 4‘4 the electron-transfer data were analyzed using values, of
: ) o ’ ‘ ranging from 0 to 0.5 e\¥® This range of vibrational reorga-
1000/T (K™) nization energies encompasses the values that are commonly
Figure 1. Experimentalker data (circles) forl in acetonitrile with found for organic DBA molecules and is consistent with the
regression fits obtained usirig = 0.39 eV andAG*(295 K) = —0.1, estimates made here. The electronic couplings and reorganiza-

—0.55, or-0.8 eV. tion energies reported in Tables-2 assume particular values

TABLE 1: Comparison of Theoretical and Experimental of Av. Forland2, Ay was chosen to be 0.39 eV, and fand

Values for the Internal Reorganization Energy Ay (eV) 4, it was chosen to be 0.30 eV. The lower valueioffor 3
method 1and 2 3and 4 ToNE and 4 was chosen to reflect the consistently lower values

obtained for it in the computations (see Table 1).

HF 3-21G (CIS) 0.70 0.52 0.26 B. Modeling the Reaction Free Energy and Its Temper-

m\%/&sm(d) 005'436 Ooéiz 0.35 ature Dependence. The reaction free energyG° plays a key
' ! role in determining the electron-transfer rate. Itis important to
exp 0.36-0.50 0.36-0.50 0.13-0.26

explore the sensitivity of the best fit value [ and1,(295 K)
. to AG® and the assumed form of its temperature dependence.
and _four-bond bridge) analo_g@_ésof 1-4 were analyzed to Rehm and Wellét estimated the formation free energy of a
obtaindy a}ndhw. Second, ab initio calculations of the geometry ¢ ant separated ion pair from an excited precursor pair as
changes in the donor and acceptor upon charge-transfer were
used to calculatéy andhw. AG® = —Eyy+ Egy — Epep+ C (3)

In principle, values oAG®, 1., 1y, andhw can be obtained
by analyzing charge-transfer spectra. However, different valueswhere Eqo is the zere-zero transition energy for optical
of the four parameters generate equally acceptable fits of theexcitation, Eox is the oxidation potential of the ground-state
charge-transfer spectra and, thus, do not sufficiently constraindonor, andEgrep is the reduction potential of the ground-state
their values,” For this reason semiempirical calculations (AM1 acceptor. To a first approximatio; is the Coulomb energy
level) of the donor and acceptor geometries before and afterchange resulting from electron transfer between the donor and
charge transfer were used to guide the analysis and to identifyacceptor species in solution. Two models based on eq 3 were
reasonable parameter ranges (see Tabe Bcceptable values ~— employed to estimataG® in different solvents and at different
of Ay ranging from 0.3 to 0.5 eV and values b ranging temperatures. Both models used the sdfpgvalue for the
from 1100 to 1800 cm were obtained from a compound having donor and the same redox potentials for the donor and acceptor
the same donor and acceptor group4 asd2. A similar range in acetonitrile. The models differ in the manner in which the
of values was found foB and4. In the latter case, the values Coulomb attraction and ion solvation are evaluated.
of Ay andhw are consistent with those found for charge-transfer ~ The first model assumes that the ions are spherical, and the
complexes involving tetracyanoethylene (TCNE). Born equation is used to compute the electrostatic solvation

In an effort to obtain better theoretical estimatestpfand energy. The reaction free energyG°(T) is given by
hw, ab initio calculations of the geometry changes for the donor op
and acceptor moieties upon charge-transfer were performed.AG (M= —Eo+Eox ~Eren +
Configuration interaction singles (CIS) for the excited state and e2( 1,1 2 )( 1 1 ) e

Hartree-Fock wlth a 3-21G basis set for t_he cation state were 2\ra 15 Re\e(M)  €redl  €rerRec
used to describe the donor group (dimethoxyanthracene).
Hartree-Fock and MP2 calculations using 3-21G, 6-31G, and wherer, andrp are effective radii of the reduced acceptor and
6-31+G(d) basis sets were employed to describe the anion andoxidized donor ionsRec is the center to center distance between
neutral forms of the acceptor. The values for the internal the ions,e(T) is the dielectric constant of the solvent in which
reorganization energy are compiled in Table 1. The calculations the electron-transfer reaction occurs, adgr is the static
indicate that the internal reorganization energy is dominated by dielectric constant of the solvent used to mea&#eandEgep.
the acceptor. The donor anthracene moiety contributes 0.12The last term in eq 4 is the Coulomb stabilization of the
eV to the total inner sphere reorganization energy. The acceptoroppositely charged product ions, and the second to last term
in 1 and2 contributes from 0.34 to 0.58 eV, and the acceptor arises from the separation-distance-dependent solvation energy
in 3 and4 contributes from 0.30 to 0.40 eV. For these systems, of the ion pair. In this model, the reaction free energy’s
the geometry changes are mainly attributable to displacementstemperature dependence arises from the temperature-dependent
in the carbor-carbon bond lengths, which is consistent with dielectric constant.
frequencies in the 1408 200 cn1? region being coupled to Although eq 4 provides a convenient means for estimating
the electron transfer. This range of values for the inner sphere AG°(T), the absolute accuracy of the calculated values is
reorganization energy and frequencies is consistent with thosequestionable. This inaccuracy arises from the choice of
obtained from fits to the charge-transfer spectra. parameters in the model, as well as from the underlying
These analyses were used to choose a physically reasonablassumptions. For example, the ionic radii and separation
range of values fohw and 1y. In the absence of specific  distance for nonspherical reactants are ill-defined. Also, to the

(4)
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TABLE 2: Comparison of Computed Solvent Reorganization Energiesio(295 K) and Those Obtained from Rate Data (e\®

system Marcus FDPB method t method 2 method 3 AG°(295 Ky

1/CH:CN 1.03 1.05-1.19 1.49+0.08 1.19+0.08 1.01+ 0.07 —0.54
1/PhCN 0.76 0.86-0.89 1.16+ 0.08 0.94+ 0.09 0.78+ 0.06 —0.50
UDMA 0.89 0.93-1.03 1.30+ 0.08 1.03+ 0.09 0.84+ 0.04 —0.54
YTHF 0.73 0.72-0.80 1.18+ 0.06 0.80+ 0.08 —0.38
2/CHsCN 0.62 0.86-0.90 1.24+0.07 1.07+0.08 0.79+ 0.05 —0.56
2/CHsCNe 0.73-0.83 1.244+0.09

2/PhCN 0.46 0.630.70 1.12+0.10 0.99+ 0.10 0.85+ 0.07 —0.53
2/PhCN 0.53-0.62

2/DMA 0.54 0.70-0.78 0.95+ 0.06 0.74+0.10 0.60+ 0.06 —0.56
3/CHsCN 1.05 1.16-1.27 1.62+ 0.08 1.34+0.10 1.17+ 0.07 —0.26
3/PhCN 0.78 0.870.97 1.274+0.09 1.02+ 0.09 0.90+ 0.07 -0.21
3/THF 0.73 0.78-0.88 1.28+ 0.07 0.74+ 0.09 —0.10
4/CHsCN 0.78 0.9%+1.05 1.54+ 0.09 1.33+ 0.09 1.03+ 0.06 —0.28
4/THF 0.56 0.62-0.72 1.05+ 0.07 0.69+ 0.09 —0.16

a CH3CN is acetonitrile; PhCN is benzonitrile; DMA is dimethylacetamide; THF is tetrahydrofliréine range of values found using the FDPB
method correspond to different atomic radii as input parameters. The extremes shown represent 2.1 and 2.3 A for a caffidreatnoertainty
in the 4, values represents their variation widG°(295 K) andly. The range oAG°(295 K) values was taken to be0.05 eV of the value in the
last column. Fod and2, 0.3< Ay < 0.5 eV. For3 and4, 0.20 eV< Ay < 0.40 eV. Method 1:AG°(T) — AG°(295 K) calculated with eq 4A14(T)
calculated with eq 6. Method 2AG® and, treated as temperature independent. MethodG°(T) — AG°(295 K) calculated with eq 4A44(T)
calculated with eq 9 and as described in the téMatyushov's theory forl, should not be used with weakly polar solvettst These FDPB
calculations were performed with the solvent excluded from the cleft.

