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The effect of the excitation wavelength on the charge recombination (CR) dynamics of severat donor
acceptor complexes (DACs) composed of benzene derivatives as donors and of tetracyanoethylene or
pyromellitic dianhydride as acceptors has been investigated in polar solvents using ultrafast time-resolved
spectroscopy. Three different wavelength effects have been observed. (1) With complexes exhibiting two
well-separated charge-transfer bands, the CR dynamics was found to be slower by a factor of about 1.5 upon
excitation in the high-energy band. This effect was measured in both fast and slow relaxing solvents and was
discussed in terms of different DAC geometries. (2) When the CR is faster than diffusive solvation, a slowing
down of the CR with increasing excitation wavelength accompanied by an increase of the nonexponential
character of the dynamics was measured. This effect appears only when exciting on the red edge of the
charge-transfer absorption band. (3) When the driving force for CR is small, both nonequilibrium (hot) and
thermally activated CR pathways can be operative. The results obtained with such a complex indicate that
the relative contribution of these two paths depends on the excitation wavelength.

Introduction A DAA--

For many practical applications, the charge recombination
(CR) of ion pairs formed upon photoinduced electron-transfer
(ET) reactions is an unwanted energy-wasting process. For this
reason, the factors influencing its dynamics have been inves-
tigated in detaik™® There are two major difficulties when / A
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studying the CR dynamics of an ion pair formed upon
bimolecular ET. The first, which is still debated, concerns the
exact nature of this ion pair, contact ion pair (CIP), or solvent-
separated ion pafr:13 The second is that the time resolution of
the measurements is limited to the time scale of ion pair
formation. Thus, the CR dynamics is no longer experimentally
accessible as soon as it is faster than quenching. Both problems
can be eliminated when working with a dor@cceptor
complex (DAC). Indeed, excitation in its charge-transfer (CT)
band results in the population of an excited state that is
essentially a CIP. The investigation of the CR dynamics of CIPs solvation coordinate

generated by CT excitation has been pioneered by Mataga andrigure 1. Cuts in the free energy surface of the ground and excited
co-workerst*-16 who have shown that its driving force depen- states of a DAC along the solvation coordinate illustrating the
dence deviates substantially from the predictions of the semi- dependence of the nonequilibrium CR dynamics on the excitation
classical theory of nonadiabatic ET reaction, especially in the wavelength. The thin parabolas represent vibrational excited states.
weakly exergonic region. While this theory predicts an increase
of the rate constant with the driving force (normal regime)
followed by a decrease at higher exergonicity (inverted re-
gime)!” only the inverted regime is observed with the CR of
ClIPs!416.18 Indeed, CR becomes faster as the driving force
decreases and takes place in the subpicosecond time scale
AGcr > ~ —1 eV. Several hypotheses have been proposed to
explain this effect®22We have recently shown that the driving
force, the solvent and the temperature dependence of the C
dynamics of a series of excited DACs composed of methoxy-

»
-

benzenes and pyromellitic dianhydride, could be very well
reproduced with the hybrid model of Barbara and co-work-
ers2324after incorporation of the contribution of inertial motion
to solvation?®> The basic idea of this model is illustrated in
A:tigure 1: upon optical excitation, the excited DAC population
Is formed away from equilibrium and, therefore, CR can take
place while the population is still relaxing as soon as the
Ifranck—Condon factor is large enough. Of course, such a “hot”
CR requires a sufficiently large electronic coupling constant
V. For weakly exergonic processes, CR can completely occur
#Present address: Chemistry Division, Lawrence Berkeley National bef(.)re the excited p.OpU|atlon has equ".lbratEd’ and the .normal
Laboratory, Berkeley, CA 94720-8198. region where CR is a thermally activated process is not
* Corresponding author: eric.vauthey@chiphy.unige.ch. observed. An important signature of the nonequilibrium char-

10.1021/jp0532216 CCC: $30.25 © 2005 American Chemical Society
Published on Web 08/27/2005




Excitation Wavelength and DoneAcceptor Complexes J. Phys. Chem. A, Vol. 109, No. 37, 2008237

TABLE 1: Static Dielectric Constant, €, Viscosity, 5, and CHART 1. Electron Donors and Acceptors, and Redox
Diffusional Solvation Time, 75, of the Solvents Potentials in Acetonitrile (in V vs SCE; 2Ref 9, ° Ref 25,

solvent el 7 (P} 7 (pS) ¢ Ref 18,9 Ref 41)

ACN 375 0.345 0.50

VaCN 19.7 0.693 4

OcCN 13.9 1.64 64

2 Ref 39.° Ref 23.¢ Ref 40.

acter of ultrafast CR is that the decay dynamics of the CIP DU PMB HMB
population is not exponential. Such nonexponential dynamics En=183V? En=171V? Eg=159 V*
has not been firmly confirmed experimentally yet. There are HCO

indeed only a very few investigations of ultrafastl( ps) CR
dyna_mlcs of _exmted DAC¥.25.26 |n _the case of slower CR, Heco Heco OCH,  HiCO ocH,
the time profile of the CIP population can, in most cases, be
reproduced with a biexponential function with one rising ANI VER T™B

component, generally ascribed to structural changes within the Eo=1.76 V° Eg= 145 VP Eg=1.12 VP
CIP, and one decaying component associated witH%@€Rror

