J. Phys. Chem. A998,102,3089-3102 3089

Substituent Effect and Deuterium Isotope Effect of Ultrafast Intermolecular Electron
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Intermolecular electron transfer (ET), which occurs faster than solvation dynamics, has been investigated
using the fluorescence up-conversion technique. The ultrafast ET processes have been observed from the
electron-donating solvents to the excited coumarin dyes. In this work we have mainly focused our attention
on the roles of the substitution of electron-donating solvent molecules in the ET dynamics. We have used
aniline,N-monoalkylanilines, antll,N-dialkylanilines as electron-donating solvents and five 7-amino coumarins

as acceptor molecules. For these systems the free energy gaps have been estimated from the cyclic voltammetry
measurement and the steady-state absorption and fluorescence measurements. The experimental results indicate
that the ET rate depends largely on the substituent groups of the solvent moleculed\-dialkylanilines

the ET rate gets smaller as the size of the alkyl substituent group becomes larg&-mieooalkylanilines,

however, the ET dynamics are not changed by the different alkyl substituent groups. In manyatmeptor
combinations we recognized that the ET rate is much faster than the solvation time. We simulated the results
by the two-dimensional ET model with solvent and nuclear coordinates and found tiNsatkgl substituent

effect on the ET rate appears to be mainly due to the changes in the electronic matrix element. We have also
investigated the deuterium isotope effect on the ET dynamics udidguteratedN-monoalkylanilines as

donor solvents. For the fastest ET the isotope effect is hardly observable, whereas the effect is quite large
(~20%) for slower ET. The deuterium isotope effect seems to mainly come from the change of stabilization
energies in intermolecular hydrogen-bonding interaction by deuteration. The extent of deuterium isotope
effect on ET is similar for allN-monoalkylanilines used. This result indicates that the size of the alkyl
groups does not affect much the hydrogen-bonding interaction.

1. Introduction energy of solvent molecules around the solutes (reorganization
energy) following the ET process. The reorganization of the

Electron transfer (ET) plays a key role in chemical reactions, rsolvent molecules had often been treated as fast enough

photography, solar cell, biosynthesis, photosynthesis, and othe mpared 1o the ET
processes. Because of the fundamental nature of the ETCOInF;ﬂeecage oef ET. the orobabili? can be determined b
dynamics, many scientists and engineers have paid great ' P ty y

attentions to investigate the different aspects of the ET the ele_ctronlc matrix eler_nen\‘/el, which is approxmately
phenomena-1" Similar to other chemical reactions, ET is a proportional to an overlap integral between the wave functions

phenomenon of free energy surface crossing from the reactantOf the reactant and product states. In the nonadiabatic limit

state to the product state. In the transition-state theory, thexnﬁzvgg';lgery small, the rate constant of Eki4) can be
reaction rate constanks{st) can be written as

P % 21 Vg AG*
= e -45) & = e~ @

whereP is the electronic-transition probablllty at the transition Where/'{s is the solvent reorganization energy. According to
region, wo is the frequency of motion in the reactant potential the Marcus theory? AG* is expressed as
well, and AG* is the free energy of activation. ET in liquid

state is a phenomenon which suddenly changes the charge 7 +AG°)2
distribution; thus, one must consider an effect of the stabilization =5 7
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the rate constant is given #y?22 Acceptors
_ HoN 0.0 (CHa)oN 0.0  {CHsCHa)::N 0.0
Ker = Kya/(1+) 4) g g g
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wherers is the solvation time. The uniqueness of eq 4 is that cs2n O cisa O
it describes ET from the nonadiabatic limit & 1) to the
adiabatic limit ¢ > 1) in one expression. In the adiabatic limit, Donors
the rate constankf) can be written &&-23 H
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The value of 1GkgT at room temperature is about 1.3 eV. Since

the value ofls is normally either close to or less than this value, Probe for Solvation Studies

eq 6 indicates that the maximum ET rate constant (barrierless

reaction) should be equal tg~1. For ultrafast ET occurring

in the picosecond time scale or slower, it is thus expected that ©

the solvent fluctuations will be the rate determining factor. _ cro2. o o _
Recently, we have reportéef432 a new type ET which Figure 1. The structures of the molecules used in thls_ experiment.

occurs much faster than the solvation dynamics. This ultrafast Abbreviations of the names of the molecules are also given.

intermolecular ET occurs from the electron donating solvents . . .

(aniline (AN) andN,N-dimethylaniline (DMA)) to the excited the experimental results of substituent effect and deuterium

(Sy) dyes (oxazine-1, Nile blue, and coumarins). To investigate isotope effect on ET rates, solvatipn, and re_dox_potentials of
the mechanism, we have studied the substituent effect of thedyes and solvents. Section 4 explains the estimation oAGf

acceptor molecule on ET and the isotope effect on ET in the for the present systems. 2D-ET model and ET parameters for

coumarin-aniline system. To explain the ultrafast nature of simulation are mer_1tioned in _section 5: The _results of experi-
these ET dynamics, we consider both intramolecular vibrational ments and S'm“"".‘“ons are discussed in section 6, followed by
motions and intermolecular motions in a different fashion to & brief summary in section 7.
describe the ET process (two-dimensional (2D) coordinate ET
modef3-39), With the 2D-ET model, the aspects of the ultrafast
ET dynamics have quite successfully been explaliés2.3739 2.1. Sample Preparation. The molecular structures of the
On the basis of the research of the substituent effect of the dye molecules and the normal and deuterated solvents used in
coumarin dye, the ET rate dependence on the substituent groughe present work are shown in Figure 1. Laser grade coumarin
was determined mainly come from the reduction potential of dyes (C151, C152, C481, C522, C153, or C102) were purchased
the coumarin dyé7-3! The result of the isotope effects on the from Exciton, Lambda Physik, and Eastman Kodak and used
ET have shown that the isotope effect appears in only AN and without further purification. Aniline (AN)N-monoalkylanilines
mostly arises from the difference afGP due to the change of  (N-methylaniline; MAN,N-ethylaniline; EAN,N-propylaniline;
stabilization energy of the hydrogen-bonding interac#on. nPAN, andN-isopropylaniline; iPAN), andN,N-dialkylanilines

In this work we investigate the substituent effect and (N,N-dimethylaniline; DMA,N,N-diethylaniline; DEA, andN,N-
deuterium isotope effect of electron donating solvent on the ET dipropylaniline; DPA) were obtained from Tokyo Kasei and
dynamics to study the reaction mechanism further. We focus used after vacuum distillation. Deuteratdanonoalkylanilines
our attention on a couple of specific problems on ET. (N-deuterioN-methylaniline; MAN4, N-deuterioN-ethylaniline;

(i) Solvent Effect. So far, only two solvents (AN and DMA)  EAN-d, N-deuterioN-propylaniline; nPANd, andN-deuterio-
was investigated, and the difference of the ET dynamics in AN N-isopropylaniline; iPANd) were prepared from the normal
and DMA was concluded to mainly arises from the different solvents by isotope exchange reaction withODand were
AG®values. Using other related aniline derivatives as solvent, purified by vacuum distillation. The isotopic purity of each
we can study the roles of the natures of the electron donor anddeuteratedN-monoalkylaniline was estimated to be more than

N. 0.0

2. Experimental Section

solvent in the ET reaction 90% by IR measurement.

