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Several new aspects of the complex photophysical behavior of solutions'ddi@@hryl are reported. They

have been revealed by the time dependencies of the depolarization of the fluorescence and the photoinduced
transient optical absorptions of these solutions. A comparison is provided with the depolarization kinetics in
the case of solutions of anthracene. The observed depolarization behavior is interpreted on the basis of a
theoretical treatment which is presented in some detail. The main conclusions are summarized at the end of
the publication.

Introduction molecule and an excited solute molecule that is stable during
the time of observation, but becomes unstable when the solute
returns to its ground state. The formation of 1:1 solgelvent
exciplexes of BA could be demonstrated clearly in the case of
polar solvent molecules. Solutions of BA in alkanes with some
additional polar solvent exhibit linear Stern Volmer quenching
of the normal fluorescenceylaccompanied by a linear increase
in the ratiol (Fa)/l(Fy) of the intensities of the bandg ind Fy

with the concentration of polar solute. Evidence has been
8rovided that the solutesolvent exciplex of BA in acetonitrile

IS the precursor of the radical cation of BA.

Optical spectroscopy in the ultraviolet and visible wavelength
region of the spectrum has proven to be a powerful tool in the
study of chemical reactivities in the liquid state. Thorough
understanding of the spectroscopic consequences of solute
solvent interactions is of prime importance in this field to arrive
at reliable interpretations of the observations. It is therefore
worthwhile to gather knowledge which may lead to full
understanding of yet incompletely explained spectroscopic
observations such as those encountered in the spectroscopi
studies of solutions of 9'%ianthryl (BA)L. Many interesting ) ) ) . )
details have already been discovered concerning the behavior The dielectric losses of photoexcited solutions of BA in
of electronically excited BA dissolved in nonpolar and polar nonpolar solvents have been reexamihesid an attempt has
solvents. Attention has been strongly focused on the dual P€€n made to determina, from the observed losses. The
fluorescence of solutions of BA in polar solvents. The fluores- analysis of the results led to a valuewfthat is far too small
cence spectrum of these solutions consists of two bands, namely© be assom_ated with overall rotation of gxcned BA. Thereforg,
the normal band fFat short wavelengths, resembling the only the suggestion has begn made t.ha.t an mtramolecular transition
band appearing in the case of solutions in e.g. alkanes, and arP€tween two electronic states is involved in the microwave
anomalous bandsFat much longer wavelengths. The primary absorption. However, the method applied to determigis not
excited state of BA in nonpolar solvents, prepared by photo- consistent with this conclusion, bec_ause it relies on the dlpole
excitation within the first UV-absorption band, has no permanent "€orientation theory of Debye, while a quantum mechanical
dipole moment and its polarizability differs from that in the ~treatmentis required in the case qf intramolecular transitions.
ground state by the same amount as the difference betweeri" the latter case the loss is depending on an electronic transition
excited state and ground-state polarizability of a single an- Moment and not on a permanent dipole moment as in Debye’s
thracene molecul@® Although this is to be expected, the theory. Nevertheless, the studies of the transient dielectric Ios_ses
observed fluorescence of solutions of BA in alkanes cannot be "eveal clearly the presence of polar species in the photoexcited
interpreted easily. The temperature dependence of the fluores-Selutions of BA in nonpolar solvents and that Debye’s theory
cence spectrum revealed that the reason for this is that varioudo€s not apply to the dielectric relaxation of these solutions.
forms of the excited solute emerge from the primary excited = The presence of polar species in photoexcited solutions of
state? The fluorescent states of BA in several nonpolar solvents BA has also been detected by means of electric field modulation
have been found to lead to transient dielectric loss at microwave of their fluorescence spectfaSerious difficulties have been
frequencies. The variations in the losses with changes of solventencountered in the interpretation of these modulations in terms
have been attributed to the orientational relaxation of selute of dipole orientation and band shifts aloh&he involvement
solvent exciplexes with a dielectric relaxation timeof at least of solute-solvent exciplexes in the modulation effect could not
60 ps* The reasoning has been based on the Debye theory ofbe ruled ouf It seems that the electric field dependence of the
dielectric relaxation, which applies only when the loss is entirely chemical equilibrium between the bare excited solute and the
caused by overall rotation of a rigid dipole. The term sclute  solute-solvent exciplex (or any other polar form of BA) may
solvent exciplex refers to an association of a ground state solventhave to be taken into account in the explanation of both the

