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Photoinduced Electron Transfer in Bianthryl and Cyanobianthryl in Solution: The Case for
a High-Frequency Intramolecular Reaction Coordinate
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Photoinduced intramolecular electron transfer (ET) in symmetri¢-t8edthryl (BA) was studied by
femtosecond pump-supercontinuum-probe spectroscopy in solvents covering the whole polarity scale. Results
are compared with those obtained for the nonsymmetric 10-cyano derivative (CBA). The behavior exhibited
by both compounds is qualitatively the same, which suggests that symmetry plays no essential role. Our
measurements provide novel aspects: (i) electron-transfer proceeds in CBA within a time on the order of 10
fs and therefore along a high-frequency coordinate, (ii) the observation of both educt and product bands
allows an estimate of the ET equilibrium, which shifts through solvent relaxation. We find no evidence of
dynamics along the intramolecular twist coordinate before ET.

I. Introduction happen, but it is not seen in the dynamics. It appears that a

Symmetric 9,8bianthryl (BA), which consists of two equal ~ N€W picture of ET in BA and CBA is needed, which involves
anthracene units, has received considerable attention due to it& Nigh-frequency reaction coordinate and dissipative solvent
extraordinary solvatochromic behavior2 Absorption spectra ~ dynamics.
of BA are nearly independent of solvent polarity, in agreement ) )
with the zero ground- and first-excited singlet state dipole !I- Experimental Section

moments requi.red by molecular §ymme’tr§?. Besides, the. BA and CBA were of the same samples used in previous
spectra are similar to those of nondipolar anthracene but shiftedgy,gie<?-11 The femtosecond setup has been described in detail
to the red, leading to the conclusion that the locally excited gisewherd3 BA and CBA were excited by 60 fs pulses centered
(LE) state of BA is nonpolar. However, stationary fluorescence g giterent wavelengths in the first vibronic band of BA. Parallel
emission of BA shows a pronounced red shift in solvents of 5, nrobe polarization was used in the experiments here.
increasing polarity,which indicates a dipolar character of the The pump-induced transient absorption signal was monitored
relaxed $ state and therefore symmetry reductforinterest- with a supercontinuum probe in the range 2850 nm. The
ingly, asymmetric and polarl0-cyano-9,8bianthryl (CBA)  gample net thickness was 0.5 mm. No photodegradation was
shows similar solvatochromic behavior: its absorption spectra jpcarved except with CChs solvent. The optical density of
are independent of solvent polarity whereas the fluorescencey,o sample was around 1 at the absorption maximum corre-
spectra show strong solvatochromism. p sponding to a concentration of 6 103 M. After the sample
Earlier transient fluorescence experiméfitsn BA suggested a5 probed, the supercontinuum was registered on a photodiode
that in polar solvents ET is governed mainly by solvation gray (512 pixels) with a spectral resolution of 1.5 nm. The
whereas intramolecular torsion around the centrabnd is of recorded transient spectreOD(t,4) are time corrected for the
secondary importance. In nonpolar and moderately polar i, of the supercontinuud?.The pump-probe cross-correla-
solvents, to the contrary, the intramolecular coordinate was tion time 7 Was 130-210 fs, being shorter for 466500 nm
considered to b8e the only relaxation path for the nondipolar 4,y geteriorating in the UV. The temporal resolution after time
excitonic staté:® More recently a three-state model was .qection and deconvolution from the pump pulse is estimated

proposed to explain pumgprobé® and fluorescence up- 5 pe~50 fs over the entire probe range.
conversiof! measurements of BA and of nonsymmetric deriva-

