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The time-resolved fluorescence behavior of two derivatives of 4-(dimethylamirm)afhostilbene (DCS)
bearing a more voluminous (JCS) and less voluminous anilino group (ACS) was investigated in ethanol by
reconstructing the emission spectra using picosecond time-resolved single-photon-counting technique. For
JCS, these spectra exhibit a temporary isosbestic point, a clear indication of level dynamics between two
emitting excited singlet states (LE and CT). Kinetic evaluation yielded a precussocessor relationship
between LE and CT and CT formation time constants of 4 ps for ACS and 8 ps for JCS. This slowing of the
reaction for the compound with the larger volume of the donor moiety supports the assumption of a twisting
mechanism being a major component of the reaction coordinate. An additional transient red shift of the CT
band is observed for both compounds and follows the relatively slow solvation dynamics (ethanol).

1. Introduction SCHEME 1: Structures of S, SB, DCS, DCSB, JCS, and

ACS
trans-Stilbene (S) is one of the very well studied photophysi-

cal test molecules because it exhibits an adiabatic transition to ‘

a nonemissive (dark) state, the phantom-singlet state P, which Q O

is an intermediate in the trans-to-cis isomerization process and .
SB

is thought to correspond to a double-bond twisted spécies.
The role of the flexibility of the adjacent single bonds has been
a subject of continuing controversy. In model compounds such

as “stiff stilbene” (SB), in which these bonds are rigidized, the NG Q ‘ CH
transition to the P state can occur much faster than thatfdr S \ O e Ne Q O N
and multidimensional reactive surfaces have been invoked as “CHs . CHg

S
an explanatiort:8-°
These kinetic differences between bridged and unbridged DC

| , . S DCSB
stilbene are strongly enhanced if dor@cceptor-substituted
stilbene derivatives such as DCS and DCSB are investiffated NC NC- O \
(for formulas and abbreviations, see Scheme 1). In this case, a Q N Q NH;
qualitative difference was also found between the early-time
behavior of these two compounds. Using picosecond fluores-
cence and transient absorption, Rulliere et al. have demon- JCS ACS

strated®12-14that DCS populates a highly polar charge-transfer
state, CT, after the initial excitation to the so-called locally Depending on the nature of the solvent, the LE to CT reaction
excited state, LE, which however possesses considerable CToccurs at room temperature in times ranging from 1 to 10 ps.
contributions, tod® This transition occurs in a precurser Although these times are close to the solvent relaxation times
successor relationship thus indicating the existence of two in each case, different DCS derivatives can exhibit considerably
different excited-state minima for LE and CT in polar solvents, different rates'® pointing to the importance of intramolecular
in addition to the P state. This behavior is absent for the ring- Structural changes accompanying the LE to CT transition.
bridged compound DCSB and suggests that the formation of In the present paper, we try to approach this question from a
the CT state is linked to the possibility of twisting the phenyl systematic point of view taking into account the consequences
rings and that, for the description of the access to P, this that arise from the postulation of the mechanistic model. The
additional early relaxation behavior has to be taken into different behavior of DCS and DCSB suggests that this structural
account?1L1517 githough previous studies could not find change is connected with a twisting of one or both phenyl
evidence for 82! In view of this controversial situation  groups. In this context, the theory of twisted intramolecular
challenging the existence of an additional excited state, further charge-transfer (TICT) states is helpful because it predicts the
studies on DCS and derivatives are necessary. The multiplepossibility for excited-state minima at twisted conformatiéfs?
fluorescence of DCS was recently confirmed by several The model compounds mostly studied for the TICT process are
independent group%23 and extended to further derivatives.  acceptor-substituted dialkylanilines, derivatives of dimethylami-
nobenzonitrile (DMABN), and the adiabatic photochemical
t Ben-Gurion University of the Negev. formation of the CT state is thought to involve the twisting of
* Humboldt-Universitazu Berlin. the dimethylamino group. The corresponding emission from the
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CT state is highly forbidden, in line with the small overlap of used®334The time- and wavelength-dependent kinetiag,1),
donor and acceptor orbitad$For DCS, on the other hand, the were measured at fixed wavelengths covering the steady-state
emission from the CT state is not forbidd@suggesting either  fluorescence spectrum. The individu&l(t,l) curves were