[o]

faster CR, the time resolution and/or the signal-to-noise ratio ] NG o NG o
of the data were not sufficient to exclude a nonexponential decay o o . >_<
dynamics. It should also be mentioned that ultrafast CR 9 > < > <

dynamics has also been investigated by measuring the ground- Ne oNoNe N
state recovery dynamics of DAGS28 As the primary CR ©  PMDA ° TeNQ TCNE
product is the vibrationally hot electronic ground state, the Era=-055V Era=0-19V Era=024V
bleach recovery dynamics is much more difficult to interpret

than the decay of the CIP population, because of the entangle- It,W”,l be shown that the obser\{ation ofa Wea.k. but di§t!nct
ment of both CR and vibrational relaxation. excitation wavelength effect requires very specific conditions

e . related not only to the chemical system (DAC and solvent) but
Another consequence of the nonequilibrium nature of CR is y y ( )

. L also to the experimental parameters.
that the dynamics depends on how far from equilibrium the CIP P P
state is initially populated._Th_erefore, the CIP populatio_n depay Experimental Section
should depend on the excitation wavelength as shown in Figure ) _
1. This has recently been confirmed by theoretical calculations ~APparatus. The CR dynamics of excited DACs has been
of the CR dynamics of DACs using both the time-dependent Measured using both transient absorption (TA) and multiplex
perturbation theory and the stochastic-point transition ransientgrating (TGY¥ Excitation at 400 nm was achieved w_|t_h
approaci?®-3! The excited-state population decay was also the frequgncy doubled output of a standard 1 kHz amplified
calculated to be highly nonexponential. With the exception of 11-Sapphire system (Spectr#@hysics). The duration of the
very weakly exergonic CRAGcr > —0.4 eV), the effective pulses was around 100 fs. Excitation between 480 and 620 nm
time constant of CR was found to increase with increasing was p(_arformed with a two-stage noncollinear optic_al par_ametric
excitation energy. It should be noted that in these calculations, @MPlifier (NOPA, Clark-MXR). After recompression with a

the CT absorption band was assumed to be due to a single 0 pair of prisms, the pulse duration was of the order of 4_5 fs. _
transition. The reality is certainly more complex as it is well- The general layout of the TA setup has been described in

known that in some cases, several CT transitions with similar detail elsewheré? For these measurements, excitation was

frequencies contribute to the absorption b&hd* Similarly, performed with the NOPA pulses and probing was carried out

. at 400 nm.
resonance Raman measurements with DACs have shown the The multiplex TG setup has been described in detail previ-

contributions of sever.a}l F;gnelCondon' active vibrational ously® Excitation was either at 400 nm or in the 48620 nm

modes to the CT transitiot:3 Moreover, it has been recently . . . L )

suggested that “random doreacceptor pairs”, i.e., pairs with range and problng_ was achieved with a white light continuum
TR obtained by focusing 800 nm pulses in aQ4D,O mixture.

donor—acceptpr d!stances larger t.han about 107A’ also exhibit All TG spectra were corrected for the chirp of the probe pulses.
some absorption in the same region as the DAES. For both experiments, the energy of the pump pulses on the
We report here on an experimental investigation of the effect sample was around 250 nJ and the polarization of the probe
of excitation wavelength on the ultrafast CR dynamics of various light was at magic angle relative to that of the pump pulses.
DACs in several polar solvents characterized by different The width of the response function of both TA and TG
dynamic properties (see Table 1). The effect of excitation in experiments depended on the pump and probe pulses used but
two distinct CT bands has first been studied. The effect of was less than 200 fs.
excitation wavelength within an absorption band due to either  Samples.The electron acceptors pyromellitic dianhydride
a single CT transition or two CT transitions with similar energies (PMDA, Aldrich), tetracyanoethylene (TCNE, Aldrich), and
has then been measured with DACs composed of tetracyano-etracyanoquinodimethane (TCNQ) were recrystallized and
ethylene, pyromellitic dianhydride, and tetracyanoquinodimethane sublimed. The electron donors isodurene (IDU), anisole (ANI),
as electron acceptors and series of methyl- and methoxybenzengeratrol (VER), 1,2,4-trimethoxybenzene (TMB), amN-
derivatives as electron donors (see Chart 1). This allowed a freediethylaniline (DEA) were vacuum distilled, while pentameth-
energy range for CR going from-0.9 to —1.6 eV to be ylbenzene (PMB) and hexamethylbenzene (HMB) were recrys-
explored. The more exergonic region was not investigated tallized. The solvents valeronitrile (VaCN) and octanenitrile
because, in this case, CR is slower than solvent relaxation and(OcCN) were purified as described in the literattfayhile
is thus not expected to exhibit nonequilibrium dynamics. acetonitrile (ACN) was of spectroscopic grade and was used as
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[ "L TABLE 2: CT Absorption Maxima, Amax in nm, in ACN?
'. DAC Amax (CT1) Amax (CT2)
DEA/PMDA 556 405
K TMB/PMDA 468 341
<< | IDU/TCNQ shoulder
PMB/TCNQ 488
| HMB/TCNQ 534
ANI/TCNQ shoulder
{ IDU/TCNE 465
N e~ | | PMB/TCNE 492
400 500 600 700 HMB/TCNE 520
wavelength (nm) ANI/TCNE 486 373
: i VER/TCNE 569 418
r 7 TMB/TCNE 655 434
N | 2These values are almost unchanged in VaCN and OcCN.
= The nature of a TG spectrum has been described in detail
s L o elsewheré? In brief, the TG intensity is proportional to the
@ square of the photoinduced absorption and refractive index
Nl | changes. The TG spectrum corresponds thus to the sum of the
square of the transient absorption and dispersion spectra. In
: practice, it is very similar to the corresponding TA spectrum,
550 600 650 700 750 the major difference being that it is always positive. The major
wavelength (nm) advantage of TG over TA is its superior sensitivity due to the
T T T ] zero-background nature of the signal.
1000 | c However, at time delays where the pump and probe pulses
p: 400nm overlap, the TG signal contains an additional contribution due
T 4 ] to the optical Kerr effect (OKE) in the solvehtn this case,
S100 L . the TG intensity is given by:
P ; e = CAA? + (AN, + Ang)? (1)
’065‘ E wherec; andc; are constants\A, andAn, are the modulation
R , | | ] amplitudes of absorbance and refractive index due to population