dielectric loss and the electric field modulation of the fluores-
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The fluorescence of BA in alkanes has been shown to ariseto exhibit an anomalous dual fluorescence when they are
from at least three different types of excited species, namely dissolved in polar solvents. There is a preference in the literature
from the relaxed primary excited singlet state®Bgand two to attribute this behavior to relaxation of the excited solute in
other species (& and $9) in an equilibrium emerging from  polar solvents into a twisted intramolecular charge transfer
($).# Despite this evidence, a number of recent explanations (TICT)° state with complete charge separation and to assume
of the fluorescence behavior of solutions BA rely heavily on that this applies also to solutions of BA® This preference
the assumption that the bang Bf solutions in an alkane can  cannot be justified, because strong evidence has been provided
be considered as a band covering a single electronic transition. that the anomalous fluorescence arises from the formation of
An interesting attempt has been made to decompose fluores-1:1 solute-solvent exciplexe$? 24
cence spectra of solutions of BA in several solvents into bands  |n the analysis of the dispersed fluorescence of BA in a
Fn and Fa by considering the fluorescence band of the solution supersonic molecular beam, a model is introduced that involves
in 1,3-dimethyl-perfluorocyclohexane (DMPFC) as arising from  a double minimum potential for the torsional motion in the state
the bare excited solute molecule with negligible sokgelvent s, in which the barrier is substantially displaced relative to the
interactior? However, two striking features went unnoticed. One - ground-state minimurtf The obtained potential for the torsional
is that the fluorescence is quenched dramatically in going from mode has been applied in the simulation of the fluorescence
cyclohexane as the solvent to DMPFC. The quenching is most spectra of solutions of BA?:18 Theoretical and experimental
probably caused by electron transfer within softgelvent objections can be raised against this model. If an electronic state
exciplexes. The other feature is that a similar band structure is of BA is found to be degenerate in a first-order description (e.g.,
observed in the fluorescence spectra of the solutions in cyclo- spanning an irreducible representation Bef), the application
hexane and in DMPFC, but the ratio of the heights of the peaks of a correction for vibronic coupling by a nontotally symmetric
is significantly different. The peak at the shortest wavelength mode (Jahr Teller coupling) may lead to a splitting. In contrast
is substantially higher than its nearest neighbor at the long to the proposition, a single minimum results then in the potential
wavelength side in the case of the bare solute in cyclohekane. for this mode in the upper electronic state, which is not
These two peaks are of equal height in the case of the solutiondisplaced, while the potential for this mode in the lower
in DMFPC. A reasonable explanation for the discrepancy is that electronic state is a double well with the minima displaced and
the latter spectrum does not emerge from a single type of specieshe barrier coinciding with the minimum of the upper state. The
as has been assumed. As a consequence the solvatochromigxperimental objection is that the model implies an extremely
shifts resulting from the decompositions may not be sufficiently small radiative transition probability between the stateargi
accurate to determine the excited-state dipole moment of theS; in contrast to the very large extinction coefficient in the first
species emitting the anomalous fluorescence, and this may als@lectronic absorption baridthe relatively large fluorescence
be inferred from the large scatter of points around the fitted quantum yield, and the mirror image relattdsetween the first
line in, for example, the LippertMataga plots. Also, other plots  electronic absorption band and the fluorescence band of a glassy
of this type are not showing a reasonable correlation betweensolution at 77 K.

solvent-induced spectral shifts of the bangd &id solvent A more recent study of the dispersed fluorescence of BA

polarity>19The obvious reason for this is that the bandafises i 3 supersonic molecular beam reveals a regular spectrum with
from a type of species (solutesolvent exciplex) which is  only sharp bands for the bare molecule, while this spectrum is
different in each solvent. strongly perturbed with additional broad features in the red part