TABLE 3: Values of |V| (cm™1) That Are Obtained from reaction fields. At distances where the cati@mion interaction
Temperature-Dependent Rate Data is large, the reaction fields of the ions overlap and reduce the
systems method®’l method2 method8  AG° (eV) solvation of the ions, as compared to two separated%®Rer
1UCHCN 19+ 4 52+12 25+07 —054 systems with the donor and acceptor in close proximity, eq 4
1/PhCN 15+ 4 46+1.0 2.9+ 0.8 —0.50 overestimates the driving force of charge separation. This
1/DMA 18+4 53+11 2.4+0.7 —0.54 source of error in the simple continuum model is expected to
VUTHF 20+7 3.5+£0.9 —0.38 be important for2 which has a donor to acceptor separation of
2/CHsCN 24+5 115+24 4110 —0.56 about 7 A
2/PhCN 73+15 40+ 10 22+5 -0.53 : o _
2/DMA 1743 8.0+ 1.1 5.3+ 0.9 —0.56 The second model foAG® uses a finite difference solution
3/CH;,CN  375+100 98+ 26 40+ 12 —0.26 of the PoissorBoltzmann equation (FDPB) to evaluate the
3/PhCN 260+ 75 417 41+£13 —0.21 Coulomb and solvation ternid. AG°® was calculated using these
3ITHF 600+ 250 37+ 11 —-0.10 tit d the th d . lein the A dix. Thi
4CHCN  240+70 87+ 23 204 7 _008 quantities and the thermodynamic cycle in the Appendix. This
ATHF 1354+ 50 23+ 6 -0.16 model accounts explicitly for the molecular shape and extended

aCHsCN is acetonitrile; PhCN is benzonitrile; DMA is dimethyl- charge distribution Ch_ange upon e_IeCtron transfer in t_he DBA
acetamide; THF is tetrahydrofurahFor a description of the methods, molecul_es, on the basis of e_IeCtron'C_ structure Calcu_lat'ons' The
see footnote to Table 2. This is the driving force estimate obtained ~ Solventis modeled as a continuum with a frequency-independent
from eq 4. The uncertainty in th®/| values represents their variation ~ dielectric constant. The solute is represented by a set of point
with AG°(295 K) andiv. For the range oAG® and Av values see  charges placed into a cavity of lower dielectric constant (chosen

footnotec to Table 2. to beey = 2.0 in order to mimic the electronic polarizability

TABLE 4: Comparison of Experimental and Theoretical of the solute). The charges on each atomic site were obtained

Couplings (in cm2) for the DBA Molecules in Acetonitrile from ab initio calculations using CIS and the Hartréeck

and Benzonitrile method with a 3-21G basis set and the Mekollman charge
theoretical results experimental results fitting scheme?* The boundary between the solute and sol-

vent was generated by rolling a probe solvent molecule

species abinitio generalized MH species method 2 method 3 - .
P 9 P (approximated by a sphere of 2.5 A radius) along the van der

Vinvacuo 5.5 4.1 UACN 5 s Waals surface of the solute. All points inaccessible to the probe
PhCN 46 59 sphere’s surface are considered to belong to the solute. The
2/in vacuo 0.02 0.08 dielectric constant in the outer region is that for the solvent of
2/ACNa 81 7.1 2/ACN 12 4 interest.
giFr: h\g(\fuo 6721 4765 2PRCN 40 22 The most important parameters that enter the FDPB calcula-
3/ACN 08 a1 tion are the radii of the solute atoms and the effective radius of
4finvacuo 121 12 the probe solvent molecule. Atomic radii define the size of
4/ACN® 145 4/ACN 87 20 the solute cavity or how close the solvent charges may come to
aThis species had a solvent molecule located between the donorth€ solute. Thus, solute effective atomic radii depend on
and acceptor moieti€s. properties of thesolvent For a solute with a complicated shape

(e.g.,2) the extent of the cavity and the results of the FDPB
extent that the dielectric constant is meaningful on the length calculation are significantly influenced by the solvent radius
scale of a single molecule, the choice of a value for the dielectric parameter. In the experiments analyzed here, the solvents were
constant is not clear when the donor and acceptor are connecteg@cetonitrile, benzonitrile, dimethylacetamide, and tetrahydro-
by an extended bridge whose polarity and polarizability differ furan (THF). The atomic radius parameters in these calculations
from those of the solvent. Another difficulty lies in the were optimized for acetonitrile using experimental redox
oversimplified treatment of the interactions between the ion potentials, ionization potentials, and electron affinities of
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are not particularly surprising since minimal solvation correction

0o _A is needed (acetonitrile is the reference solvent) and the Coulomb
o2} o interactions between the ions is small égp v ~37. Exclusion
> — o M of the dielectric from the cleft o2 (filled circles) reduceaG°
Q [ o o T e - . f
oA et by ~0.08 eV at all temperatures. This comparison demonstrates
(<9‘ 0 6: —0 e - 0 O O that eq 4 adequately describes the temperature dependence of
' AG® and its value at 295 K fol and2 in acetonitrile.
08 For 1 and2 in THF, AG® calculated with the above models
250 20 a0 240 are more divergent. ThAG°(T) calculated by eq 4 is more
Temperature (K) exoergic and qhsplays a sllghtly weaker temperature qlependence
than the prediction of the first FDPB model (open diamonds).
Both differences result from use of large effective radii for the
0olB donor and acceptor in eq 4. If these radii are reduced te
. rp = 3.2 A for 1 and2 in THF, the predicted\G°(T) values
. o2r . . S are in better agreement with the first FDPB mo#feExclusion
?‘L 04j ; ; o ° of the dielectric from the cleft o (filled diamonds) further
oy I N N S S S reduces the predicted driving force by0.1 eV.
Q4 o6 o o The two FDPB models and eq 4 predict values\&°(295
’ K) that agree to within 0.3 eV. Given the potential impact an
0.8 _ . . error inAG® might exert on the determination pf|, AG°(295

K) was treated as an adjustable parameter in the following
analyses. Equation 4 and the FDPB analogues were used to

Figure 2. Comparison of the calculateNG°(T) using eq 4 and the calculate theehangein driving force with temperaturédG®(T)

FDPB method. For eq 4 (solid line is acetonitrile and dashed line is — AG°(295 K). Best fit values ofV| and 1,(295 K) were
THF), rx1 = 4.5 A, Roc=11.5 A for 1 (panel A) andRec = 7.1 A for obtained as a function of assumed valuesA@°(295 K) and

2 (panel B). The filled symbols are the results of FDPB calculations in Ay. The range oAG°(295 K) values used in the best fit deter-

which the dielectric is excluded from the cleft between the donor and mination of |V| (see section IlIA) more than spans the range

2;&%‘?;%;5:2 iiv\ﬁ)‘i (?hn?h;hdeiec;ggt?icsﬁﬂqsbﬂ: ;L‘?t”;earzzlsﬂ_t; C%fH"::DPB calculated with the above models. Also, since the FDPB models

() and acetonitrile®). Panel B: 2 in THF (¢ and4) and in acetonitrile predict a different temperaturg dependencaA@r” than does

(© ande®). eq 4,_ both models were used in efforts to extijagtfrom the
kinetic data.