0 1 2 3 changes, and\noke is the modulation amplitude of refractive
time delay (ps) index due to OKE. This nonresonant contribution interferes with
Figure 2. (A) Absorption spectrum of DEA/PMDA in ACN (thick  the signal due to population changes through the cross term
line). Asymmetric Gauss functions used to reproduce the absorption 2An,Anoke and because of this, the TG spectrum differs strongly

spectrum (thin line). (B) TG spectra obtained at different time delays
after excitation at 585 nm of DEA/PMDA in ACN. (C) Logarithmic from the TA spectrum. Consequently, the TG spectra recorded

plot of the time evolution of the square root of the TG intensity at 670 at time delays shorter than about 300 fs were discarded.

nm upon 400 and 585 nm excitation of DEA/PMDA in ACN (gray) At longer time delays, the TG spectrum consists of an intense
and best single-exponential fits (black). band centered at 670 nm with a shoulder around 610 nm. This
such. Unless specified, all compounds were from Fluka. The band can be unambiguously ascribed to the PMDradical
concentration of the acceptors was of the order of 0.15 M and anion!°4647 The DEA* radical cation has been reported to
that of the donors was adjusted to obtain an absorbance betweeabsorb weakly around 475 nm, i.e., out of the spectral window
0.2 and 0.5 on 1 mm, the sample thickness, at the excitationof the TG experiment (568750 nm). Some spectral dynamics,
wavelength. This corresponds to a stoichiometric excess of blue-shift and band narrowing, can be observed. As discussed
acceptor and minimizes the formation of 2:1 comple¥es. in detail in ref 25, these effects seem to be essentially related
During the experiments, the samples were continuously stirredto some structural changes following CT excitation.

by N> bubbling. No significant sample degradation was observed = The same TG spectra are observed when exciting the complex

after the measurements. at 400 nm, i.e., in CT2, the high-frequency CT band. Although
the spectral features are the same at both excitation wavelengths,
Results the decay dynamics of the TG band differ substantially. Figure

Complexes with PMDA. Figure 2A shows the steady-state 2C shows the decays of the square root of the TG intensity at
absorption spectrum of a mixture of DEA and PMDA in ACN. 670 nm obtained upon CT1 and CT2 excitation. As the intensity
This spectrum is characterized by two CT bands, designed asmaximum near time zero contains contributions from the Kerr
CT1 (lower energy) and CT2 (higher energy), which have been effect, these time profiles were not analyzed by iterative
reproduced by asymmetric Gauss functions as described in refreconvolution with the instrumental response function and only
32. This simple line shape analysis was carried out to estimatethe decaying part of the time profile was considered. Figure
the contribution of each CT band to the absorption spectrum, a2C shows that these decays can be reasonably well reproduced
more quantitative analysts*> going beyond the scope of this  with an exponential function. From this analysis, the time
study. The absorption maxima of the CT bands are listed in constant of CRzcr, amounts to 550 fs upon CT1 excitation
Table 2. while it is equal to 900 fs when exciting in the CT2 band (see

