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The photoinduced intramolecular charge transfer processes of three differently twisted 4-(dimethylamino)-
4'-cyanobiphenyl derivatived €Ill ) have been investigated using time-resolved transient absorption and

gain spectroscopy in the subpicosecond range. Independent of twist angle and solvent polarity, the kinetics

and spectral evolutions after excitation clearly reveal a prectsier relationship for the electron transfer
from a less emissive state of mix&d,/CT character to a highly emissive charge transfei] state. Beside

the occurrence of dual fluorescence gain, two transient absorption bands f@Ttrstate and one for the
precursor statelfFC) are observed. All bands are assigned to electronic transitions and correlated for all

solvents and compounds. The band intensities are discussed with solvent polarity and twist angle controlled

mixing between the charge transfer st&& and the higher lyindL, and L, states. In acetonitrile, the
transient spectra of the pretwisted donacceptor biphenylll , in contrast to the plandrandll, can be

approximated by the sum of cation and anion spectra of the subunits demonstrating decoupled moieties. The

kinetics of the CT processes are not dominated by solvation dynamics alone. As an example, in acetonitrile,
(1 = 0.2 ps,ts < 1 ps) the kinetics are slower than 2.5 ps. The involvement of a weak electronic coupling
matrix element is favored as a source for the intramolecular control of the CT reactions. Furthermore, for
the strongly twisted biphenyl derivatiydl , a secondary intramolecular process to a more relaxed species
(CTR) occurs after the initial CT step, in agreement with fluorescence studies.

1. Introduction aprotic solvent32-24 Interestingly, new resuftef BA in nitriles
suggest that the torsional relaxation toward a more planar
structure is slower thary, which is in accordance with molecular
dynamics calculation®. In the second group of ET reactions
(case B) intramolecular dynamics, such as large-amplitude
motions, crossing of a thermal barrier or transitions connected
with weak coupling matrix elements are rate determining instead
of the solvent control (case A).

Different models have been applied to explain the dependence
of such ET kinetics on intramolecular and solvent parameters.
Early models from Sumi, Nadler, and Maré#%’ did not yet
take into account intramolecular quantum mechanical high-
frequency modes, which have subsequently been treated in
different extensions of these modé#g? In contrast to the
purely classical model, the extended models were capable to
explain observed rapid rates in slowly relaxing solvents with a

Photoinduced intramolecular electron transfer (ET) processes
in biaryl systems have been extensively studied by a large
number of group$-1® ET dynamics in solution are determined
by an interplay of solvation and intramolecular modes leading
to two borderline cases (A) solvent control and (B) intramo-
lecular control.

In the case of an adiabatic ET reaction with a negligible
activation barrier (case A), it is generally accepted that the ET
rate is strongly correlated to the solvent relaxation tighe-16-21
In particular, for the biaryl system 9,Bianthryl (BA) in polar
aprotic solvents, though no agreement with the longitudinal
relaxation timeg, exists, quantitative agreement for the ET rate
with the inverse solvent relaxation timewas observed mainly
by Barbara and co-workeP$:2° On the other hand, some
molecular systems are known to deviate strongly from the

correlation of the solvent dynamics with the observed ET rates change from solvent to vibrational control. Moreover, the
. dy : ; .~ importance of intramolecular vibrational modes of ET reactions
(case B) and the adiabacity of these reactions is always a point

of discussion. As an example, the photoinduced ET in 4-(9- especially in the Marcus inverted region has been substantiated
y xamp'e, P . by a number of recent experimeis3! Theoretical approaches
anthryl)N,N-dimethylaniline (ADMA) has been explained by . . : s
" ! : . ~ including large structural relaxations have been developed within
the superposition of a very fast ET in the nonadiabatic regime

o : . "
with an adiabatic solvent-controlled EBTAn ET reaction much two-dimensional stochastic treatmefds*® The model of

slower than the solvent relaxation times has experimentally beenNordio predicts that the ratio of viscous to dielectric relaxation
shown for 4N,N-dimethylamino-benzonitrile (DMABN) in rate of the system is a key parameter and can lead either to

solvent or to viscosity contrélt Maroncell?® and Hyne often

* Institute of Physical and Theoretical Chemistry. accentuate thats is only a simplified valge fqr a distribution

* Centre de Physique Matelaire Optique et Hertzienne. of solvent rglaxatlon times and that fast inertial components of
§ Laboratoire de Sciences Malelaires. solvent motions are able to accelerate ET reactions. However,
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kinetic investigations on a particular molecular system are the subpicosecond setup used here (time resolution of 1 ps) we
seldomly paired with a detailed analysis of the electronic aimed to search for a possible initial relaxation.
structure. The key question for the transient absorption experiments is
ET reactions mainly occur on the femtosecond (fs) and whether the initially populated state after vibrational relaxation,
picosecond (ps) time scales, and the progressive developmentvhich will be termed as the (relaxed) FrareRondon species
of ultrafast spectroscopic experiments now allows very precise FC, is of the same electronic nature as # state or not. In
measurements of the rates. Thus, a number of recent ultrafaspther words, do we have to take into account only one state
time-resolved studies on classical laser dfe4® which have S1(2'A) that changes its charge transfer chararacter gradually
frequently been used as probe molecules of solvation béfore, on the time scale of the solvent relaxation (case A) or are two
suggest that the observed photodynamics are insufficiently distinct states involved (case B), the first one with locally excited
described by a simple one-state kinetic model associated withcharacter transforming into the second one with charge transfer
ET occurring on the time scale of solvation (case A). A more character? In the one-state model, there should only be a
appropriate description for these dyes seems to be that the ETcontinuous blue shift of the transient absorption bands on the
reaction occurs in a precursesater relationship of two (or  time scale of solvation. However, if the two-state model is more
more) distinct species with different spectral and electronic appropriate, we should see different spectra of a first and a
properties evolving independently of solvation (case B). How- second species which are not necessarily transforming gradually
ever, the spectral changes during the ET process are not veryon the time scale of the solvent relaxatian Moreover, a decay
pronounced such that controversial discussions can be foundand rise behavior of the kinetics should be observable.
regarding the question whether the temporal change is due to
fast solvation componerifs*(case A) or due to multiple excited
stated®4! (case B). A detailed electronic characterization of ~ 2.1. Materials. The synthesis of the compountislil is
the precursor state is frequently missing in the literature. described elsewhefe.The solvents-hexane (HEX), diethyl
To differentiate between the two cases A and B and to ©ther (EOE), and acetonitrile (ACN) were of spectroscopic grade
determine the states involved in the ET, time-resolved experi- (Merck UVASOL). Triacetine (or glycerol triacetate, TAC),
ments on molecular systems with known electronic structure @S purchased from Merck, has been washed witfCiia and
are necessary. A powerful tool is time-resolved transient &fterward distilled twice under vacuum shortly before use. The

absorption because it allows probing both ET kinetics as well Optical density (OD) for all solutions was adjusted to GD

as the electronic structure of the excited singlet states concerned.-0 in @ 1 cmeuvette at the fixed pump energy of 33300 ¢m

As intramolecular ET model systems we apply the series of (300 nm) yielding concentrations lower than k7.0~* M (for
differently twisted donor-acceptor biphenyls—IIl possessing Il in triacetine and acetonitrile the optl_cal depsny was slightly
a structure with obvious donor and acceptor moieties which are higher because of a too small transient signal under these

directly linked in a varying spatial arrangement (see Scheme conditions). _ _
1). 2.2. Picosecond PumpProbe Experiments. The experi-

mental setup has been described in detail elsewlieRriefly,

SCHEME 1: Molecular Structures of Donor—Acceptor the laser system is based on a hybridly mode-locked dye laser

Biphenyls Investigated and Corresponding Ground-state (C(grerent 702), synchron?usly pump?d by a cw mode-locked
Twist Angles Derived from AM1 Calculations for the Gas Nd>*/YAG laser (Coherent “ANTARES"), and the light emitted