(i) Estimation of AGP. A reliable estimation ofAG? is 2.2. Femtosecond Fluorescence Up-Conversion Measure-
required for a quantitative discussion on ET dynamics. How- ment. Details of the fluorescence up-conversion apparatus were
ever, it is quite difficult to obtain accurate values Afz° reported elsewher¥:3%-32 Briefly, the fundamental of a fem-

experimentally for the ET in the excited state in less polar tosecond titanium:sapphire laser (Spectra Physics, Tsunami) at
solvents. We estimate th®GP values in an empirical fashion  around 800 nm with an average power of about 550 mW was
for all the systems investigated used to produce the second harmonic at 400 nm with an average
(iii) Solvent Isotope Effect. We observed the solvent isotope power of about 50 mWni a 1 mm BBOcrystal (type I). The
effect on the ET dynamics in the case of AN and interpreted it second harmonic was used to excite the sample and the
due to the change of the hydrogen-bonding interaction. It is remaining fundamental was used as the probe beam to up-
interesting to see the solvent isotope effect for other related convert the fluorescence from the sample in a 0.3 mm BBO
hydrogen-bonding solvents. crystal (type ). The cross-correlation measured between the
This paper is organized in the following way. The experi- second harmonic and the fundamental had a full width at half-
mental methods are mentioned in section 2. Section 3 presentsnaximum of 210 fs. The angle between the polarization of
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- 0'12 Figure 3. Fluorescence decays of C151 in MAN excited at 400 nm

and observed at the peak wavelength of the steady-state fluorescence
0 5 10 15 spectra (440 nm) (dots). The decay curve is nonexponential, and this
. is analyzed by a biexponential fitting curve (line). Broken line shows
Time / ps the cross-correlation measured between the second harmonic and the

F ? o o fundamental of a titanium:sapphire lagéris 1.8.
C153 w . . .

&, cence dec_ay systen_w)) in aniline (ANN;methylaniline (MAN),

and N,N-dimethylaniline (DMA) measured near the peaks of
the steady-state fluorescence spectra of the coumarin dyes. It is
evident from this figure that for all cases the fluorescence decays
are nonsingle exponential. All the decay curves are tentatively
analyzed with a biexponential functioa;(exp(—t/t1) + az exp-
(—t/ty); a4 + a, = 1) convoluting the instrument response by
the global unlimited fitting program. The fitting curve for the
Time / ps v decay of C151 in MAN is shown in Figure 3 as a typical

Figure 2. Fluorescence decays of C151 (top), C481, and C153 (bottom) €Xxample. The cross-correlation between the second harmonic
in AN, MAN, and DMA, excited at 400 nm and observed at the peaks and fundamental of the titanium:sapphire laser pulse. All of

of the steady-state fluorescence spectra. the curves are well fitted by a biexponential function. Table 1
lists the fluorescence lifetimes analyzed and the average lifetimes

pump and probe beams was adjusted to the magic angle by gz} calculated as,

half-wave plate. The up-converted signal was detected with a

photon-counting system after passing through a monochromator. F0= a,7, + a,t, (7)

The concentrations of dyes were around?3®. The optical

path length of the sample was 1 mm. The samples were

circulated during measurements, and all the measurements were | "€ tendency of the fluorescence lifetimes of each coumarin
made at 294 K. dyes are similar[{{AN) > FIMAN) > [[{DMA)) except

for C153. The trend of the change of the fluorescence lifetime
of coumarin is the same for all the solvent examined, AN, MAN,

Int. (a.u.)
9 ODJPO

2.3. Cyclic Voltammetric Measurement. Cyclic voltam-
metric measurements (Bioanalytical Systems, Inc., Model
BAS100B) were carried out using Pt working, Pt wire auxiliary, ?ggslzl)\ﬂf,;iénlesl{?EGClSSP [#1C522)> [GH(CA81)> Gl
and SCE reference electrodes. As the supporting electrolyte, )
tetrabutylammonium perchlorate (polarography grade, Nacalai !N solvents such as methanol or hexane the fluorescence
Tesque) was used and the concentration was kept at 0.1 M lifetimes of coumarins are several nanosecdfid¥. However,

The solute concentrations werex410-3 M for the reduction- the fluorescence lifetimes of some coumarins are drastically
potential measurement of the coumarin dyes in acetonitrile and reduced in electron dongtmg solv_ents su_ch as AN and BM&.
0.01 M for the oxidation-potential measurement of normal and We ascribed this drastic reduction to intermolecular ET from
deuterated anilinéy-monoalkylanilines, anti,N-dialkylanilines ~ the electron donating solvents to the excited) (Sumarins.

in methanol, deuterated methanol (3D), and acetonitrile. These reactions are similar to those of Nile blue and oxazine-1
The redox potentials were determined at the peak positions ofin AN and DMA 247262830 |n the latter cases the products (the
CV curve because the compounds showed the irreversibleradical cations of solvents and the neutral radicals of dyes) were

feature. observed by the subpicosecond transient absorption measure-
ment?5:29
3. Results 3.1.2. N-MonoalkylanilinesFigure 4 shows the fluorescence

decays of C151 and C153 in a serieshemonoalkylanilines,

3.1. Substituent Effect of Electron-Donating Solvent on i.e., in MAN, N-ethylaniline (EAN),N-propylaniline (nPAN),
Electron-Transfer Dynamics. 3.1.1. Aniline, N-Methylaniline, and N-isopropylaniline (iPAN). For both the cases of C151
and N,N-Dimethylaniline.Figure 2 compares the fluorescence and C153 the fluorescence decays are highly nonsingle expo-
decays obtained for the several coumarin dyes (C151 (fastestnential. An interesting point is that for each coumarin the
fluorescence decay system), C481, and C153 (slowest fluoresfluorescence decays in al-monoalkylanilines are rather
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TABLE 1: Fluorescence Lifetimes of Coumarins in AN, HeN 0. °
Normal and N-Deuterated N-Monoalkylnilines, and 1 C151 \QT\;

N,N-Dilakylnilines 3 &
F 3

acceptor donor a Ti/ps & wlps [20ps GL/EH . L nPAN
C151 AN 0.63 0.66 0.37 3.15 1.58 =3 [ iPAN

MAN 088 025 012 109 0.35 S o1 EAN

MAN-d 0.92 0.30 0.08 1.11 0.36 1.03 = E

EAN 0.86 0.25 0.14 1.18 0.38 = [ MAN

EAN-d 0.82 0.21 0.18 1.25 0.40 1.05 F

nPAN  0.82 022 0.18 134 042 0.01 I | 1 I |

nPANd 0.80 0.20 0.20 126 041 0.98 0.0 0.5 1.0 1.5 2.0

iPAN 0.83 0.30 0.17 1.38 0.48 "

iPAN-d 0.80 0.24 0.20 1.34 0.46 0.96 Time / ps

DMA 0.96 0.20 0.04 0.60 0.22

DEA 0.90 0.23 0.10 1.02 031

DPA 081 0.24 0.19 2.19 0.61 1-
C152 AN 041 235 059 107 7.3

MAN 0.71 045 0.29 2.64 1.09 61

MAN-d 0.74 0.53 0.26 315 121 1.11 ; Sr

EAN 0.72 043 0.28 3.10 1.18 © ar

EAN-d 0.73 0.47 0.27 3.58 1.31 1.11 ~ 3r

nPAN 0.73 0.46 0.27 3.74 1.35 § ol

nPANd 0.71 0.49 0.29 3.86 1.47 1.09

iPAN 0.70 0.47 0.30 405 154

iPAN-d 0.68 0.48 0.32 413 1.65 1.07 0.1

DMA 0.82 0.41 0.18 244 0.78
DEA 0.78 0.38 0.22 254 0.86

DPA 072 038 028 383 135 Time /ps

Cc481 AN 0.37 35 063 142 102 Figure 4. Fluorescence decays of C151 (top) and C153 (bottom) in
MAN 0.69 052 031 3.35 1.40 N-monoalkylanilines, namely, MAN, EAN, nPAN, and iPAN. Excited
MAN-d 0.69 0.61 0.31 385 161 1.15 wavelength is 400 nm, and observed wavelength are the peaks of the
EAN 0.68 0.50 0.32 3.80 1.56 steady-state fluorescence spectra.
EAN-d 0.66 055 0.34 4.17 1.78 1.14
nPAN 0.68 0.53 0.32 425 172 HaN 0.0
nPANd 0.65 0.53 0.35 455 194 1.13 |
. 1 oo LT
iPAN 0.67 0.62 0.33 535 218