There is no common opinion about the nature of the of the spectrum in the case of clusters of BA with either Ar or

fluorescent states of BA. The band Bf solutions of BA in H,0. The fluorescence of the clusters in the red spectral region
nonpolar solvents is thought to arise from (1) a moderately polar is attributed to relaxation into a charge transfer state. A serious
excited bare BA molecule whose symmetry is neitfi€,q nor objection against this conclusion is that the isolated excited

D», (2) a moderately polar excited twisted bare BA molecule clusters cannot relax, because they are not coupled to a heat
(implying Dzq or D, symmetry)? (3) an excited bare BA  bath. The differences with the spectrum of bare BA may arise
molecule withD,g symmetry and vanishing dipole momént, from the differences in the available amount of excess energy
(4) an excited bare BA molecule (implyiri2pg or D, symmetry) after excitation, from differences in the effects of internal
with merely a solvent dependent effective torsional potential. redistribution of the excess energy, or from optical transitions
The band k& of solutions of BA in polar solvents has been leading to dissociation of the clusters in the electronic ground
attributed to (5) solutesolvent exciplexe$, (6) an intra- state. The latter possibility may also explain why the additional
molecular charge transfer (TICT) excited state of a bare BA bands are very broad and without substructure.
molecule with full electron transfer (pl’esumably of the solute Pump—probe type spectroscopic studies of solutions of BA
with D, symmetry)}1914 (7) a moderately polar excited bare  have been reported. Some of these do not seem to agree with
solute (presumably of the solute wiby symmetry):® each other. Early work with nanosecond resolution revealed
A structural modification of BA, which involves only a transient absorption bands of solutions of BA in acetonitrile
change of the twist angle of the two anthryl groups, causes thediffering in decay kinetics and arising from three different types
molecular symmetry to change from the ground state point group of species’. One of them gives rise to a band at 690 nm with
Dyg to the groupD,. The point group®2q and D, imply both lifetime equal to the lifetime of the fluorescence. It has been
a vanishing dipole moment' Nevertheless, the discussions attributed to the solutesolvent exciplex, because this band does
about the photophysics of BA are still strongly focused on the not appear in the case of solutions in an alkane. Another species
supposed relation between intramolecular charge transfer andcauses the appearance of a sharp band at 430 nm. Since its
twisting in the excited stat® 18 It remains unclear how the lifetime is longer than 5@s, it has been charaterized as a BA
solvent can assist in obtaining a polar state wbijesymmetry molecule in a triplet state. The absorption spectrum of the third
is retained. Certain organic molecules with an electron donor transient species persists at leastuB) exhibits second-order
and an acceptor in a delocalized system of electrons, such asdecay, and has intense bands at 425 and 730 nm and weaker
for example, dimethyl-aminobenzonitrile (DAMBN), are known bands in between. This spectrum has all the features of the UV/
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visible absorption spectrum of the radical cation of anthracene a frequency conversion process in a system consisting of an
and its quantum yield is proportional to the lifetime of the band optical parametric generator (OPG) and amplifier (OPA) to get
Fa.4 Therefore it has been attributed to a radical cation of BA pump pulses for the primary excitation of the sample. They had
emerging from the solutesolvent exciplex. Recently obtained  a total energy per puls&g) of about 3uJ and were tunable in
transient absorption spectra of BA in butyronitrile at several wavelength between 350 and 385 nm. Some of the residual
temperatures fit nicely in this picture. The band around 690 energy of the 395 nm pulses emerging from the OPA/OPG
nm can be seen clearly at 297 K. It decays while a new band is system was used to probe the evolution of the excited sample.
seen to grow between 730 and 800 nm at 165 K. Although this The beam for pumping the sample was split into a reference
growing band has been attributed to an excited state of a barepump beam, used to monit&is, and an actual pump beam.
BA molecule with full electron transfer, we take it as evidence The beam for probing was also split to obtain a reference probe
for the formation of a radical cation that goes unnoticed at higher beam and an actual probe beam. The former passed the sample
temperatures due to its participation in chemical reactiéns. through a region outside the excited volume, whereas the latter
number of studies led to the conclusion that a state with went through the excited volume. In this configuration the
complete charge separation is not generated by photoexcitationvavelength of the pump pulse was tuned to match the maximum
of BA in polar solvents such as acetonitrile, because the transientin the first UV absorption band of the solute (either anthracene
absorption did not resemble a superposition of the spectra ofor 9,9-bianthryl).