that perpendicularity is not reached completely or that the independently fitted by a bi- or triexponential model allowing
considerably lower energy of the allowed states in the case of for rise and decay components using an iterative reconvolution
DCS leads to larger vibronic mixing. The TICT model can scheme. To reconstruct the time-resolved spectra, the fitted
explain (i) why dual fluorescence is absent for DCSB and (ii) function was scaled to the normalized steady-state spectrum,
why it is found for DCS only in polar solvents. (i) The reactive Fs{4), according to eq 1

coordinate is the twisting of one or both of the phenyl groups;

(i) although the near-planar LE state possesses considerable D(t,A)F {4)
intramolecular charge transfer (ICT) character, the twisting of FAALO =—3 1)
phenyl groups with their substituents leads to an electronic L/(‘) D(t.4) dt

decoupling of the moieties and increases further the correspond-

ing dipole moment of the CT state, which leads to a preferential For wavelengths at whiclFs{1) was below 1% of its
energetic lowering of the twisted conformation in polar sol- maximum value, we linked the normalization factor for a longer
vents?6:27 wavelength, at whichHFsd4) could be determined more ac-

In addition to comparing “stiff” model compounds such as curately, to the ratio of the count rates observed in the respective
DCSB vs DCS, a further approach to investigate the nature of time-resolved decays at the two wavelengths. The small
the reaction coordinate leading from LE to CT consists of variations in instrumental sensitivity over wavelengths were
studying the dynamic influence of pending groups. If the twist judged to be smaller than the errors from the direct use of the
model is correct, then the rate of twisting should be largely very low intensity steady-state spectrum.
governed by hydrodynamic factors such as the volume of the To follow the temporal change in the position and form of
rotating moieties and the solvent viscosity. Indeed, increasing the fluorescence spectrum, we expressed the spectrum, for each
viscosity has been confirmed to slow the transition rate from time point, in wavenumbers instead of wavelength according
LE to CT in DCS23If, on the other hand, only solvent relaxation  to F(v,t) = A2F(4,t).
determined the kinetics of CT formation, different model
compounds should exhibit the same rate. In this contribution, 3- Results

we study the influence of the size of the rotating moiety by  The steady-state fluorescence spectrum of JCS in ethanol at

comparing a derivative with a donor group of larger volume 298 K is shown in Figure 1a, as well as the associated kinetics
than in that DCS (JCS, Scheme 1) with a smaller-volume donor (Figure 1b-d) observed at three representative detection

compound (ACS). Such a hydrodynamic approach has beenyayelengths. Applying the iterative reconvolution procedure

previously used in the context of DMABN derivativésand mentioned in section 2 and using the instrument response

of triphenylmethane dyé%3* and complements the bridging  function shown in Figure 1b, we could fit the experimental decay

studies for “stiff” derivatives. signal intensityD(4,t) in all cases to a sum of two or three
exponential functions. The best (4,t) are represented by

2. Experimental Section the curves drawn in Figure Hial. As exemplified in Figure

Purified JCS and ACS were a gift of Karl Fischer, Bayreuth, 1P—d. generally a fast and a slower decaying component were
and Helmuth Gmer, Milheim, respectively. The eth,anol used' observed in the blue wing of the spectrum, while distinctive
was of spectroscop;ic quality,(Merck Uvas.ol). rise times were found in the red part of the spectrum. At

Time-resolved fluorescence spectra were obtained using theintermediate wa.velleng.ths (Figure 1c), more compllic.ated decgys
single-photon-counting setup, operated at Ben-Gurion Univer- were observed indicating the presence of two emitting species.
sity, described in detail elseV\}he?rQeThe samples of (35) x The set of fitted transients provided reconstructed transient
1(T’6 M probe molecules in ethanol solutions were excited by 1 fluorescence spectra consisting of 15 frequency points at any