tives in linear alcohols and dimethyl ether. A first process (state Ill. Results
1 — state 2) on the subpicosecond time scale was assigned to
torsional motion of the two anthracenic units and a second Figure 1 shows transient spectra of BA and CBA in highly
process (state 2> state 3) corresponds to solvation-controlled polar acetonitrile and in nonpolar cyclohexane with excitation
ET. at 397 nm. We start with BA in acetonitrile (a). The UV range
The goal of our work was to measure the photoinduced ET is dominated by two prominent excited-state absorption (ESA)
process undergone by BA and CBA in polar and nonpolar bands at 363 and 315 nm, which were already assigned to the
solvents and to resolve the initial process. The results suggest_E®1° and CT# state, respectively. The spectral vibronic
that an ET equilibrium for both compounds is reached already structure between 330 and 400 nm originates from the bleach
on a time scale of 10 fs after optical excitation. Subsequent contribution. Stimulated emission (SE) is recognized in the
solvent relaxation shifts the equilibrium toward the CT state. 400—500 nm region. At the earliest delay shown (0.15 ps) the
We assess quantitatively the electron-transfer equilibrium, which SE band shows the same vibronic structure as the bleach band.
depends on the solvent coordinate. The dynamics does not showVith increasing time the structure disappears and the band
any indication of intramolecular twist before ET. The twist may decays and shifts to the red reflecting intramoleculaP&¥ 11
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Figure 1. Transient absorption spectra of BA and CBA in acetonitrile and cyclohexane (CH) after excitation at 397 nm. Time delays are indicated.
The negative signal corresponds to bleach or stimulated emission (SE), and the positive, to excited-state absorption (ESA). Arrows indicate signal
evolution. In acetonitrile (a, b) ET is recognized from the decay of the LE band at 363 nm with concomitant growth of the CT band at 315 nm, and
from the decay and red shift of SE. For CH (c, d) the bleach spectrum has been subtracted.

The same ET process is seen more prominently in the UV rangeprovides the independent spectral components and their associ-
as decay of the LE band and concomitant growth of the charge ated dynamics. A coherent contribution is always present during
transfer (CT) band, the characteristic timbeing~0.4 ps. For pump—probe overlap and it can be uniquely identifi€d®The

CBA in acetonitrile (b) the spectral evolution is similar to that evolution other than the coherence requires for its description
for BA but proceeds much faster, with= 0.15 ps. The CT only two independent spectra and single exponential kinetics.

band peaks again at 315 nm as for BA. This allows only for a precursersuccessor kinetic model. The
Let us now consider the cyclohexane solutions (c, d). For experimental spectra are well fitted (dashed lines in Figure 2a)
this case the bleach contribution has been subtr&&tdbm by the coherent spectrum, the precursor and the successor

the transient spectra to expose the relative amplitudes of thespectrum shown in Figure 2b. The successor spectrum is
ESA bands. For BA the CT band is seen to be much weaker identified with that of the CT state. The fitted time constant
than the LE band whereas for CBA the two bands are of equal = 330 fs is on the order of the solvation correlation time,
intensity. We come to this point further below. The evolution = ;7C(t) dt = 203 fs in acetonitrile, as determined from
in cyclohexane appears weak both for BA (c) and CBA (d), in dielectric datd? Note that the loss of structure in the SE region
the sense that the time-zero spectrat(at 0) are not much s due to the disappearance of the precursor spectrum, which
different from those at late time. Comparison of the earliest has to be the LE stafé. There is no signature of separate
spectrum of BA in acetonitrile with the spectra in cyclohexane dynamics along a low-frequency coordinate (and particularly

shows close similarity between them, especially in the SE region. the torsional coordinate) before the ET reaction, as was
When the evolution is traced back to= 0, one expects the  suggested for BA1!

