J. Am. Chem. So@000,122,107—113 107

Picosecond Dynamics of Nonadiabatic Proton Transfer: A Kinetic
Study of Proton Transfer within the Contact Radical lon Pair of
Substituted Benzophenonigl-Dimethylaniline

Kevin S. Peters,* Amanda Cashin, and Peter Timbers

Contribution from the Department of Chemistry, eisity of Colorado, Boulder, Colorado 80309-0215
Receied May 13, 1999

Abstract: Picosecond absorption spectroscopy has been employed in the study of the dynamics of proton
transfer within substituted benzophenohglstdimethylaniline contact radical ion pairs. The reactions were
investigated in the solvents cyclohexane, benzene, and dimethylformamide. The correlation of the reaction
rates with the change in free energy reveals that the reaction pathway corresponds to a nonadiabatic process,
that is the reaction proceeds by proton tunneling. In nonpolar solvents, an “inverted region” is observed in the
proton-transfer process.

Introduction exist based on the work of BéllThe experimental indicators

. o of tunneling are taken to be larde/kp+ ratios and curved
In 1996, we reported a picosecond kinetic study for the effect arhenius plots of Ink vs 17T.

of solvent upon the dynamics of proton and deuteron transfer  pacently, the basic assumptions that underlie transition-state

between the radical anion of benzophenone and the radicalieqry have been brought into questiof.Theory has revealed
cation of dimethylaniline, which were produced upon the ht in the gas phase, tunneling is the dominant reaction mode
irradiation of benzpphenone in the presence of dimethylasiline for proton transfer, even at ambient temperatures. Extensive
(Scheme 1).Examining the temperature dependence of the proton.cjations show that the standard theory for kinetic isotope
transfer ky, within an Arrhenius framework, we found that the  gftects (KIE) and tunneling can be seriously in error, and thus
ratio of A-factors for proton transfefy, and deuteron transfer, e entire framework for interpretation of KIE and tunneling in

Ao, are strongly solvent dependent. in benzéa@o = 0.6,  gas.phase reactions is undergoing revision. The corresponding
and in THFAW/Ap = 2.4. Surprisingly, the standard theoretical - {heoretical development for solution-phase reactions has been

framework for proton traljsfer_could not accomm_odate the | ndertaken by Dogonadze, Kuznetzov, Ulstrup, and co-work-
§olvent dependence for this ratio ,Qﬁact_ors. Thus, given the ers0 and then extended by Borgis and HyA&g3 Cukier1415

importance of proton-transfer reactions in acizhse c.htlemlstﬁy and Voth!6.17 Collectively, these theories suggest that when a
and enzyme catalysfsye have expanded upon our initial study potential-energy barrier is present in the proton-reaction coor-
by examining how the rate of proton transfer depends on driving dinate, the reaction pathway involves tunneling through the

force as well as the solvent and have analyzed these result§,,qrier as opposed to passage over the barrier. If experiments

within newly developed theoretical models for proton transfer. g found to confirm these theoretical formulations, which depict
The standard theoretical framework for the analysis of kinetics the proton-[rans‘fer process as occurring exc|usive|y by tunne]ing

for proton/deuteron transfer is transition-state theofyin this at ambient temperatures, studies that use the kinetic isotope

theory, a classical transition state is defined by the free-energyeffect as an indicator of the nature of the transition state in

maximum along the reaction coordinate. Isotope effects are proton-transfer reactions will need to be reassessed.

calculated in terms of the difference between the ZerO-pOint There have been in recent years a great number of investiga_

energies for the transition state and the reactant. In the absencgons into the dynamics of proton transfer in the gas phase, in

of tunneling, the rate constant ratig+/kp+ are predicted to clusters, in solution, and in matrixé%:3° However, none of

be in the range of 37. These predictions are extensively used : : : .

as an indicator of mechanism for organic, inorganic, and Phys).%%rée%’BM%‘(’)_Tmhlar’ D. G.; Wagner, A. F.; Dunning,JT Chem.

biochemical reactions in solution. The additional effect 6f H (8) Babamow, V. K.; Marcus, R. Al. Chem. Phys1981, 74, 1790.