Phase is amplified in a three stage dye amplifier (Continuum PTA60)
pumped by a regenerative amplifier (Continuum RGA 60). It
I II delivers a typical output pulse e¢l ps duration, centered at
o ' on 0 600 nm (16660 cm') with an energy of 1.5 mJ at a 10 Hz
\ O Q o= ‘NCEN repetition rate. The second harmonic of this pulse at 300 nm
o, = (33330 cn1?) is used as pump pulse. The 600 nm pulse, after
(P 0° 39° passing through an optical delay line (60 fs steps), is focused
gas on a rotating quartz plate to generate a continuum of light which
extends from 30000 to 10000 ci This continuum is sent
111 through the sample as the probe beam. Changing the position
CHs of the optical delay line allows observation of the transient
< Q Q c=n spectra by use of an optical multichannel analyzer (spectral
che shape and optical density as a function of time) on a picosecond
oh o time scale (sum of excited state absorption (ESA) and gain
78 spectra). The angle between the polarizations of the probe and
pump beams were adjusted to 54(the “magic angle”) to
From our previous investigatiod, it is known that these ensure kinetics free from reorientational effects.
biphenyl compounds possess a close lylingtype state above 2.3. Correction and Fitting of the Results. a. Chirp
the low lying intramolecular charge-transfeg State {CT). Correction of the Transient SpectraBecause of group velocity
Fluorescence observed in the time range slower than 0.1dispersion (GVD) and self-phase modulation (SPM), the spectral
nanoseconds (ns) reveals only this intramolecdGF state components of the probe beam do not all reach the sample at
independently on excitation or emission wavelength as well as the same time. At short delays this effect, known as spectral
solvent and temperatuté:*°10 Lahmani et al. recently reported ~ “chirp”, distorts the kinetics and deforms the recorded spectra.
that the charge-transfer process linis governed only by Using the optical Kerr effect in pure solvents, we measured this
solvatior? because the observed decay kinetics in alcohols occurchirp from 10000 to 30000 cm. All the spectra presented
on the time scale of solvent relaxation. But the resolution of are corrected for this effect using a homemade algorithm.
their setup (30 ps) was too limited to observe an electron transfer b. Fitting and Modeling the Kinetics.Kinetic modeling was
that might be complete prior to solvent reorganization. With based on the assumption that the population of excited molecules

2. Experimental Section
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formed in the state directly reached after excitation (the Franck
Condon state) can be transformed into successive excited states
until a final state is reached which decays to the ground state.

— flu. —

44 -— abs.

If the number of possible excited statesNsthen the kinetic
scheme can be described as follows:

hy ki, Kon Kno
STSTSTSNT—S

where the § S, Sy are the different excited states involved in
the transformation process and tgeare the kinetic constants.
Each state Shas its own characteristic absorption and gain
spectrum, with the molar absorption coefficief{y) at wave-
numbery. If at any timet, the population of the excited state
S is Pi(tp), the optical density ODt§, v,) at time t, and
wavenumbew, outside the §—S, absorption spectral range is
given by eq 1.

i=N
ODn,p' (tp1 ﬁun)E| P|(tp) X€i(ﬁun)

@)

From the kinetic scheme described above, the populaBpns
should follow the differential equation:
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Figure 1. (Parts a-c): steady-state absorption spectraniiexane
and fluorescence spectra mhexane, diethyl ether, and acetonitrile
(from the left to the right) of —III .

TABLE 1: Fluorescence Radiative Lifetimesz, = 7i/®; of
I—1ll at Room Temperature in Solvents of Increasing

From the measured optical density at different wavenumbers pg|arity

in the spectral range 1006@0000 cnt?, the solution of the
system of eq 1 and 2 by the “Rung&utta”-algorithm leads
to the different kinetic constantg and the absorption spectra
€i(v) of the states involved. The limited precision of the

measurements enforced the number of states to be determined

to a maximum of three (N= 3). In the fitting procedure, the

excitation pulse was modeled as a Gaussian shaped pulse thﬁf

half-width of which was measured by the optical Kerr effect.
All fits were performed by neglecting possible back reactions.

2.4. Absorption and Fluorescence SpectroscopyTechni-

cal details about the measurement of absorption and fluorescence

spectra, lifetimes and quantum yields are reported elsewhéfe.

2.5. Quantum Chemical Calculation of the Transient
Spectra. Transition energiesy], oscillator strengthsf), sym-

metries (sym), and geometries of the first and second excited

singlet states (Sand $) are obtained using the BFGS geometry
optimization algorithm in combination with a complete active
space configuration interaction calculation (CAS-CI) including
the five highest occupied and five lowest virtual molecular
orbitals. Typically 18 configurations were generated from
which around 100 are finally selected for the CI calculation.
Increasing the orbital window up to 18 active MOs {10
configurations) does not significantly alter the spectral results.
The semiempirical Austin Model 1 (AM1) Hamiltonian con-
tained in the AMPAC 5.0 program was employed on a HP735
workstation®® The most characteristical differences of the
geometries in Sand $ are the interannular twist angleX
and bond lengthr) and the dihedral angle between the methyl

solvent I Il 1}
n-hexane (HEX) 2.4ns 1.7ns 3.8ns
diethyl ether (EOE) 2.0ns 2.1ns 8.3ns
triacetine (TAC) 2.4ns 24ns 10.2ns
acetonitrile (ACN) 2.6ns 2.8ns 36.5ns

a Average lifetimelZ:0= (out1 + azt2)/(01 + o) of the two long
etime components ats = 410 nm.

Sy (1'A): ¢ =0°, 39, 78°. r,=1.452,1.459, 1.467 A.
oy =18, 18, 19

S(2'A=1CT): ¢ =0°, 15, 46
r,=1.407,1.413,1.427 Aoy =2.0°, 1.6°, 1.4°

S(I'B=",): ¢ =0° 32,52,
r, = 1.443, 1.459, 1.450 Ay = 2.7, 1.1°, 15°

3. Results

3.1. Steady-State Spectra and ExpectationsThe absorp-
tion spectra of the biphenyls-1ll have been analyzed in detail
elsewheré.Briefly, the four apparent bands denoted as CT, L
B, and C in Figure 1 mainly correspond to electronic transitions
from the ground stateo@l'A) into the terminal state¥CT and
1Ly (CT band Ly, belongs to the H band in ref 3),, (L, band),
1By, (B band) and'B,,'Cy, andlC, (C band, the'C,-type state
is not listed in ref 3) as specified in ref 3. The lowest excited
singlet state §of the I—-Ill investigated is identified as an

groups of the dimethylamino substituent and the linked benzeneintramoleculalCT state transferring charge from the dimethy-

unit (an), which is a measure for pyramidalization of the
nitrogen. The twist angle of the dimethylamino group 91
S—S,. These optimized structural datao(§eometries as
obtained elsewheté) for I—IIl are in increasing order:

lanilino (donor) to the benzonitrile (acceptor) unit in any relaxed
solvent surrounding*°1° The large solvatochromic shift of
the fluorescence (Figure 1) confirms the strong electron-transfer
character of § It can be assigned to the long-axis-polarized
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21A state if we consider all three molecules to belong to the A/nm —- 400 500 600 700 800 900
same symmetry point grou@,, disregarding the disturbing
effect of the fluorene bridging ih, with the central biphenyl
bond as the symmetrg,-axis. The short radiative lifetimes 0.4
determined fot andll (see Table 1) demonstrate that the lowest
singlet transition is of strongly allowed character and cor-
roborates the above assignment foit&Gthe 2A state34 The
polarity dependent and long radiative lifetimes fiorin dipolar
solvents have previously been interpreted by an adiabatic
photoreaction toward a more decoupled geometry between the

HEX

o
[
N

o
=)

dimethylanilino and benzonitrile moiety induced by an increased 084
twist of the interannular bont?10

The fluorescence and absorption results (Figure 1) lead us to
predict the following main differences for the transient absorp- 0.4

tion experiments of the pretwisted bipherlyl as compared to
the more planar biphenylsandll: (1) the stronger solvent
stabilization of!CT in Ill should yield a larger blue shift of
the main transient band as compareditand Il; (2) An
additional structural relaxation within tH€T state should be
observed forlll in polar solvents associated with different
spectral features; (3) Similar to the, band observed only in
the ground-state absorption spectrum|bf the decoupling of
thelCT(2!A) and!L 4(3'A) state inlll may lead to an additional
transient band not visible inandll .

