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This work involves comparison of rate constants measured for an intervalence (V) compound with electron-
transfer parameters derived from its optical absorption spectrum. The temperature-dependent rate constants
for the radical cation having gert-butyl-2,3-diazabicyclo[2.2.2]oct-2-yl (hydrazine) charge-bearing units
attached para to a tetramethylbenzene bridggwere previously measured. In this study, resonance Raman

is used to calculate the magnitudes of the distortions of normal modes of vibration caused by excitation into
the intervalence absorption band. These data produce a vibrational reorganizationmg¥&fy9250 cm?,

and averaged single-mods, for use in the Golden Rule equation of 697 ¢mzhu—Nakamura theory has

been used to calculate preexponential factors for analysis of the previously measured variable temperature
optical spectra using quartic-enhanced intervalence bands to extract the total reorganization energy and the
intramolecular electron-transfer rate constants for intramolecular electron transfer using electron spin resonance.
In contrast to using the Golden Rule equation, separatidnimmo solvent and vibrational components is not
significant for these data. The ZhiNakamura theory calculations producekiii] versus 1T slopes that are
consistent with the experimental data for electronic couplings that are somewhat larger than the values obtained
from the optical spectra using Hush’s method.

Introduction including Wurster’'s blueN,N,N',N'-tetramethylp-phenylene-

The comparison of electron-transfer rate constants measuredliamine radical cation perchloratéjre examples, but organic
for an intervalence (IV) compound by using electron spin chemlsts did not devellolp. the idea that it wquld_be gseful to
resonance (ESR) methods with calculated rate constants base#ink about the possibility of charge localization in such
upon electron-transfer parameters derived from spectroscopy isSystems. Completely organic class Il intervalence compounds
the focus of this paper. IV compounds have charge-bearing unitshave also been made, starting with dinitrogen-centered nes.
(M) connected by a bridge (B) and are at an oxidation level These compounds have much largevalues than previously
that would allow the charges on the M groups to be different. studied compound types, allowing study of compounds having
IV compounds that have their extra charge almost localized on large enougtV, values for their IV absorption bands to be easily
one of the M groups, &M —B—M charge distribution for a1 measured. By tuning andVa, by changing the bridge, examples
charged system, are called class Il in Robin and Day’s have been prepared that have intramolecular ET rate constants
nomenclaturé. They are the simplest electron transfer (ET) k, near the 18s! that corresponds to the point of maximum
systems ever devised, and they have remained important in ETproadening for the nitrogen hyperfine ESR splitting, allowing
studies since Creutz and Taube published the first designedaccurate rate constant determinatt®ft These studies allow
example of an IV compound in 1969, the Cretizaube testing of methods for evaluating ET parameters and calculating
complex (M= Ru(NHsy)s, B = pyrazine (1,4-diazabenzene), (5te constants. This work led to the rather unsatisfactory result
charge+5).2# HUSh. had alr_eady pointed out that the longest simple, classical Marcus theory that ignores a quantum
wavelength absorption maximum for class Il intervalence com- mechanical treatment of molecular vibratiéh predicted the

ppunds is the total reorganization enefgfassuming parabolic ._observedke; more accurately than more sophisticated methods
diabatic surfaces) and showed how to evaluate the electronic . : .
that incorporated such a treatméhtt is the goal of this work

couplingVa from the intensity of this band (assuming that the to accurately establish the proper vibrational analysidof

ET distance is known}y® Completely organic examples of de- ; .
localized (Robir-Day class 1ll) IV compounds have been which we _have argued has the most accurately deternkged
known since the 19th century: the first radical ions ever isolated, @ & function of temperature of the compounds that we have
studied!® because it has less spin density on the bridge than