ps pulses of a frequency-doubled Ti:sapphire laser (Tsunami,g'ven time in the time interval from 3 ps to 6 ns. Figure 2
Spectra-Physics pumped by a 10 W Beamlok Ar-ion laser) presents the_ tlme-re_solved reconstructed _emission spectra
operated at 82 MHz. Excitation wavelength was 348 nm using o_bt_amed during t_he f|rs_t ?‘0 ps z_;lfter the excitation. A clearly
the blue optics set of the Tsunami laser. The fundamental trainylsIble temporal isoemissive point at 18 520 Tn(540 nm)

of pulses was pulse-selected (Spectra-Physic, model 3980) rgndicates the presence of two excited states linked by a

reduce its repetition rate down to typically 6:8.0 MHz. The precursofr-successor relationship, assigned to a short-lived LE

energy of the excitation pulses was3 nJ/pulse. All measure- Stqgﬁezr;dsa;g;evcﬁésmiedd tf?ﬁ:r;t\ﬁdofc t?/—vcs)tgtgﬁssian line-
ments were performed under magic-angle conditions. Sample P - .
fluorescence was focused onto the entrance slit'kfra double shape functions (eq 2) providing an acceptable fit of the data

monochromator (CVI model 112 using a bandwidth of 2 nm) ll‘nn?:ltl'ocrlassleeAz;tlzgnag\s/:trllct-:‘sbt? sfgre;]esuhmatolgst\sl,vgalps%;?(;?]in d
connected to a Hamamatsu 3809 6m microchannel plate unct w possi u w : y

photomultiplier. The full width at half-maximum (fwhm) of the ~ WE® not used.

instrument response function of the single-photon-counting 9
apparatus was between 18 and 22 ps. The achievable time Find) =1 ex;{— (- Vp))
resolution after deconvolution was-2 ps in the 25 ns full- ' WP

scale range of the time-to-amplitude converter (Tennelec 862).

Typical counting rates were below 1 kHz. The number of counts Three parameters, the integrated fluorescence intehsttye
was typically 10 K at the peak channel, collected with the width parametew, where the full width at half-maximum B
Tennelec PCA3 card. = 2w+/In 4, and the peak frequenay, for each excited state

For the determination of the time-resolved fluorescence are determined in a nonlinear least-squares fitting procedure for
spectra, the method described by Maroncelli and Fleming was each transient spectrum. To the extent that a Gaussian function

)
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Figure 1. (a) Steady-state fluorescence spectrum of JCS in ethanol at g
298 K and (b-d) fluorescence decay traces at three representative = 1
emission wavelengths indicated by arrows in panel a. Panel b also
contains the instrument function of the setup used. 0+

accurately represeni&v,t), the evolution of these parameters Time (ns)

in time determines the observed dynamics of the two states. Figure 3. Decay of the LE and growth of the CT band for JCS in
The decomposition of the fluorescence of JCS in ethanol into ethanol at 298 K. The integral of the total time-resolved fluorescence

two subbands at four representative time points is shown in the spectrum (CT- LE) is nearly time-independent. On a longer time scale,

Supporting Information and can be summarized as follows. The the fast rise (8 ps) and much slower decay (1.15 ns) of the CT band

fluorescence spectra in ethanol show the development of a red-°an be observed (lower part of figure).

shifted band at 18 230 cmh (549 nm) from what has been a

shoulder in the spectrum recorded immediately after excitation of the LE state. On a longer time scale, the much slower decay

and a corresponding fall of the short-wavelength band at 19 230(1.15+ 0.05 ns) of the CT band is observed (Figure 3b). The

cm ! (520 nm). At longer times, the lower-energy CT band evolution of the dynamic Stokes shift of the low-energy state

grows in relative importance. of JCS in ethanol from 549 to 558 nm is shown in Figure 4.
The decay of the integrated fluorescence of the LE band and Figure 5 presents the reconstructed emission spectra obtained

the corresponding growth of the CT band for JCS are shown in for ACS in ethanol during the first 200 ps after the excitation.