3.2. Transient Absorption Measurements. For these
studies we used four different aprotic solvents in order to vary
the polarity from nonpolan-hexane (HEX) to strongly polar s
acetonitrile (ACN), together with diethyl ether (EOE) of energy /10" cm
intermediate polarity. The viscosity of these three solvents is Figure 2. (Parts a-c): transient absorption spectrarifhexane (HEX)
small and practically equivalent associated with comparable for (8) I, (b) I, and (c)lll at 1 ps ), 5 ps - —), and 40 ps+)
solvent relaxation timess (see below Table 3). Triacetine Ume delays between pump and probe beam. Full vertical lines at
(TAC) was additionally chosen because of its high viscosity at maxima and minima indicate the transitions in the relaxed spectra.
room-temperature associated with intermediate polarity. This Y T r T T
solvent should slow the possible processes related to viscosity
and allow a better understanding of the photophysical behavior.
The time delays 1, 5, and 40 ps are selected for the presented
spectra in all fast relaxing solvents (HEX, EOE, ACN). This
facilitates the comparison of spectral evolutions in different
solvents. As a compromise, the kinetics can readily be followed
by the time traces or contour plots. Let us now treat in detalil
these different experimental conditions.

3.2.1. N-Hexane Solutions. As shown in Figure 2, the
behavior of the three compounds rirhexane (HEX) is quite , , ,
comparable. We mainly observed a broad absorption band 10 20 30
around 22000 cm' (450 nm) and a possible gain band near delay time / ps
26000 cnt* (385 nm) forl and Il and 27000 cm* for Il Figure 3. Normalized kinetics forl—Ill of the main transient
without strong spectral evolution as a function of time. Only a absorption band in-hexane. Simulation curves using a one-state model
small narrowing of the 22000 cri absorption band with time ~ (-++) and a two-state modet) indicate the existence of two excited-
is slightly apparent. In compouritl , also a weak absorption ~ state species, the precursor one being less visible than the successor
band near 11800 cm (850 nm) appears at later times which  °N€:
is not observed, within experimental error, in compouhead Typical kinetics at the transient absorption maxima-efil
Il (the positive signal im andll at 11000 cm?is due to second  are shown in Figure 3. It is not possible to fit these kinetics
order of diffraction of the 22000 cni absorption band).  within experimental error taking into account the presence of a
Whether or not the depression appearing in the spectra atsingle excited state only, formed during the excitation pulse and
26000-27000 cn? corresponds to gain is difficult to ascertain, decaying on a ns time scale. The rise time observed (2.2 ps) is
because negative optical density is weak at this energy due toclearly longer than the limit imposed by the pulse duration as
the overlap with the strong absorption. This depression is moreshown in Figure 3. The presence of two excited species is
pronounced at later times and could be explained by a possibletherefore indicated. The initially populated species is denoted
second gain species which is stronger than that of a first speciesas the FranckCondon specie§C. (Note, that species are
This would indicate that the transition to the ground std# 1  printed in bold in order to be distinguished from electronic states.
of a second species is of more allowed character. From theln this respect, two species can belong to one state, but not
steady-state and ns time-resolved fluorescence results, thevice versa.) In 2.2 ps a second excited species (charge-transfer
relaxed $ state in HEX is indeed located around 27000¢ém  specie<CT) with stronger absorption signal is formed decaying
and is highly allowed, < 3.8 ns). on a ns time scale (1-21.4 ns). But on account of the fact

change of optical density AOD
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o9000g o o g o O o
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30 . Figure 5. Normalized kinetics for (a)l and (b)lll of the high-energy

and the low-energy transient absorption bands in acetonitrile. The
continuous lines are the fits obtained using the kinetic model of two
Figure 4. Transient absorption spectra in acetonitrile (ACN) forl(a) states FC andCT/CTR) shown as an inset. The dotted lines are the

(b) 1, and (c)lll at 1 ps (), 5ps & —), and 40 ps+) time delays fits using a one-state model taking into account the pump pulse profile.
between pump and probe beam. Full vertical lines at maxima and

minima indicate the transitions in the relaxed spectra, and the dotted absorption at 14000 cmd. TheCT species is formed froRC
vertical lines indicate the transitions in the first picoseconds. with a rate constant of (2.5 p)and decays on a nanosecond
time scale (Figure 5a). A contribution from tk& species to
that (only) in this solvent the spectral changes are very weak the absorption around 24000 cihas to be considered because
and a small narrowing is observed, at this point we cannot rule the signal does not vanish after 2.5 ps.
out the alternative explanation of vibrational cooling. Delayed  The behavior oflll is completely different from that of
absorption and band narrowing are typical features of such acompound andll in this solvent (Figures 4c and 5b). First of
process and may take place on the ps time stale. all, a gain band is absent féi in ACN which reflects the
3.2.2. Acetonitrile Solutions. In the very polar solvent ACN long radiative lifetimes of the Sstate as compared tcandll .
with considerable stabilization of tH€T state (Figure 1), strong  The excitation process is followed by the appearance of a weak
evolution of the transient spectra (Figure 4) is observedt-foil absorption at 25600 cm (390 nm) part of which decays with
as compared to HEX solutions. an approximate time constant of 6 ps. This transient band is
The behavior of compoundsandl! is practically identical strongly shifted to the higher energy region with respect to the
in ACN as shown in Figures 4a and b. Following the excitation corresponding bands éfandll indicating the relaxation from
pulse profile in time, an absorption band appears near 24000FC to a charge-transfer species (denote€a@R in Figure 5b
cm ! (425 nm). As time evolves, in contrast to the behavior instead ofCT in Figure 5a) which is more relaxed than lin
in HEX, the intensity of this band begins to decrease after two andll. A second and more intense absorption band near 19500
picoseconds (Figure 5a) accompanied by the simultaneous risecm™ (515 nm) appears with the same time constant as the high
of a second absorption transition in the red part of the spectrumenergy band decreases demonstrating their mett@ughter
near 13-14000 cm! and a broad gain band at 21000 ©m relation. The decay to the ground state occurs on a nanosecond
(475 nm). The energy and strong intensity of the gain band in time scale (7.6 ns).
I andll (Figure 4a,b) is consistent with the static fluorescence  The spectral behavior and existence of two species is well
maximum (Figure 1) and the large radiative rates (Table 1) for illustrated on the contour-map &f in ACN (Figure 6). Here,
the ICT state ofl andlIl. Due to the obvious charge-transfer black color signifies positive absorption and white color negative
properties of the successor species, it is termedilagsvhereas absorption or gain, respectively. The first species, the Franck
the less solvent stabilized precursor species is relaté€Ctas Condon excited specidsC, is represented by one absorption
above. region ESArc) around 24000 crt. With increasing time, part
The kinetics at energies corresponding to the high-energy andof this absorption decays quickly and a gain “valleygcf)
low-energy absorption bands, respectively, are identical for appears. Its temporal maximum exactly coincides with the low-

energy / 10° cm™

andll and are therefore shown in Figure 5a, only flar They energy absorption “mountain®éar). There, the maximum
can obviously be rationalized by a precurseater relationship population of theCT species is reached.
between the initially excited speci€< only associated with 3.2.3. Diethyl Ether Solutions. In this solvent (EOE) of

the high-energy absorption band and the product excited speciesntermediate polarity between HEX and ACN, we expected
CT characterized by the gain band (21000 ¢jrand the broad intermediate behavior. Because of almost equal featurés of
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Figure 6. Contour plot of the transient absorption spectrallofn
acetonitrile in the energy range of 306601000 cnt* and in the delay
time range of 6-400 ps. Broken lines indicate the time delays when
the spectral characteristics of tR€ andCT species, respectively, are

best revealed.
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Figure 7. Transient absorption spectra in diethyl ether (EOE) for (a)