the radical cation and anion of anthracéh& The opposite In the second setup the laser system generated 397 nm pulses
conclusion has been reached in a more recent study, althoughp, 3 heam which was split to pump the sample with one fraction
the reference spectra of the cat_lor_1 and anion on which this is f the pulse energy and to generate probe pulses with the other
based do not show the characteristic absorption around 760 nm. fraction in the OPG/OPA system. The probe pulses were now

Not enough attention has been paid to the possibilities of ynaple in wavelength between 450 and 807 nm.
symmetry breaking in the excited state of BA by complex

formation with the solvent, by pyramidalizatibaf atoms C(9)
and C(9), or by exciplex formation provoked by pyramidal-
ization of atoms C(9) and C(© Pyramidalization is realized in
the photodimer of anthracene with bonds between the atoms in
the pairs C(9), C(9 and C(10), C(10.2%-32|f the bond between
atoms C(10) and C(1)0in the photodimer is broken, while C(9),
C(9) are dehydrogenated, one obtains a structure that might be
obtained by photoexcitation of BA. This structure or a meta-
stable intermediate on this reaction path could be involved in
the multiple fluorescence of BA in alkanes when they are formed
adiabatically from the primary excited state. Note that a large
deviation from planarity may appear in an electronically excited
aromatic ring system. This has been observed in the case o
pyridine in its lowest triplet stat& All these mechanisms imply
modification of the fluorescence spectrum and dependence o
the excited-state dynamics on solvent viscosity. It seems that
preoccupation with TICT has led the search for a proper . . ; . - .
explanation of the fluorescence behavior of BA in a wrong the normalized fluorescence intensity was eliminated in this
direction. manner. ) ) o

Here we report a study of solutions of BA in the nonpolar ~ The sample was contained in a cylindrical cell of 1 mm path
solvents cyclohexane and 1,4-dioxane and in the polar solventlength and 50 mm diameter rotating at high speed around its
propionitrile by means of polarization selective time-resolved axis. Pump and probe beams entered the sample cell perpen-
spectroscopy. Attention is paid to the kinetics of depolarization dicular to its windows and were collinear and off axis with
of the photoinduced transient absorption and fluorescence and'espect to the cylinder axis. In this manner effects of sample
to the kinetics of excited-state populations. The depolarization decomposition could be avoided, because each ptprgbe
kinetics of excited BA and anthracene in cyclohexane and in Pulse pair investigated a fresh portion of the sample. The induced
1,4-dioxane are compared to see whether excited-state solute change in optical absorbancaA(4,t), was determined from
solvent complexes are involved. Relevant theoretical aspectsthe attenuation of each probe pulse transmitted through the
of depolarization of optical transitions through rotational dif- sample. The timet) elapsed between primary excitation and
fusion are presented. The excited solute is treated as an ellipsoidProbing was varied by means of an optical delay line. In this

In the third setup the 794 nm beam from the laser oscillator
was split to provide a probing beam and an input beam for the
amplifier. The second harmonics of the amplified pulses (397
nm) were used to pump the sample, and the emerging
fluorescence was collected with an achromatic lens and up-
converted in frequency by mixing with the probing light in a
optically nonlinear crystal (BBO, 0.1 mm). The resulting pulse
at the sum frequency was then filtered by a monochromator,
detected with a photomultiplier (Hamamatsu R1463P) and
recorded with a gated photon counter (Becker and Hickl PHC-
322) equipped with both a signal and reference input channel.
The reference signal for the photon counter was generated in a
fseparate BBO crystal by sum frequency generation of two
reference beams, obtained by splitting the pump and probe
fbeams. A normalized fluorescence was calculated as the ratio
of the magnitudes of the signal and reference outputs of the
photon counter. The influence of laser intensity fluctuations on

subjected to slip boundary conditions. manner the absorbance change at fixed wavelengyhis(
) ) obtained as a function of tim&\A,(t). The value ofAA;(t) at
Experimental Section fixed t was averaged over sufficiently long times to achieve a