C. Modeling the Solvent Reorganization Energy4o). In
these analyses of temperature-depen#ientiata, the temper-
ature dependence df, is modeled andiy(295 K) is a fitting
parameter. The temperature-dependgnias written as

220 260 300 340
Temperature (K)

aromatic hydrocarbons. Details of this calibration procedure
are provided in the Supporting Information.

Both of these models fokG° treat the solvent as a dielectric
continuum but differ as to the degree of realism in treating the
molecular shape and molecular charge distribution. The first
model provides a point of reference with previous work. The
calculatedAG°(T) values forl and2 in tetrahydrofuran (THF)
and acetonitrile are displayed in Figure 2. These solvents wereAS @ consequence of the structure of eq 2, extracted values of
chosen because they represent the extremes of solvent polarityn€ €lectronic couplingV| are sensitive to the modeling of the
which were studied. The reaction free energy predicted by eq f€organization energy. This sensitivity was explored by con-
4 (lines in Figure 2) is very sensitive to the radius parameters sideration of the following three models for the reorganization
ra andrp in weakly polar solvents and insensitive to these €Nergy. .
parameters in strongly polar solvents. An “average” radius, In the f!rst model, the temperature dependence of the index
of 4.5 A was used in eq 4. This value is consistent with radii of refraction and the static dielectric constant were used to
used by other workers in modeling similar molecules. account for.the temperature dep.endence of the low-frequency

The FDPB model allows the “continuum solvent” to enter cOr9anization energy. The simplest approach calculated

the cleft within2. It is not obvious how to model the dielectric AZo(T) using the Marcus two sphere expressien,
response in this space because the steric constraints imposed )

by the donor, acceptor, and bridge restrict reorientation of the A M= €1 + 1_2 1 _1)\_
solvent molecules within the cleft. To probe the energetic — ° 2\ra o Re/[\n(m? €M
consequences of the “cleft solvent”, two kinds of FDPB 1 1
calculations were performed for tieG° of 2. In the first type,

the dielectric constant of the cleft region was set equal to that
of the bulk solvent (Figure 2, open symbols). In the second
type, the bulk dielectric was excluded from the cleft by
placement of a benzene ring in the cavity prior to determination
of the solvent-solute boundary (Figure 2, filled symbols). This
approach produces a dielectric constant-@ within most of

the cleft.

For1and2 in acetonitrile, the results of the simple continuum
model, eq 4, (Figure 2, solid lines) and the first FDPB model
(open circles) are in excellent agreement. The predicted
temperature dependence A6G° is very small. These results

7o(T) = 24(295 K) + AL (T) (5)

(295 KY  €(295 K)

Alo(T) was also calculated using the FDPB metkddThe
FDPB approach uses more realistic charge distributions and
shapes for the DBA molecules than does the two sphere
expression. The FDPB equation fby is

Jo

1
l = - (0 — <
=5 ZAQ.(¢| i) ()

whereAq is the change in charge at sitepon electron transfer
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andg¢ is the electrostatic potential. More details of this model L e L S
are provided elsewhef@:326 0.06r A
The second model ignores the temperature dependerge of —~ A ]
and AG®° by using the 295 K values ot and n at all o 004 Tl
temperatures. This simplified approach was employed in prior ~
analyses and is included here in order to connect with that fvork. 0.02¢
The third model employs Matyusho¥*amolecular solvation -
theory to calculatél,(T).2” The low-frequency reorganization > 0‘00:
energyl, is written as the sum of two parts P
Ao = Ap T Ag (8) P
wherel, accounts for the reorganization energy associated with 240 260 280 300 320
solvent rotational degrees of freedom ahdaccounts for the Temperature (K )
reorganization energy associated with solvent translational
degrees of freedom. The rotational pasthas a temperature ———— T T
dependence that is determined by the Pekar faatgf) (¢ — Co B
€(T)™1). The translational paiy has a temperature dependence 0067 " ]
that is given by % 0,045
10y 1 4 e, ~ 002i T
T T Mt T ©) =}
© 0.00
wherear is the thermal expansivity of the solvent. 3 [
The temperature dependenciesgthat are predicted by these -0.02¢
three models are qualitatively different. The first model predicts -0.04
that/, decreases with temperature in weakly polar solvents and S S S T S
increases with temperature in strongly polar solvents. The 240 260 280 300 320
Marcus and FDPB predictions ofl(T) for 1 and 2 in Temperature (K )

acetonitrile agree to within 0.01 eV between 230 and 330 K Figure 3. Comparison of eq 6 (solid line), FDPB model (dashed line),

(Figure 3). th Surprl§|ngly, the best fit values pf| and and Matyushov model (dashed dotted line) prediction&%{T) for 1
40(295 K) obtained using these models fai.(T) agree to (panel A) and2 (panel B) in acetonitrile. The short dashed curve in

within ~10% (see section Ill). On the other hand, the panelB is the FDPB model calculation fBwith a benzene molecule
magnitudes 0f.4(295 K) calculated using the Marcus and FDPB placed in the cavity interior (see text).

models differ by 0.26 eV foll and by as much as 0.48 eV for

2 (see Table 2). The two models treat the shape and chargetemperature independehi;2°the temperature dependence of
distribution very differently, and this appears to influence the the Stokes shift may be ascribed4g Thus, the Stokes shift
magnitude ofl, but has little impact om\A4(T). The second from the thiopyran compound is in line with the predictions of
model assumes that is temperature independent. The third model 3— not models 1 or 2. The best fit values 295 K)
model predicts that, decreases with temperature both in weakly and |V| obtained using these three models #i,(T) are
and strongly polar solvents. Although the rotational contribu- discussed in the next section.

tion, Ay, increases slightly with increasing temperature, the

translational contribution}q, decreases more strondty. The Ill. One Mode Analysis of Electron Transfer for 1 and 2

net decrease if, from 230 to 330 K forl and2 in acetonitrile

(Figure 3) amounts t6-10% 0f14(295 K). This prediction for The electron-transfer rate was measured as a function of
ALo(T) generates significantly different, best fit values|df temperature in each solvent. Figure 1 shows a plot din(
andZ0(295 K) compared to those obtained using models 1 and T*?) versus 1T for 1 in acetonitrile. Similar plots were made

2 (see section lI). for all of the systems discussed here. The rate constant data