same similarity in the ESA region as well, implying that the
spectra measured &t 0 are in fact independent from solvent
and identical to the spectrumtat 0 in cyclohexane. Thus for
acetonitrile at = 0, the CT band must be weak for BA (a) but
relatiye]y intensg for CBA (b). Apparent deviations from thig amplitudes for the LE and CT bands of CBAtat 0 in polar
prediction seen in the experimental spectra are due to a finite 5,4 nonpolar solvents. As we will show below, the relative

pulse duration. o amplitudes of the LE and CT ESA bands reflect directly the
Experimental data for other solvents are qualitative the same g|4tive populations of both states because the oscillator strength
and are not shown for the sake of brevity. is roughly the same for both. Therefore, a substantial amount
of molecules populates the CT state already at time zero. Now
imagine that the substantial CT population observed at zero
First we look for a signature of torsion. Figure 2 displays delay comes about by direct excitation (the optical transition to
transient spectra of BA in acetonitrile after excitation at 393 the CT state may in fact be weakly allowed even though it has
nm (&, solid lines). The spectra between 60 fs and 1 ps are showrA; electronic symmetry). As CBA has a nonvanishing dipole
on an energy scale to expose vibronic structure. The evolutionmoment in the ground stafefrom the theory of solvato-
was analyzed by singular-value decomposition (SVD) which chromism it then follows that the position and shape of the CBA

Now we focus on the relative amplitudes of the CT and LE
ESA bands of CBA in acetonitrile and cyclohexand at 0,
Figure 1 (b and c). The following reasoning will lead to the
time scale of elementary ET in CBA. We observe equal

IV. Discussion
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30000 25000 20000 argument is, however, not conclusive because relative broaden-
I B S S S S B S S B ing of the CBA absorption spectrum is primarily introduced by
the loss of symmetry as compared to BA. Transitions to the

100k BA, MeCN ] noncoupledLy, states of the 10-cyanoanthracene and anthracene
L ] moieties are overlapped with the optical transition to the
L time delay 0.06 excitoniclL,. Broadening is introduced because the former are

(ps) 0.15 not degenerate. Furthermore, in the case of CBA the optical
transition to the symmetric excitonit , state is weakly allowed
and overlapped with the other transitions, thus introducing
additional broadening. Therefore we conclude that the CT state
of CBA is not directly excited in our experiments. In that case
ET must proceed extremely fast after optical excitation. We
estimate that the characteristic time of intrinsic EEg, is
between 1 and 10 fs. Optical decoupling between the ground
and CT state gives the lower estimate whereas our time
resolution suggests the upper one.

A characteristic time on the order of 10 fs suggests that the
reaction coordinate of ET is not classical. For CBA in
cyclohexane the CT and LE states have comparable populations
already att = 0 so that the two states must be nearly
degeneraté? The subsequent “slow” evolution of the quasi-

r 1 equilibrium nuclear distribution in CBA reflects the change of
S e — the energy gap between the LE and CT states. Because the
dynamics is governed by the solvation process, a strong
correlation between solvation and shift of the B CT
distribution is expected, as suggested by previous woP31

We extend the same view of ET to bianthryl as walltrafast

(~ 10 fs) attainment of a quasi-stationary EECT distribution

and subsequent slower population dynamics.

Now that the model is outlined we turn for the remainder to
the ET kinetics. It can be obtained from SVD, as was shown in
Figure 2. Another method that may be more precise for a narrow
spectral region involves the band integf@lBI(A1,42) =
J7ZAOD(t,A) di/A. In our case the integrals are taken over the
LE or CT bands. An example is displayed in Figure 3 for BA
and CBA in acetonitrile and cyclohexane. Also shown is the
integral over the two bands together, BI1(290,390), which is used
to extract the pumpprobe cross-correlation time,. and to
demonstrate that the ET reaction takes place with negligible
change of oscillator strength. In most solvents this band integral
is close to a step-function, with a small decay reflecting slightly
nonequal oscillator strengths of the bands. Usually, the decay
P R T SR of the LE band is in reasonable agreement with the growth of

30000 25000 20000 the CT band. Small discrepancies between the rise of the CT
band and the decay of the LE band, such as seen in Figure 3,
wavenumber (cm'1) are mainly due to loss of time resolution inherent to the UV.