Figure 2B shows TG spectra measured at different time delaysTable 3).
after excitation at 585 nm of the same complex in ACN. At The CR dynamics has also been measured after excitation at
this wavelength, excitation occurs essentially through the CT1 530 nm, i.e., at higher energy in the CT1 band. No significant
transition. difference could be observed compared with 585 nm excitation.
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TABLE 3: CR Time Constants, zcg, Obtained from the T\ ! T T T T T
Analysis of the Excited-State Population Decay of DACs JEA A
Containing PMDA and TCNQ in Various Solvents and at g
Several Excitation WavelengthsA. (limit of error on zcg: _|
+8%) |
DAC solvent Ae(nNM) Tcr (PS) 3 ||
DEA/PMDA ACN 400 0.90 L
530, 585 0.55 |
VaCN 400 1.97
550, 585 1.55 -
TMB/PMDA ACN 400 0.34 | e . ; : :
VaCN 400 1.0
15 075 350 400 450 500 550 600
550 0.69 wavelength (nm)
IDU/TCNQ ACN 530 1.70 aF —3
VaCN 530 5.55 6F B
PMB/TCNQ ACN 530 1.0 r 1
VaCN 490, 530, 580 3.7 oL |
HMB/TCNQ ACN 530 0.55 - 515 nm
ANI/TCNQ ACN 530 0.80 5 100, e
] F ]
aRef 25. o f: ]
S r ]
The signature of nonequilibrium CR dynamics is its non- =+ 2 550 nm” \
. . . nm
exponential character. This effect should mainly show up at an 10,
early time, which in the present measurements is partially hidden o/ | | ;
by the nonresonant contribution from the solvent. Therefore, 0 1 > 3 4

an excitation wavelength dependence of the early CR dynamics :
cannot be excluded. time delay (ps)

The same measurements were repeated in VaCN, which isFigure 3. (A) Absorption spectrum of TMB/PMDA in ACN (thick
characterized by a slower dielectric response (see Table 1). Thélne). Asymmetric Gauss functions used to reproduce the absorption

) . spectrum (thin line). (B) Logarithmic plot of the time evolution of the
TG spectra exhibit the same features as in ACN. Although the square root of the TG intensity at 670 nm upon 515 and 550 nm

decgy Fiynamics are SUbStant.ia”y slower, a qualitatively simlilar excitation of TMB/PMDA in VaCN (gray) and best biexponential fits
excitation wavelength effect is observed. Indeed, the CR time (black).

constant upon CT2 excitation is substantially slower than upon
CT1 excitation (see Table 3). Moreover, it is essentially the
same after 550 and 585 nm excitation.

Similar measurements have also been performed with the
TMB/PMDA system in VaCN, which also exhibits two CT
absorption bands (Figure 3A). Excitation at 400 nm occurs
predominantly through the CT2 transition and the decay of the
resulting ion pair population is markedly slower than upon CT1
excitation (see Table 3) as observed with DEA/PMDA. In this
case however, a very small effect of the excitation wavelength ;! ' ' ' ' L 1 ' .
was observed in the CT1 band as shown in Figure 3B. The oMo il cia M rid sl B Biarailli el i
amplitude of the small rise of the TG intensity after the OKE wavelsngth (o)
spike depends on the probe wavelength, indicating that this i ' i ' i
feature is essentially due to the interference between population
and OKE. The time profiles were analyzed using a biexponential
function but only the component with positive amplitude, i.e., e
the decaying part of the signal, was considered. The corre- & r “l
sponding time constants are listed in Table 3. The small
difference of decay time upon excitation at 550 and 515 nm is - i
close to the limit of error£8%) but is reproducible. In ACN, LJ
the dynamics is much faster and cannot be determined accurately I I T
enough with the TG technique because of the interference effect. 0 2 4 6 8 10
A CR time constant of 340 fs has been measured by transient time delay (ps)
absorption with 400 nm excitatiof. Figure 4. (A) TG spectrum measured 1 ps after excitation at 530 nm

Complexes with TCNQ. As nonequilibrium dynamics and  of IDU/TCNQ in ACN. (B) Time profile of the square root of the TG
excitation wavelength dependence are only expected when theNtensity at 740 nm upon 530 nm excitation of IDU/TCNQ in ACN
time scale for CR is similar or shorter than that of solvation, (gray) and best biexponential fit (black).
the excited-state dynamics of several DACs containing TCNQ can be safely ascribed to the TCNQadical aniort® For these
and various donors have first been investigated upon excitationmeasurements, a 600 nm cutoff filter was used to eliminate the
at a fixed wavelength. The absorption spectra of these DACs scattered excitation light and therefore the fDldation cannot
consist of a single broad band, which appears as a shouldebe observed. Similar TG spectra have been obtained with all
with the weakest donors (see Table 2). the other donors investigated. Figure 4B shows the time profile