Given the disparity between the predictions of the three are supplied in the Supporting Information. Because the plot
models, the question arises whether any direct experimental datan Figure 1 is almost linear, it is only possible to extract two
exist for comparison. Some spectroscopic evidence indicatesparameters, the intercept and the slope, whereas eq 2 has five
that 1o(T) decreases with increasing temperature in weak to parameters of which two are assumed to be temperature
moderate polarity solven#. The same cannot be said for the dependent. To proceed, ther(T) data was fit to eq 2 with
prediction, from model 1, that,(T) increases with increasing  AG°(295 K), Ay, andhw set to specific values. The temperature
temperature in polar solvents. The intervalence absorption dependencies oAG°® and 4, were calculated using one of the
bands from symmetrical, localized, mixed valence compounds models described in section Il. In the remainder of this paper,
in aqueous solution are nearly temperature indeperifleftiese method 1 refers to calculation &fG°(T) — AG°(295 K) using
studies indicate thédly(T) is nearly temperature independentin  eq 4 and calculation oA14(T) using eq 6, method 2 refers to
aqueous solution. The temperature dependence of the chargeuse of temperature-independent valuesA@° and 4, and
transfer absorption and emission bands of tetrahy#to-4 method 3 refers to calculation &G°(T)—AG°(295 K) using
thiopyran-4-ylidenepropanedinitfawere determined in a series  eq 4 and calculation ahly(T) using Matyushov's model. For
of organic solventd! The Stokes shift decreases with increasing each method of simulating the temperature dependence of the
temperature in solvents ranging in polarity from diethyl ether FCWDS, the best fit to the kinetic data was obtained through
to acetonitrile. In charge-transfer theories, the Stokes shift is variation of the two parameterf/| and 1,295 K). The
roughly equal to 2, + Av).53%2 Becausely is solvent and electronic coupling is most strongly correlated to the intercept
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05 i . Figure 5. Contour plot 0f14(295 K) for DBA 1 in acetonitrile versus
: ' i ~T7 the assumed values af and AG°(295 K), obtained from nonlinear
e’o regression analysis of the temperature-depenkigmtata. The constant
0.4 9670 ) contour lines are in units of eV. The box outlines the region defined
by prior estimates ofly (0.3—0.5 eV) andAG°(295 K) + 0.05 eV
gt ] predicted by eq 4. The temperature dependenaeGff was modeled

with eq 4, and that oAA,(T) was calculated using eq 6.

Previously reported data fdrin THF® were reexamined with
this analysis, which accounts for the temperature dependence
of AG® and /A, (Figure 4B). The lines of constaf¥| in this
plot are steeper, particularly at valuesA®°(295 K) approach-
) . ing 0 eV. The significant temperature dependencAGf for
AG® (295K ) (eV) this system (see Figure 2B) produces a greater sensitivity of
) [V| to the assumed value &G°(295 K). This result suggests
Figure 4. Contour plots ofV| for 1 versus the assumed valuesigf

and AG°(295 K), obtained from nonlinear regression analyses of the that elect.ronlc couplings derived from temperaturle.-dependent
temperature-dependek; data: (A) in acetonitrile, (B) in THF. The rate data in weakly polar solvents will be more sensitive to errors

constant contour lines are in units of cnThe box in each panel  IN AG®°(295 K) values than will couplings obtained from rate
outlines the region defined by prior estimateslef(0.3—-0.5 eV) and data in polar solvents.
AG®(295 K) 4 0.05 eV predicted by eq 4. The temperature dependence  The boxes in Figures 4 and 5 enclose regions corresponding
of AG® was modeled with eq 4, and that Ai,(T) was calculated 5 1005 eV about the\G°(295 K) value calculated using eq
using eq 6. 4 andAiy in the range from 0.3 to 0.5 e¥. These limits provide
o . reasonable estimates pf| and1,(295 K). The mean values
and the solvent reorganlzatlon energy is most strongly correlatedof V| determined forl within these constraints are similar
to the slope _Of Figure _1' ] (method 1 in Table 3) for all four of the solvents studfédror

A. Analysis of 1. Figure 4 uses contour plots to illustrate 1, the donor/acceptor electronic coupling does not appear to
the correlation between th¥| parameter and two of the other  change significantly with solvent. This result indicates that
parameters in eq 2G°(295 K) andiy. In these figures, the  eijther the electronic coupling is dominated by through bridge
temperature dependencies of the reorganization energy and opathways, or the solvent mediated contributions are similar in
the Gibbs free energy were treated using the continuum modeleach of these solvents (vide infra).
with temperature-dependent dielectric properties (method 1). ag 5 probe of the coupling magnitude’s sensitivity to the
Panels A ano_l B in Figu_re_ 4 compare the two extreme cases Ofmodeling of the reorganization energy, the(T) data from1
solvent polarity-acetonitrile and THF. was also analyzed using the other tu,(T) models. |V] listed

The contours of constarti¥| for 1in acetonitrile (Figure 4A)  under method 2 in Table 3 was obtained from contour plots in
are nearly parallel and almost straight lines. Horizontal contours which the temperature dependencies A&° and 1, were
would indicate that the extracted values|¢f are independent  ignored. The values obtained for the electronic coupling are
of the value chosen foAG°(295 K). The small slopes of the  about a factor of 34 smaller than those found by incorporating
contours in Figure 4A indicate a weak dependence of the a temperature dependence for the dielectric constant and index
electronic coupling parameter akG°(295 K): about a 25% of refraction (method 1, Table 3)V| listed under method 3 in
increase inV]| is linked to a 0.6 eV increase IG®. In contrast, Table 3 was obtained usinfgG°(T) from eq 4 andAA4(T) from
the best fit value (Figure 5) of the low-frequency reorganization the Matyushov model, which predicts a decrease in the
energylo(295 K) varies significantly wittAG°(295 K). These reorganization energy with increasing temperature. This form
latter two parameters are strongly correlated, because theyfor A(T) results in even smaller values @¥|. These
determine the apparent activation energy, i.e., the slope for thecomparisons show that the absolute magnitudp/pbbtained
plot in Figure 133 The best fit value offV| depends more  from the data depends strongly on the modelingAdf(T).
strongly only than it does oMAG°(295 K) (Figure 4A), in- Importantly, the relative values ¢¥| in the various solvents
creasing by a factor of 23 asly increases from 0 to 0.5 eV.  are almost independent of which method is used to treat the
Furthermore, the dependence bnis relatively independent  temperature dependence @§. In DBA 1, |V| is solvent
of AG°(295 K). Similarly shaped contour plots are obtained independent.
upon analysis of the electron-transfer data foin the polar The 44(295 K) values extracted from the data analyses were
solvents dimethylacetamide and benzonitrile (Supporting In- compared to the values &§ calculated using the simple Marcus
formation). and FDPB models. The range of reasonaly(@95 K) values
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Figure 6. Contour plots ofV| for 2 versus the assumed valuesigf

and AG°(295 K), obtained from nonlinear regression analyses of the
temperature-dependekr data: (A) in acetonitrile; (B) in benzonitrile.
The constant contour lines are in units of ¢mThe box in each panel
outlines the region defined by prior estimatesipf(0.3—-0.5 eV) and
AG°(295 K) + 0.05 eV predicted by eq 4. The temperature dependence
of AG® was modeled with eq 4, and that 8fl,(T) was calculated
with eq 6.