iPAN-d 0.64 068 036 559 245 112 CFs

DMA 0.68 0.40 0.32 230 101
DEA 0.70 0.60 0.30 423 1.69

T T

DPA

3
DPA 064 052 036 519 220 L 01
C522 AN 031 89 069 336 259 = :
MAN 055 1.38 045 817 4.44 = 3
MAN-d 055 170 045 963 527 119 -
EAN 056 141 044 949 497 0.01 I | . I L
EAN-d 052 154 048 108 598 120 00 05 10 15 20 25
nPAN 059 1.24 041 104 5.0 ,
nPANd 054 144 046 113 598 120 Time / ps

iPAN 0.56 1.47 044 116 5.93
iPAN-d 0.53 1.63 047 132 7.07 1.19
DMA 0.69 0.80 0.31 4.00 1.79 1 0. °

DEA 052 096 048 8.97 4.80 ol C153 P
DPA 052 0.84 048 129 6.63 8t
C153 AN 0.38 152 0.62 118.0 79.0 —~ 7t
MAN 040 30 060 228 149 3 ¢
MAN-d 035 4.7 065 254 18.2 1.22 ~ 4
EAN 042 35 058 255 16.3 e
EAN-d 040 4.0 060 295 19.3 1.20 - 4
nPAN 047 33 053 251 149 DMA
nPANd 042 35 058 283 17.9 1.20 3 ] ! !
iPAN 043 3.0 057 26.8 16.6 0 10 20 30
iPAN-d 043 3.7 057 324 20.1 1.21 .
DMA 030 34 070 251 186 Time / ps
DEA 027 40 073 544 408 Figure 5. Fluorescence decays of C151 (top) and C153 (bottom) in
DPA 024 38 076 703 543 N,N-dialkylanilines, namely, DMA, DEA, DPA. Excited wavelength
aF0= ayry + ary, a + ap = 1. is 400 nm, and observed wavelength are the peaks of the steady-state

fluorescence spectra.

similar. The same feature is also observed in all the other (DPA). Itis clear that the fluorescence decays are also nonsingle
coumarins (C152, C481, and C522). All the fluorescence decaysexponential in both the cases of the fastest ET (C151) and
are analyzed by the same procedure and the parameters obtaineslowest ET (C153). The other dyes (C152, C481, and C522)
are summarized in Table 1. show also a nonsingle-exponential feature.

3.1.3. N,N-Dialkylanilines.Figure 5 shows the fluorescence In N,N-dialkylanilines the fluorescence decays are dependent
decays of C151 and C153 iN,N-dialkylaniline, namely, in on the solvents drasticallyz[{{DPA) > [Z[{DEA) > Z[(DMA).
DMA, N,N-diethylaniline (DEA), andN,N-dipropylaniline This is in contrast to the cases Nfmonoalkylaniline. This
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(a) TABLE 2: Solvation Parameters for AN, Normal and
N-Deuterated N-Monoalkylnilines, and N,N-DilakylInilines

solvent ag T/pS A  tdps  @dAps ELIEN

AN 028 12 072 178 132
MAN 025 20 075 162 122
MAN-d 024 25 076 185 147 1.20
EAN 024 20 076 191 150
EAN-d 023 29 077 228 182 1.21
nPAN 021 22 079 193 157
ey nPAN<d 023 30 077 241 192 1.22
L . | . ! iPAN 023 23 077 203 162
00 05 1.0 15 20 iPAN-d 022 30 078 243 196 1.21
. DMA 046 38 054 246 150
Time / ps DEA 035 41 065 369 254
DPA 030 41 070 392 287

[«2]
T

int. (a.u.)

T T

8 [@0= asits1 + AsTsyy A1+ a2 = 1.

slower in deuterated-monoalkylanilines than those in normal
N-monoalkylanilines in the case of C153 (slowest fluorescence
decay system). In the case of C151 (fastest fluorescence decay
system), however, the fluorescence decays in the deuterated
solvents are almost similar to those in the normal solvents (Table
1). For the other coumarins (C152, C481, and C522) the
Time / ps fluorescence decays in the deuterated solvents become also
slower than in the normal solvents (Table 1). Table 1 also lists
(b) the isotope effect ofzl] namely@[J/[zld. Here [zl and [z
cis3 ( Op° are the average lifetimes in the deuterated and normal solvents,
respectively. It is clear from Table 1 that the slower fluores-
cence decay systems show a greater isotope effe@tfbrrhe
extent of the isotope effect in each coumarin is seen to be almost
the same for all thé\-monoalkylanilines.
3.3. Solvation Dynamics. Solvation dynamics are very
important for detailed understanding of the ET dynamidg?344
The fluorescence decay shows spectral shift due to the stabiliza-
tion by solvation and the spectral shift correlation funci@it)
is defined as

Int. (a.u.)

N, W OO

0.1

v(t) — v()

0= 0 = ()

(8)

wherev(t), v(e0), andv(0) are the fluorescence peak frequencies
at timest, o, and 0, respectively. We measure the solvation
times of all the present electron donating solvents by the single-
wavelength measurement method proposed by Barbara and co-
workers?>46 |t is based on a simple photodynamic model, in
which it is assumed that the spectrum of the probe is a simple
function of a single solvent parameter denoted as the solvent
Figure 6. Comparison of the fluorescence decays of coumarins in polarization. The fluorescence decay of the probe dye C102 is
MAN (solid lines), MAN-d (dotted lines), nPAN (solid lines), and  measured at the characteristic wavelength of 420 nm, and the
nPAN-d (dotted lines): (a) C151 and (b) C153. The deuterium isotope flyorescence decay of C102 at this wavelength corresponds to
effect on the slow dye (C153) is very clear, but no deuterium iSotope e gpectiral shift correlation functidh?e Although this is not

ffect on the fast dye (C151). . . . .
effect on the fast dye ( ) the best approximation to measure the solvation dynamics

trend is also observed in the other coumarins (C152, C481, andcompared with the full constructed measurement, it is used for
C522). The fluorescence decay parameters analyzed are liste§onvenience in this study.
in Table 1. The obtained decays are analyzed by a triexponential function
3.2. Deuterium Isotope Effect on the Electron-Transfer ~ quite well where the longest decay time constant is fixed at 3
Dynamics: N-Monoalkylanilines. Figure 6 compares the ns (the fluorescence lifetime of the probe in nonreactive
fluorescence decays of C151 and C153 in normal and deuteratedsolvent$®42). The other two decay time constantsy@ndzsy)
N-monoalkylanilines (MAN and MANd, and nPAN and nPAN- are considered due to the solvation dynamics for the respective
d) observed at the vicinity of the peaks of the steady-state solvents. The relative amplitudes of the two solvation compo-
fluorescence spectra of the dyes. The absorption and fluores-nents és1 andasy) are given in a normalized form @k; + as.
cence spectra of the coumarin dyes in normal and deuterated= 1. The obtained solvation parameters are listed in Table 2.
N-monoalkylanilines are identical to the case of aniffeThe In the table we also summarize an average solvation titgg,
important point to be noted is the fluorescence decays becomeand a ratio betweenLof normal and deuteratéd-monoalkyl-