20 15 10
energy / 10° cm™

II'and (b)lll at 1 ps (-), 5 ps ¢ — —), and 40 ps<) time delays
between pump and probe beam. Full lines at maxima and minima \egk absorption band exists around 13800°£(750 nm), the

indicate the transitions in the relaxed spectra, and the dotted lines

indicate the transitions in the first picoseconds of the Frai@éndon

species C).

andll in HEX and ACN as well as in TAC (see section 3.2.4),
we did not investigaté in EOE supposing identical behavior
in this solvent, too. The spectral shapes of compolindre

practically the same as in HEX (see Figure 7a) with the
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Figure 8. (a): Normalized kinetics of the transient absorption band
at 20700 cm? for 11 in diethyl ether. (b): Normalized kinetics of the
rise of the high energy absorption foii at 26200 cm! and the
transformation of the FranekCondon absorption band into the gain
band at 22 000 cri. For a and b, the applied kinetic Schemes of two
states FC andCT) and the related simulation curves are also shown.

of the FC species is relatively high are shown in Figure 8a.
The fit (r = 5.2 ps) is based on a precurs&Q)—successor
(CT) model with the spectral characteristics of both species
being rather similar.

For compoundll (Figure 7b), the spectral changes are more
evident. Just after excitation two maxima appear: one weak
maximum near 28000 cnh and a stronger one near 21900@m
A minimum appears at about of 25000 chbetween these
two maxima. From comparison to the HEX spectra we can
assign this minimum to a weak gain band of € species
which is overlapped with a strong absorption band. As time
evolves, the maximum at 21900 citransforms into a gain
band with considerable negative optical density. At intermediate
time delays (5 ps), the spectrum exhibits dual fluorescence gain
of FC andCT (Figure 7). In the red part of the spectrum, a

kinetics of which could not be extracted due to a low signal-
to-noise ratio. Within the first 40 ps, the kinetic behavior of
[l can be described by the same model as above using a time
constant of 5.7 ps (Figure 8b). However, a blue shift of the
low-energy absorption may indicate a further relaxation process.
3.2.4. Triacetine Solutions. In this solvent (TAC) of
intermediate polarity but high viscosity, we expected a similar

transitions at similar energies. However, the assignment of the spectral behavior as in EOE for all compounds. On the other
depression observed at 26000@ni385 nm) in HEX (Figure
2b) to a gain band is more clearly demonstrated by the strongtime of the primary excitedrC species.

negative signal in EOE after 4 ps (Figure 7a). Furthermore, a

hand, the slow solvation process should lengthen the observation

In Figure 9, typical transient spectra are shownlfefll in

significant temporal evolution of the band shape is observed: TAC. They are similar concerning the spectral shapes, but differ
the absorption band near 23000 ¢nf435 nm) narrows, shifts
to the blue with a long wavelength shoulder similar but more spectra of the initially populated speciE€ (3 ps) possess a
pronounced than that in HEX, and at the same time the gain strong absorption band (230624000 cnt? for | andll, 25000
band slghtly shifts to the red.

Typical kinetics forll at an energy where the contribution

in time evolution, energy position, and relative absorbance. All

cm1for Il ) modulated in andll by a fluorescence gain band
at 25400 cm? not far from the position of the gain (25500 and
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Figure 10. Normalized kinetics forl—IIl in triacetine of the
transformation from the transient absorption bands ofR@especies
into the gain bands of th€T species plotted on a logarithmic time
scale. Monoexponential decay simulation curves are plotted fand

Il . The corresponding lifetimes are 6%0) ps forl, 64(£15) ps for
energy / 10° cm Il, and 1042) ps forlil .

Figure 9. Transient absorption spectra in triacetine (TAC) for (@) . . _ . .
(b) 11, and (c)lIl at 3 ps (), 22 ps & — —), and 200 ps-{) time The broadening of the gain bandlih for longer times is not

delays between pump and probe beam. Fandll, dotted and full the only difference td andll. 1l also exhibits an additional
vertical lines at minima indicate the positions of the FranGondon weak low-energy absorption band around 15608000 cn?!
(grc) and charge-transfer gain bandsx). Forll , the Franck-Condon which can be assigned to the transitesgt, not seen il and
gain is less developed (depression at 25000*nBroken and full Il. Similar to the behavior in diethyl ether, this band seems to

vertical' lines for lll indicate _the gain and low-energy transient blue shift with time, accompanied by the broadening of the gain
absorption bands for theT species and the more relax€@R species, . ’ o . .
respectively. ger. In Figure 10, the kinetics at the energies of the gain bands
ger for =l are shown. To illustrate the confidence of the
25900 cm') and steady-state fluorescence band (26900 andfits and to compare the different time scales of the kinetics in
26600 cnm?) in HEX. Let us term this strong absorption band | andil with Il , the time axis is on a logarithmic scale. For
ESArc and the corresponding gain bagec. In lll', only a | andll, the kinetics of theCT formation are quite comparable

depression in th&SAec band is apparent at 25000 ch but (69 ps forl and 64 ps foill), but are clearly slower than for
it is too weak for a firm assignment to a gain band. Thus we || (10ps).

have to note that, comparing with | andll, the gaingrc is The time evolution of the spectra can vividly be followed on
much stronger that ih andll . At this short time delay, there  the contour maps ofl and Il in Figure 11. Forll, the

is no indication for a low-energy absorption band neitherfor  aximum population of th&C species is characterized by a
andll nor forlll . With a proceeding time delagrc weakens strong absorption regiorESA:c) and a gain valleydec) at
and a new quore_scence gain appears for aII_compounds at 2340Qn0rt time delays, whereas fof only an absorption mountain
cm* (427 nm) inl, 23000 cm* (435 nm) inll, and 22100 4f FC is well pronounced. The appearance of the gain valley
cm* (452 nm) inlll- which we assign to the gaigcr of the (gcr) at longer time delays indicates the population of @B
charge-transfer species. Itis very important to stress that therespecies in both maps. In accord with the gain time traces in
is no gradual shift with time of thg initial gain bands from around Figure 10, the gain valley T (i.e., maximum population of
25400 cn* (gec) to the position of the bandicr, but & cT) s deepest at delay time 200 ps forbut already at 40 ps
weakening of the gaigec accompanied by a growing of the o ||| . The gainger of the flexible biphenyll exhibits a slight
ger gain. This means that all doneacceptor biphenyls studied  anomalous blue shift with increasing time which might be due
show dual fluorescence (here observed as dual gain) withiq g overlapping red shifted absorption band of@fespecies.
precursor-sater relationship within a few picoseconds. The powever, the gain il clearly broadens with time to the low-

second gain bandcr of | and |l establishes exactly at the  gnergy side indicating an additional relaxation to a more relaxed
location of the steady-state emission at 23600 t(24 nm) speciesCTR observable only irll .

for I and 23000 cm! (434 nm) forll . In contrast td andll,

the center of the gaiger in Il after 22ps at 22100 cni (452

nm) does not coincide exactly with the steady-state emission
maximum at 20700 cri (484 nm). But on a longer time scale The discussion is divided into three main parts. In the first
(200 ps), the gain bangtt of Il broadens to the red and then part, the observed transient transitions are assigned to electronic
its center coincides with the steady-state emission maximum. states and their polarity and twist angle dependence is inter-