0.0

was determined from contour plots (e.g., Figure 5) in a manner
analogous to the determination of reasongMe The range

of values ford, at 295 K is reported in Table 2. The parameters
used in the Marcus expression wege= ra = 4.5 A andRcc

= 11.5 A. Forl, the estimates 0f,(295 K) from the method

1 data analysis are 0.40.46 eV larger than the Marcus values.
If the effective radira andrp are reduced to 3.5 A, calculated
using the Marcus expression are within 0.1 eV of the method 1
results. The temperature-independent modekfqmethod 2)
produces smaller estimates 4f(295 K) that are in line with
the FDPB calculations. Use d1,(T) based on the Matyushov

Kumar et al.

is anomalously large (Table 3). With the reasonable assump-
tions thatly is independent of solvent areAG® in benzonitrile

is less than or equal te AG® in acetonitrile, the analysis shows
that|V| is four times larger in benzonitrile than in acetonitrile.
The robustness of the large coupling in benzonitrile is under-
scored by a comparison of the couplings that were obtained
using the three different methods of modelitG°(T) andAlq-

(T). In each case, the coupling in benzonitrile is a factor of 3
to 5 times greater than for the other solvents (Table 3).
Benzonitrile solvent mediates the donor/acceptor couplir®y in
more effectively than acetonitrile or dimethylacetamide.

Modeling of Ale(T) with the FDPB method caused small,
but systematic, changes in the coupling magnitudes obtained
for 2. Two different FDPB calculations were implemented. In
the first case, the dielectric surrounds the solute and is allowed
to enter the cleft. This case yields electronic couplings of 22
33 cnrtin acetonitrile, slightly higher than the values found
using eq 6. In the second case, the dielectric is excluded from
the clamp cavity and the FDPB model fdxi(T) yields
electronic couplings of 1726 cnt?, slightly lower than those
found using eq 6 (cf. method 1, Table 3). All three implemen-
tations of continuum models f&xG°(T) andA44(T) yield similar
values of|V|, despite slightly different temperature dependen-
cies.

The method 1 data analyses @(Table 2) yield values of
10(295 K) that are smaller than those found foin the same
solvent. This is expected as the donor/acceptor separ&ien (
= 7.1 A) in 2 is smaller than inl. However, the observed
reduction 0f1,(295 K) from1 to 2 is not as large as predicted
by the Marcus or FDPB modelst(295 K) for 2 obtained using
methods 2 and 3 (Table 2) are again smaller than from method
1 and in reasonable agreement with the FDPB calculations. The
regression values df,(295 K) derived from methods 2 and 3
analyses increase slightly frofrto 2 for the case of benzonitrile
as solven®> The1,(295 K) values for dimethylacetamide and
acetonitrile decrease as expected. All three analysis methods
generatd.,(295 K) in benzonitrile that are distinctly larger than
the Marcus and FDPB estimates. This may be related to the
preeminent role of solvent mediated coupling 2an benzoni-
trile.

C. General Summary. The coupling magnitude fo2 in
benzonitrile is substantially larger than the couplings determined

model (method 3, Table 2) produces the smallest, experimentallyfor 1, despite an additional two borf1$°36 and two s-cis

derived values of,(295 K). These values happen to be in good
agreement with the Marcus calculations based on 4.5 A radii.
Methods 1 and 3 use the same model A&°(T). Hence, the
33% smaller estimates af(295 K) from the latter are a direct
consequence of the different treatment\af(T). The FDPB
calculations of, are larger than the Marcus results, are-0.2

links3%:36 in 2's bridge. In conjunction with the solvent
independence dV| found for1, these results demonstrate that
benzonitrile significantly enhances the donor/acceptor electronic
coupling in2. The values offV| in dimethylacetamide and
acetonitrile are also greater fathan for1, despite the longer,
bent bridge ir2.3%36 These results suggest that the nonaromatic

0.3 eV smaller than the method 1 regression estimates and agreeolvents may mediate donor/acceptor couplin@,imlthough

with the method 2 regression values. In conclusion, the
simulation of AAo(T) with continuum models generates large
values 0f1,(295 K) from analyses of the kinetic data. Use of
Matyushov’s molecular model fakAo(T) produces significantly
smaller values 0f,(295 K).

B. Analysis of 2. The analysis and parameter dependencies
for 2 were similar to those found fdt. The|V| contour plots
obtained for2 are shown in Figure 6 and in the Supporting
Information. The contour lines in Figure 6 are approximately
parallel for large values of-AG°(295 K), and the spacing
between the lines decreases -aAG°® decreases. In sharp
contrast to the results fdr, the range of donor/acceptor coupling
magnitudes for2 vary significantly in different solvents:
compare Figure 6A (acetonitrile) with Figure 6B (benzonitrile).
In particular, the value of the electronic coupling for benzonitrile

to a smaller extent than benzonitrile. Tjpevalues from fits

to the kinetic data using the three methods AdB°(T) and
Alo(T) are similar and do not allow one to select from among
the three models. Consequently, there is uncertainty in the
magnitude of{V| for a given DBA and solvent. The relative
values oflV| for a particular DBA in different solvents are much
better defined. As the Matyushov model #i4(T) is more in

line with spectroscopic probes (vide supra), it seems that method
3 provides the best estimates 4295 K) and|V| (Tables 2

and 3).

IV. Two Mode and Classical Analyses for Electron
Transfer in 1 and 2

The preceding analysis of the temperature-dependent electron-
transfer data fromi and2 employed a single quantized mode,
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semiclassical model for the electron-transfer rate constant.derived values ofV| for every DBA/solvent combination are
Raman studies of optical charge-transfer transitidesnonstrate altered to a similar extent. Thus, the solvel@pendencef
that numerous modes can be active in such processes. ThigV|in the clamp shaped moleci2eand the solvernindependence
raises two questions relevant to this investigation: (1) How of |V| in the linear moleculd are retained.

accurately does a single quantized mode model reproduce the

temperature dependence of the FCWDS in a real DBA/solvent V. Analysis of Symmetry Allowed ET Reactions:

system, and (2) how sensitive are the extracted coupling Compounds 3 and 4

magnitudes to the choice of the expression used to calculate « . ”
the FCWDS? In an effort to establish additional confidence . 1he data analyses for the “symmetry forbidden” molecules

limits on the derived values d¥|, the data froml and 2 in indicate that solvent mediated “pathways” contribute to the
acetonitrile and benzonitrile were analyzed using a classical €/€ctronic coupling in the C-clampbut are not detectable for

model and a model with two quantized modes. These analysesl' It is interesting to investigate the magnitudes of bridge and
modeledAG®(T) and A«(T) using eqs 4 and 6, respectively. solvent mediated coupling in molecules for which through bond

The classical rat tant model that onl lassi lectronic coupling is “symmetry allowed”. Contour plots of
€ classical rate constant modet assumes that only a Classical, 55 5 function ofAG°(295 K) andAy were obtained foB
degree of freedom is coupled to the reacfidriThe associated

o . . and4 in the same manner as fbrand2. The values ofV| are
reorganization energy derives from both solvent and internal reported in Table 3, and the contour plots are in the Supporting
structural changes attending the reaction. The semiclassical !

del 2\ red 1o the classical model in the limit fhat Information. The modeling of these data incorporated the same
TOO eF(eql ) rgzqcetsr’] 0 lec atlss_lca T_'O fdmthe“"rl "_Va P characteristic frequency (0.175 eV) for the high-frequency mode
IT/I ('/1 Ero 2{}) isI?ougehilot:/aelptién;/:;iIgIZ:si(’:anefo?zssica and used an internal reorganization energy of 0.30 eV. Inde-
v ! vV— o dent of th thod loyed t lculA , V['in3
0.39 eV (see Figures 4 and 6). Importantly, the relative pendent of the method employed to calcula(T), [V in