Int. (a.u.)
N W OO

0.1

Time / ps
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TABLE 3: Reduction Potentials of Electron Acceptors and 4. Estimation of the Free Energy GapAG°®
Oxidation Potentials of Electron Donors L . . . .
To perform a quantitative discussion on the ET dynamics, it
(A) Reduction Potentials of Coumarinsin is necessary to obtain reliable values\@°. However, in some
Acetonitrile, Aniline, and Amino-Deuterated Aniline ET systems it is very difficult to estimat®G® accurately. That
E(dye)/mV vs SCE is especially true for ET reaction in the excited state where three
solute acetonitrile AR AN-d22 electronic states, the ground state, locally excited state, and
c151 —1565 —1640 —1649 charge transfer state, are associated with the reattidvor-
C152 —1626 —1662 —1671 mally, one can estimat&G® for the excited-state ET in a polar
C481 —1660 —1658 —1667 solvent by the following relationshits,
C522 —1653 —1690 —1701
C153 —1685 —1710 —1721 AG® = —E,, + E(donof™") — E(accepto? ) — Eps  (9)
(B) Oxidation Potentials of Aniline Derivatives in
CHCN, CHOH, and CHOD where,Eq is the energy difference between theaBd S states,
E(solV?*)/mV vs SCE E(donof™) is the oxidation potential of the electron donor,
solute CHCN CHOH CH:OD E(accept_o‘?’ ) |s_the reductlon_pot_ennal of the electron acceptor,
AN 930 820 andEps is the ion pair stabilization energy. o
AN-d22 1932 1838 In less polar solvents such as AN or DMA, however, it is
MAN +810 +726 much more complicated to estimats? by the eq 9 than in
MAN-d 4809 +734 polar solvent. That is because reliable electrochemical measure-
EAN +804 +718 ment is fairly difficult due to small solubility of electrolyte in
EAN-d +729 the solvents. In such solvents electrolyte molecules may form
Egﬁmd +801 +709 +718 aggregates. One possible way to obtaAiG° in a less polar
iPAN 1796 4709 solvent is to extrapolate th&GP value from those in a polar
iPAN-d +794 +719 solvent with the help of an equation on dielectric interaction
DMA +756 +715 +722 such as the Born equatiGPr.5” In this work we extrapolate
DEA +719 +682 +689 the AGP values by an empirical equation for dielectric interaction
DPA 722 +672 1683 energy suggested by Fawc#tb®
a Reference 32. Further, we try to include the effect of molecular size more

explicitly because the substituent effect of the donor causes
anilines. Interesting points to be noted from Table 2 are (i) In changes of the dimension of the molecule and several ET
N,N-dialkylanilines with bulkier alkyl groups the solvation parameters such asG° andVe depend on the molecular size
dynamics are getting slower drastically, butNemonoalkyla- more or less. Here, we invoke a very simple model for the
nilines the solvation dynamics are almost independent of the molecular dimension of which a spherical shape is assumed for
size of the alkyl groups. (ii) The deuterium isotope effect on the molecule. The molecular volume is estimated in terms of
solvation dynamics 0|N-m0n0a|ky|ani|ines is almost indepen_ a sum of the van der Waals volumes of the constituent atoms.
dent of the size of the alkyl groups20%). The presentresults ~ Since the structures of the anilines and coumarins are undoubt-
show similar features to the ARland methandf cases. edly more complicated than can be predicted by this model,
Maroncelli and co-workers studied the solvation dynamics the simulations should be taken as only suggestive of the real
of substituted benzenes (benzonitrile, toluene, and others), and?ehavior. ) _
observed fast inertial componerf$® The fast dynamics of Among the ET parameters which are influenced by the
neat aniline derivatives have been studied by the optical Kerr Molecular dimensiomAG is rather insensitive to it. Even we
effect51:52 In the present work, the effect of the inertial employ a different model for the molecular size, the predicted
component on the ET dynamics is included in the 2D-ET model. AG® values are not changed so much. On the other hdad,
3.4. Reduction Potentials of Coumarin Dyes and Oxida- is expected to depend on the intermolecular distance very much.
tion Potentials of Electron Donating Solvents. The reduction In the later section we will show that this spherical model cannot
and oxidation potentials are measured and summarized in TableProvide a sufficiently accurate values fds. However, we think
3. The reduction potential of C151 is highest and that of C153 thatAG® can be evaluated by this model moderately well.
is lowest. These results indicate that C151 is most reductive Eoo is estimated from the crossing point of the normalized
and C153 is most stable among the coumarins used in theabsorpt_lon and quoresqence_ spectra of the coumarins in the
present study. From the oxidation potentials of the electron reSpective solventsEps is estimated by the equation
donors in acetonitrile, it is seen that the aniline derivative which
has a larger alkyl group is a stronger electron donor. This E Zé (10)
tendency can be interpreted in terms of the plus inductivg ( PS¢
effect: propyl group> ethyl group> methyl group> hydrogen,
and N,N-dialkyl groups> N-monoalkyl group> hydrogens. wheree is the electronic charges is the dielectric constant of
To estimate the deuterium isotope effect of the redox potentials solvent, and is the distance between the donor and acceptor
in the hydrogen-bonding liquids, the oxidation potentials of the molecules. To estimaté, we calculate a crude molecular
donor molecules in methanol and deuterated methanok(CH volume,V, from atomic increment?®. A molecule is assumed
OD) are measured and are also listed in Table 3B. Interestingly, as a spherical shape, therefore the radinishe donor molecule
the oxidation potentials of the donor molecules in deuterated and the acceptor molecule is estimated from the calculated
methanol are about 10 mV higher than those in normal molecular volumea = (3V/47)'3. In the present systems the
methanol. We already report&dhat the reduction potentials  solvent is the electron donor, therefore we consider that the
of the coumarin dyes in AN-d2 are about 10 mV lower than distance between the acceptor and donor is a sum of the radii
those in normal AN (Table 3A). of the acceptor and donor molecules.
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TABLE 4: Empirical Solvent Parameters of AN, MAN,
DMA, and CH3;CN

€& DnP Bp Er(30yF Ap
AN 6.86 35 13.9 44.3 23.8
MAN 5.97 33 13.7 42.5 21.5
DMA 511 27 13.1 36.5 13.8
CH:CN 375 14 11.7 45.6 25.5
aReferences 30 and 65Reference 64 Reference 63.
| = r(donor)+ r(acceptor) (12)

The reduction potentials of the coumarins and the oxidation

potentials of the solvents are measured in acetonitrile in the
present work. We use the empirical relations between solvation

energy and solvent polarity to extrapolate the redox potentials ) )
4 P y g P i to be very fast in comparison to that along the solvent

| coordinateX. The reaction along thecoordinate is a function

from that in polar solvents to that in less polar solvents. Fawcet
proposed an equation for solvation energy with empirical
parameters which are estimated from solvent acidity and
basicity>359 The solvation energy of halide iorG{(-)) is
given by

NZe\ 1)) 1
0y — _|_© _ L
&) (&Ko )(1 6) 14 2
Ap
and that of alkali metal catiorGQ(wL)) is given by
NZe\. 1)) 1
Oy = —[2F " )[1 - =
o2 ) s
Bp

whereNp is the Avogadro’s numbeg; is the ionic chargeg is
the electronic chargey is the permittivity of free spaces is
the dielectric constant of solvemt,is the ionic radius, and Ap
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be either slower than or almost equal to the solvation process.
However, for the present systems some ET occurs much faster
than the solvation dynamics. Furthermore, the present ET
dynamics show nonexponential behavior. We used the two-
dimensional ET modét 36 to explain these ultrafast ET
dynamics. In this model the intramolecular vibrational motion
is separately treated from the solvation dynamics. Here we also
adopt the two-dimensional model in order to rationalize the
experimental results. In this section we briefly outline the
theoretical framework of the model and explain how to estimate
the ET parameters.