D* tunneling through the barrier is expected to lead to an  (9) Truhlar, D. G.; Garrett, B. CAcc. Chem. Resl98Q 14, 440.

enhancement in the isotope effect reflecting the greater ease ofBiO(I%)%)yKég?gésnO;h ?B:\gé%p\?rgﬁxlﬁggﬁa "Igzgys'cs’ Chemistry and

tunneling by the lighter isotope; approximate theories of this  (11) Borgis, D. C.; Lee, S.; Hynes, J. Them. Phys. Lettl989 162,
9.
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Scheme 1
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these studies has been able to fully verify recent theoretical 012
models developed for proton transfer in solution. In the T
following paper, we will examine the dynamics of proton c
transfer between the radical cation of dimethylaniline and a g *'°]
series of substituted benzophenone radical anions. This series £ *
of reactions will be studied in the solvents cyclohexane, benzene, &, 0.08
and dimethylformamide. The correlation of the rate constant G
for proton transfer with change in energy, as a function of S 0.061
solvent, will then used to assess the recent theoretical models 7 1
for solution-phase proton-transfer reactions. o 0.041
S o
. . O
Experimental Section =
0.02
Benzophenone, 44lichlorobenzophenone, 4-chlorobenzophenone, f_.—)
4-fluorobenzophenone, 4-methylbenzophenone, 4-methoxybenzophe- OQ' . 2
none, 4,4dimethoxybenzophenone were obtained from Aldrich, and 0.00 T T T T T
4,4-dimethylbenzophenone was obtained from Kodak. Each was 0.0e+0 2.0e-10 4.0e-10 6.0e-10 8.0e-10 1.0e-9 1.2e-9
recrystallized from ethanoN,N-Dimethylaniline (Aldrich) was distilled Time - Seconds

from calcium hydride under reduced pressure and stored under argon.gigyre 1. Transient absorption at 680 nm following 355 nm excitation
The solvents cyclohexane (Mallinckrodt), benzene (Baker), and di- of 9.02 M 4-chlorobenzophenone 0.4 M N,N-dimethylaniline in

methylformamide (Mallinckrodt) were used without further purification.  penzene.4) Experimental points ) fit to data withky = 4.1 x 10°
The picosecond absorption spectrometer, which employs a Con- g1

tinuum (PY61C-10) Nd:YAG laser producing a 19 ps pulse width, and
the methods of data analysis have previously been descfibee The dynamics for the decay of the triplet radical ion pair in
sample was continuously flowed thrdug 1 cmquartz cuvette during  cycjohexane and in benzene, which is attributed solely to proton
the experiment. All experiments were undertaken at@3 transfer, were monitored at 680 nm following the 355 nm
irradiation of the corresponding benzophendfer the samples
_ ) _ in cyclohexane and in benzene, the time increments employed
For the present experiments, we wished to examine thein the data acquisition were 15 ps; a total of 80 points were
dynamics of proton transfer within the triplet radical ion pair  obtained for each run, and a total of four runs were averaged
of the various substituted benzophenones and dlmethylanlllne.for each Samp|e_ The mode]ing of the kinetic data assumed a
The choice of the triplet state was predicated upon the need tosingle-exponential decay of the contact radical ion pair giving
eliminate the competition of back-electron transfer with proton rise to the triplet radical pair. An example of the decay of the
transfer. For the triplet radical ion pair, back-electron transfer 4-chlorobenzophenone/dimethylaniline triplet radical ion pair
is a long time event 10 ns?! while proton transfer occurs on  in benzene and its fit to the model is shown in Figure 1.
the 100 ps time scafeThus, to ensure that only the dynamics  For the samples in dimethylformamide (DMF), the time
of triplet radical ion pairs are monitored, it is necessary that increment for monitoring the dynamics of the radical ion pair
the amine concentration should not be in excess of 0.5 M; at at 680 nm was 25 ps; a total of 80 points were obtained for
higher amine concentrations electron transfer may occur betweeneach run, and a total of four runs were averaged for each sample.
the excited singlet state of the benzophenones and the amineGijven the polarity of DMF, one must take into account the
thus producing a portion of singlet radical ion pairs whose rate diffusional separation of the contact radical ion pair to form
constants for back-electron transfer are competitive with proton the solvent-separated radical ion pair, as observed in some of
transfer. For the following series of experiments, the sample our previous studie® 3¢ The modeling of the kinetic data in
concentrations employed were set to 0.02 M for the benzophe-DMF assumed that there are two decay pathways for the contact
nones and 0.4 M for the dimethylaniline. The observed dynamics radical ion pair; decay of the contact radical ion pair (CRIP) to
TOI‘ the decay of the tr!plet radical IO.n pair were found to be the radical pair (RP) through proton transfég, as well as
independent of the amine concentration over the range 6f 0.3 diffusional separation to the solvent-separated radical ion pair

Results

0.5M1 (SSRIP) ki, which cannot undergo proton transfer. Allowing
(20) Tolbert, L. M.; Nesselroth, S. M. Phys. Cher1991 95, 1033L. for the collapse of the SSRIP to reform the CRIP did not
(21) Moog, R. S.; Maroncelli, MJ. Phys. Chem1991 95, 10359. improve the fit of the kinetic model to the experimental data.
83 gﬁlgns’?‘nﬁ. I\/\gJ.JngSbCheglgg’éh?’ﬂ (1:?]3?11?-991 o5 10457 Also, in the modeling, it was assumed that the extinction

1da, N.; Almiof, J.; barbara, . &. yS. e 3 . . . . .