Figure 2. (a) Transient spectra of BA in acetonitrile after excitation For higher precision in the final kinetic analysis we therefore

at 393 nm (solid lines). The fit spectra (dashed) obtained with singular Used only the LE band. Multiexponential fits of the experimental
value decomposition (SVD) are the sum of a coherent spectrum, Kinetics are collected in Table 1. Here rows marked S represent
precursor spectrum, and successor spectrum. The precursor (LE) andhe solvation correlation functio@(t)2°-22 and those marked
successor (CT) evolution is modeled by the same single-exponentialB and C correspond to the ET kinetics for BA and CBA,
behavior with 330 fs time constant. Time delays are indicated. (b) respectively. Numbers in parentheses are the amplitades)
Species-associated spectra for the pulse (coherence), a precursor (LE)Of the corresponding com ts. The i tand th
and a successor (CT). p g ponents. The inverse tgtand the

correlation timer in the third column characterize the fast and

absorption should depend on solvent polarity. The solvato- Slow component of solvation or ET, respectivély.

chromism should be observable because the first two vibronic A general conclusion drawn from Table 1 is a strong
bands are narrow so that relative shifts on the order of 10'cm correlation between the solvation and intermoiety ET dynamics,
can be detected. But the stationary absorption spectrum of CBAnoted already befofé:° 11 and extended here to nonpolar
shows no measurable polarity dependence in the first absorptionsolvents. For BA this correlation is best expressed by the slow
band, which means that the contribution of a hypothetical optical componentr (in alcoholsts ~ 7gr within 10%). For CBA
transition to the CT state is negligible. Another possible instead, the fast componentof ET is in better agreement with
argument for optical coupling between the ground and CT statesthe solvation timery (methanol, dioxane). We already noted
of CBA may be given by the fact that its absorption spectrum that the observed population kinetics reflect the solvation-
is broadened compared to that of anthracene or BA. This induced dynamic shift of the LE> CT equilibrium, the actual
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Figure 3. ET kinetics (black lines) for the LE and CT state for BA and CBA in acetonitrile and cyclohexane from the corresponding band integrals
BI(11,42) together with the behavior of the sum of two bands, BI(290,390). Yellow lines are one-exponential fits as given in Tglideplimp-
probe cross-correlation, is the time for ET.

microscopic ET is ultrafast (unresolved). A substantial contribu- symmetry of BA. We corroborate their electronic spectrum but
tion to the observed different kinetics for BA and CBA comes find that the assignment of these calculations is as follows
from different starting conditions of ET for the two chro- (energies relative to the ground state in the gas phase): 25 800
mophors. For CBA the LE and CT states are nearly degenaratecm™! (anti-symmetric excitonidlL, state), 27 600 cmt (de-
already at = 0. Solvation by polar solvents substantially lowers generate, noncoupled, pair of anthracehig states), 28 170
the energy of the CT state resulting in a strong shift of the LE cm™! (symmetric excitoniél , state), 33 300 cmt (degenerate,
= CT equilibrium and the shift correlates with the fast solvation noncoupled, pair of CT states). Therefore the correct value for
component. For BA instead, the CT staté &t O lies higher in the LE-CT splitting of BA from these semiempirical calculations
energy, by>=500 cnt? (see Table 1 for cyclohexane), than the is 7530 cnt! whereas 2300 cmi in fact refers to thell,
LE state. Therefore a measurable increase of the CT populationexcitonic coupling. Despite the good agreement between the
is delayed until the solvated CT state becomes comparable incalculated electronic spectrum and the experimental one, the
energy to that of the LE state. As a result, the apparent rate ofobtainedAG° = Ecr — E.g seems to be too large in value
ET in the case of BA correlates better with the slow component compared with our experimental valueAG® > 500 cnt?in
of solvation. cyclohexane and\G° ~ —180 cnt?! in acetonitrile, Table 1.
The last column in Table 1 represents the quasi-equilibrium The reason for this difference is probably associated with the
population [CT}q derived from late spectra as of Figure 1 and restricted symmetry of the calculations and the lack of vibronic
the Gibbs energy differencAG® between the two states, as coupling. Jahra Teller? interaction breaks the molecular sym-
obtained from the relation k= [CT]ed[LE]eq = exp(—AG®/ metry and destroys the degeneracy of the two CT configurations
kT). Up to now direct experimental values are not available so allowing for the existence of polar states. Such effects cannot
that we may only compare our estimates with results from be taken into account within the Bor©ppenheimer ap-
approximate models and semiempirical quantum mechanical proximation. Interaction of the polar states with the solvent
calculation$»1*Kang et aP used a model that involves dramatic  pushes them down in energy and thereby reduces the LE-CT
simplifications—compared with our experimental results, the energy gap. Local solvent fluctuations could also contribute to
difference amounts to between 1 and 2 orders of magnitude.break the molecular symmetry even before optical excitation
Grabner et al* performed semiempirical quantum mechanical to the S surface. Once symmetry is broken by any of these
calculations of BA in the gas phase; they reported that the CT mechanisms, the case of BA reduces to the nonsymmetric case
state lies above the LE state by 2300@nmNe repeated their ~ of CBA but with different starting conditions: th&G° att =
work with the same methodology and kept, as they did[the 0 is positive for BA whereas in CBA it is roughly zero.
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TABLE 1: Fit Results for Intermoiety ET in BA and CBA 2 (2) Nakashima, N.; Murakava, M.; Mataga, Bull. Chem. Soc. Jpn
- - 1976 49, 854.
C(9 or [LE], multiexp. fit [CTla— AG” (3) Rettig, W.Angew. Chem., Int. Ed. Englogg 25, 971.
solvent 71 (a1) (@) 1w3(@) T T % cmt (4) Piet, J. J.; Schuddeboom, W.; Wegewijs, B. R.; Grozema, F. C;