Figure 3. The integral of the total time-resolved fluorescence (A figure with the dual fluorescence behavior of ACS at four

spectrum (CT+ LE) is nearly time-independent. The formation representative time points can be found in the Supporting

of the CT band is delayed with respect to the excitation pulse Information). The fluorescence spectra in ethanol show the fast

with a clear rise time as shown in Figure 3a. The rise time of development of a red-shifted band at 20 200"&r#95 nm)

the CT state is found to be8 2 ps, matching the decay time and a corresponding decrease of the short-wavelength band at
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Figure 4. Red shift of the CT band of JCS in ethanol as a function of 0 100 200 300 400
time. The solid curve corresponds to a biexponential decay with Time (ps)
7 ps (23%) and, = 38 ps (76%). Figure 6. Decay of the LE and growth of the CT band for ACS in
ethanol at 298 K. On a longer time scale, the fast rise (4 ps) and slower
0.8 ®—3ps decay (110 ps) of the CT band can be observed (lower part of the
—O0—4ps figure).
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Figure 7. Red shift of the CT band of ACS in ethanol as a function
of time. The solid curve corresponds to a biexponential decay with

1'6 ' 1'8 ’ 2'0 ) 2'2 ' 2'4 ' 216 = 6 ps (20%) and,; = 36 ps (80%).

Frequency v (103 cm‘1) with time constants; = 7 & 1 ps (23%) and, = 38 + 3 ps
(76%). The weighted average time constant is about 30 ps. The
time evolution of the dynamic Stokes shift of the CT state of
ACS (Figure 7) has two very similar time constamts= 6 +
21 980 cm! (455 nm). The decay of the integrated fluorescence 1 PS (20%) and, = 36 & 3 ps (80%) and the same weighted
of the LE band and the grO\N‘th of the CT band for ACS in average time constant of about 30 ps. This average time constant
ethanol are shown in Figure 6. The formation of the CT band is similar to the |Ongitudinal relaxation time of the solvént.
is delayed with respect to the excitation pulse with a clear rise The observed relaxation times compare well with previously
time as shown in Figure 6a. The rise time of CT state is found determined multiexponential dynamic Stokes shifts in ethéhol.

to be 4+ 1 ps matching the decay time of the LE band. On a ) )
longer time scale, the slower decay (1305 ps) of the CT 4. Discussion
band is observed (Figure 6b). The fluorescence lifetime of the 4.1, Dual FluorescencefFrom the results of the CT rise times
CT state of ACS is short as compared to the fluorescence ghserved here (4 ps for ACS, 8 ps for JCS), we can anticipate
lifetime of JCS (1.15 ns). The evolution of the dynamic Stokes sjmijlarly fast time constants for DCS. Indeed, time-resolved
shift of the low-energy state of ACS in ethanol from 495 to studies on DCS have established a similar dual fluorescence
515 nm is shown in Figure 7. and comparable time constaf$e$?223

The time evolution of the dynamic Stokes shift of the CT The dual fluorescence of DCS therefore occurs on a time
state of JCS (Figure 4) was fitted by the sum of two exponentials scale that is very short compared to the excited-state lifetime

Figure 5. Reconstructed time-resolved emission spectra of ACS in
ethanol at 298 K.
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such that the integrated or steady-state emission consists ofTABLE 1. Observed Relaxation Times for the CT Emission
virtually pure emission from the CT state formed by the excited- in Ethanol at 298 K

state process. Moreover, the spectra of the primary state LE Trise Tdecay Tehitt

and those of CT are not sh|fted much relative to each other, SO cs 8+ 2 ps 115+ 0.05 s 7+ 1 ps (23%)
the steady-state spectra of different DCS model compounds with 38+ 3 ps (76%)
and without a channel to the CT state differ only very litfle. ACS 44+ 1pg 110+ 5ps 6+ 1 ps (20%)
This is the reason that fast and precise time-resolved methods 36+ 3 ps (80%)
have to be used to detect the dual fluorescence. For the same PCS 57pg 300+ 15 ps$

reason, we chose ethanol and not the faster-relaxing acetonitrile 2 Evaluated from spectral and band integration (see Figures 3 and

because we hoped to separate between the solvation proces$) for both LE and CT emission8Linear interpolation from the data
and the TICT dynamics. inref 13.¢ Evaluated from several decay traces at different wavelengths.