(24) Pines. E.. Fleming, G. R. Phys. Chemi991 95, 10448, co_eff_|0|ents for the two_radl_cal ion pairs are equal, although
(25) Zewail, A. H.J. Phys. Chen1996 100, 12701. this is only an approximation as there should be a small
(26) Hineman, M. F.; Bruker, G. A,; Kelley, D. F.; Bernstein, E.R. difference in the absorption profile for the two spedés.

Chem. Phys199Q 92, 805.
(27) Syage, J. AlJ. Phys. Chem1995 99, 5772. (32) Deniz, A. A; Li, B.; Peters, K. Sl. Phys. Chenil995 99, 12209.
(28) Brucker, G. A.; Swinney, T. C.; Kelley, D. B. Phys. Chenil99], (33) Dreyer, J.; Peters, K. S. Phys. Chem1996 100, 15156.

95, 3190. (34) Lipson, M.; Deniz, A. A.; Peters, K. S. Phys. Cheml996 100,
(29) Swinney, T. C.; Kelley, D. FJ. Chem. Phys1993 99, 211. 3580.
(30) Parsapour, F.; Kelley, D. B. Phys. Chem1996 100, 2791. (35) Peters, K. S.; Lee, J. Phys. Chem1992 96, 8941.

(31) Peters, K. S.; Lee, J. Phys. Cheml993 97, 3761. (36) Peters, K. S.; Li, BJ. Phys. Chem1994 98, 401.
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RP-Z CRIP-- SSRIP g o
The optimal value fokg was was found to be 5.8 108 s 2. g %17
An example of the decay of the 4-methylbenzophenone/ —
dimethylaniline triplet radical ion pair in DMF is shown in g, 0087
Figure 2. The decay of the 4;dichlorobenzophenone/di- g
methylaniline triplet radical ion pair to the RP in DMF could O 5064
not be accurately resolved due to the dominance of the 2
diffusional separation of the CRIP to the SSRIP. The cumulative @ 0.044
data for the eight triplet radical ion pairs in the three solvents & '
are displayed in Table 1. -
8 0.02
Discussion ;;_i
7 il fi o 0.00 T —
In the follow section, we will first present an account of some 0.006+0 1.00e-9 2.006-9

of the recent theoretical developments relating to nonadiabatic
E‘nd %qlabatl(.: prOtfor;]tranSferaThlsf acgount WIH. ther;]be followe_d Figure 2. Transient absorption at 680 nm following 355 nm excitation
y a discussion of t e. pltoce ure or. etgrmlnlngt genergetlcsofoloz M 4-methylbenzophenone/0.4IN/N-dimethylaniline in DMF.

for proton transfer within each radical ion pair. Finally, the (¢ Experimental points,{) fit to data withky = 1.5 x 10° s* and
correlation of the rate of proton transfer with the energetics will ;= 5.0 x 1 s
be presented within the context of theory.

Theory of Nonadiabatic Proton Transfer. The model for gable 1-h Obser\/’gd Raﬁ CQIUSta?tS roréhedpelcfy Og) S,Ubsttjg”ed
proton-transfer developed by Dogonadze, Kuznetzov, Ulstrup, B&nZophenones/Dimethylaniline Triplet Radical lon Pair (af@}

Time-Seconds

and their co-workers assumes that the reaction pathway is a 4.4-benzophenone yciohexane  benzene DME
function of the distance of separation, R, between reactants, 4 4 kqy(10°sha  ky(10Ps™)  ky(10°s™)
AHT---A, Scheme 20 At large distances o, the reaction is CHO— CH:O— 29 24 1.9
thermally activated in the proton-transfer coordinategnd at CHs— CHs— 5.9 4.3 1.8
the top of the reaction barrier there may be a tunneling CH:O— H 5.4 3.6 1.7
contribution of the overall reaction rate. This pathway is that CHs— H 8.9 5.8 15
depicted as curve A in Scheme 2. When the distance of reactant : igg gé 8;
separationR decreases, the reaction barrier narrows and is ¢ H 12.0 a1 0.3
reduced, which then leads to a nonadiabatic proton transfer as c| cl 9.1 3.7 b

the predominate reaction mode, that is the proton tunnels from
the reactant state to the product state, curve B in Scheme 2
Upon further decrease in the separation distdRcas a result
of the very strong coupling between the reactant state andScheme 2
product state, the potential-energy barrier in the proton-transfer
coordinate is eliminated, and the reaction in the proton
coordinate becomes adiabatic, curve C in Scheme 2.