Figure 4A shows the TG spectrum measured 1 ps after of the square root of the TG intensity at 740 nm measured with
excitation at 530 nm of IDU/TCNQ in ACN. This spectrum IDU/TCNQ. Apart from the initial spike, this profile can be

lig (a.u.)
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TABLE 4: Nonexponentiality Factor, s, Obtained from the
Fit of Eq 2 to the Decay of the Excited State Population of
TCNE Containing DACs in Various Solvents and at Several
Excitation Wavelengths, 4. and Effective CR Time
Constants, e (Limit of Error on 7. £5%)
DAC solvent Ae (NM) s Teft (PS)
IDU/TCNE ACN 480, 530, 620 1.3 0.80
VaCN 480 1.57 2.42
530 1.53 2.25
S oo 480 T 65
c . .
450 500 S50 600 530 1.35 5.14
wavelength (nm) 620 1.28 5.04
| : : PMB/TCNE ACN 480, 530 620 1.3 0.55
B B N VaCN 480, 530, 620 1.35 1.95
OcCN 480, 530, 620 1.25 3.8
B 480 nm 7 HMB/TCNE  ACN 480,530,620 1.3 0.45
- VaCN 480 1.31 1.35
< | 7 530 1.26 1.39
r PVl N OcCN 480, 530, 620 1.17 2.65
620 nm ANI/TCNE ACN 480, 530, 620 1.2 0.45
— VaCN 480 1.45 1.61
J 530 1.30 1.53
| | | 620 1.15 1.40
0 2 4 6 OcCN 480 1.3 2.60
time delay (ps) 530 1.3 2.55
620 1.1 2.24
[ T = VER/TCNE ACN 480, 530, 620 1 ~0.12
C VaCN 480, 530, 620 1.1 0.37
L | 480, 530, 620 1 0.5
TMB/TCNE ACN 480, 530, 620 1 <0.12P
B | VvaCN 480,530,620 1 ~0.14
< OcCN 480, 530, 620 1 0.18
< r 480 nm PMB/TCNE _ aSmaller than the instrument response functfoBiphasic decay
at 480 and 530 nm excitation (see text).
is too small compared to that of TCNE to contribute

significantly to the transient sign&l.With the stronger donors,
the absorbance at 400 nm is negligibly small.

Contrarily to the TG measurements, the TA profiles are free
Figure 5. (A) Absorption spectra measured with TCNE and three  from interference and can be analyzed by iterative reconvolution

ge;ggz?\:ﬁgsei?cﬁggh(? ELT/GTEE)EI? ggéhgntéag;ioe%ait;sgggo'\ln of the instrument response function with a trial function. All
(thick blue and red lines) and best fits of eq 2 (thin lines). (C) Same as 9€cays could be well reproduced using the following  trial
(B) but with PMB/TCNE. function:

time delay (ps)

well reproduced with a biexponential function. In this case again, f(t) = A exp[—(t/7)7 2

only the time constant of the decaying component has been

considered. The corresponding CR time constant is listed in ~ This function withs < 1 is the stretch exponential function.
Table 3 together with those obtained with other donors in ACN It is widely used to describe systems exhibiting relaxation
and in VaCN. The effect of excitation wavelength was occurring in a large range of time scafégdowever, the best
investigated with PMB/TCNQ in VaCN, for which the CR fits shown in Figure 5 have been obtained with 1. This
dynamics is faster than that of diffusional solvation. The CR corresponds to a situation where the decay rate increases with

time constant upon excitation at 490 and 580 nm was the Same,time. This effect is particularly evident with IDU/TCNE excited
within the limit of error, as that measured with 530 nm at 480 nm, where the time profile after the initial rise remains

excitation. almost constant for a few hundreds of femtoseconds. After about
Complexes with TCNE. In a first stage, relatively weak 2—3 ps the decay is close to exponential. As shown in Figure
donors such as methylbenzenes (MeB) have been used. Thé&B, the CR dynamics depends clearly on the excitation
absorption spectra of MeB/TCNE mixtures exhibit a single Wavelength with IDU/TCNE in VaCN. With HMB/TCNE (not
broad absorption band with the maximum correlated with the shown) only a very weak effect is observed, while with PMB/
redox potentials of the donor (see Table 2 and Figure 5A). To TCNE, the CR dynamics is essentially independent of the
avoid interference effects associated with OKE, and thus, to be excitation wavelength, at least between 480 and 620 nmsThe
able to monitor the early time evolution of the excited-state values obtained from the fit are listed in Table 4 together with
population, the time dependence of the absorbance of FCNE the effective time constants.r, defined as:
radical anion at 400 nm was measured by transient absorption.
Figures 5B,C show time profiles of the TA at 400 nm measured To= 1 f°°
with IDU/TCNE and PMB/TCNE in VaCN after excitation at o AALL Y0
620 and 480 nm. Although the IDU/TCNE complex exhibits
some absorption at this wavelength, its absorption coefficient where AAnax is the maximum signal intensity.

AA() dt ©)
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T L — T After 480 nm excitation, the decay is biphasic with an ultrafast

< component as measured with 620 nm excitation and a smaller
slow component, which remains constant within the time
window of the experiment (100 ps). As shown in Figure 6C,
this “plateau” can still be observed upon 530 nm excitation,
but its amplitude is smaller. This biphasic decay dynamics is
no longer observed with the weaker donors, VER and ANI. With
both donors, the dynamics is independent of the excitation
wavelength, at least between 480 and 620 nm.