) . : and4 are larger than il and2. This observation is consistent
magnitudes ofV|, for different DBA molecules in the same 9

| dth DBA in diff I v th with the earlier conclusion that the electronic symmetries of
solventand the same DBA In different solvents, are nearly the 1 injial and final states affect the magnitude of the electronic
same whether derived using the classical or the one quantize

) ) oupling® The most direct measure of the symmetry effect is

mode semiclassical model. seen in a comparison of the couplings across the seven-bond,

Two different forms of the two quantized mode, semiclassical a|| trans bridge DBA molecules and3. For the same solvent
model were used to analyze the electron-transfer rate data. Inand method of calculating the FCWD$/| in the symmetry
the first VerSiOﬂ, both modes were associated with hlgh- allowed DBA 3 is 15-20 times |arger than in the Symmetry
frequency ¢1000 cnt?) vibrations. If the two modes have  forbidden DBA 1.38
different frequencies, the one and two mode analyses return Analysis of the kinetic data fror8 using continuum models
different values of|V|. While maintaining a constant total o, Alo(T) (method 1) generates estimates|df larger than
reorganization energyly = Av1 + Av,, the effects of changing 200 cnrt. Couplings of this magnitude indicate an electron-
the second mode frequency and of partitioning the tétal  transfer reaction with adiabatic character. A self-consistent
between modes 1 and 2 were explored. The largest change ingnalysis of the rate data fror requires a formalism that
V], a reduction of 30% from the one mode to the two mode jnterpolates between the nonadiabatic (eq 2) and adiabatic
model, was obtained when the second mode corresponded to imits. 2039 As is true forl and2, the couplings obtained when
very high-frequency vibration (e.g., 3000 chiC—H stretch),  the temperature dependencies of the dielectric parameters are
and the majority ofly (0.29 eV out of 0.39 eV) was partitioned  jgnored (method 2) are a factor of 3 to 4 smaller in magnitude.
into this mode. The available Raman dagd C-H/C—-D The couplings obtained using the Matyushov model (method
isotope effects on electron-transfer rate constant® not 3) are another factor of-24 smaller. The values ¥/ obtained
indicate large reorganization energies associated with these highysing either method 2 or 3 are consistent with the nonadiabatic
frequency modes. Hence, it does not seem necessary to proceeghte constant model (eq 2). The couplings derived using method
beyond the two mode model. We conclude that inclusion of 3 are the same in acetonitrile and benzonifffleAlthough the
an additional high-frequency mode in the analysis, while |v| obtained using method 1 and 2 also agree to within the
maintaining a totaky that is consistent with the charge-transfer quoted uncertainties in the two nitrile solvents, these limits refer
emission dat& results in a slightly reduced<@0%) estimate {0 absolute uncertainties. More than 80% of the uncertainty in

of |VI. [V| listed under methods 1 and 2 in Table 3 is associated with
In the second variant of the two mode model, the second the variation ofiy by £0.1 eV. HoweverAy for the donor/
mode was treated as intermediate in frequéh&d(from 400 acceptor pair ir8 is solvent (and bridge) independent. If a single

to 900 cnl). At the smaller vibrational frequencies, the model Ay value is chosen, e.g. 0.30 eV, the uncertaintyviris reduced
predicts an increase in the population of excited vibrational to less than 10 cmt for method 1 and less than 2 cinfor
levels of the reactant state and an accompanying increase inmethod 2. Taking into account only the uncertainty arising from
the reaction rate with increasing temperature. This model AG®, both methods 1 and 2 predict th¥f is solvent dependent

produced smaller estimates df,(295 K) and |V| in the for 3. This result is unexpected and indicates that these two
regression analyses. For example, wheayaof 0.4 eV is methods do not adequately describe the FCWDS temperature
partitioned equally between a 1410 and a 400 tmode, a dependence foB.

2-fold decrease V| and a 26-30% decrease ih,(295 K) is The 14(295 K) values obtained foB and 4 in the nitrile

obtained from a best fit to the data, as compared to the onesolvents exhibit reasonable trends. Independent of analysis
qguantized mode results reported in Tables 2 and 3. Neverthe-method,1,(295 K) for 3 is ~ 0.1 eV larger than fod in the
less,|V| still shows a significant solvent dependence 2or33 same solvent. This is consistent with the longer charge-trans-
cm~t in benzonitrile versus 13 cm in acetonitrile. On the fer distance in3 (12.2 A vs 11.5 A forl). The reduction in
basis of this and other two mode analyses, it appears thatl,(295 K) from acetonitrile to benzonitrile f@ is in line with
changing the number of quantized modes produces, at most, ahe Marcus and FDPB calculations. Only method 3 yields a
two- to 3-fold reduction in the estimates [df|. However, the notable decrease (295 K) from 3 to 4. This reduction is
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about half that predicted by the continuum calculations. The situation in which no solvent molecule is positioned between
large contribution of through solvent coupling farin ben- the donor and acceptor moietiesfthe calculated electronic
zonitrile was accompanied by a large(295 K) than forl in couplings are quite smalk0.1 cnT®. Introduction of a solvent
benzonitrile. This may be a signature of through solvent molecule into the cleft produces a large increase in the calculated
coupling and indicate some contribution of solvent mediation electronic coupling. Location of a solvent molecule outside of
for 4 in acetonitrile. More definitive conclusions are not the cleft, but near either the donor or acceptor, has no significant
warranted on the basis of ttg results. influence on the electronic couplid§. The electronic coupling
The three methods of treating the FCWDS temperature predicted by the two theories for a single benzonitrile molecule
dependence do not produce consistent relative magnitudes ofn the cleft agree with each other and are in reasonable accord

|V| for 3 and4 in acetonitrile. Methods 1 and 3 indicaté is with the experimental results. The two theories predict quite
smaller for4 than for3, whereas method 2 yields similar values different couplings for the case of a single acetonitrile molecule
of |V|. For 1-3, Matyushov’s treatment oAl,(T) gives the in the cleft. The solvent mediated coupling magnitude is very

most self-consistent and reasonable coupling values and reorsensitive to the position of the solvent molecules in the éfeft.
ganization energy values. Choice of method 3 as the most valid The ab initio values reported here correspond to a single solvent
simulation of the FCWDS temperature dependence leads to thegeometry. A full theoretical treatment of this effect requires
conclusion thatV| for 4 in acetonitrile is half as large as $ sampling of many configuratiorf8. Despite some disparity in
The role of solvent mediated electronic coupling4inis not the absolute values of the couplings, the theoretical calculations
discernible from this result. An-sis link within a covalent confirm the role of solvent mediated coupling in the C-clamp
bridge is predicted to reduce through bond coupling matrix shaped molecul2 and the absence of solvent mediated coupling

elements by a factor of between 2 and 380.Thus, the in the linear DBA molecules.

elucidation of solvent’s role must await determination|df

for 4 (and3) in benzonitrile and other polar solvents. VII. Discussion

VI. Comparison of Experimental and Theoretical Values The success of semiclassical models in explaining the wide
of V]| variety of electron-transfer kinetics and spectra has made it