As R decreases, the potential-energy barrier in the proton-
transfer coordinate decreases, leading to an increase in the rate
of reaction but at a cost of increasing the energies of the reactant
and of the product states at short distances. Dogonadze,
Kuznetzov, and Ulstrup thus defined the rate of proton transfer
ago

a Estimated uncertainties in rate constaiitts0% (1o). ° Could not
‘accurately resolve decay.

k= [¢(RWR) dR (1)

whereW(R) is the transition probability from reactant to product
at distanceR, and ¢(R) is the distribution function for the
molecular species iR.

The model for nonadiabatic proton-transfer developed by
Kuznetsov and his colleagues, depicted as curve B in Schem
2, is very similar to the model for nonadiabatic electron transfer
in its treatment of the involvement of solvéfifThe fundamental A A A HTA
assumption is that when a barrier is encountered in the proton
transfer coordinate, instead of the proton undergoing a thermally
activated crossing of the barrier, the proton tunnels through the
barrier, thus leading to a nonadiabatic process. This assumption
is fundamentally different from the Bell picture where proton
tunneling occurs only in the region at the top of the reaction solvent coordinate
barrier. In Kutznetsov model, for the symmetric proton-transfer
reaction, AH---A to A---HTA, when the polar solvent is

€scheme 3

(A) (B) ©

equilibrated to the reactant, Scher , surface A, the proton
will not be transferred due to an energy mismatch in the reactant
(37) Simon, J. D.; Peters, K. 3. Am. Chem. Sod.983 105, 4875. and product states. Upon a solvent fluctuation, the energy of
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the reactant and product states become equal, Scheme 3, curve

B, and it is in this solvent configuration that the proton tunnels
from one side of the well to the other. Finally upon solvent
relaxation, the product state is formed, Scheme 3, curve C.

This model leads to the following theoretical formulation for
the rate of proton transféf:

k=22 Pk

)

where
Kom = 27(Conf 2 (/K TE) 2 exp (FAG /k,T) (3)
and

AG', = (AE + E,+ AE, )Y4E, (4)

Peters et al.
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Figure 3. Graph of free-energy dependenceAG kcal/mole) of the

In egs 3 and 4, associated with the solvent coordinate is therelative rates of proton transfer employing the Borgiynes model,

solvent reorganization ener@ The energy difference between

eqgs 2-5. E, = 2.0 kcal/mol,Eq = 1.0 kcal/mol, vibrational frequency

the solvent equilibrated reactant state and solvent equilibrated300 cnt?, andAQe = 0.1 A. Es = 2.0 kcal/mol for the larger graph

product states IAE. The termkynis the rate constant associated
with tunneling of the proton out of the reactant state with
quanta of vibrational energy and into the product state with
quanta of vibrational energy; thus the model allows for the
formation of vibrationally excited product. The teiffq is just
the thermal average over the vibrational populations of the
reactant state. In eq &, is the proton tunneling probability
from the n state of the reactant to thwa state of the product
when the two states are iso-energetic. Finally for e§B,m =
(n — m)hw is the difference between the vibrational energy levels
in the reactant state and in the product state.

The initial ideas put forth by Dogonadze, Kuznetzov, Ulstrup,
and co-workers for nonadiabatic proton transfer have been

extended by Borgis and Hynes where they address the importanfi

issue of low-frequency vibrations in promoting proton trans-
fer.11-12 One striking difference between electron transfer and
proton transfer is the extreme sensitivity of the proton tunneling
matrix element to distance. The functional form of the tunneling

matrix element between the reactant and product state, for

moderate to weakly hydrogen-bonded specie(iQ) = Co
exp—adQ). The decay parameteris very large, 2535 A2,

when compared to the corresponding decay parameter for the

electronic coupling in electron transfer, TR It is this feature

that makes the dynamics of proton transfer so sensitive to the

internuclear separation of the two heavy atoms; A Whereas

a decrease of 0.1 A will increase the rate of electron transfer
by a factor of 1.1, a similar distance change in proton transfer
will increase the rate by a factor of 20. Thus, in the Borgis

Hynes model, intermolecular vibrations that lead to a decrease

in the A---A nuclear separation will significantly enhance the
rate of proton transfer.

The Borgis-Hynes model introduces a low-frequency vibra-
tional mode,Q, whose frequency isg, and the associated
vibrational reorganization energy Eq.!® On the basis of a
Landau-Zener curve crossing formulation, they derived the
nonadiabatic rate constatt, similar to that of Kuznetsov and
co-workers but where the tunneling tei@, is significantly
modified. The tunneling termC,m, is dependent upon a
promoting vibrationQ

Cont = Co eXp(-0AQ,) exp(E, — Eg)/hay)
F[L(EQ! = 6UQ)] (5)

The energyE, is a quantum term associated with the proton

andEs = 7.0 kcal/mol for the smaller graph.

reaction coordinate coupling tQ vibration, E, = h?a?/2m. Cy

is the tunneling matrix element for the transfer from the 0
vibrational level in the reactant state to the O vibrational level
in the product state. The terQ. is the shift in the oscillator
equilibrium position. F[L(Eq, Es, wq)] is a function of a
Laguerre polynomial. For a thorough discussion of eq 5, see
ref 13.