400 560 600 700 800 In VaCN and OcCN, the TA decay measured with TMB/

wavelength (nm) TCNE is no longer biphasic even upon 480 nm excitation. In
these two solvents, the CR dynamics is substantially slower than

i . ' ' B | in ACN and does not exhibit any significant excitation

| wavelength dependence between 480 and 620 nm. The same

behavior has been observed with VER/TCNE.

— By contrast, the excited-state population dynamics of ANI/

TCNE in VaCN and OcCN exhibits a small but reproducible

wavelength dependence. As for IDU/TCNE, both the degree

of nonexponentiality and the effective CR time constant increase

by going from red to blue excitation. The effective decay times

i are listed in Table 4.

0.5 0.0 0.5 1.0 1.5

time delay (ps) Discussion

: : " c The above results indicate that a dependence of the CR
dynamics on the excitation wavelength is observed in a few
cases only. Moreover, these cases can be sorted into three
groups: (a) wavelength effects independent of the dynamic
properties of the solvent, i.e., present in both ACN and VaCN,
(b) effects measured in ACN only, and (c) effects appearing
only in slower relaxing solvents, i.e., in VaCN and OcCN. These
w three groups of wavelength dependence have most probably
0 =it I I T different origins that are discussed below.
20 40 60 (a) Solvent-Independent Wavelength EffectsThese effects

time delay (ps) have been observed with the two D/PMDA DACs. Indeed, CR
Figure 6. (A) Absorption spectra measured with TCNE and three upon CT2 excitation is in both cases an.d in both ACN and
methoxybenzenes in ACN. (B) Time profiles of the transient absorption V&CN markedly slower than after CT1 excitation. The presence
at 400 nm after excitation of TMB/TCNE at 480 and 620 nm in ACN of two CT bands is typical for complexes with substituted
(gray) and best exponential fits (black). (C) Same as (B) but after 530 benzenes as donegtlUpon substitution, the two highest occupied
nm excitation. molecular orbitals (HOMO) of benzene are no longer degenerate
and, therefore, the two CT bands correspond to transitions from
the highest (HOMO) and the second highest (HOMO-1)
occupied orbitals of the donor to the lowest unoccupied orbital
(LUMO) of the acceptor. A substantial oscillator strength of a
CT transition requires some overlap between donor and acceptor
orbitals. For this reason, it has been suggested that the two CT
In OcCN, the CR dynamics is substantially slower than in bands corrgspond to DACs Wi'.[h different geometries, eaqh of
VaCN. Although a small excitation wavelength dependence can tEele?\Xgnn? ;he overlag;ocf: either HO'\l/lO or H.OMO'lfVCV:'g]
be observed with IDU/TCNE, it is not as marked as in VaCN. the of the acceptor. Consequently, a variation o

. . . ; dynamics upon CT1 and CT2 excitation is not really astonishing.
With the other DACs, CR is essentially independent of the . . .
excitation wavelength. A major difference between CR from CT1 and CT2 is the

Several complexes composed of TCNE and methoxybenzenedr'vIng force, AGgr. For CR after CT1 excitation, it can be

derivatives (MoB) have also been investigated. With ANI, VER, expressed as:

and TMB as donors, two distinct CT absorption bands are

observed (see Figure 64).In the presence of oxygen, a band AGggr; = — E (D) + E{A) — 0.56 eV

which is very similar to that of TCNE but lacks its charac- €s

teristic vibrational structure, is also present. This effect is well

documented and has been ascribed to the formation of thewhere Eo(D) and Ef{A) are the oxidation and reduction

tricyanoethanolate anigi{-5? potentials of the donor and acceptor in acetonitrile, respectively,
Figure 6B shows the time profile of the TA at 400 nm and s is the static dielectric constant of the solvent. This

measured with TMB/TCNE in ACN with two different pump  relationship, based on an expression proposed by WélNeas

wavelengths, which coincide predominantly with the CT1 established for the xylene/tetracynobenzene DA&hd can be

transition. After 620 nm excitation, the whole signal decays to expected to be valid for the complexes investigated here.

zero within the response function of the instrument. The CR Moreover, in polar solvents, the last term on the rhs of this

time constant can be estimated to be of the order ef@Dfs. equation is almost negligible. On the other hand, assuming that

2x10°

AA

[=]

The CR dynamics of these three DACs has also been
measured in ACN and in OcCN. In ACN, the time profiles of
the transient absorption are less nonexponential with the
order of 1.3. Moreover, the CR dynamics is about three times
as fast as in VaCN. However, no significant effect of the
excitation wavelength can be observed even with IDU/TCNE.