T Part of the special issue “Norman Sutin Festschrift”. other cases. Resonance Raman has been used to establish the
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TABLE 1: Resonance Raman Modes Excited by Irradiation 100 —
into the IV Band of 1+ 2
wq Aq g Alhw S 80
435 2.89 1817 0.197 5
469 3.50 2875 0.311 e 60—
506 2.44 1506 0.163 2
583 0.95 263 0.028 £ 40 -
674 0.93 292 0.031 4
748 1.78 1185 0.128 s
1000 0.19 18 0.002 & 204
1163 0.82 391 0.042
1242 0.90 503 0.054
1404 0.34 81 0.009 0 T T T
1550 0.64 317 0.034 10 15 20
3 -1
2The energies are in crth hv (10" cm )

Figure 1. Simulation of the shape of the absorption spectruniof
using the modes of Table 1 aiid= 1300 cnt?! (dashed) superimposed
on the observed absorption spectrum at 252 K in acetonitrile.

vibrations excited by irradiation into its IV band, and the
experimental rate constants are compared with theory.
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Figure 2. Mode-by-mode contributions té, for Hy,DU™.

Raman studies on delocalized intervalence compounds include

our study on a protected tetralkylamipephenylenediamine
radical catior?® a study of its tetraphenyl analogéfand studies
of two diarylhydrazine radical catiorf84!

time-dependent theory of spectroscopy. The experimental and
calculated spectra are shown in Figure 1. For absorption, the
time-dependent theory of spectroscopy uses eq 2

The normal mode&q and their dimensionless distortiong
excited by irradiating into the IV band df are shown in Table
1 along with their increments contributing to the total vibrational
reorganization energy, = 2. All of the modes that contribute ) ) ) ] ]
1% or more reorganization energy as that of the most important t find the intensityl at a frequencyy. In this model.I" is a
mode (469 cm?) are included. Although weak Raman bands phenomenological damping faqtor that ]npludes relaxatlon into
were observed in the CH region, much of their intensity arises 0ther modes and the bath, alglis the origin of the electronic
from the nonresonant contributions to the scattering and havetransition. TheAq values are part dfb|d(t)LJthe autocorrelation
been ignored here because they are not expected to significantiyfunction between the initial ground state wave packet and that
contribute to ET. Each mode is fit numerically, and the intensity Wave packet over time as it moves in the excited state after the
of the mode is the area of the fitted peak. The intensities are lectronic transition. The modes are uncorrelated with each
normalized to a standard nitrate peak at 716 tmeasured ~ Other, and thus®|d(t)Liis the product of the contributions of
simultaneously with the sample. The relativg values are each of the individual vibrational modes. The increments,to

calculated from the normalized intensities using eq 1 for each mode are given By, = Y/2wA¢?, and these values are
shown in Table 1. Figure 2 shows the distribution of the

modes, which sum td, = 9250 cnt?! (26.4 kcal/mol), that if
equated withl, would makeis (CHsCN) = 4850 cm* (14.9
kcal/mol) because the totalis 14 100 cm? (40.3 kcal/mol).
The contributions td, are dominated by low-frequency bending
wherek represents a mode &f andk' represents the standard and twisting motions: 67% o, arises from modes 506 cnt?,
nitrate mode (with a relativAy of 1).#2-50 Equation 1 assumes  73% from those<674 cn1?, and 86%=<748 cntl.

that the potential surfaces are harmonic, that there is no change A completely independent separationigindA, for 1+ was

in force constant between the ground and excited states, andachieved by study of shifts in the intervalence band maximum
that the Condon approximation is valid. The values of each of as a function of solver The values obtained in this manner
the individual Aq values are determined from the relative are 4, = 10100 cm? (28.9 kcal/mol) andig{CHsCN) =

Aq values by fitting the optical absorption spectrum using the 4000 cm? (11.5 kcal/mol), that is, the present resonance Raman

l(w)=Cw [ to""{mcp(t)mexp(—rztz +i%)t)} dt (2)

e (Akzwkz)

he (ACod
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study givesi, as 66% of the optical transition energy, while
the solvent effect on the optical transition energy gavk a
contribution of 72%, which is remarkably good agreement.