Warman, J. M.J. Am. Chem. So2001, 123 5337.

MeCN SXIV 00'3097((16078) 0.60 (33) 003;;0 003;3470 180 (5) Kang, T. J.; Kahlow, M. A,; Giser, D.; Swallen, S.; Nagarajan, V.;
CBA 0'15 (100) 0'15 0' 15 79 280 Jarzeba, W.; Barbara, P. F. Phys. Chem1988 92, 6800.
MeOH Solv 0.10(30) 0.97 (34) 11(36) 0.30 4.4 (6) Kang, T. J.; Jarzeba, W.; Barbara, P. F. Fonsec&hem. Phys.
BA 0.34(42) 2.4(33) 15(25) 0.72 4.7 70 180 1990149 8L _ ,
CBA 0.14(84) 1.0(16) 0.16 0.28 83 330 (7) Wortmann, R.; Elich, K.; Lebus, S.; Liptay, W. Chem. Phys
EtOH Solv 0.11(26) 1.4(23) 25(51) 0.40 8.1 1991, 95, 6371.
BA 0.41(34) 2.4(28) 18(38) 1.03 7.7 60 85 (8) (a) Ellcrl:, K.;hLebUS, S, Wortman(r;),) R.I; I;]’etzke, F.; Detzer, N.;
Liptay, W. J. Phys Chem.1993 97, 9947. Elich, K.; Kitazawa, M.;
CBA 0.17 (73) 1.5(27 0.22 0.53 79 280
BUOH Solv 0.13((22)) 8.2((26)) 93(52) 0.60 51 Okada, T.; Wortmann, Rl. Phys Chem.1997 101, 2010.
BA 0.41(24) 7.7(22) 99.7(54) 1.6 56 60 85 (9) Jurczok, M.; Plaza. P.; Martin, M. M.; Meyer, Y. H.; Rettig, W.
CBA 0.18(63) 2.7(21) 12(16) 0.28 2.6 79 280  Chem. Phys200Q 253 339. , _
Diox Solv 0.30(62) 1.6 (38) 0.43 0.8 (10) Jurczok, M.; Plaza. P.; Rettig, W.; Martin, M. Bhem. Phys200Q
BA 059 (43) 3.5(57) 11 21 52 17 256 137.
CBA 0.35(67) 1.7 (33) 047 08 76 240 (11) Jurczok, M.; Gustavsson, T.; Mialocq, J.-C.; Rettig,Gdem. Phys
Benz Solv 0.19(66) 2.4 (34) 0.28 0.94 Lett 2001 344, 357.
BA 0.50(38) 4.0(62) 1.1 27 41 —76 (12) Ernsting, N. P.; Kovalenko, S. A.; Senyushkina, T.; Saam, J;
CBA 0.30 (32) 2.2(68) 073 16 70 180 Farztdinov, V.J. Phys. ChemA 2001, 105 3443.
CH Solv (13) Kovalenko, S. A.; Dobryakov, A. L.; Ruthmann, J.; Ernsting, N.
BA 0.51(100) 0.51 0.51 510 —500° P.Phys. Re. A 1999 59, 2369.
CBA 0.40 (100) 0.40 0.40 55 50 (14) Grabner, G.; Rechthaler, K.;"Kter, G.J. Phys. Chem. A998
102 689.