(4)
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the reorganization energy for both complexes is the SArtie frozen and changes of configuration in the excited state can
driving force for CR from the CT2 state can be estimated from thus be safely neglected.
the following relation: As the rate constant of CR is proportionaMg the observed
ratio of rate constantgri/kcr2is reproduced with &./V_ ratio
AGcg, = AGcg; = —hAvcr ©) of about 1.25 only. Therefore, a rather narrow distribution of

_ ) DAC geometries is sufficient to account for this effect.
where Avcr is the frequency difference of the two CT band i wavelength effect observed with TMB/PMDA and DEA/
maxima. Alternatively, the difference between the second and pyipa has probably little to do with nonequilibrium dynamics.

first ionization potentials of the donor could be used instead of ;g explains why it is observed in both ACN and VaCN, which
hAvcr. For the D/IPMDA systems investigated here, the differ- 15,0 very different dynamic properties. '

ence in driving force can be estimated to be about 0.9 eV (see (b) Wavelength Effects Observed in ACN Only. The

Table 2). . g
L . absorption spectrum of TMB/TCNE in Figure 6A shows that
The driving force dependence of the ultrafast CR dynamics 620 nm excitation pulses interact essentially with the CT1

of excited DACs has been shown to be weaker than predicted - ; : L
. . ) . transition, while 530 and especially 480 nm excitation pulses
m T 18,25
by the semiclassical theory of nonadiabatic ET reactitfs! interact partially with the CT2 transition. Therefore, if we

Whe;n represented ona Iogarlt.hmlc scale., the rate cqn§tant 0]Jassume different DAC geometries as just discussed above, the
CR increases almost linearly with decreasing exergonicity. For

MoB/PMDA complexes, the slope of the free energy depen coupling constant for CR upon blue excitation should be smaller
dence amounts to 1.34 decadef8\Consequently, a 0.9 eV than for CR after red excitation. Another peculiarity of the TMB/

. O . TCNE complex is its small driving force for CR, i. =
increase of exergonicity should result in a 16-fold decrease of _CO 88 g?/ lehojgﬁtie?otgl reo?ggn?zeat?or?enerz}yngER

CR rate constant. This is much larger than the decrease by_ 8n such complexes is not known, it is not unrealistic to think
factor of abgut .1'5 observed here (see Table 3). leferenpes "M that—AGcrs < 4, and therefore, CR should, in principle, occur

the reorganization energy, andfor in the electronic coupllng in the so-called normal regime. As shown in Figure 7, CR from
matrix element,V, for CR from CT1 a_nq CT2 could, in the equilibrated excited DAC is thermally activated and can be
principle, counterbalance the effect of driving force. However, expected to be slow. However, if the coupling constris

!?(r:g_lc_aldlffzr((a:r]rczes nﬂdcan treasonallbly be (.atﬁc(ljgf?ed btecause tey en sufficiently large, hot charge recombination can occur in parallel
! an are due to compiexes with different geometries, v, v axation. If CR occurs only partially during relaxation, the

they are composed of the same molecules. decay of the excited-state population should be biphasic with

TOI_ counterbartll:;\?cecgw? diffﬁreg(_:rez of dri\;lingl df(;rc:a, the an ultrafast component due to hot CR and a slow component
coupling constanv’for rom the state should be larger ¢ 14 thermal CR. This could be an explanation for the biphasic

than that for CR from the CT1 state by a factor 3.2. The decay shown in Figure 6.

magnitude ofV can, in principle, be deduced from the dipole _
moments of the two transitions. According to Voigt and co- The wavelength effect could now be related to the variation
of V with excitation wavelengthV is the largest for red

workers®® the two CT bands of complexes with TCNE and o e L
. ; - excitation, and in this case CR occurs totally before equilibrium
substituted benzenes have essentially the same oscillator,

strength. One can thus expect a similar trend with PMDA. has begn reached.. With blue quelength, DACS. with smlller
One possible explanation for the weak difference of CR are excited. For Fhls subpopula.tlon, the hot CR IS not complete
dynamics is that the DACs do not have very precise geometriesand thu_s_ a fraction of the _exmted-s_tate population relaxes to
where the overlap between the LUMO of the acceptor with the eql.““b”um f_rom where it recombines thefm?‘”y- Hence, the
either the HOMO or the HOMO-1 of the donor vanishes. As biphasic decay is only observed at short excitation wavelength.