The single-modey, necessary for use with the Golden Rule
equation (discussed below) should be the root-mean-square
weighted average of the modes involved, which we calculated
usingwy = [3q(WS™A)(wy)?]¥252 producing 697 cm! using
the data of Table 1. This value is somewhat smaller than the
800 cnt! we have used previously for Golden Rule equation
rate constant calculations on Hy-centered hydrazine radical
cations!®>33which was based upon dynamics calculations on a
saturated-bridged bis-bicyclic hydrazitfe.

Calculation of ket from Optically Derived ET Parameters.
Classical Marcus ET theoFy*2uses a two-state model having
parabolic diabatic free energy surfaces that are displaced on the
x coordinate, often called the electron-transfer coordinate, that
includes both the internal geometry reorganizatibn &nd the
solvent reorganizationl{) components of the reorganization
energyl. The relative sizes of and the electronic interaction
between the diabatic surfacéé,, controls the shape of the
ground state energy surface. Whép < /2, there is a double
minimum on the ground state energy surface with a barrier
between them oAG* = A/4 — Vg, + Va2/A. The expression
for the rate constant that Sutin uséd eq 3,

Ket= Kot Vo EXP(-AGHRT) &)
wherev, = cwy, the averaged vibrational modes that is the
effective nuclear attempt frequency to reach the barkagr.
represents the electronic tunneling probability. Equation 3 is
designed to cover rate constants ranging from the nonadiabati
region, wherece = VaZ(m/ ke T)Y4hv, to the adiabatic region,
where x = 1. In the intermediate region, the prefactor is
determined by the LandatZener theory developed to allow
solution of the two-state model introduced by Landau, Zener,
and Steckelberg in 1932 in the electronic coupling region that
is chemically significan®>~57 Equation 3 works rather well for
prediction ofke; as a function of temperature far and related
compounds using and V;, obtained from Hush theory, and
agreement with experiment is better when a refractive index
correction is included in evaluating,, and the diabatic surfaces
are allowed to vary from being perfect parabolas by including
a quartic term, so that the experimental IV band is properly
fit.l4’15

To incorporate the nuclear quantum effects, the Bixon

Jortner approach abandons the idea of an ET barrier as being

important and replaceAG* with Franck—Condon tunneling
factors in their rate expressions. Parabolic diabatic energy
surfaces are retained, but tReoordinate for these parabolas
only includes the low-frequency contributionsiehat may be
treated classically (usually callddand identified as the solvent
contribution tol). The higher frequency components/fi,,
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Figure 3. Eyring plots showing best fit of ZhtuNakamura rate constant
calculations to the experimental data fbr in acetonitrile using the
room temperaturg value.

Although eqgs 4ac have been widely used to treat ET rate
constants, their use is appropriate for weak electronic coupling
cases, that is, where perturbation theory is validMgy As Vap
increases, the evaluation of the ET rate constant remains a
challenge because perturbation theory breaks down, which we
believe is the reason for eq 4 predicting the wrong temperature
dependence fat™ and related compound41561The classical
treatment of eq 3 predicts the rate constant as a function of
temperature fod* and related compounds rather accuratély,

Cbut it is clear from calculations that this compound cannot be

going through a classical transition state for electron-transfer
because the electronic coupling would be far too large to be
compatible with the observed rate const#ithe appropriate
electronic coupling to predict the thermal electron-transfer rate
constant is that for the ground state geometry, which is that
evaluated from the optical absorption spectrum using Hush
theory. This observation is consistent with ET being a tunneling
process, which is the assumption upon which eq 4 is based.

Most recently, Zhao et &64 have proposed the approach
to the ET on the basis of the quantum ftufux correlation
function, the transition-state theory, and the surface hopping
technique. The formula is simplified to eqs-Sa

ko= k eXp(—AG*/RT)

(2ksT/h) sinhfiw/2ksT) x
J5 dE exp[~(E — AG¥)/ kg TIP,\(E) (5b)

(5a)