Figure 7a shows a conceptual picture for the 2D-ET model
on the present cases. The ET reaction occurs along the nuclear
coordinateg, and the motion along theecoordinate is considered

of the vibrational modes of the system and is treated classically.
Walker et aF® considered a high-frequency accepting mag (

of the product in the 2D-ET model and treated it in a same
way as that by Jortner and Bix&h.Figure 7b is the scheme of

ET process based on this extended model. Here, it is assumed
that the curvatures of the free energy surfaces in each vibrational
level (n) along bothg and X coordinates are the same. The
free energy functions of the reactant and product states are thus
given by

G,(X.a) = AX* + A’ (18)

G (X.a.n) = A(X — 1+ A(q — 1)* + nhw, + AG®  (19)
where the free energy function is assumed to be the quadratic
function of bothg andX according to the linear response theory,
and these coordinates are normalized, that is, Xhand g

and Bp are the Fawcett's solvent parameters of acidity and coordinates are (0,0) and (1,1) for the bottoms of the reactant

basicity, respectively. Ap and Bp are defined by the following
equations

Ap = 1.2%,(30) — 33.3 (14)

Bp = 10.14+ 0.108Dn (15)

whereEr(30) is the polarity scale which is defined by Dimroth
et al.5? and Dn is the donor number defined by Gutmé#an.
Er(30)83 Dn /54 Ap, Bp, and the dielectric const&hf of AN,
MAN, and DMA are summarized in Table 4. We use the
empirical relationship for estimation of the difference of the
solvation energies in acetonitrile and aniline derivatives
(AG)). Namely,

AEq = AG{(-) + AGY(H) (16)
Here, we use the radius of neutral moleculerforEquation 9
is rewritten by

0__ / o/~
AG" = _EOO + (E(SOP +)in acetonitrile E(dye )in acetonitrile+
AEs.ol) - EIPS (17)

The obtained values &y, |, Eips, AEso, andAGP are listed in

Table 5. For estimation oEps and AEs, of N-monoalkyla-

nilines, we use the valuess( Er(30), and Dn) of MAN. For
N,N-dialkylanilines, we use those of DMA.

5. Simulation of the Electron-Transfer Dynamics: 2D-ET
Model

5.1. Theoretical Background. According to the prediction

and the product states, respectivelys is the solvent reorga-
nization energy (for theX coordinate), 4, is the nuclear
reorganization energy (for thg coordinate), andv, is the
frequency of the high-frequency vibrational mode coupled to
the ET.

With this picture the motion of the population aloXgcan
be expressed by the following diffusion-reaction equéfiot?

ala  1dG(X)
aX[axX kT dX

ap(xXp)
o

p(Xt) —

> k(X)p (X1) (20)

wherep(X,t) is the classical probability distribution function at
X andt, G/(X) is the free energy of the reactants at the
coordinate, which is equal tdgX2, and D(t) is the time-
dependent diffusion coefficient and is expressetf by

kT 1 dAQ)

D(©) = 22 A1) dt

(21)

where A(t) is the time-correlation function of the solvent
coordinate, which is equal to the spectral shift correlation
function C(t) and is expressed 4%,

t

TS

where 7s, is the time constant of theth component of the

(22)

n

A(t) = C(t) = Zan ex;{—

of the conventional ET theories (eq 6), the ET dynamics should solvation anda, is the corresponding amplitudg,a, = 1. In
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TABLE 5: Absorption and Fluorescence Maxima and AG® Parameters:

acceptor donor AabdnNM Ag/nm Eod/eV I/A EisrleV AEso/eV AGYeV
C151 AN 377 462 3.03 6.15 0.34 0.41 —0.47
MAN 373 440 3.05 6.31 0.38 0.52 —0.54
EAN 372 435 3.06 6.46 0.37 0.51 —0.56
nPAN 371 432 3.07 6.59 0.37 0.50 —0.57
iPAN 370 440 3.08 6.59 0.37 0.50 —0.59
DMA 370 410 3.11 6.46 0.44 0.73 —0.50
DEA 370 413 3.15 6.72 0.42 0.71 —0.58
DPA 369 414 3.15 6.94 0.41 0.70 —-0.57
C152 AN 410 503 2.77 6.39 0.33 0.40 —-0.14
MAN 405 468 2.79 6.55 0.37 0.49 —0.23
EAN 403 466 2.81 6.70 0.36 0.49 —0.25
nPAN 402 465 2.82 6.83 0.35 0.48 —-0.27
iPAN 400 466 2.83 6.83 0.35 0.48 —0.28
DMA 396 446 2.86 6.70 0.42 0.69 —-0.21
DEA 396 451 2.87 6.96 0.41 0.68 —0.25
DPA 392 460 2.89 7.18 0.39 0.67 —0.26
C481 AN 413 502 2.73 6.59 0.32 0.39 —0.07
MAN 410 464 2.75 6.75 0.36 0.48 —0.16
EAN 408 465 2.77 6.90 0.35 0.47 -0.19
nPAN 407 467 2.78 7.03 0.34 0.47 —-0.19
iPAN 406 467 2.78 7.03 0.34 0.47 —-0.20
DMA 398 448 2.85 6.90 0.41 0.67 -0.17
DEA 398 455 2.85 7.16 0.39 0.65 -0.21
DPA 398 456 2.85 7.38 0.38 0.64 —-0.21
C522 AN 423 513 2.67 6.52 0.32 0.39 —0.02
MAN 419 502 2.69 6.68 0.36 0.48 —-0.11
EAN 417 500 2.70 6.83 0.35 0.47 —-0.12
nPAN 415 496 2.72 6.96 0.35 0.47 —-0.14
iPAN 414 495 2.72 6.96 0.35 0.47 —-0.15
DMA 408 463 2.77 6.83 0.41 0.68 —0.09
DEA 406 460 2.78 7.09 0.40 0.66 —-0.15
DPA 406 468 2.80 7.31 0.39 0.65 —0.16
C153 AN 435 530 2.58 6.68 0.32 0.38 +0.10
MAN 430 515 2.61 6.84 0.35 0.47 0.00
EAN 430 511 2.61 6.99 0.35 0.47 0.00
nPAN 428 505 2.63 7.12 0.34 0.46 —0.02
iPAN 427 505 2.63 7.12 0.34 0.46 —0.03
DMA 416 504 2.71 6.99 0.40 0.66 —0.01
DEA 416 504 2.71 7.25 0.39 0.64 —0.06
DPA 418 503 2.70 7.47 0.38 0.63 —0.04

aTransition energyEq, distance, ion stabilization energfrs, and free energy gapG°.

the present work the observed solvation dynamics can be In the simulation of the ET dynamics, we first solve the
reproduced well in terms of a sum of two exponentidtén,X) diffusion-reaction equation (eq 20) numerically to obtain the
is theX coordinate dependent reaction rate constant fonthe  time-dependent probability(X,t). We next calculate the time-
high-frequency vibrational state of the product. The reaction resolved emission spectra using the time-dependent probability
rate constank(n,X) is expressed &431:32.66 and steady-state emission spectrum in a nonpolar sol¥éht.
The time-resolved fluorescence spectra are expres$éd as
2V, AG*(n,X))