In an early attempt, very strong picosecond pulses from 3 . . . . .
amplified lasers and very high concentrations were used, and areportedl, and with a linear viscosity interpolation, around b

transition between two fluorescence bands significantly differing PS 1S expec_ted for e_thanol. In the twisting model, these rates, if
in position was reporte#f. These species were later recognized cr:)mpare_d In one given sqlvent, ﬁhourlld dﬁpend ;)n the size of
as being due to complexation between two excited DCS species'lt:)e rotating rrmgty. Exp(.arln}(.anta y’I the ¢ a}n%e rom AC?} to

(bicimer) because they disappear upon dilution and reductionf €S tofJCS eg 25 to rél&gnl |cr?nt sbowmg orthe reactlo?] ya
of excitation intensity’ and only recently it has been substanti- actor of around 2 (Table 1). This observation supports the use

ated that a precursessuccessor relationship can nevertheless gg::;iévrzss“tnr?erinmecgggfg (‘;:f:g; Z_‘lﬁaﬁ?&ggcﬁﬁs%v'eg;ggs
be observed in dilute solutions and at low excitation intensities P 9 P ( 9)

that can be ascribed to a monophotonic monomolecular pro- of Itthioirl]g"&gar\(r)uﬁe?r ;t;eigzsrﬁgl(ljtlotﬂéoczcs?:/.vhen clectron
cess?213 |In view of these complications, it is therefore of gued, Y

importance that in the present study, a single-photon-counting tr:g;isofﬁg Issulcnr:/ Oall\éegr’(aéh‘ztn;?Ctorshg;h%h?: d:i:rgg te)lm;t)#;ude
experiment using low excitation intensity and micromolar gy 9es, y

solutions confirms these results consistently. The fact that the \ég:g:;rt]s()flr:r:ﬁisggg; gc:ggi\)/\?ozjlglzy Zg?;[gttt?; ggii:vfhda:ggteer
precursof-successor behavior is not observed for DCS in ) ' P

. . will influence the energy of both LE and CT states because
nonpolar solvents nor for the bridged compound DCSB in both o
polar and nonpolar solvents can be taken as evidence that they both possess significant CT charaéiut the CT state,

: L I %eing more strongly polds will be influenced more strongly.
single bond_t\letmg process around one O.f the (_ath nyl The donor character increases in the series aniline, dimethyla-
bonds leading to a more polar CT state is taking pld&cehe

giline, julolidine, and therefore, JCS is expected to possess a
presence of the dual fluorescence as revealed here also for JC ic | ) d dinal .
in which the dialkylamino group is blocked confirms this Stronger energetic lowering and correspondingly exergonic

. 4 . . .. (negative)AG than ACS. In a Marcus-type forward electron-
conclusion and supports earlier studies stating that the twisting

of the smaller dialkvlamino aroun is not imoortant for the transfer reaction in the normal region, this should lead to
) . ylamino group port . increased rate constants for JCS as compared to ACS in a given
reaction coordinaté’ The interpretation of a twisting anilino

S . solvent, contrary to observation. The increased hydrodynamic
group for CT formation in DCS is further supp.orted by.the friction for JCS therefore reduces the value for JCS below that
observation of dual fluorescence also for the amino-substituted

. of ACS.
gg?&%ﬂg%giihgruggqthr;ﬁhtg tf/t:iititr)Fhr?l\(l)lic()e rt Oifsaxnl-t\r?é\lér\giio However, the reported relatively small difference (factor 2.5)
. . - g Moty Is n . between the transition rate of DCS in methanol and butanol
or dialkylamino group but the anilino or dialkylanilino moiety.

This conclusion was reached previou&hand is supported by where both solvent polarity and hydrodynamic factors are
recent ab initio calculatiorf§:# Although in previous studié%1” expected (o slow the rate implies that a simple Marcus-type

. - L mechanism is probably not the important factor in this case,
Fhe behavior of bndggd compounpls |nd|rectly sugge.st.ed t.he either because it is not the controlling mechanism or because
involvement of a twisting process, in this study, the twisting is