K =

for an effectively one-dimensional mode system, whsg-
(E) represents the ZhtNakamura (ZN) nonadiabatic proba-

are separated for a quantum mechanical treatment that usuallPility >~ at a given energj. Equation 5 represents modified

uses a single “averaged” vibrational modg, popularized for

ET reactions by Jortner and co-worké&#$? and leads to
egs 4a-c, called the Golden Rule equation by Closs and co-
workersé0

ke = (271/%) |V?| (FCWD) (4a)
FCWD = (47 k,T) Y22(e 58" w!)
exp{ —[(As + AG® + ww,)?4AK,T]} (4b)

S=ijw, (4c)

classical Marcus theory that retains an electron-transfer barrier
but has a different prefactor that correctly predicts the Franck
Condon factor in the nonadiabatic region and that also ap-
proaches the Marcus adiabatic ET formula in the high temper-
ature approximation. Because the ZN formulas that overcome
most of the deficiencies of LandaZener theory are used in
eq 5b to obtain the prefactor, it incorporates the nuclear
tunneling as well as the combined contribution from electron
and nuclear motion. Despite some heuristic corrections to eq 3,
for example, the nuclear tunneling factor is introduced with use
of the parabolic approximation, the approximations in eq 3 can
be significantly different from the actual solutions.



Electron Transfer Rate Constants J. Phys. Chem. B, Vol. 111, No. 24, 2006779

L L B B L L B L S L L e FT T T T T T T [ T T T T [ T T T T [ T T T T [ T T T T 7T

o : . _
LG, Observed slope 31800 F a0 3
F-ihae; S P 3 . [c3 o © o o o
L. '~ \ = F ]

o 26[ = 3 3 ;

3 E Q.. ¢ E 1600 1400 : =500 :

] E/S T alculated F o o o o o o 1

s : ’9‘,'.“ slope 1400 5 — £ ]

S 24f Calculated ™-g,_ ¥ c : -

- b Coupling N ) 8 F < 600 ]
E e, 3, = 1200 o o ~ N o 1

é 3 S 1200 ~ = F (cg © © © ]

x F s ]

< 22F . : v _

£ 1000 E & Hush ,\) /\> <> 0 A E
3 10001 0=700G . mene@enoene - 5 3
F o pd s G‘ _________________ ]

zlo-l.‘Hl....l..wl‘.‘.l..‘.\.‘.-'----""‘gsoo o IR U RS S SRS R
200 400 600 800

235 240 245 250 255 260 265
Zhu-Nakamura ® (cm™)

Figure 4. Eyring slopes (left axis, solid line) and electronic coupling . . . .

(right axis, dashed line) for calculations compared with the experimental Figure 5. Circles: Plot ofVz as a function of temperature and
value of the slope fod* in acetonitrile (the horizontal dotted lines ~ 0Ptained for thekesg 4 pairs (Table 5), chosen for best fit kesg at
show 1 standard deviation in this slope). 250 K. Diamonds: Plot of optically derived,sh (Table 2) as a function

of temperature.

T(K)

TABLE 2: Optical Parameters for 1+ as a Function of . .
Temperature*’? are obtained fow = 200-500 cnt! and that the corresponding

electronic coupling drops approximately linearly, by about
1 cmtin Vzy per entt change inw over this range, from 1660

temp, K Emad  Equa® quartic coeff  w12(D)  Viush® cm™

326 14260 14095 0.18 2.205 1040 to 1370 cnl. However the series of calculations shown in
312 14210 14130 0.18 2.196 1037 Figure 4 do not take into account the fact that babtand the
298 14160 14217 0.19 2.196 1038 . - .
284 14110 14217 0.20 2203 1044 optical V value,Vyysh are experimentally slightly temperature
270 14050 14322 0.21 2.204 1049 sensitive?® so we will next consider the effect of allowing these
255 13990 14375 0.22 2.203 1050 guantities to vary. Table 2 shows variable temperature optical
a From ref 32. Redetermined in this work from the spectra reported rrlleas.urements, with repalculachush (evaluateq using the
in ref 32 (see text). dication triplet ESR-derived electron-transfer distance on the
_ _ _ adiabatic surfacesj;, = 5.63 A5 corresponding to the ET
TABLE 3: Electronic Couplings Estimated for 1* distanceda, = 5.71 A), employing a refractive index correctfén
Considering Temperature Variation of 4 for the ESR Rate and integration of the IV band to determipg, as described
Constants Calculated Using Zhu-Nakamura Formulas 5 L
recently®® Vi spcalculated in this manner decreases about 0.34
10%esr, Van Van Van Van cm YK as the temperature in increased. The direction of the