AT ke T

where Ve, is the electronic matrix element between the wherel(v,t) is the fluorescence intensity at frequencgnd time

k(n,X) (23)

vt = | TIMIPGLve09.{v = v p(X® dX (26)

vibrational ground state of the reactant and nite vibrational t, IM|2 is the square of the electronic transition moment matrix
state of the product and is expressed by the Fra@dndon elemento(X) is the frequency corresponds to the energy gap
factor as at the solvent coordinat¥ (i.e., vo(X) = [Fsi(X) — Fso(X)]/h),

5 5 5 whereFg; andFgp are the free energy functions for the &d
Voo = Ve I0INDE = V H{(SUnl) exp(-9}  (24) S states, respectivelyg[vo(X), {v — vo(X)}] is the normalized
vibrational shape function of the emission band. The last
whereS = An/hwy, is the electron-vibrational coupling strength  function corresponds to the Frane€ondon factors for the
and4x is the reorganization energy for the high-frequency mode. yiprational sequences and progressions in the spectrum. In this
AG*(n,X) is the activation energy for theth vibrational state simulation, the functiorg[vo(X), {v — vo(X)}] is empirically
and is written by*31:32.66 assumed to be equal to the emission spectra of the dyes in
0 2 cyclohexane. Finally, the fluorescence decay at the correspond-
(s + AG™ — 24X + nhw, + 4)) ing wavelength is observed from this time-resolved spectrum,
44 which is plotted in the following figures (Figures 8, 10, 13, 14,
and 15vide infra). In this model, both the time-dependent
The method to estimate the ET parameters will be described in probability and the decay at the single wavelength show highly
the following section. nonexponential features, just as we obseri€d.

AG*(n,X) = (25)
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Figure 7. (a) Two dimensional description of potentials of electron
transfer reaction with solvent coordinaté) (and nuclear coordinate

(9). Curve C indicates the transition state. (b) Conceptual scheme of

electron transfer in competition with solvent relaxation process in the
excited state. Solvent relaxation occurs onXremordinate and electron
transfer occurs on thg coordinate.
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Figure 8. Plot of the experimental (circle) and simulated (solid line)
average rate constants of electron trandfey) (vs the free energy gap
(AGP). Simulation is based on the two-dimensional electron transfer
model. The parameters for electron transfer/are 1300 cni?, A, =
2000 cn1?, 4 = 2200 cn1?, v, = 1400 cnl, andVe = 130 cnt.

At the end of this section, let us briefly mention about the
relation between ET dynamics ands°. Since most of the ET
dynamics we investigate are faster than or similar to the
solvation process, the original Marcus thé8d?on ET cannot

J. Phys. Chem. A, Vol. 102, No. 18, 1998097

rate andAGP such as “normal region”, “barrierless region”, or
“inverted region”.

5.2. ET Parameters for Simulation. First, we discuss about
the solvent reorganization energy. To normalize the reaction
coordinate, the bottom of the reactant states{8te of coumarin)
puts at K,g) = (0,0) and that of the product state puts ¥ij
= (1,1). The bottom of the ground-state free energy surface
(So state of coumarin) is assumed to be 3o = (0.4,0) in
the simulation similarly to befor& The reorganization energy
for the solvent {s) is estimated by the following equatida:

24X = Av (27)
Av is roughly estimated from the differences of the steady-
state Stokes shift of C102 in a nonpolar solvent, cyclohexane
(3090 cnt?), and in MAN (3490 cmY). Av is estimated to be
400 cn1?l, and the calculateds is 1300 cntl. We use this
value for all the simulations we perform since the dielectric
constants are quite the same for all the solvents.

The next parameter we consider is the high-frequency
vibrational modeyy, coupled to the ET reaction. One of such
modes could be the nitrogen-phenyl ring carbon—h)
stretching mode of aniline derivatives. The oxidation reaction
of aniline occurs at the lone pair electrons of the nitrogen dfom.
The N-Ph stretching mode of aniline derivative is very
important during the reaction because of the change of the
molecular structure (from the $prbital to the sp orbital):

Oy = Opime = Oro_
(28)

According to the reported IR and Raman resiit& in some
aniline derivatives (radical cation form), the frequency of this
stretching vibrational mode for AN, DMA, and DEA is 1494,
1366, and 1421 cmi, respectively. Here we tentatively choose
1400 cnr? for all the simulations, since even we use the above
values the simulation results are not appreciably changed.

As for the solvation dynamics parametesg;(asy, 7s1, and
7s2) and the free energy gapG?, the values experimentally
obtained are used. Other ET parameters such as the electronic
matrix elemen¥/g and reorganization energies of the high- and
low- frequency modesif and 1) are optimized so that the
simulation reproduces the experimental results and the param-
eters are in the physical reasonable range.

6. Discussion

In the previous studies, we investigated the substituent &ffect
of the acceptor molecule and the deuterium isotope &ffect
the ET dynamics in the coumarin-aniline system. From the
research of substituent effect of the 7-amino coumaiitsyas
found that the ET rate strongly depends on the amino group of
the coumarin. The drastic change of the ET rate mainly comes
from the electron-accepting ability of the coumarin dye. The
study of the isotope substitution effects on ET showed following
points#? (i) Clear deuterium isotope effects on the ET rates have
been observed in the case of AN, but not in DMA. (ii) No
isotope substitution effect of coumarin (amino hydrogen (C151)

be applied to the present systems. That is because the originahnd dimethyl hydrogens (C152)) on the ET has been observed.
Marcus theory assumes that motions of solvent molecules arelt was concluded that the isotope effect of AN on the ET mostly

very much faster than ET. However, as already shéWwithe
dependence of the ET rate &nGs° shows a “bell-shape” feature

arises from the difference oAG°® due to the stabilization
energies of the normal and deuterated hydrogen-bonding

even in the 2D-ET model, which is often seen in the cases interaction of AN as a solvent.

predicted by the original Marcus theory. Therefore, we use the

6.1. General Features of Substituent Effect of the Donor.

common terminology to express the relation between the ET It is clear that for the present systems the ET dynamics depend
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drastically on the substituent amino groups of both the donor 103
solvents and acceptor coumarin dyes (Figures 2, 4, and 5). The

substituent effect of the coumarin dyes on the ET dynamics O
can be discussed by a number of possible causes, such as the 12
free energy gapXGP), the frequencies of the vibrational modes, - 10°° - o Iﬁ<>ﬁ .
and others. In our earlier studfsthe effect of isotope L
substitutions of the acceptor dyes at the 7-amino group was not & ]
evident. The result thus may indicate that the vibrational ~ 10" | O AN O O -
motions of the 7-amino group of the coumarin dyes is not 0 MAN é)a
coupled to the ET dynamics. X DMA

The energy difference between thg &d S statesEy is 107 , | . o
different at each coumariraniline combination. The excitation
wavelength is fixed at 400 nm in the present work. The different -0.6 -0.4 -0.2 0.0 0.2
excess vibrational energy might affect the ET dynamics by the AGO /eV
vibrational relaxation. However, the excitation wavelength Figure 9. Plot of the experimentally obtained electron transfer rate
dependence of the ET dynamics has not been observed withinconstantsker) in AN (O), MAN (O), and DMA (x) vs the free energy
the experimental accuraéy. This means that the ET dynamics  9ap AG"). ker is defined as the inverse of the average lifetime of the
is insensitive to the vibrational relaxation in this experiment. coumarin @0). AG® is obtained from eq 17.