. . . .~ the reaction is in a region where it is weakly sensitive to changes
more directly demonstrated by the viscosity and rotator size g y g

ffect. and dual fi ' ob d in th in AG. The latter case arises for nearly activationless processes
zCeSC » and duaf fluorescence 1S observed even In the case Oly ot the inflection point between the normal and the inverted

o - o region. In such cases, the reaction rate is controlled by the
It may seem astonishing that an anilino group twists in the preexponential factor, which is usually determined by the solvent
excited state, given that bond order considerations predict thisye|axation dynamics. In our case, the observed transition rates
single bond to be strengthened, as in stilbene itself, and evenfgr ACS and JCS (4 and 8 ps, respectively) are faster than
more through the doneracceptor interactions, which introduce  the |ongitudinal dielectric relaxation time of the solvent (30 ps,
quinoid character into the wave function. However, this reason- the average relaxation time of ethanol), and are clearly shown
ing does not hold for perpendicular conformations, and their 1o pe also solute-dependent (JCS vs ACS) pointing to the
energetics are dictated by the dorarcceptor properties of the  jmportance of an intramolecular relaxation (see below). Both
moieties, as given by the theory of biradicaloid charge-transfer gpservations favor an adiabatic transfer mechanism over a
stateg64243|f these twisted conformations are energetically low- Marcus-type weak interaction model.
lying, they will be accessible photochemically, possibly by  very similar results were found for a related series of
overcoming a more or less small activation energy. This molecules belonging to the family of triphenylmethane (TPM)
activation energy can be considerably reduced by the involve- dyes29-3145 |n this case, too, the anilino derivative was the
ment of conical intersections between excited sttés. fastest to react toward a nonemitting charge-localized state also
4.2. Influence of the Rotational Volume.The observed connected with electron transfer and twisting of anilino groups,
kinetics for the LE to CT transition in DCS are in the range and the rate factor between the dimethylanilino and the julolidino
around and below 10 ps and depend on viscosity. For DCS, compound was around 3.8, consistent with the present
values of 4 ps in methanol and 10 ps in butanol have beenresults and with the increase of the rotational volume for these
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SCHEME 2: Three-State Mechanistic Modet

-

pure barrierless reactioA$but with the present time resolution,
such a behavior cannot be discriminated from an exponential
behavior.

- LE ¥ When solvation is the only decisive factor for a given
CT=— 1 nonr. decay relaxation process, then dynamics of any given compounds such
i as JCS and ACS are equal. This is indeed the case for the

kinetics of the red shift of the CT band (main component ca.

fluo(CT)  exc.| |fluo(LE) 36 ps, Table 1), which is similar to that observed for other

fluorescent molecul€e¥.
4.4. The Endothermic Access to the Conical Intersection
2 The initial relaxation is downhill to CT. From CT, the endothermic  (Phantom Singlet State P)The three DCS derivatives possess
P state may be reached indirectly via LE or directly. This corresponds strikingly different decay constants of the CT state: just 110
toa differenF reaction path within the t'W(_)-dimensionaI hypersurface ps for ACS, 300 ps for DCS, and 1.15 ns for JCS. The very
defined by single- and double-bond twisting. long lifetime of JCS is consistent with the results of a previous

two types of rotor§® TPM dyes are generally believed to study of this compound in which anomalously high fluorescence