4. Discussion
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Figure 11. Contourplots of the transient absorption spectra ofli(a)
and (b)Ill in triacetine in the energy range of 306006000 cnT*
and in the delay time range of a nonlinear time scale from 0 to 450 ps.
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4.1.1. Assignments of the Absorbing and Emitting Species
to Two States. In a first approximation, the experimental
energy {exp) Of the excited-state absorption~SS, should
resemble the differenceAps9 of the photon energy for the
ground-state absorptiony'SS, and the emissiongS-S, process.
Comparing theESArc andESAcT transition energies in HEX
(vexp = 21—22000 cm?) with the energy differences between
the absorption (Figure 1) and gain bands = vap{So—S)—
Orc/cT), @ good correlation is only found for transitions into the
C band Avss~ 23000 cn?), because the alternative assignment
of transitions into the B band\ss~ 16000 cn1?) is connected
with a too low energy difference. The additional comparison
with the quantum chemical (AM1/Cl) calculations of thg’S
CT)—S, as well as g'L,)—S, transitions, presented in Table
2, proves this assignment. In perfect agreement with experi-
ment, the four ground-state absorptib8s—!B}, (B band) and
So—1Ba1Ca,'Ch (C band) are calculated to be very intenkgq
> 0.20; not shown), whereas from the excited states only the
transitions $LCT)—1C,and S(L,)—1C, carry large oscillator
strengths ftad’Ca'Co) = 10fcad’Ba'By)) and have suitable
energy to account for thESAct and ESAgc bands. Further-
more, the energy of thesar band §exp ~ 12000 cn?)
likewise is in nice agreement with both the energy difference
between the gaigcr and the Ly absorption bandXvss~ 13000
cm™1) and, on the other hand, with the calculated transition
energy for the §1CT)—1L, transition (Table 2). Up tocyc=
30000 cnt?, only long-axis polarized excited-state transitions
(symmetry transitiondA—!A, 'B—!B within C; point group)
are found to be intense (dfac of 1B—A or 1A—1B transitions
are less than 0.03), which is exemplified in Table 2 by the low
oscillator strength of thesS-S,(*L1,) emission transition. Hence,
the short-axis polarization of the,@L,)—!L, and the absence

Broken lines indicate the time delays when the spectral characteristicsOf another low-energy sstate with'B symmetry explains that

of the FC, CT, andCTR species, respectively, are best revealed

preted. In the second section, evidences for structural relax-

a low-energy transition is not found for the State, which in
turn parallels the absence of a low-energy basec for the
experimental precursor specie€ in any solvent. It seems

ations are revealed, and the last discussion section deals witltherefore very probable that theC species is associated with
the dependence of the charge-transfer rates on solvent andhe calculated §'L) state. Two further correlations from Table

molecular structure.

4.1. Assignments of the Excited-State Absorption and
Gain bands and Their Dependence on Polarity and Twist
Angle. Five bands can be correlated for all compounds: two
gain bands, one of the precursur spe&i€s(grc) and the other
of the successor speci€I or CTR (gct Or getr), and three
transient absorption bands, the first one belongingF®©

2 confirm this tentative assignment: (i) the calculated oscillator
strengths for the proposed precursor stafgFE/ L) are less
than those of the final {§'CT) state explaining that the kinetics

of the main transient absorption band (Figure 3) are observed
as rise times due to a transformation from a less allow€drS)
state to a more allowed;8CT) state, and (ii) the slight blue
shift of the main absorption band with time (Figure 2) is

(ESArc) and the next two high- and low-energy successor bands reproduced by the calculated higher energy of the fitBhcr

associated with theCT or CTR species ESAcTctr) and
esar/cTr). The transient transitions from tHeéT and CTR
species undoubtedly originate from tHET(2'A) state as

than of theESAgc band.
4.1.2. Effects of Solvent Polarity and Twist Angle. To
obtain the experimental transition energies of the excited-state

evidenced by the solvatochromism of the gain bands. But the absorption and gain bands, the individual spectr&®f CT,

origin of the FC species is under discussion.

and/orCTR were extracted and deconvoluted into the absorption

TABLE 2: Assignments of Experimentally Observed Transient Bands (inn-Hexane) to Calculated $(*CT)—S, and S;(*L,)—S,

Transitions. The Calculated Twist Anglesg of I—Ill in S 4/S, are 0°/0°, 15°/32°, and 46°/52°
Vexp[10° cm ] Veae[10° cm™] fead
band Il | Il 1 | Il 11 | Il 11 transition -1l syml—lll
ESA:c 22.5 21.9 20.9 24.0 22.4 20.2 0.28 0.28 0.22 WLy—IC, 1B—1B
ESAcT 22.7 22.1 21.4 23.3 24.7 23.4 1.02 1.26 0.43 ICT—IC, IA—IA
esar 11.8 7.8 8.7 10.2 0.07 0.17 0.19 1ICT—1L, IA—IA
Orc —25.9 —26.1° —26.6 —29.1 —-32.0 —30.6 —0.02 —0.03 —0.02 L—S 1B—1A
der —25.9 —26.1 —26.6 —25.6 —27.2 —28.7 —0.57 —0.76 —0.58 1ICT—S IA—IA

aThe oscillator strength of all other calculated transitions up to 35000 ame less than 0.05 (except thg*&€T)—B, transition ofl andll
With veaie & 19000 ¢t andfeae = 0.15. cf.lll © veae = 17000 cn! andfeac = 0.03).P Due to strong coupling between the close lyihg states
3'A and 4A (see ref 3)vcac cOrresponds to the more intends transition and the sum of both oscillator strength (less geometry dependent than

single values) is given dga. ¢ Position of dips in early spectra.
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SCHEME 2: Energy Level Diagram of Il and Il in
n-Hexane, Diethyl Ether and Acetonitrile (HEX, EOE,
and ACN) as Derived from the Transient Absorption
Spectre?

energy / 10° cm™

ACN
50

238, ]

404

143
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20%

1] -
2 The energy of the ground state has been taken as zero. The energ

levels of which the absolute energetical position could not be determined

directly by the experiments are drawn with thinner lines. Transitions

from the'FC state 1B (ESArc andgrc) are indicated by dotted arrows

and the transitions from th€T state 2A (ESAct, esar, andgcr) by
full arrows.

esa;,

and gain contributions using Gaussian functions. The ener-
getical positions of the lower states or species, respectively,
relative to the ground state can be derived from the gain

positions. In such cases where gain is not observed (e.g., for

FC in ACN) the energy is extrapolated taking into account the
solvatochromic shift of the observable gain bands. Using all
these information, the solvent dependent transitions are plotte
in an energy diagram (Scheme 2).

Gain bands. Gain bands grc and gcrt) are produced by
stimulated emission due to the probe beam. It has been $hown
for organic dyes that gain is absent for radiative lifetimes longer
than 10 ns, this property being inversely related to the
fluorescence transition dipole momeMt which controls the
stimulated emission efficiency. Accordingly, gain of tH&T
state is observed in all cases exceptlfbrin ACN, which has
a radiative lifetime of more than 30 ns (Table 1) connected with
a comparatively small value (2.3 D)*° On the other hand,
the negative optical densitA@D) of the gain bandcr of |
and |l increases relative to the positiveOD of the ESAcT
band with solvent polarity leading to a very intense gain band
in ACN (Figure 4). This is consistent with our previous
observation that the transition dipole momeM; of the
So(1tA)—S,(*CT) fluorescence increases with polarityliand
I1 +°and, moreover, with the observation of Lahmani étthlat