Though more detailed studies might be needed at higher timeSCHEME 1. Relationship of the ET Rate Constants of
resolution, we ignore the effect in the present study. the Electron Donating Solvents of Aniline,
Let us summarize the experimental results briefly. It is N-Monoalkylanilines, and N,N-Dialkylanilines

evident from the comparison of the experimental results on ET ker (AN)
and solvation dynamics (Tables 1 and 2) that in many of the BT
present systems the ET dynamics is faster than the solvation A

rocess. Thus in all the electron donating solvents, except for .
51 AN, the fast component of the ET procgess, (Table 1) foP kgr (MAN) ~ kgr (EAN) ~ kgp (WPAN) ~ kgr (iPAN)
C151, C152, C481, and C522 are faster than the fast component A
of the solvation processd;, Table 2). The second component
of the ET processth, Table 1) is, however, slower than the kgr (DMA) > kg (DEA) > kg (DPA)
fast component of the solvation process,(Table 2). More
interestingly, for C151, in all the electron-donating solvents,
except for that in AN, the ET process is extraordinarily fast, so
that even the slow component of the ET procass Table 1)
is faster than the fast component of the solvation procass (
Table 2). The results thus indicate that in most of the present
systems the fast part of ET process is hardly influenced by the
solvent dynamic nature. The slower part of the ET process,
however, seems to be influenced by the solvent property.

Now let us see the general features of the substituent effect

The important points to be noted are (i) For all the coumarins,
except for C153, the ET rate increases in ordekeg{AN) <
ket(MAN) < ket(DMA). For C153, however, the order gr-
(AN) < ker(DMA) = ker(MAN). (ii) Roughly, all the plots
seem to lie on a single curve kfr vs AG®. However, on closer
examination, it can be seen that the curve for DMA is greater
than that of AN. (iii) All the curves fall in the normal and
barrierless regions.

It is seen from Table 5 that for each coumarin &@° value
- . of AN is the most positive and that of MAN is similar to that
of the donor on the ET dynamics, we summarize the experi- o¢ A However, it is clear from Figure 9 that the ET rate

mental results in Scheme 1. The ET in AN is slowest, and j, pya js faster than that in MAN despite almost the same
N,N-dialkylanilines provides faster ET thaN-monoalkyla- AG®. and the ET rate in DMA and MAN is much faster than

nilines. In a series of N-monoalkylanilines the ET rate does that in AN despite the small differences betwet@° of AN
not depend.on the a]kyl group appreciably. Incontrastto this, ;.4 DMA or MAN. The results indicate that some ET
the ET rate in N,N-dialkylanilines strongly depends on the alkyl parameters in three solvents have different values. Especially,

group; the larger the alkyl group is, the slower the ET is the maximunkgr of AN is smaller than that of DMA and MAN.
Figure 8 shows the average ET rates of all the systems as a The magnitude of the maximurker is mostly determined

function of AGP (CirCleS). From the figure it is seen that the by Ve. Here, we consider that the difference in the intermo-

ET dynamics becomes faster as the absolute valua@f lecular distance is caused by the different value¥gf One

increases. This suggests that all the experimental data can bgf the most simple forms of the dependence\gf on the
simulated with a single set of the ET parameters. We calculate jntermolecular distance can be expressed as

the ET rates (fluorescence decay rates) by means of the 2D-ET
model with the following parameterdy, = 2000 cnt, 4 = Vg = Vg exp[=B( — 1)/2] (29)
1400 cn1?, andVe = 130 cnT!. The calculated result is shown
in the figure (line), and it is clear that the simulation reproduces whereV,, the distance-independent electronic matrix element,
the general trend of the experimental data moderately well. namely the electronic matrix element for a donacceptor pair
However, if we closely observe the ET dynamics in different at van der Waals separatity | is the separation between the
aniline homologues, we see an interesting characteristic nature donor and acceptor sites, afids a constant scaling the distance
In the following sections we discuss the substituent effects for dependence o¥.. Itis clear from eqs 29 and 23 that a longer
the individual cases in more detail. distance between the donor and acceptor gives a smaller
6.2. Aniline, N-Methylaniline, and N,N-Dimethylaniline. maximum kgt. However, the experimental results are not
We discuss the difference of the ET rate in AN, MAN, and explained by the difference in distance (AN is the smallest
DMA. The average ET rates in AN, MAN, and DMA are molecule and DMA is the largest molecule but the maximum
plotted as a function of the free energy g&yG0) in Figure 9. ket of AN is smallest and that of DMA is largest). This should
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Figure 10. Comparison of the simulated single-wavelength decays of 1010 1 L 1 1
C153 in MAN (solid line) and DMA (broken line). The different -0.6 -0.4 -0.2 0.0
parameter is the solvation time. The electron transfer rate in the AGO / eV

timescale is affected by the solvation dynamics. ) ) )
Figure 11. Plot of the experimentally obtained electron transfer rate

_— . ¥ . . constants Kgr) in N-monoalkylanilines, MAN ©), EAN (O), nPAN
indicate that the distance-independent electronic matrix elements,(x)i and IPAN ©) vs free energy gapAGY). ke is defined as the

Ve of AN, MAN, and DMA are quite different/eo(DMA) > inverse of the average lifetime of the coumari#i), AG® is obtained
Veio(MAN) >Veo(AN). The other parametersi, An, and so from eq 17.
on) should be changed by the different alkyl group, but the
experimentaker vs AGP relations are not fitted by changing 1018 : . . ,
the other ET parameters in the physically reasonable range. This o
suggests that the different maximug is mainly arising from |
the Velo. 12 X
Vel is not only dependent on the distance of the denor - 107 - QD O R
acceptor pair but also is the relative orientation between donor 2 i
and acceptor. In the present system the acceptor molecule is n Q]
surrounded by many donor molecules. Thus the most efficient ~ 10" L O DMA -
ET should occur at the most suitable orientation. The orientation O DEA e)
may be slightly different in the each coumarin and aniline system X DPA Q(
and it may affect oVeo. This could also be a reason thajg 101 . ' . .
is different in different solvents. 0.6 0.4 0.2 0.0
As mentioned in section 3.1.1., the ET rates of the slowest ) 0 ) )
dye, C153, are quite similar to the inverse of the solvation time AG” [ eV
for both MAN and DMA (Tables 1 and 2). It is seen from Figure 12. Plot of the experimentally obtained electron transfer rate
Table 2 that the solvation dynamics of DMA &ower than constantsKer) in N,N-dialkylanilines, DMA (0), DEA (O), and DPA
that of MAN. It may thus be interpreted that because of the (X) Vs free energy gapAG’). ker is def(')”.e‘j as the inverse of the
slower solvation dynamics of DMA, the ET rate in C153/DMA average lifetime of the coumarimz(). AGP is obtained from eq 17.
could be slower than that in C153/MAN, as we observe from V,, and the trend of the magnitude \g§; is Ve(DMA) >
experimentally. Figure 10 shows the result of the simulation \/,(DEA) > Ve(DPA).
on the effect of the difference of the solvation times. In this The electronic matrix element can be expressed as an
simulation, we consider C153 in MAN and DMA to estimate exponential function of the separation between the donor and
how the solvation dynamics affects on the ET dynamics in the acceptor sites (eq 29). In the present systems the electron donors
time scale. All the ET parameters are fixed except for the are the aniline derivative and the N-atom of anilines would be

solvation time &1 = 0.25,7s1 = 2.0 ps,asz = 0.75, andrs; = the actual site for electron donation (having a lone electron pair
16.2 ps for MAN andas; = 0.46,7s1 = 3.8 ps,as2= 0.54, and  on the N-atom)? As the larger alkyl groups are substituted to
s2 = 24.6 ps for DMA) because of the difference AG° is the amino group of aniline, it is expected that it will cause a