Graphs of the free-energy dependence for the rate of proton
transfer within the BorgisHynes model, eqs-25, assuming a
promoting mode of 300 cmi, are shown in Figure 3; the
calculated rate constantdCo?, have been normalized. In both
lots, the value foE, is 2.0 kcal/mol and the value fdq is
.0 kcal/mol. They only differ irEs, the solvent reorganization
energy, where for the larger of the two graphsjs 2.0 kcal/
mol and for the smaller of the two graptis; is 7.0 kcal/mol.
With increasing solvent reorganization energy, the maximum
rate constant for a given solvent reorganization energy shifts to
larger negative free-energy change and the maximum amplitude
is reduced in magnitude as well. This reduction in the maximum
rate constant with increasirfg is the result of the terns 12
in eq 3. Thus, the model predicts that there is an “inverted
region” for proton transfer.

Borgis and Hynes have also theoretically examined the
situation where A:-A internuclear separation is small, so that
the electronic coupling between the reactant and product state
is large, leading to an adiabatic reaction; the reaction barrier in
the proton-transfer coordinate is below the zero-point vibrational
energy level of the hydrogen stretch, and thus, no electronic
barrier is encountered in the transtéihe adiabatic limit leads
to the rate expression

kea = (04277) exp(—pAG') (6)

wherews is the solvent frequency amiG* is the free energy
of activation. If the proton-transfer reaction is adiabatic, that
is, it does not occur through proton tunneling, thenAkfactor
will be of the order of 1&® s1 or greatef3

Energetics for Proton Transfer. To compare theories for
proton transfer with experiment, it is necessary to examine how
the rate of proton transfer changes with the change in energy
for the reaction. This requires an assessment of both substituent
and solvent effects for the energy change for the proton-transfer
reaction.
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To determine the energetics for proton transfer, it is necessaryion pairs. Relative to acetonitrile, we find that the contact radical
to estimate the energy of the contract radical ion pair as well asion pair increases in energy by 0.5 kcal/mol in DMF, by 2.8

the energy of the triplet radical pair relative to the initial

kcal/mol in benzene, and by 3.6 kcal/mol in cyclohexane. Thus,

reactants so that the difference in energies reflects the energywith decreasing solvent polarity, the energy released upon proton
change for the reaction. First, the energetics for proton transfertransfer increases t63.1 kcal/mol in DMF, to— 5.4 kcal/mol
in the benzophenone/dimethylaniline contact radical ion pair in benzene, and to-6.2 kcal/mol in cyclohexane for the

to form the triplet radical pair in acetonitrile is derived from
thermochemical data. Then, the effect of the solvents DMF,

benzophenone/dimethylaniline contact radical ion pair.
The effect of substituent upon the stability of the radical ion

benzene, and cyclohexane upon the energy of the contact radicapair was derived from the study of Arnold and co-workers of

ion pair of benzophenone/dimethylaniline will be estimated from

the reduction potentials for a variety of 4gubstituted ben-

prior studies of solvent dependencies of ion pair energies; we zophenones which included the substituents methoxy, dimethoxy,
assume the energy of the radical product to be independent ofmethyl, and dimethyt? For these substituents they found an

solvent. Then, from redox potentials, we will deduce how the
energy of the contact radical ion pair varies with substituent.
Finally, the effect of substituents upon the stability of the ketyl
radical will be estimated from the kinetic data for the thermal

excellent linear correlation between the reduction potential and
the Hammett parameter. Unfortunately, they did not examine

benzophenones substituted with either chlorine or fluorine. To
obtain the reduction potentials for 4-fluorobenzophenone,

rearrangement of 2-aryl-3,3-dimethyhethylenecyclopropanes.  4-chlorobenzophenone, and ‘“4gichlorobenzophenone, we

The energy of the benzophenone/dimethylaniline contact employed the correlation of reduction potentials witto obtain
radical ion pair relative to the reactants, in acetonitrile, has these values. Relative to benzophenone, the subtituents have
previously been determined by Mataga and co-workers throughthe following effects upon the stability of the contact radical
oxidation and reduction potentials; the derived value is 59.3 ion pair: 4,4-dimethoxy (4.4 kcal/mol), 4,4dimethyl (2.1 kcal/
kcal/mol38 The energy of the radical pair relative to the reactants mol), 4-methoxy (2.1 kcal/mol), 4-methyl (0.9 kcal/mol),
is obtained from literatures values for the energy for the 4-fluoro (—0.5 kcal/mol), 4-chloro 1.9 kcal/mol) and 4,4
formation of the ketyl radicé? and the C-H bond dissociation dichloro (—4.0 kcal/mol). Thus, 4/4dimethoxy substitution
energy of dimethylanilin® through the following thermody-  destablizes the contact radical ion pair by 4.4 kcal/mol, while
namic cycle. the 4,4-dichloro substitution stabilizes the contact radical ion
pair by 4.0 kcal/mol.