TK st M0)cem? o=400 =500 »=600 v =700 change seems reasonable because increasing temperature should
265 2.64 14 227 1480 1350 1197 1017  slightly increase the average amount of twist about theNC
260 213 14350 1480 1348 = 1190 = 1004  Konds connecting the hydrazine units to the bridge, which will

255 1.76 14 370 1485 1350 1188 996 : ; ;
550 144 14 390 1489 1352 1188 988 decrease the electronic coupling. Instead of using the band

245 1.14 14 409 1490 1352 1178 945 maxium asl, as was done preViOUS@,the IV band was fit
236  0.77 14 445 1498 1353 1174 953 more realistically, using a quartic-enhanced IV bralong
with higher energy Gaussians as needed to fit the observed
Treatment of the ESR Rate Constants Using Zhu spectrum, which upon analyzing substituted naphthalenes that

Nakamura Formulas. The experimental rate constant data for have even more band overl&pwe realized will produce more

1" consists of six rate constants measured by ESR between 236ealistic temperature variation of the IV band. Thgavalues

and 265 K5 Figure 3 compares Eyring plots of the observed of Table 2 were used to establish a line fdil), which was
ESR rate constants with ZhiNakamura (eq 5) calculations used to estimate thgT) values at the temperatures of the ESR
where pairs ofv andV values that produce Eyring plots within  data.

experimental error of the ESR rate constants (shown as the black Table 3 shows the ESR rate constants as a function of
circles). These calculations were done using the partitioning of temperature, extrapolatet{T) values, and ZhttNakamura-

the room temperature IV band maximum in acetonitrile, taken derived Vz4 values as a function ob that best fit the rate
as/, into A, = 10 110 cm! and As = 4020 cn1?! that arose constant/ pairs at 250 K. As may be seen in the plot of these
from howA changes with solvelst However, other calculations  data in Figure 5, the slopes of they values for best fit with
showed that the results were indistinguishablél ifvas not the ESR rate constants at 250 K depend upon/zy decreases
broken into vibrational and solvent components but taken as a—0.64 cnTtY/K at w = 400 cnt! and —0.15 cnmY/K at w =
single 14 130 cm! quantity (see Supporting Information). This 500, but increases at higher values,+0.77 cnTY/K at w =
result is very different from that obtained using Bixedortner 600 cnt! and+2.19 cnTYK at w = 700 cntl. The optically
theory to calculate rate constants, wh8re A,/w, is a parameter  derivedVyspdecreases slightly as temperature increases, slope
of fundamental importance, so the partitioningtois crucial. —0.13 cnT¥/K. This is reasonable because electronic coupling
Calculations varyingy from 100 to 800 cm? values, also at  depends upon overlap of the charge-bearing units with the
A =14 130 cnt! are shown in Figure 4. The value for best bridge, makingv about proportional to cog at each of the CN

fit to kesrat 250 K, near the center of the range of temperatures, connecting bonds, and we expect the average valug tf
where accuracy in determininksr is best, is shown as the increase slightly as the temperature increases. Although the
blue circles and line (plotted on the right axis). The red circles temperature sensitivity 0fzy is closer to that foMyyshatw =

and line show the calculated Eyring slope in the 2365 K 500 cnTl, the size ofVzy is closer toViyysh near aboutn =
temperature range are plotted on the left axis. It is seen that660—680 cnt?, depending upon temperature. It is not obvious
Eyring slopes within 1 standard deviation of the observed slope how sensitvan should be to temperature.
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However, a smallew than the resonance Raman fits the constant data, and the data plotted in Figure 4. This material is
ESR and optical data better. This is expected because a singlavailable free of charge via the Internet at http://pubs.acs.org.
o eq 5 calculation must include the low-frequency solvent
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