The experimentally determined couplings in acetonitrile and possible to use these models to probe the structural dependence
benzonitrile are compared with couplings determined using ab of intramolecular, donor/acceptor electronic coupling matrix
initio methods in Table 4. The table also includes couplings €lements in a semiquantitative fashion. Nevertheless, extracting
previously derivet? using the generalized MullikerHush accurate values g¥| from intramolecular electron-transfer rate
method?! For 2 and4, the latter calculations were performed —constants is not trivial. All approaches to the problem require
either with no solvent or with a single nitrile molecule located assumptions, which influence the magnitude of the extracted
at various positions between the donor and acceptor moieties.couplings. A general problem is the inability of experimentalists
In the ab initio calculations, no attempt was made to perform to obtain accurate values &G° andZ,. In the absence of
statistical averaging as a function of solvent molecule orienta- forward—reverse electron-transfer equilibridG°® must be
tions. The solvent molecule was placed in a geometry expectedobtained by some combination of redox potential measurements,
to enhance the electronic couplitig For the symmetry allowed  solvation energy corrections, and Coulomb corrections. The
DBA molecule4, the solvent molecule was placed on the mirror availability of the FDPB? method, which incorporates details
plane symmetry element of the DBA and rotated such that it of molecular shape and charge distribution in calculations of
was in van der Waals contact with both the donor and the neutral and ion solvation (and reorganization) energies, should
acceptor. For the symmetry forbidden DBA molecubeshe help to mitigate this problem by providing a more refined
solvent molecule was displaté A away from the mirror plane ~ method for computing\G°(T). Even with this method, care
symmetry element of the DBA and rotated to be in van der must be used when fitting temperature-dependent kinetics.
Waals contact with the donor and acceptor. The ab initio Continuum models significantly underestimate the decrease in
calculations of the electronic couplings were performed using the driving force produced by increasing the temperature in polar
the methods previously describ&d.The electronic coupling ~ solvents®™ As a consequence, the temperature dependence of
was calculated as half of the minimal energy splitting of the continuum calculations oAG®(T) and44(T) may be incorrect.
eigenstates composed mostly of the donor and acceptor sites as In polar solvents and for other conditions where Born

the energies of the latter are shifted into degenefacyhe solvation corrections are smal\G° calculated using the simple
goal of these analyses was to probe any impact of the solventcontinuum model (eq 4) and the FDPB method are in good
molecule on the electronic coupling. agreement. Under such conditions, the contribution of the

On a qualitative level, the theoretical calculations are in good Coulomb term to the energy tends to be small, so redox
accord with those extracted from the kinetic data using methodspotentials andego dominate theAG® calculation. However, as
2 and 3 for the FCWDS. The calculated in vacuo couplings donor/acceptor separations approach solvent molecule dimen-
for the linear moleculed and3 are in reasonable accord with  sions, steric impediments to solvent approach and restricted
the experimental results (within a factor of 2). This confirms reorientation of solvent dipoles about the ions may redvGé
that solvent does not play a large role in promoting coupling in relative to the predictions of eq 4. The FDPB method allows
the linear DBA molecules. The two theoretical methods predict incorporation of some steric effects into the solvation calcula-
very different in vacuo couplings for the C-clamp molecdle tions. For2 in acetonitrile, FDPB estimates of this steric
The ab initio method predicts thatincurs a small contribution  reduction in the driving force are-0.1 eV. In less polar
from solvent mediated superexchange in acetonitrile as solvent.solvents, Born solvation corrections become significant and
It is not feasible to compare the theoretical and experimental appropriate estimates of the ion radii are needed for eq 4. Most
predictions for4 as the latter has been determined in only one donor and acceptor ions are not spherical, making determination
solvent. of the most appropriate radii difficult. Using eq 4 with

The calculated couplings for the C-clamp molecRlagree reasonable radii can easily produt€&° values that are in error
with the experimental findings on a qualitative level. For the (relative to FDPB calculations) by 0-D.2 eV. Taking into



Electronic Coupling in Intramolecular Systems J. Phys. Chem. A, Vol. 102, No. 28, 199539

account possible steric restrictions to solvation for small donor/ magnitudes ofV| for a particular donor/acceptor combination
acceptor separations, the simple continuum model can overesin different DBA molecules or different polar solvents are
timate —AG® by 0.2-0.3 eV. The rate constant predicted by reasonably model independent. The insensitivity of the relative

eq 2 is most sensitive tAG°® when —AG®° < 1,. Thus, magnitudes of|V| to the details of the modeling enables
incorrect values oAG® will produce the largest error iV for meaningful conclusions to be drawn regarding solvent and
reactions that are endoergic or nearly thermoneutral. bridge effects on the electronic coupling. The present analysis

Clearly, the accuracy of simple continuum calculations of demonstrates a strong solvent dependence of the electronic
AG’° is uncertain. Establishing confidence limitspfiobtained ~ coupling magnitude for the C-clamp shaped mole@leit not
from rate constant data requires that the dependenceGsn  for the linear molecule4 and3.
be explored. Fortunately, when temperature-dependent rate con- The analysis of the kinetic data froand4 in THF does
stant data are analyzed, the uncertaintk@r (295 K) and small not produce useful information. TH¥| derived from the THF
differences inAG°(T) produce small variation in the extracted data differ by factors of 616 when methods 1 and 2 are used.
coupling matrix element- at least for those cases where the This variation should be compared with the 3- to 4-fold variation
reaction driving force does not approach 0 eV. In this inves- in |V| resulting from use of these two methods 8and4 in
tigation, variation ofAG°(295 K) over a 0.7 eV range produced acetonitrile and fod and2. The electron-transfer reactions for
less than a factor of 2 change |i|. Use of slightly different 3 and4 in THF are close to thermoneutral. As a consequence,
forms for AG°(T) had nominal impact ofV|. By contrast, the the regression results are very sensitive to the accuracy of the
value of 14(295 K) extracted from the data changed by an models used to simulate the temperature dependence of the
amount nearly equal in magnitude, but opposite in sign, to the FCWDS. For these molecules in THF, the accuracy of the
variation inAG°(295 K). regression results and the magnitude of the uncertainty limits

In contrast to the insensitivity of the extractéd| to the are unacceptable. To address the question of through bond and
models used to calculate the temperature dependence of thdéhrough solvent coupling contributions féy additional studies
AG®, the model employed for the temperature dependence ofin polar solvents are required. Based on the results in
o strongly perturbs the derived value of the electron coupling. acetonitrile, the coupling across the all-trans, seven-bond,
Simply ignoring any temperature dependencégfmethod 2) symmetry allowed bridge i is ~15 times larger than across
yields a slight solvent dependence|¥f for the linear molecule  the all-trans, seven-bond, symmetry forbidden bridge irIso,

1in four solvents and for the linear molect8en highly polar ~ if acetonitrile mediated coupling is active # it does not
solvents. Incorporation of a temperature dependenck f@nd produce the same dramatic increase of the coupling as is evident
AG®) according to continuum models (method 1) produces 3- for the symmetry forbidden C-clamg,

to 4-fold larger|V| for 1 and3. While the|V| for 1 obtained The three methods used to calculate the temperature depen-

using method 1 is solvent independent, tkie obtained for3 dence of the FCWDS yield values £§(295 K) that vary by as
exhibits a rather substantial solvent dependence. Use of amuch as 0.5 eV. Method 1 produces estimated (#95 K)
molecular model for the temperature dependence ¢hethod that are the largest experimental values and which are much
3) yields solvent-independefyt| for both1 and3 that are 2-fold larger than the results of FDPB or two sphere Marcus calcula-
smaller than those derived with method R/| for 1 and3 are tions. Replacing the continuum model &fl(T) with Maty-
expected to be solvent independent. The bridge in both ushov's molecular model (method 3) yields estimate&,(#95
molecules is straight and lies between the redox centers, so thak) that are the smallest experimental values and which are in
solvent inclusive electronic coupling pathways should contribute good agreement with the FDPB and Marcus calculations.
little to the overall coupling. Methods 2 and 3 generate the Matyushov* has previously noted that his model and the Marcus
expected solvent independence of the couplinglfand 3.38 model yield similar values af,(295 K). Matyushov’s model