a All times are in picoseconds. For each solvent the first row Solv (15) Emsting, N. P.; Kovalenko, S. A.; Senyushkina, T.; Saam, J.;
represents the solvation correlation functie(t),2’-22 the rows marked Farztdinov, V.J. Phys. Chem. 2001 105, 3443. n T
BA and CBA correspond to the ET kinetics of the two compounds. (16) Dobryakov, A. L.; Kovalenko, S. A.; Emsting, N. £.Chem. Phys.

Numbers in parentheses are the amplitualg$o) of a fit a exp(—1/ 2003 119, 988.

1) + 8 eXp(-t/ry) + & exp(=t/7s). 1/ro = a/t1 + &olr2 + &dfTs, T = (17) Ruthmann, J.; Kovalenko, S. A.; Emsting, N. P.; OuwJDChem.
aiTy + a2 + asrs. The last column gives the CT population at late  Phys.1998 109, 5466.

time and the energy differend®G°® = —KT In [CT]/[LE] between the (18) Arange 250< t < 450 fs is certain from our data. Note thak

LE and the CT state’ Due to the small evolution observed in this 450 fs by itself does not rule out torsion as the underlying process. For
solvent, the value oAG® is highly imprecise and must be understood example when an initial Storsional distribution is propagated on the S
as a minimum limiting value. potential under diffusive conditions (damping constant 8 ps!) and
the relative population with angle < 71° or o = 109 is calculated, then
i . i . a monoexponential 430 fs rise is found. But if the observed kinetics is
We summarize the main points of our communication. The assigned to torsion, then this implies that there is no dynamics due to

elementary ET reaction takes place along a high-frequency solvation, contrary to previous analyses? 1t

coordinate with a characteristic time of about 10 fs for CBA.  (19) An approximate degeneracy of the LE and CT states for CBA in
solution is supported by our semiempirical calculations, which reveal two

The E'I_' equm_bnum is rapl_dl)_/ established. Subsequent solvent CT states, CA* and C-A- (where A and C represent the anthryl and the
relaxation shifts the equilibrium toward the CT state. On the cyanoanthryl unit, respectively). The first one is indeed close in energy to
basis of the similarities exhibited by BA and CBA, we propose the LE state, and the second one lies higher in energy and is not accessible

the same mechanism of ET for the two compounds. An even in strongly polar solvents. Semiempirical quantum mechanical
: calculations were done with the AM1 Hamiltonian, as implemented in

appropriate model for these systems must incorporate dynamicsyamp 7.5a. Electron correlation was included with the PECI method taking
along a high-frequency mode and dissipative solvent effects. into account 364 configurations. Solvent effects were modeled with the
i i ; i SCRF method, (AMP 7.5aT. Clark, A. Alex, B. Beck, J. Chandrasekhar,
This will be the issue of a forthcoming paper. P. Gedeck, A. Horn, M. Hutter, B. Martin, G. Rauhut, W. Sauer, T.
. Schindler, and T. Steinke, Erlangen, 2001).
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