The laser system used in the purgrobe studies has been good signal-to-noise ratio. To compare changes in absorbance
described previousl# It consists of a c.w. mode locked titanium  at different wavelengthshAA;(t) was normalized with respect
saphire oscillator followedya 1 kHz regenerative amplifier  to Ep. The optical alignment of pump, probe, and reference
yielding amplified pulses of about 9Q&J, 200 fs at either 790  beams was kept fixed in a series of recordings that were
or 794 nm. This system has been used in three different setupscompared, and it was verified thBp remained constant while
The first two were designed to study the time dependence of t was scanned. An indication of spectral changes with time was
photoinduced transient UV/visible absorptions. The third one obtained by plottingAAi(4), which representa\A(4,t) at the
served to study the time dependence of the fluorescence. discrete A's for various specified times. The angle of the

In the first setup, optical pulses generated as the secondpolarization of the probe beam with respect to that of the pump
harmonic of the amplified laser pulses (395 nm) were used in beam was changed by means of an appropridfe plate.
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Measurements were performed for a probe beam with perpen-dicular (S) to the polarization of the pump beam, respectively.
dicular and parallel polarization as well as for magic angle The probed anisotropyis defined as

(54.7). Note that the spectral resolution in the experiments is

too low to resolve kinetic differences among the members of o Ip(t) — 14(t)

the inhomogeneous ensemble of observed molecules. r(t) = I5(t) + 21(t) @

The recorded time dependent signals for parallel and per-
pendicular polarizations of the probe beam were used to When the depolarization is caused only by rotational Brownian
calculate the anisotropy, provided the signal-to-noise ratio was motion of the solutelp(t) andls(t) may be written a&
sufficiently large. When these signals were rather noisy, they
were first represented by a fitted (multiexponential) function 1 >
prior to the calculation. 1p() = 9 C() + C(1) ZQJ exp(=yt) 2
The cross correlation function of the pump and probe pulse =
has been determined both in the case of the first and the secondvhere the expressions for tié% andy; terms can be found in
configuration by determining the time profile of the two-color  the literature® but are given for the sake of convenience in the
two-photon absorption of the solvent 1,4-diox&h&he width appendix. In the case where both the pump and probe processes
of the cross correlation function was always less than 450 fs, involve single electronic transitions, the anisotropy will be
and this has been considered as the instrumental response tim@ritten as
in the pump-probe experiments.
The normalized fluorescence intensity was measured for >
different wavelengths by appropriate tuning of the angle of the r(t) = ZCDJ exp=y; 1) ©)
BBO crystal, in which fluorescence and probe beam were mixed. =
The probe beam was delayed with an optical delay line 10 here the coefficients; are given by equations AX8A22 in
measure the time dependence of the emitted fluorescence. Thgne appendix. Note that the quanti@y = y,®; is a measure of
angle of polarization of the pump beam was varied by means tne weight of thejth term in the expansion oft).
of a4/2 plate to determine the fluorescence intensity for parallel  gpecial attention is needed for the case in which the probe
and perpendicular polarization and for magic angle. The process involves a single electronic transition, but the pump
anisotropy of the fluorescencer] was calculated from the  process involves two electronic transitions with probabilifies
normalized intensities for parallel and perpendicular polarization. anqf,. The signalle consists then of contributiorls; and ey,
All measurements have been performed at room temperature arising from the first and second electronic transition in the
T =295 K. pump process, respectively. Similaryconsists of contributions
9,9-Bianthryl was recrystalized from a solution in acetic acid |s; andlsa Thenr(t) is given by
anhydride and then dried in a vacuum over KOH pellets. The
solvent propionitrile (PN, Janssen) of analytical grade was _ (Upyt 1) = (Isy gy
distilled over BOs prior to use. Spectroscopic grade cyclohexane ®= (IpyF 1pp) +2(Igy + Isp)
(CHX, Merck) was used as received. Before the solvent 1,4-
dioxane was used, sodium was added to it and then it was boiledfrom which one may derive the expression
in a refluxing apparatus for several hours and distilled subse-
quently. None of the solvents used showed any (linear) 1 2
absorption in the UV and visible wavelength range covered. ri) = 1T Z(q)lj + pq)zj) eXp(_Vj t) 5)
The solutions were not deoxygenated, and their absorption P =

spectra were recorded on a Perkin-Elmer Lambda 2-M¥ i, pich the coefficientsby anddy are given in the equations
spectrophotometer. The concentration of the solutions of BA A25—A29 in the appendix.