J. Phys. Chem. A, Vol. 102, No. 38, 1998401

energy on solvent polarity has been explained by a similar, near
complete ET character in the lower and upper state. In contrast
to BA, an increase of the energy for tBSAct andesar bands
with increasing solvent polarity is observed forlll due to
transitions from the strongly stabilizé@T state into the upper
states'C, and!L, with smaller ET character. As expected from
the larger dipole moment of tHET state forll in comparison
to the moments of the states forand Il ,* the increase of
transition energy oESAct with polarity is strongest fofll .
We also note in Scheme 2 that even E®A:c bands are blue
shifted with increasing solvent polarity. In accord with the
solvatochromism of the gain bandsc, this supports that the
FC species possesses significant ET character, too. Regarding
the twist angle effect in the case of weak solvent stabilization
(HEX and EOE), the comparison dfandll with Il reveals
that the experimental as well as the calculd&SA transitions
of the more twistedlll are redshifted and less allowed as
compared to those of the planarand quasi planai. The
)égreement between the experiments and calculations gives
further confidence to the calculation results in Table 2. Needless
to say that in the highly polar solvent ACN, the stronger
stabilization of thelCT state forlll yields a higherESAct
transition energy than the energies foandll .

esar Bands. The esar band is observed in nonpolar to
medium polar solvents only for the highly pretwisted compound
[ll . This reflects the observation of a maximum for the ground-
state absorption ¢81'A)—L,(3'A) only for lll . Both long-
axis-polarized transitions to thé/ state, either from %A or
2A, get more allowed with increasing twist angle as

OIsupported by the calculated oscillator strengtlesd in Table

2. As discussed in section 4.2, the average twist angléof

[l increases with solvent polarity, which may also explain the
increasing intensity ratidOD(es&t)/AOD(ESAcT) from HEX

to ACN. In polar ACN, howevet, andll also exhibit theesar
band. One possibility is that the strong increase of the energy
gap between théCT(2!A) and thelL,(3'A) state AE a—cT
increase of 5000 cr for Il in ACN as compared t in HEX)
leads to a decoupling of these states, similar to the twist effect
in 1l . Both decoupling effects (i.e., twisting of the benzene
units and increased energy gap may enhance the intensity of
the transientCT(2IA)—1L4(3'A) relative to the!CT(2!A)—
1C4(n'A) transition). On the other hand, tlesar band of the
planarl andll is located at lower energy than thatldf in the
solvent interaction case (Figure 4) and gas-phase cageir
Table 2). We can therefore not exclude the alternative pos-
sibility that theesat band is simply concealed in the energy
region (<11000 cntl) where the detection sensitivity is too

the picosecond time decay of the integrated fluorescence!OW- In any case, experiment and calculations agree that the

intensity is not as fast as it would have been expected, if the
solvation reduceM; of the 'CT emission. It can therefore be
supposed that the electronic interaction gfST) with the less
allowed S$(*Lp) state decreases with solvent polarity due to an
inreasing $—S; energy gap AE'ct-1.p). Furthermore, gain

intensity ratio AOD(esat)/AOD(ESAcT) is largest for the
twisted Il .

Mixed Nature oflFC. The difference in the transition
energies between tHeC and CT/CTR species, especially of
the gain bands (same finab State) in combination with the

should be located at energies matching the steady stateprecursofr-successor relationship of their occurrence, the sepa-

fluorescence maxima. In fact, the gain bands observed in HEX rate time scales in TAC and the additional low energy band

agree with the fluorescence maxima. However, only the gain esar only for thelCT state leads to the conclusion that, beside

ger exhibits a solvatochromism similar to the steady-state the!CT state, thé=C species can be treated as a second excited

fluorescence (Figure 1) confirming that the state responsible state. Moreover, the appearance of the ggig seems to

for gct is the!CT statel4910 Nevertheless, the slight red shift necessitate a low-energy gap to the highly allow@d@(2!A)—

of the gaingrc with increasing polarity reveals a nonnegligible  So(1*A) transition gcr indicating that thelFC—S, transition

ET character of thé&C species, too. needs a vibronic coupling mechanism which in turn points to a
ESA Bands.The two ESA bands observed previously in'9,9  different symmetry {B in C, point group) of the zeroth-order

bianthryl (BA) were assigned to a locally excitetlLE) and 1FC state. These observations suggest thatRliestate is of

ICT state’1112 The insensitivity of thelCT—S, transition substantialL,, character mixed with thél ;type !CT state.
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Thus, the excited-state electron transfer in the investigated SCHEME 3: Schematic Representation of the Main
donor-acceptor biphenyls is accompanied with more spectral Relaxation Pathg for the D—A Biphenyls Il and Il after

features than in the extensively studied biaryls-®janthryl Excitation into a Manifold of Vibronic States
(BA)"11.12.0r 4-(9-anthryl)N,N-dimethylaniline (ADMA)> and
derivatives as well as in the recently studied 9-dimethylanili- ~ ©Neray

nophenanthrene (9DPhen) biaryl compoufdd. For BA in
triacetine, théLE and!CT transient absorption bands could be
separated? but in ADMA,5 9DPhent3 and related molecules,

the time-resolved transient absorption spectra exhibit only a
gradual shift with increasing time delay but not such clear
spectral differences between the species before and after the
electron-transfer step as it is shown forlll .

4.2, Structural Relaxation. In a previous fluorescence
analysis it was concluded th&€ T emission occurs from planar
conformers ofll, whereas the average twist andiein the
I1CT state oflll increases with solvent polarify’® Because
the twist angles in!CT are different to the ground state,
photoinduced structural relaxations Bf and Ill take place
which are investigated in this section.

Independent of the solvent, the flexible biphenyl compound
Il shows rather the same spectral and kinetic excited state
behavior (fluorescence and transient absorption) like the planar
model compound. These results demonstrate tHaperforms
a photoinduced relaxation toward planarity. For the pretwisted o ) o )
biphenyl Il , similar behavior is observed in HEX. Thus, in rel;((la)tio‘ﬂbtrg\tlgggl arerlr?(;(?e“%rlléngazr) sltrr]:ﬂ:allurzolt\r/]aatrl\c’?h :t”; (%t)eongetry
agreement with th.e fluorescence studies, fiespecies 0". interconversion, and (4) additional structural relaxation to a more twisted
andlll can be attributed to a more planar structure than in the ¢onformation than that ingccurring only forlll . The characteristic
ground state. one-electron configurations (within a composite-molecule description
In the medium p0|ar solvent EOE, the spectrum of the primary of Ioca_lized HOMO and LUMO orbitals of the linked D and A phenyl
precursor speciesC for Il (1 ps in Figure 7b) is quite similar ~ Subunits) of the involved stateg @A), *FC (I'B) and'CT (2'A) are
to the one observed in HEX solvent (cf. Figure 2c) and the shown in boxes.
spectrum of the successor sped®E (40 ps in Figure 7, part
b), formed in 5.7 ps, is similar, while slightly shifted to the
blue, to the spectrum observed for compouhesadll in ACN
(see Figure 4a and 4b). It seems then that compadlinéh
this solvent of intermediate polarity exhibits a behavior which
starts, just after excitation, with the HEX situation and evolves
to the situation observed in compoufidand| in ACN for
longer times. This indicates that in EOE the primary structural
relaxation forlll is the same as that fdr, namely, to the more

planlar specie€T. Hence forll andlll, theFC species feeds  yansjent spectrum c8TR should resemble a superposition of
the 'CT state with a structure more planar than in the ground o gimethylaniline cation (DMA) and benzonitrile anion
state. This also agrees with the observation that the relaxat|on(BN_) spectra.