The effect of substituents upon the stability of the ketyl radical
were estimated from the kinetic data obtained by Creary for
the thermal rearrangement of 2-aryl-3,3-dimethylmethylenecy-
clopropanes, where the mechanism for the isomerization as-
sumes a biradical intermedigte Assuming the kinetic data
directly reflects the effect of the substituent upon the stability
of the radical intermediate, then the energy associated with the
substituent effect can be obtained from the energy of activation.
To obtain the energy of activation, it is necessary to have a
measure of thé-factor for the thermal rearrangement. Kirmse
and co-workers have measured Afiactor of 104 s for the
. o thermal rearrangement of 1-ethoxy-methylenecycloproféne.
~ Thus, in acetonitrile, the energy released upon proton transferginally, in our calculation of substituent effects upon the stability
is AH = —2.6 kcal/mol. In the above analysis, the greatest of the ketyl radical, we assumed that the effect of the substituent
source of error is associated with the-B bond energy for  would be less for the ketyl radical, given its higher degree of
diphenylmethanol for, as to our knowledge, this quantity has gelocalization; we arbitrarily assigned a 50% reduction in the
not been directly measured; the error could be as large 8s  gybstituent effect on the stability of the ketyl radical relative to
kcal/mol. However, what is most important in the present the substituent effect upon the thermal isomerization of 2-aryl-
analysis is the change in energy for the proton-transfer reaCtiO”3,3-dimethyi—methylenecyclopropanes. Thus, we find the fol-
with substituents and solvents, not the absolute value for the lowing substituents stabilize the ketyl radical: '4ddmethoxy
energy change. ) (0.4 kcal/mol), 4,4dimethyl (0.2 kcal/mol), 4-methoxy (0.2

To calculate the solvent dependence for the energetics Ofkcallmol), 4-methyl (0.1 kcal/mol), 4-chloro (0.1 kcal/mol), and
proton transfer within the benzophenone/dimethylaniline radical 4 4_dichloro (0.2 kcal/mol). The only substituent that destabi-
ion pair, we need to estimate how the energy of the contact jizes the ketyl radical is the 4-fluoro-0.1 kcal/mol).
radical ion pair changes with solvent; we assume that the  on the basis of the above analysis of substituent and solvent
energies of the product radical species are independent ofeffects, we have determined the following energetics for proton
solvent. Recently Gould, Goodman, Farid, and co-workers transfer shown in Table 2.
determined how the energy of the contact radical ion pair of Comparison of Theory—Experiment. Before we begin to
1,2,4,5-tetracyanobenzene/hexamethylbenzene varies with solzompare the predictions of nonadiabatic proton transfer theory
vent*! We have taken their data and correlated it VB\30 10 \yith the present experiments, we need to establish that the
obtain an estimate of the effect that the solvents, employed in reaction conditions are such that adiabatic proton transfer does
the present study, have upon the energies of the contact radicahot intervene. Adiabatic proton transfer may occur when the

(38) Miyasaka, H.; Nagata, T.; Kiri, M.; Mataga, Bl.Phys. Chenl992 internuclear separation between the two heavy atoms involved

(CgHs),C=0 + H, — (C;H5),CHOH AH = — 9 kcal/mol
2He —H, AH = —104 kcal/mol
(CgH-)CHOH— He + (C¢H5),COH AH = 78 kcal/mol
dimethylaniline— He + (C;H5)N(CHy)(CH,e)
AH = 91.7 kcal/mol

benzophenone- dimethylaniline—
(CeHs),COH + (CgH5)N(CH;)(CH,e)
AH = 56.7 kcal/mol
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Table 2. Effect of Substitutents upon the Energetics for Proton 1.4e+10
Transfef ~
' ! o
4 4 DMF C6H6 C6H12 21.26+10- o
CH:O CH:O -7.9 —10.2 —11.0 2
CHs CHs —-5.4 -7.7 -85 g i
CHsO H ~5.5 -7.7 -85 £1.0e+10
CHs H -4.1 -6.4 -7.2 - @
H H -3.1 -54 —6.2 S 4
8.0e+9
F H ~25 4.8 5.6 g e
Cl H -13 —3.6 —4.4 =
Cl Cl +0.7 -1.6 —2.4 & 6.0e+91
w
a All values are in kcal/mol. Dimethylformamide DMF, benzene s *
— CgHe, cyclohexane— CeHiz o 4.0e+9
]
coupling between the reactant and product states. The distance % 20649 °
le+ T T T T

associated with the crossover between nonadiabatic and adiabatic

Peters et al.