In addition, these two methods generg for 1 and 3 that predicts a very different temperature dependencé,athan
bracket the matrix elements reported by Closs and Miller for Marcus’ model. In this investigation, the use of method 3 to
coupling across the seven bond mostly-anti bridge in 2,6- calculate the temperature dependence of the FCWDS provides
disubstitutedrans-decalins!® Although, the donor, acceptor,  values of|V| and 14(295 K) that are in good agreement with
and attachment topology present in the decalins are differentthe best available theories and which are reasonably self-
from those investigated here, it is reasonable that the symmetryconsistent.

allowed and symmetry forbidden topologies produce couplings  pypjished experimental studies do not provide much guidance
that are larger and smaller, respectively, than those in the 55 to which values 0f(295 K) are most reasonable. For
unsymmetrical decalins. These results argue for the use ofgyample, thei, reported for cyanoanthracene/alkylbenzene
methods 2 and 3, in preference to method 1, for simulation of sqjyent separated ion paifén acetonitrile (1.72 eV) are larger

the FCWDS temperature dependence. Overall, the results Ofian thej, (295 K) found forl in acetonitrile (method 1), despite
this study demonstrate the large impact that the modeldor 5 smaller center to center separation in the ion pair. On the

() exerts on the derived values p|. other hand, Miller and co-workefsfound that the solvent
The combination ofV|? e~Sin the prefactor of eq 2 generates  contribution to the low-frequency reorganization energy is
a strong correlation betweedand|V|. Uncertainty indy (or smaller than predicted by the Marcus model. Thelerived

S generates considerable uncertainty\i as reflected by the  from the ion pair investigatioi$may have significant contribu-
contour plots presented in Figures 4 and 6. In general, tions from ion motion in addition to solvent motion. Vibrational
increasingly from 0 to 0.5 eV generates 2- to 3-fold increases reorganization occurring in modes with low and intermediate
in [V|. The number of quantized modes in the model has a frequencies have been documertédyithin the context of one
similar effect on the magnitudes pf|. Use of atwo quantized  mode rate constant models (eq 2), reorganization energy
mode model with a low-frequency mode produces a 3-fold associated with such modes gets added to the low-frequency
smaller value forV]. (solvent) reorganization term. Accordingly, extracted values

Although the absolute magnitude |df is strongly dependent  of 1, may be larger than continuum model predictions. The
on the choice ofly and the modeling oAly(T), the relative ester groups within the acceptors bfand 2 assume a more
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planar conformation upon reductiéh.Breathing modes of the ~ AG°(LE—CT), may be obtained for any solvenrisfy) from
C-shaped bridge i@ and4 may be excited by electron transfer.  the calculated solvation energies and the thermodynamic cycle
These motions have low or intermediate frequencies and maydisplayed in the Chart 2. The first line in the cycle reflects the
contribute to the value 0f,(295 K) extracted from the kinetic
data. The magnitude of these contributions is not known. Chart 2

This analysis of temperature-dependent rate data has explored " _
the reliability of the values one obtains for electronic coupling PBacn T BAacy = D Bacy T BA ey
matrix elements. lItis clear that these coupling matrix element Eox — Erep (2.49 eV in ACN)
values are strongly dependent on the modeling of other
parameters in the semiclassical equation (eq 2). The electronicp*g, _ + BA™,..—D'B,. + BA~

. ACN ACN IN IN

coupling appears to be most strongly dependent on the value . _
of 1y and the temperature-dependent modelinglgf The —AG sorvacn) ~ AG soLvacn)
absolute value of the electronic coupling matrix element appears
to be reliable to within a factor of 10. The estimateslg295 DBA, +D'B,+BA , —~D'BA"+ DB, +BA,
K) vary by about 0.3 eV depending on the model used for AGN
Alo(T). Importantly for the conclusions drawn from these data, couLoms
the relative magnitude of the electronic couplings of similar

systems1to 2 and3to 4) are less sensitive to the assumptions D'BA N D'BA soLv AGCTSOLV
used to evaluate the FCWDS in eq 2. The relative magnitude
of the couplings change by less than 50% with the various DBy + BAy = DBpen + BAsen AGrgans
models. This reliability allows robust conclusions to be drawn
concerning the importance of solvent mediated superexchange DBAgo., — DBA,, —AG®® i ans
in 2.

D*BA sorv = DBA so1y — Ego

VIIl. Conclusion

Electron-transfer rate constants for the DBA molecules were net: D*BAgg, — D'BA g5,y  AG(LE—CT)goy =
measured and analyzed using the semiclassical model for the + -
rate constant. Theygoal of tghe analysis was to extract the ~EooF Box ~ Bren ~ AG sorviacn ~ AG sovvacn
electronic coupling magnitude. Because the semiclassical model AG'NCOULOMB+ AGCTSOLV + AGqgans — AGGSTRANS
has five parameters, the dependence of the electronic coupling
parameter on the modeling of the other parameters in the ratedonor and acceptor redox potentials measured for the DB and
expression was investigated. This study shows that althoughBA molecules in acetonitrile (MeCN). The second line transfers
the absolute value of the electronic couplifig cannot be the infinitely separated ions from acetonitrile to a medium with
determined with a certainty much better than an order of the same dielectric constant as that expected for the spager,
magnitude, the relative values ¢¥| for the same DBA in ~ 2. In this reference medium, transfer of both charges to the
different solvents or DBA molecules with the same D and A DBA is attended by an energy change calculated using
groups can be determined with greater confidence. For exampleCoulomb’s law in a microscopically homogeneous dielectric
the values of the electronic coupling fbrand2 in acetonitrile medium. As this is a continuum approach, it does not correct
and dimethylacetamide were of similar size, whereas their for the finite size of solvent molecules (nonuniform continuum).
electronic coupling values in benzonitrile solvent were signifi- However, this approach does employ Coulomb’s law under
cantly different, independent of the model. This result supports conditions where it can be evaluated as a simple sum of
the conclusion of previous work that the electronic coupling interactions between partial charges. The fourth line transfers
for 2 in benzonitrile solvent is enhanced. A comparison of the the CT state from a medium with dielectric constagtto one
molecular structures fdr and2 in conjunction with theoretical ~ with the desired dielectric constantgoy. The fifth line
calculation of the coupling supports the assignment of this accounts for the solvation energy attending return of the neutral
enhancement to the solvent mediated superexchange. TheDB and BA models from a medium with dielectric constart
development of accurate models faio(T) or direct measure-  to acetonitrile. The sixth line accounts for the solvation energy
ments ofAdq(T) would have a large impact on the ability to  required to move the neutral DBA molecule from a medium
accurately determing/| from the temperature dependence of with the desired dielectric constamtoyy, to the medium with
electron-transfer rate constants. Matyushov’s molecular model dielectric constanky. Incorporation of the experimentally
for the solvent reorganization enef@yppears to be the most  determined $(LE) state energy (seventh line) completes the
appropriate model available for investigations in polar solvents. thermodynamic cycle calculation &G° (LE—CT) soLv.
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