times ofll andlll are similar in EOE (56 ps) but significantly DMA* and BN ion spectra are characterized by-5,
different in ACN, where a different speci€STR is populated absorption bands at 21300 c#(470 nm¥$47and 24700 cmt
(see below). (405 nm¥é48and both do not possess a gain contribution. The
Using time-resolved fluorescence on a nanosecond time scalecompounds and Il in ACN, however, show quite different
an equilibrium between the initially populated more planar spectra (Figure 4a and 4b) as compared to the sum of DMA
specieCT and a more relaxed (conformationally and by solvent and BN~ spectr&¢48 This supports the idea of the strongly
interaction) charge-transfer speclé$R has been deduced for  delocalized character €T in| andll connected with a planar
Il in EOE*® Quantum chemical calculations supported the structure. Forll in ACN (Figure 4c), the low-energy band
idea of a double minimum twist potential in tRET state of  esa is blue shifted (in comparison to less polar solvents) nearly
Il in EOE4910 Searching for this additional slow relaxation tg the energy that matches the DMA cation band and the high-
in the transient spectra df in the medium polar solvents EOE energy bandESAcT is close to the transient absorption of the
and TAC, we can note that (i) the low-energy absorption band BN anion. The close relation to DMAand BN indicates a
esar in EOE (near 13800 cnit in Figure 7b) reveals a slight  nearly complete ET similar to BA and is therefore indeed
blue shift from 5 to 40 ps and (i) thesar band in TAC shifts  understandable by the photoinduced strongly twisted structure
to the blue with time, accompanied by a clear broadening of of 11l in ACN as opposed to that dfi in less polar solvents
the gaingcr (Figures 9c or 11b). These transient absorption as well as compared to the structuteand|l in any solvent.
results may also point to this later relaxation process f@m The photoinduced electronic and structural relaxation pro-
to CTR. cesses discussed above are summarized in Scheme 3. The rate
In analogy to the fluorescence resuifsthe CTR species determining step of the transition from the Frantkondon
should prevail forlll in ACN. The observations (Figures 4 region {FC) to thelCT state can be attributed to tHeC—1CT
and 5) that (i) the kinetics dil (6 ps) in ACN are distinctly interconversion (process 3 in Scheme 3) which is associated

slower than forl andll (2.5 ps), (ii) the absorption strongly
shifts to the blue, and (iii) that a gain band is absent, are indeed
indications that a more stabilized charge-transfer sp&cid?

is populated ifll than inl andll in ACN. In agreement with
our fluorescence results, the more rela@¥R species can then

be characterized by a larger dipole moment and a strongly
reduced fluorescence transition momeMk)(as compared to
the CT species:® Such properties of théCT state are
conceivable with a twisted structure 6TR. In this case, the
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TABLE 3: Parameters of the Solvents Used at 298 K and Time Constants-c—.ct of the Charge-Transfer Processes Observed
by Time-Resolved Transient Absorption for I—llI

polarity solvent relaxation Trc—ct [PS]
solvent € fo(e)P viscosityn [mPa s} i [ps] 7ps] | I [
HEX 1.9 0.09 0.30 (2.2:0.2) (2.24+0.2) (2.2+£0.2)
EOE 43 0.25 0.22 <1¢ <2.4 (5.2+0.4) (5.7 0.5p
TAC 7. 0.30 ~15 ~150C ~69C° (69+17) (64+12) (10+ 1)
ACN 35.9 0.39 0.33 02 0.4-09 (2.5+0.1) (2.5+£0.1) (6.0+ 0.5p

a References 49 and 50fy(e;) = (e; — 1)/(2e + 1) — (n? — 1)/(4n? + 2) from ref 51.¢ References 52 and 53Estimated from ethyl acetaté®*
in EOE 75 and 7, are expected to be considerably faster because the solvent viscosity of ethyl ageta®e36 mPa s) is larger than that of EOE
(n = 0.22 mPa s)¢ 7, is calculated in ref 55 by inverse Laplace transformation of David€wie data from ref 52t is taken from refs 52 and
56. " References 1719, 53, and 569 In lll the CT process is superimposed by the structural relaxation tG i species.

with a partial electron transfer. The vibrational relaxation AG* = (170 & 90) cnt! which has been given for the ET
(process 1), on one hand, can be excluded since both kineticreaction in BA, are (1.1 1) ps, (1.1+ 1) ps, and (0.8 1)
speciesFC and CT possess completely different spectral ps. For comparison, usirig = 3100 cn1! as reported for BA?
features and, on the other hand, the intramolecur rotation towardeq 3 yields 1 ps which is close to the experimental ET tige

a more planar geometry (process 2) can be excluded, becausi BA obtained by Barbara et &l(0.75 ps) and close to the
the model compound, which is restricted to planarity, shows solvation timers of ACN determined by time-dependent Stokes

the same kinetic behavior as the flexible bipheHyl In the shift experimentd’~1953.56 By contrast, the observed rates

following section, the possible rate-limiting factors of the trc—.ct of I=Ill (Table 3) are even slower than the limits of

IFC—ICT process are discussed. the theoreticake and also slower thans. This indicates that
4.2.1. Kinetics of State InterconversiontFC—CT. The the observed interconversion procedsC—!CT cannot be

observed relaxation timesgc—cr, together with the relevant  described by a low-barrier crossing and solvent-controlled
solvent parameters, are listed in Table 3. They reveal that theadiabatic ET reaction as proposed previodsiyhus, we have
IFC—ICT processes df-Ill are slower than solvation dynam-  to ask for another rate-limiting factor of tAEC—CT process.

ics (the longitudinal solvent relaxation timesor the related Within general ET theory, three reasons can be responsible
solvation timegs) in the fast relaxing solvents EOE and ACN.  {or such a rate limitation: (i) a large amplitude motion, (ii) a
Let us first test the possibility to describe the interconversion thermal activation barrieAG* larger than kT, or (jii) a weak

with a low _barrier ET reaction in the purely adiabatic_ reg_ime. electronic coupling matrix elemektrc_1cr in the order of 100
A numerical treatment of the experimental relaxation times .1 or Jess.

within (semi-)classical ET modéls®® needs parameters, such
as reorganization energy for the solveiy @nd low-frequency
intramolecular motionsA(’), the reaction free energ&G and
activation barrieAG#, as well ag, which can only very crudely
be determined. Best results can be obtained for ACN, since
only for this solvent a reliable mean value (narrow distribution)
of 7 is known from various referencés.1%5356 The fact that
Trc—cT > 10 > 75in ACN (Table 3) may allow us to apply
transition-state ET theory which requires a quasi-equilibrium
between precursor and transition st&é! In the case of a
purely adiabatic and solvent diffusion controlled ET reaction,
the theoretical rate constant can then be calculatéd by

(i) The possibility of a rate limitation due to a intramolecular
rotation around the interannular bond can be excluded since
and the planar fluorenkepossess equakc-ct (2.2 ps in HEX
and 2.5 ps in ACN). However, the observed lower ratdlof
in ACN is consistent with a temporal superposition of the large
amplitude motion toward a more twisted structure (see Scheme
3). A strong influence of another motion including rotation of
the dimethylaminogroup seems unlikely because the intercon-
version process is connected with a transfer of charge from the
dimethylanilino donor to the benzonitrile acceptor group.

(i) To conclude about the involvement of a thermal barrier,
temperature dependent measurements are usually necessary.

7 Rough estimates using classical ET theories (eq 3) and solvent
Ty 1= 1 [ TS o AGHKT (3) continuum models (eq 4) indicate barriers at most in the order
¢ 7'V 16kTn of kKT which could hardly explain such low rates. Furthermore,
the influence of the solvent polarity an-c.ct of I =Ill (Table
This equation is derived from transition state theory including 3) is weak in comparison to known intramolecular ET reac-
Kramers diffusion treatment for a relaxing Debye soh&re. tions2340 This also contradicts a significant activation barrier
It is practically equivalent to the result of the classical two- AG*
dimensional SumiMarcus modeéP (adiabatic limit without (iii) Following the explanations in the preceding discussion
high-frequency vibrations) in the case &f> A" andte; > 7s chapters, where the two kinetic sped&® andCT are assigned

being appropiate for the conditions in the polar solvent ACN. 5 two states of different zeroth-order symmetry (Scheme 3),
The solvent reorganization energigsnay be determined from g inyolvement of a weak electronic coupling matrix element
) ) Vlec_1ct is favored. To test this idea, the one-electron matrix
2 =Au [e—1 -1 @) elementsid, ,|H|*®crObetween the leading delocalized SCF
S a8 \26 +1 on?2+1 electron configurations of FLp) and S(!CT) are calculated
using the ZINDO/S methddwith a Cl expansion of 122 single
using the dipole moment differencesu = uct — uso and excitations. The obtaingd®, ,|H|'®crCamounts to 185 crit