2

4

6

8

10

12

proton transfer has yet to be defined and will clearly be system
specific. However, from model calculations, distances in excess
of 2.5 A appear to lead to the realm of nonadiabatic proton Figure 4. Plot of the rate constant for proton transfer vs free energy
transferi2 change {AG kcal/mol) for solvent cyclohexane.

The geometry of the benzophenone/dimethylaniline contact

Negative Free Energy Change (kcal/mole)

. ) . : 7.0e+9
radical ion pair that undergoes proton transfer is not known.  ~ *
However, from numerous studies of excimers and exciplexes, ¢, .
it is anticipated that the contact radical ion pair would be 5 6.0e+9
m-stacked to maximize the Coulombic attraction. ‘s o °
g
— - 5.0e+91
HG /, 3
\ EE- J E
/, a
- HzQ/\C 2 4.0e+9 . .
/ Y 2
S 3.0e+9 1
The separation between thestack system should be of the = a
order of 3.3 A based upon studies of the pyrene excffi@iven ® 2.0648

that both the radical ion of benzophenone and the radical cation 0 > 4 6 8 0 12
of dimethylaniline should be planar molecules, the equilibrium
separation between the two heavy atoms involved in the proton
transfer, C and O, should be of order of 3.3 A, although this
distance will vary with radical ion pair intermolecular vibrations.
Thus, the expectation is that proton-transfer reaction should be 2.0e+9
nonadiabatic. @

Further support for this proposal can be found in our recent
investigation of the temperature dependence of proton transfer.
For benzophenone/dimethylaniline in benzene and in THF, the
temperature dependence of the rate constant for proton transfer
was examined within an Arrhenius framewdrihe A-factor,
assuming it is independent of temperature, for proton transfer
is 2.6 x 10" s7* in benzene and 6.6 10! in THF. If this
reaction were to be attributed to an adiabatic process, as
described by eq 6, the expectation is that fafactor should
be greater than 18 s 113 Consequently, based upon consid-
eration of the geometry of the contact radical ion pair and the
frequency factor for proton transfer, the transfer process should
fall in the nonadiabatic regime.

The correlation of the rate constant for proton transfer with
changes in free energy for the solvents cyclohexane, benzene,
and DMF can be found in Figures—6. For the solvents Figure 6. Plot of the rate constant f(_)r proton transfer vs free-energy
cyclohexane and benzene, as the reaction becomes increasingl§'2n9¢ {AG kcal/mol) for solvent dimethylformamide.

exergonic, the reaction rate initially increases, reaches asplvent DMF, the rate constant for proton transfer increases as
maximum, and then decreases. Although the free-energy changghe free energy changes from1 to —5 kcal/mol and then
aSSOCIated W|th the maXimum rate in pI’Oton transfer |S not We” appears to reach a maximum beyoﬁ8 kcal/moll What iS
defined, the maximum rate for proton transfer in both cyclo- jmmediately striking when comparing the nonpolar solvents with
hexane and benzene is approximatel$ kcal/mol. In the  the polar solvent is a decrease in the proton-transfer rate with
a free-energy change ef6 to —12 kcal/mol for the nonpolar
solvents, while the rate increases over this range for the polar

Negative Free Energy Change (kcal/mole)

Figure 5. Plot of the rate constant for proton transfer vs free-energy
change ¢ AG kcal/mol) for solvent benzene.

1.0e+91

Rate Constant Proton Transfer (s-1)

0.0e+0 T T T T T
0 2 4 6

8 10 12
Negative Free Energy Change (kcal/mole)