possess barrierless reaction profiles, which can be modeled byAuantum yields were observéd.
driven diffusion?47 In the case of DCS and derivatives, the To explain this contrasting behavior, Scheme 2 can be used,
reaction rates observed are nearly as fast as those for the TPMaking into account the dipolar properties of the states in-
dyes. This is a possible indication that in this case, too, a Volved: LE and CT are both highly polar with an increased
barrierless reaction is involved. dipole moment for CT, but P has nonpolar or weakly polar
A further possibility to interpret the observed rate constants Properties-°and is therefore considerably less stabilized when
is the relaxation of a dipolar LE state without involvement of the solvent polarity increases. Increasing solvent polarity
a more polar CT state. In this case, time-dependent shifts of atherefore stabilizes both LE and CT but much less P. This is
single band would be expected. The fast&ps) component the reason why the nonradiative decqy_rate, which is govgrned
could be due to vibrational relaxation, the longer one (see below) Py the access to P (double-bond twisting), decreases with an
to solvation. This model, however, does not explain why ACS’ increase of solvent polarity.+82°
has the fastest short-time kinetics and JCS the slowest one nor The energy of these states is likewise influenced by the quality
why temporary isosbestic points and dual fluorescence bandof the donor: For increased donor properties (julolidino group),
shapes are observed (Figures 2 and 6). both states with CT character will be significantly lowered but
4.3. Electron Transfer and Solvent Relaxation Times.  the energy of the P state will largely remain unaffected. Given
Electron-transfer reactions are often controlled by solvent the fact that LE and P states are roughly isoenergeticaims-
relaxation®® In such cases, the reaction rate is inversely stilbenexitcan even be envisaged that the access to P is slightly
proportional to the dielectric relaxation time of the solvent. The endothermic in DCS derivatives because of the additional
widely differing reaction rates for ACS, DCS, and JCS in the stabilization by populating the CT state. The endothermicity
same solvent indicate that the reaction is not simply controlled Wil then be largest for JCS with the best donor group and the
by solvent relaxation but that intramolecular motion is also Strongest stabilization of CT and will be smallest for ACS. This
important. This is especially consistent with an energetically much better thermal availability of an endothermic P state for
barrierless or even downhill nature of the reactive hypersurface ACS explains its much shorter fluorescence lifetime.
where the reaction is controlled by diffusional kinettédn Endothermic access to the P state is consistent with efficient
principle, nonexponential time dependences are expected fornonradiative decay, if the coupling to the ground state is very

SCHEME 3: Schematic Representation of Excited-State Reactive Surfate

Stilbene ACS JCS
LE P CT LE P CT LE P
- -
-GN - -4
/ /
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a After excitation to LE, donotacceptor stilbenes have an additional relaxation channel that leads to CT and shows up in dual fluorescence; the

P state is endothermic, most strongly for JCS.
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strong. A strong coupling is not possible if the energy gap

Pines et al.

(5) Saltiel, J.; DAgostino, J. T.J. Am. Chem. S0d.972 94, 6445.

between P and the ground state is large. Indeed, the best modelgs(e) Rothenberger, R.; Negus, D. K.; Hochstrasser, RINChem. Phys.

for an efficient coupling between P and i stilbene seems to
be a conical intersectior:>2 This situation is schematically

shown in Scheme 3 for the three compounds stilbene, ACS,

and JCS.

3 79, 5360.
(7) Schneider, S.; Brem, B.;dar, W.; Rehaber, H.; Lenoir, D.; Frank,
R. Chem. Phys. Letf1l999 308 211.
(8) Park, N. S.; Waldeck, D. Hl. Chem. Phys1989 91, 943.
(9) Agmon, N.; Kosloff, R.J. Phys. Chem1987, 91, 1988.
(10) Lapouyade, R.; Czeschka, K.; Majenz, W.; Rettig, W.; Gilabert,

Usually, double-bond-twisting reactions in smaller molecules E.; Rulligre, C.J. Phys. Chem1992 96, 9643.

evolving through conical intersections occur in the femtosecond
time rangé&3 and do not necessitate several hundred picosecondsP u

(11) Rettig, W.; Majenz, W.; Herter, R.; t&rd, J. F.; Lapouyade, R.
re Appl. Chem1993 65, 1699.
(12) Viallet, J.-M.; Dupuy, F.; Lapouyade, R.; Rulliere,Chem. Phys.

as observed here. This time scale points to an activated process.ett. 1994 222 571.
The P state in the DCS derivatives therefore seems to be a region (13) Abraham, E.; Oberle, J.; Jonusauskas, G.; Lapouyade, R.; Rulliere,

in phase space with double-bond twisted geometry and femto-

C. Chem. Phys1997 214,409.
(14) Abraham, E.; Oberle, J.; Jonusauskas, G.; Lapouyade, R.;iRullie

second access to the nearly isoenergetic ground state, but thig 3 photochem. Photobiol. A: Chert997 105, 101.

region is energetically higher lying and has to be reached

thermally, and this controls and slows the observed rate.

5. Conclusions
The results reported for two different dor@cceptor stilbene

derivatives provide evidence of dual emission in the picosecond
time range and support the view that not only double-bond
twisting but also single-bond twisting processes are important
for this type of molecules. The substituent and bridging pattern
tested strongly support the involvement of the single-bond twist

around the aniline-ethylene bond to be part of the reaction
coordinate. The strongly different fluorescence lifetimes ob-

(15) Letard, J.-F.; Lapouyade, R.; Rettig, Whem. Phys1994 186,
119.