Onsager cavity radiua = 6 A as obtained elsewhérérom for Il at the twist anglep = 70° and 30 cm® for Il atg =
Lippert—Mataga plot8' (assumingiso~ urc). Such estimates ~ 20°. By introducing an increasing self-consistent reaction field
of Asfor I—Ill in ACN are (18004 700) cnt?, (2000+ 700) to simulate the solvent polarity influendé, ,|H|*®crof Il

cm™1, and (36004 1500) cntl. The range of the resulting  continuously decreases down to 35¢nACN conditions) due
theoretical ET times df—Ill according to eq 3 for a low barrier  to an increasing energy gap between the leading configurations
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1L and!CT, while Bi® p|H|*®cof II remains constant around  The $(1'B) nature of the precursor stéfeC follows from three
(30+ 5) cn L. Such low coupling matrix elements are indeed main conclusions: (i) In the less polar solvents, where the
consistent with the observed slow interconversion rates from energy gap between tAEC (“11B“) and lower lying!CT (2'A)

IFC toICT. Moreover, the calculated larger coupling element state is small, the gain of the primary speciE€) is weaker

of lll could explain why the experimental time constaqf.ct than that of the product specigST). For high solvent polarity

in TAC is faster forlll . Note that in the fast relaxing solvents (acetonitrile, larger energy gap) there is even an absence of gain
EOE and ACNyrc—cr is slower forlll than that foll because for the first speciesKC) which can be explained by the reduced
the structural relaxation ofll superimposes the electronic mixing with the allowed 1A<—!CT(2!A) transition.

relaxation which is kinetically separated only in the viscous  (ji) By comparison with the steady-state absorption, as well
solvent TAC. The fact that the process€€—'CT of | —IlI as with quantum chemical (AM1/Cl) calculations, the observed
in TAC are considerably faster than solvent dynamigg(cr excited-state absorption bands can be assigned to the first-order
< 1sandr)®256and likewise faster than the ET of BAin TAC  transitions §(11B)—1Cy(n!B), Si(21A)—1C(n'A) and S(2!:A)—
(ret = 750 ps at 285 K) further supports the view of a not 1 (3tA). Consequently, the observed gain bands are correlated
purely adiabatic and not solvent-controlled reaction. with the stimulated fluorescence transitiong1%$A)<—S,(11B)

On the other hand, the comparison of the relaxation times gnd $(11A)—S;(21A). However, because of the high oscillator
Tre—c in the almost equipolar solvents EOE and TAC (Table strength necessary for the observation of gain for & state
3) reveals that the rates are slowed by the solvent viscosity. together with the polarity induced shifts of absorption and gain
This is, of course, due to a nonnegligible influence of solvent pandsFC cannot be regarded as a piirg state but better as
diffusion processes which mainly control adiabatic ET reactions g state with mixedLy/2CT (1!B/2!A) character.

(tet 0 75). Therefore, it appears reasonable to c_haracterize the (i) The observed rates for the charge-transfer process

observed charge-transfer processes as ET reactions between the-~ 107 of |—111 in the fast relaxing aprotic solvents are

adiabatic and npnadlasgatlc limit. For such border cases, eq 3¢ynsiderably slower than the characteristic solvent relaxation

has been modified & timeszs and also slower as compared to the ET rates observed
for other typical biaryl compounds, such as'S@anthryl>7?

2
-1_ 41\/2 1 acT 1 5 ADMA, 8 9DPhent* and their derivatives. This suggests that
Tet h ~ 2 2 ( ) . . . .
N ATAKT 14+ 817V beside conformational dynamics it , the different symmetry
ha T of the precursor and successor states, which holds only in the

® biphenyl series, is responsible for an additional rate reduction

which considers the electronic coupling matrix elemenas through a small electronic interaction matrix element.
well as the solvent diffusional influence af Using the same Due to the strong spectral changes on the time scale of ET,
parameter foitl in ACN as above ande = 2.5 ps, a sensible -1l can be regarded as illustrative model systems for an
value forViec_ict of 70 cnt is obtained by eq 5. However, intramolecular electron transfer of case B (i.e., ET between two
it is important to stress, that the theoretical data derived for distinct states with considerably less solvent than intramolecular
I—=111" in ACN, which rest on the continuum model, are just control). Our observations are in line with recent reinvestiga-
indicative and not expected to result in quantitative agreement. tions on the well-known laser dyes DCM (4-dicyanomethylene-
In addition, the fact that the observed rate constants in TAC 2-methyl-6-p-dimethylaminostyryl-4H-pyraf)2” C153 (cou-
are faster than the upper limit-¢, %) of eq 5 indicates a possible ~ marin 153$383%and DCS (4-dimethylamino-¢yanostilbené§ 64
acceleration by fast inertial solvent modes or intramolecular in polar solvents. On a femto- to subpicosecond time scale,
vibrational dynamics. Numerical simulations of time-dependent thelCT state is fed by different precursor states, the electronic
population distributions are necessary which include high- structure of which could, however, not be characterized in such
frequency intramolecular and inertial solvent modes within a a detail as fold —III .
quantum mechanical descriptf§n®-33 and which treat non- Concerning the conformational dynamicslbfand il , this
equilibrium solvation explicitly within a stochastic treat- study gives additional support to the conclusions derived
ment®26:27:3234 However, because of strong spectral overlap previously from time-resolved emissithi®and allows to go
and shift of bands, the present experimental results do not allowinto more detail regarding the conformer specie$ @ndCTR)
such a sophisticated analysis. involved the following: a relaxation toward planar conformers
(CT) is observed forll in all solvents andll in nonpolar
n-hexane as demonstrated by the similarity of the spectral and
The intramolecular charge-transfer processes in the investi-kinetic behavior as the compouridwhich is restricted to
gated donoracceptor biphenyls after photoexcitation cannot Planarity. In medium polar solvents, the initial relaxation of
be described using a single state which gradually relaxes from!ll  toward planarity is followed by a viscosity controlled
the Franck-Condon excited region to the charge transfer region rearrangement toward a more twisted struct@eR) as shown
on a nonperturbed potential surface governed only by solvation by further spectral evolutions after the ET process. In strongly
dynamics. On the time scale of a few picoseconds, two excited- Polar acetonitrile, the acceleration of the conformational relax-
state speciesHC and CT) with different transient absorption  ation to theCTR species leads to a temporal superposition with
and stimulated emission (gain) spectra have been observedhe ET interconversiotFC—!'CT such that the observable
linked by a precursorsuccessor relationship. The different overall charge-transfer rate is reduced a@@R is directly
spectral features, in particular the occurrence of dual gain bands,0bserved as the product species. The final transient spectrum
can also not be due to vibrational COO”ﬁ')gbUt are well resembles the sum of dimethylaniline (D) cation and benzonitrile
consistent with an electron transfer from a primary populated (A) anion spectra which indicates the strong decoupling of the
a* state IFC in the FranckCondon region to the charge D and A submoieties in th€TR species ofll most probably
transfer statdCT that has been analyzed previousk#® The by a nearly perpendicular twist.
short-livedFC state is characterized by tHe,-type S(11B) All spectral, kinetic, and conformational aspects can be
state which interacts with the close lyitig.-type S(*CT) state. summarized in a three excited-state species (two electronic

5. Conclusions
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states) model (Scheme 3) for the investigated deacceptor
biphenyls: FC (-Ly/1CT+) — CT (!CT) — CTR (!CT). After
the photoinduced population of théC state appears, the
reaction to the!lCT state takes place in all biphenyls-lil
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and a more planar geometry than in the ground state.

addition, the subsequent adiabatic photoreaction to a more

relaxed (more twisted and more pol&@JR species occurs only
for the pretwisted compounidl in dipolar solvents.
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