(45) Birks, J. B.The Photophysics of Aromatic ExcimeBirks, J. B.,
Ed.; Academic Press: New York, 1975.
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solvent. The standard model for proton transfer cannot accountforms, could not account for the observed dynamics of proton
for this kinetic behavior. Also in the nonpolar solvents, there is transfer within the benzophenone/dimethylaniline contact radical
a clear manifestation of the “inverted region” for proton transfer ion pair. This initial conclusion was based upon two observa-
as predicted by eqs—5. tions. First, from temperature-dependent studies, the derived
Qualitatively, the shape of these curves are similar to those A-factor for the solvents benzene and THF is of the order of
predicted by theory, eqs-5, although they appear not to be 10" s % Second, the kinetic deuterium isotope effects are small,
symmetrical about the maximum as predicted by theory, Figure ranging from 2.0 to 2.4. Thé-factor analysis appeared to
2. However the theory employed in the development of Figure preclude an adiabatic process, for as shown in eq 6 of this paper,
2 assumes that only one active vibration is involved in promoting the expected\-factor for an adiabatic process should be of the
proton transfer. However, more than one vibration may be order of 163 s™1 or greater. Regarding the small isotope effect,
involved in reducing the two heavy atom, C and O, internuclear we employed a form of the BorgidHynes theory whose
separation; thus, the appropriate expression for the rate constananalytical form is derived from eqs—5 of the present paper
should involve a summation over several vibrational modes, with the assumption thai(h/27)wq < 1, resulting in eq 1 in
which could lead to an asymmetry in the correlation of the rate ref 1. Since the prefactor of this equation involves the square
constant for proton transfer with change in free energy. of the tunneling matrix element, one would anticipate a large
Another apparent inconsistency between theory and experi-deuterium isotope effect for nonadiabatic proton transfer.
ment is the expectation that the maximum in the rate constantHowever, eq 1 in ref 1 is inappropriate for the analysis of the
for proton transfer in cyclohexane and in benzene should differ, dynamics of proton transfer under the conditions of our system
whereas experiment reveals them to be approximately the samefor term(h/27)wq is approximately equal to 1.0 as well as eq
One parameter that controls the position of the maximum is 1 in ref 1 does not allow for the reaction channel to produce
the solvent reorganization energy, for as the solvent reorganiza-vibrationally excited products, which is clearly an important
tion energy increases, the maximum in the rate constant for consideration for proton-transfer reactions that are exothermic.
proton transfer should shift to larger negative free-energy Thus, the full analytical forms of eqs-5 of the present study
changes, Figure 2. For the proton-transfer reaction, the solventshould be employed in the analysis of the kinetic data. Also,
reorganization energies for cyclohexane and benzene are notecent theoretical studies of kinetic deuterium isotope effects
known, but the solvent reorganization energy should be larger reveal that with the appropriate parameters, egs @an produce
for benzene given its somewhat greater polarity. Therefore, it small kinetic isotope effect®. Thus, the presence of a small
is the expectation that the maximum in benzene should occurkinetic isotope effect cannot be used to rule out the intervention
at a larger negative free-energy change. However, it is importantof a nonadiabatic proton-transfer process. As a result of these
to note that there is an inherent error in determining the solvent considerations as well as the observed inverted region for proton
dependence of the free-energy change for proton transfer, andransfer in the present study, we conclude that the reaction
it may be this error that accounts for the same maximum in the mechanism for proton transfer within the benzophenone/
two solvents. dimethylaniline contact radical ion pair involves the nonadiabatic
Examining how the maximum in the rate constant varies with transfer of the proton.
solvent polarity reveals that in cyclohexane the maximum rate .
is 1.4 x 109s™1, which is reduced to 6.2 10° s~tin benzene, Conclusion

and then further reduced to 1.9 10° st in DMF. This in The goal of the present study was to ascertain if recently
qualitative accord with the predictions of eqs-2 as the developed theories for nonadiabatic proton transfer could
prefactor to the exponential contains the teEgn 12 As the account for the effect solvent has upon the dynamics of proton

solvent reorganization energy increases, the prefactor shouldtransfer in the benzophenone/dimethylaniline contact radical ion
decrease, leading to a reduction in the maximum rate constantpair. Although qualitatively the correlation between theory and
There is, however, another factor to consider, for as the solventexperiment was rather good, a quantitative comparison was not
polarity increases, the Coulombic attraction in the contact radical feasible, given the uncertainty in how a number of the
ion pair should decrease, leading to an increase in the inter-parameters integral to theory vary with solvent. However, the
nuclear separation. The increase in the separation of the contactesults from the present study strongly suggest that, in this
radical ion pair with an increase in solvent polarity will lead to particular molecular system, nonadiabatic proton transfer is the
a reduction in the tunneling matrix element for proton transfer. dominant reaction mode.
Therefore, increasing the solvent polarity will increase the
solvent reorganization energy and reduce the tunneling matrix
element, both having the effect of reducing the maximum rate
constant for proton transfer.

Finally it is important to note that the above conclusions
regarding the applicability of BorgisHynes theory for under-
standing the dynamics of proton-transfer stands in contrast to JA991604+

our earlier conclusions. In our initial study, ref 1, we suggested ™ (46) professor J. T. Hynes, personal communication. The theory for
that Borgis-Hynes theory, either the adiabatic or nonadiabatic kinetic deuterium isotope effects will be present shortly.
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