(16) Rettig, W.; Majenz, W.; Lapouyade, R.; Haucke JGPhotochem.
Photobiol., A: Chem1992 62, 415.

(17) Leard, J. F.; Lapouyade, R.; Rettig, \@.. Am. Chem. S0d.993
115 2441.

(18) Rettig, W.; Majenz, JChem. Phys. Lettl989 154, 335.

(19) Ilichev, Y. V.; Kuhnle, W.; Zachariasse, K. Ahem. Phys1996
211, 441.

(20) Gruen, H.; Gmer, H.Z. Naturforsch.1983 38A 928.

(21) Safarzadeh-Amiri, A.Chem. Phys. Lettl986 125 272.

(22) Eilers-Kanig, N.; Kuhne, T.; Schwarzer, D.; \twinger, P.;
Schroeder, JChem. Phys. Lett1996 253 69.

(23) Papper, V.; Likhtenshtein, G.; Pines, D.; PinesREc. Res. Deel.
Photochem., Photobiol1998 1, 205 (Transworld Research Network,

served can be explained with a model involving an activated Trivandrum, India).

access to a conical intersection linking ground and excited state; .

(the so-called phantom singlet state P).

Note Added in Proof. Quite recently a fluorescence upcon-

version study of DCS appeared (Kovalenko, S. A.; Schanz, R.;

Senyushkina, T. A.; Ernsting, N. Phys. Chem. Chem. Phys.

2002 4, 703) where it was concluded that the dual fluorescence

(24) Grabowski, Z. R.; Rotkiewicz, K.; Siemiarczuk, A.; Cowley, D.
Baumann, WNow. J. Chim.1979 3, 443.
(25) Rettig, W.Angew. Chem., Int. Ed. Endl98§ 25, 971.
(26) Rettig, W. InTopics in Current Chemistry, Electron-Transfer |
Mattay, J., Ed.; Springer-Verlag: Berlin, 1994; Vol. 169, p 253.

(27) Maus, M.; Rettig, W.; Bonafoux, D.; Lapouyade, RPhys. Chem.
A 1999 103 3388.
(28) Rettig, W.J. Phys. Chem1982, 86, 1970.
(29) Vogel, M.; Rettig, W.Ber. Bunsen-Ges. Phys. Chei@85 89,

observed previously for DCS was an artifact due to reabsorption 962.

by the highly populated S1 state. The dual fluorescence
dynamics observed are explained to be indirectly due to the
time-dependent red shift of the fluorescence band. Our study

(30) Rettig, W.; Vogel, M.Ber. Bunsen-Ges. Phys. Chef@87, 91,

(3i) Rettig, W.Appl. Phys.1988 B45 145.
(32) Pines, E.; Pines, D.; Barak, T.; Magnes, B.-Z.; Tolbert, L. M;

brings new arguments in this connection: Dual fluorescence is Haubrich, J. EBer. Bunsen-Ges. Phys. Cheh99§ 102, 511.

also observed for our low-concentration low-excitation-intensity
conditions with weak § population, and the dynamics is

different for different compounds, unlike as would be expected
from the above explanation. The systems investigated in the

two studies differ, however, in a very important point: The

(33) Maroncelli, M.; Fleming, G. RJ. Chem. Physl987 86, 6221.

(34) Castner, E. W., Jr.; Maroncelli, M.; Fleming, G.RChem. Phys.
1987, 86, 1090.

(35) Barthel, J.; Buchner, RRure Appl. Chem1991, 63, 1473.

(36) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, 8.
Phys. Chem1995 99, 17311.

(37) Gilabert, E.; Lapouyade, R.; Rultes C.Chem. Phys. Lettl988

present study uses ethanol as solvent which is a “slow” solvent, 145 262.

i.e., solvation dynamics is slower than the reaction observed. 18
In the study of Kovalenko et al., acetonitrile was used as solvent

which is “fast”, i.e., the reaction is expected to occur for solvent
equilibrated conditions. The problem is not solved yet and
deserves further studies.
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