shown by Voigt and co-workef$,the ratio of the area of the Th? absence of biphasic de_cay_ln VaCN and OcCN can _be
two CT absorption bands is temperature dependent above Zooexplamed by t.he glower relaxatlop times .Of these solvents, which
K, indicating equilibrium between the DACs geometries. In most fa"‘?r nonequilibrium CR even W',th re'a“"e'Y small¢values.
cases, the overlap with both donor orbitals must be substantial ~ Finally, the absence of biphasic decay with other donors can
and, consequently, the oscillator strength for both CT transitions P& explained by the larger driving force for CR, i.8Gcr1 =
should be simultaneously nonzero. Therefore, the CT2 band can~ 1-21 €V for VER/TCNE. With VER and ANI, CR occurs
be thought of as being due to a transition to an upper excited essentially in the bgrrlerless or the inverted regime and is thus
state of the complex. After internal conversion to CT1, CR with Not a thermally activated process.
AGcr takes place. In principle, CR from the CT2 state is also A biphasic decay of the ion pair population generated upon
possible but, due to its larger driving force, it can be expected €lectron-transfer quenching of perylene by TCNE has recently
to be much slower than internal conversion to CT1. Thus CR been reported It was shown that more than 95% of the ion
always occurs from CT1, independently of the excitation Pair population undergoes ultrafast CR, most probably hot CR,
wavelength. while the remaining fraction undergoes slow CR as expected
The observed wavelength effect on the CR dynamics can befor the normal, thermally activated regime.
explained in terms of different DAC geometries and by  (c) Wavelength Effects Observed in Slower Relaxing
considering that there is no geometry where the orbital overlap Solvents Only.The gradual slowing down of CR dynamics with
is simultaneously optimal for both CT1 and CT2. DACs with a decreasing excitation wavelength, accompanied by an increase
geometry favoring the coupling with the HOMO-1 and, hence, of the nonexponential character, has been observed with a few
with a relatively smalV for CR (V-) have a higher absorption ~ DACs only and in the slower solvents, but not in ACN.
coefficient of the CT2 band. On the other hand, DACs with a  This wavelength effect is most probably due to the non-
configuration favoring the coupling with the HOMO and which  equilibrium nature of the CR (see Figure 1). It is indeed only
have thus a large¥ for CR (V4) have a higher absorption observed when the effective CR time constant is shorter than
coefficient of the CT1 band. Therefore, CR after CT2 excitation that of diffusive solvation. Indeed, in the case of IDU/TCNE,
is slower than upon CT1 excitation. Considering the time scale the wavelength effect is substantial in VaCN, where the CR
of CR, the geometry of the excited DAC can be considered as time constant is of the order of 2 ps and the solvation time is
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Figure 7. lllustration of thermally activated and hot CR pathways using cuts in the free energy surface of the ground and excited states of a DAC
along the solvation coordinate.

Energy

-
e

solvation coordinate

Figure 8. lllustration of the correlation between the excitation wavelength and the initial location of the excited-state population on the solvation
coordinate. (A) With red edge excitatiofy(@nd4,), only the lower vibrational staten(= 0) of the electronic excited state is populated. (B) With
shorter excitation wavelengtii4), several vibrational states of the electronic excited states @, 1) can be populated at various locations on the
solvation coordinate.

4.7 ps. The effect is less marked in OcCN, where the CR time TCNE and ANI/TCNE show that the longer excitation wave-
constant is around 5.5 ps and the solvation time is 6.4 ps. Thelength used, i.e., 620 nm, corresponds to the onset of the CT
relatively large increase of the CR time constant when going band. With the stronger donors, this wavelength is closer to
from VaCN to OcCN is most probably related to the smaller the band maximum. Resonance Raman measurements with
polarity of the latter. HMB/TCNE indicate the presence of many Frarckondon
Finally, no effect was measured with these DACs in ACN active vibrational modes associated with the CT transittés.
where CR is slower than solvation. The nonexponential characterTherefore, excess excitation energy is deposited not only in the
of the decay, quantified here by, and its increase with  solvent modes but also in the vibrational modes. As shown in
increasing excitation energy are also typical for nonequilibrium Figure 8A, a correlation between the excitation wavelength and
dynamics as shown by recent simulations using various theoreti-the solvation coordinate only exists at long wavelengthsd
cal modelg2®-3t A2). Excitation at shorter wavelengthk {n Figure 8B) populates
The broad absorption band of IDU/TCNE is in fact due to various vibrational excited states at different locations on the
two nearly degenerate CT transitio#$/ originating from the solvation coordinate. After ultrafast relaxation to the vibrational
splitting of the two highest occupied molecular orbitals of IDU ground state, the population is spread out over a wide range of
as discussed above. As this splitting is very small, both positions on the solvation coordinate. Therefore, only a long
transitions have almost the same probability to be excited in excitation wavelength is able to bring the excited-state popula-
the wavelength range investigated. Therefore, the presence ofion into a rather localized position on the solvation coordinate.
these two CT states should not lead to a significant excitation This is at the origin of the so-called “red-edge excitation” effect,
wavelength dependence. This is confirmed by the fact that the which is observed with molecules characterized by a large
measured wavelength effect is strongly solvent dependent.difference in electric dipole moment between the ground and
Moreover, it is also observed with ANI/TCNE using pump the excited state in rigid and polar me@fa®! In these
wavelengths interacting with the CT1 transition only. conditions, the fluorescence spectrum depends on the excitation
With donors stronger than IDU and ANI, the CR dynamics wavelength on the red edge of the absorption band. At shorter
is substantially faster but the excitation wavelength dependenceexcitation wavelength, the dependence vanishes or is much
is much weaker or insignificant. The absorption spectra of IDU/ weaker.
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Consequently, the excitation wavelength dependence observedvork was supported by the Fonds National Suisse de la
with ANI/TCNE and IDU/TCNE can be considered to be ared- Recherche Scientifique through project no. 200020-107466/1.
edge excitation effect on the CR.
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