very small. It is shown from this figure that ET in MAN is  |arger separation between the donor and acceptor sites, resulting
faster than in DMA (about 10% of¥l). This means that an  in a reduction inVe and hencéer will be reduced. The trend
ET on this time scale is strongly affected by the solvation s clearly indicated for the series dfN-dialkylanilines.
dynamics and the experimental result is qualitatively consistent  Figure 13 shows the best fits &kt vs AG? for DMA and
with the simulation. DPA. Two curves seem to be vertically shiftedVe is
6.3. N-Monoalkylanilines and N,N-Dialkylanilines. The optimized by the fitting, without changing the other ET
average ET rate constants Mimonoalkylanilines are plotted  parameters for both cases. The simulation results and experi-
againstAG’ in Figure 11. The interesting point to be noted mental data are in good agreement. The obtaWhgdalues in
from this figure is that theker vs AGP relations are almost  N,N-dialkylanilines are in order o¥/e(DMA) > Ve(DEA) >
identical for all theN-monoalkylanilines. These results show Vg (DPA). This tendency is consistent with the change of the
that the ET parameters M-monoalkylanilines are very similar ~ molecular radii. Because the primary step of the oxidation
and are not much dependent on the nature of the alkyl group inreaction of aniline occurs on the nitrogen atom (eq 28},
N-monoalkylanilines. should be considered that the larger alkyl group on the nitrogen
In contrast to théN-monoalkylanilines, thAG° dependence  atom is strongly affected by the distance between the donor
of ket for N,N-dialkylanilines differs with each other as shown and acceptor for the series of dialkylanilines. As itis clear from
in Figure 12. The magnitude with DMA as the donor solvent eq 29, the longer distance makésg smaller.
is largest and that with DPA as the donor solvent is smallest. However, the alkyl substituent effect on the ET dynamics in
As mentioned in section 6.1., these differences may be comeN-monoalkylanilines is not observed. This is not expected from
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Figure 13. Best fits for the average electron transfer rate constants
(ket) in DMA and DPA vs free energy gap\GP%). The experimental
data of DMA and DPA are circle and cross, respectively. The
parameters for electron transfer dke= 1300 cnv?, A, = 1900 cnt?,

A= 2100 cn1?, v, = 1400 cn1?, andVe = 150 (DMA) and 80 cm*
(DPA). The different parameter between DMA and DPA is ovly
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the dependence &f on the intermolecular distance which is .
obtained from the atomic increment method (section 4). The Time / ps
experimental results iN-monoalkylanilines rather suggest that  rigyre 14. Simulated decay curves of C151 (a) and C153 (b) in MAN,
the intermolecular distance is independent of the size of the (solid line) and MAN4, (dotted line). In fast electron transfer the
alkyl group. We will discuss the reason in the following section. deuterium isotope effect is very small, but that in slow electron transfer
6.4. Deuterium Isotope Effect on the Electron-Transfer !s Iarge. The results between experiment (Figure 6) and simulation are
Dynamics: N-Monoalkylanilines. Table 1 lists the results on ~ 'dentical
the ET dynamics usind\-deuterated\-monoalkylanilines as  dynamics. To investigate the origin of the deuterium isotope
the electron donating solvents. There are two noticeable pointseffect of N-monoalkylanilines quantitatively, we simulate the
in the table, and the first one is that there is almost no deuterium ET rates following the 2D-ET model. We assume that the effect
isotope effect on the ET dynamics for C151, a fast ET system, on the ET dynamics is only due tG°. For the simulation of
but a large isotope effect is clearly seen for C152Q%), a  the ET dynamics in MANd we useAG? about 0.02 eV less
slow ET system. These results are very similar to our previous than that in MAN. That is because the oxidation potentials of
result$? on deuterated aniline as the donor solvent, where the donor molecules in the deuterated solvents are about 10 mV
origin of the isotope effect was explained in terms of the more positive than those in the normal solvents, and the
intermolecular hydrogen-bonding interaction in the liquid. reduction potentials of the dyes in the deuterated solvents are
Similarly, the deuterium isotope effect on the ET in the present also about 10 mV more negative than those in the normal
cases arises from changes AG° by the deuterated solvent  splvents. The free energy gaps with C151 are chosen to be
donors. The hydrogen-bonding interaction is stabilized more AG® = —0.50 eV for MAN and—0.48 eV for MAN<, and
in deuterated solvent than in normal solvent, because the zerothose with C153 are chosen to B&° = —0.00 eV for MAN
point energy of hydrogen bond in normal solvent is higher than and+-0.02 eV for MAN-d. The solvation parameters used are
that in deuterated solvefit.’” The more stabilized intermo-  experimentally obtained values for MAN and MAMN¢Table
lecular hydrogen-bonding interaction should cause a more 2). The other ET parameters are assumed to be unchanged by
organized intermolecular structure to reduce the entropy in the the deuterium substitutiol?. The results of the simulation are
system. Thus, for the present systems it is expected that theshown in Figure 14. Figure 14a shows results for C151 and
isotopic substitution of the solven-monoalkylaniline, can (b) for C153, where the solid lines are for MAN and dots for
cause a reduction in the driving force. MAN-d as donors. This figure indicates that the fast ET
As a support for this effect on the driving force of the ET dynamics (C151) is not much affected by the isotopic substitu-
dynamics, the oxidation potentials of the donor molecules tion, but the slow ET dynamics (C153) is affected substantially
become more positive in the deuterated solvents than in the(C151= ~0% and C153= ~20% slower in deuterated analog).
normal solvents (Table 3 and ref 32). Similarly, the reduction This is exactly the same tendency as we observe in the present
potentials of the dyes in the deuterated solvents are moreexperiment.
negative than those in the normal solvents (Table 3 and ref 32). Moreover, the simulation predicts an interesting point, that
These observations thus suggest thé&f for the ET dynamics is, the deuterium isotope effect on the ET dynamics may show
is reduced in the deuterated solvent due to the solvent structurakhe reverse tendency in the inverted region: A rate constant in
effect arising from the intermolecular hydrogen bonds. Thisis the deuterated solvents would be faster than that in the normal
probably the main reason for the observed isotope effect on solvents, because the more negative free energy gap gives slower
the ET dynamics in the present system. ET in the inverted region. Figure 15 shows a simulation of the
Since the ET of C151 corresponds to the barrierless region deuterium isotope effect in the inverted region. For the
of the ket vs AGP relation, a small change iAG® does not simulation, we choose th®G° = —1.10 eV for MAN andAG°
give any large effect on the ET rate constant. For C153, = —1.08 eV for MAN-d. The other parameters are the same
however,AGC is in the normal region where tHet vs AG® as the previous case. It is clear from Figure 15 that the ET
curve is steep. Thus, a small changeAiG®, as caused by the  dynamics in the deuterated solvent would be faster than that in
isotopic substitution, yields an appreciable change in the ET the normal solvent if the ET process is in the inverted region.
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of the N—H group of the donor solvents, but the fast coumarin
dye (C151) does not show any isotope effect. From the cyclic
voltammetric measurement and simulations, it appears that the
isotope effect is actually arising from the difference in the
stabilization energies of hydrogen-bonding interactions of the
deuterated and normal solvents, and this eventually affe@fs

The experimental results show that the deuterium isotope effects
on the ET rate for a specific coumarin dye is the same for every
N-monoalkylanilines. The results of the deuterium isotope effect
of N-monoalkylanilines are in accordance with the results of
the substituent effect df-monoalkylanilines on the ET dynam-

Time / ps

Figure 15. Simulated decay curves in the inverted region. All the ics. The simulation also indicates that the deuterium isotope
electron transfer parameters are used\fanethylaniline (MAN). Solid effect on ET dynamics in the inverted region should be opposite
line is normal solventAG® = —1.10 eV) and dot line is deuterated {5 that in the normal region.

solvent AG® = —1.08 eV).
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