. . —4 i

in CHX and BAin PN was smalle_r thanb 1.0 mol/L, which The solute will be represented as an asymmetrical ellipsoidal
corresponds to a maximum optical density of 0.5 at 385 nm. body. Taking the longest semi-axis in thedirection and its
The absorption spectra of the solutions before and after theirlength as the unit of length, the ellipsoid is described by

use in the pumpprobe studies were compared, and no change
was observed. 5 y2 2

Theoretical Treatment of Depolarization of Optical Tran- X+ a + b 1 (6)
sitions. Time- and polarization-resolved pumprobe spectros-
copy and fluorescence depolarization as a function of time are wherea andb are the lengths of the short semi-axes.
suitable methods to study the rotational Brownian motion of  The Stokes Einstein-Debye (SED) hydrodynamic treatment
excited solute molecules in liquid solutions. bey,z represent of the rotational diffusion of solute molecules in liquid solutions
the orthonormal system of axes in the solute, for which the has often been shown to be adeqifétReference 36 provides
rotational diffusion tensobD is diagonal. In this system and access to a list of other relevant publications. In the SED theory,
v are unit vectors directed along the transition moment for the the frictional torque on the solute is depending on the molecular
pump and the probe transition, respectively. Their Cartesian geometry of the solute, on the temperatufg¢ &nd viscosity

(4)

coordinates in the molecular frame arg,(iu;) and (,vy,Vy). (n) of the solvent, and on the boundary condition. Either stick
The angle between theaxis andu and between the-axis and or slip hydrodynamic boundary conditions have been used to
v are 6, andd,, respectively, while the projections afandv obtain expressions for the rotational relaxation tirgeof the

on the x,y-plane make angleg, and ¢, with the x-axis, solute. Since the friction arises from the displacement of solvent

respectively. The sample is pumped by a short polarized light molecules, it depends implicitly only on solvergolvent
pulse and probed subsequently by absorbed or emitted light.molecular interactions. The choice of boundary conditions can
Let Ip and Is represent either the probed absorbance or therefore not be based on considerations of selstdvent
fluorescence intensity for polarization parallel (P) or perpen- molecular interactions. This means that the stick condition is
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not necessarily more appropriate than the slip condition in the
treatment of a polar solute in a polar solvent. The stick boundary

condition has been shown to be inadequate on several occa-

sions3738 By imposing the stick boundary condition, the
calculated rotational relaxation times are much larger than the
corresponding experimental values. An examination of rotational
relaxation times of solutes in a wide variety of solvents has
shown that the slip boundary condition is adequate for solutes
with molecular volumes up to 1000 R Another reason to favor
the slip condition is that the rotational relaxation time of

practically spherical solutes such as adamantane and campher

is cited to be independent of viscos#/This result cannot be
reproduced with the stick condition. Based on the considerations
above, slip boundary conditions will be used here.

The time constantr has been suggestédio satisfy the
following empirical relation between the experimentally deter-
mined rotational diffusion timer,, and the effective free
rotational diffusion timery:

T = TR+ 17

1o = (2719), | k;—T

and| is the average moment of inertia. This relation has been
found to agree with experiment in a number of cases where the
time dependent optical anisotropff) is a single exponentially
decaying function oft.36:3840 Note that a nonvanishing and
positive value ofrp makes sense, because rotational diffusion
of the solute should persist at= 0. However, application of

eq 7 yielded negative values of in certain experiment¥ The
obvious reason for this is that the experimental valygsvere
obtained by transformation of spectral line shapes, without

)

where

C)
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0.0

Anthracene
in cyclohexane and in 1,4-dioxane
A =395 nm

60 80
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Figure 1. Decay of the anisotropy of the transient absorption of
anthracene in cyclohexane (upper curve, A) and in 1,4-dioxane (lower
curve, B) at a probe wavelength of 395 nm.

limits correspond respectively to mutual perpendicular and
mutual parallel polarization of the transitions in the pump and
probe processes. However, when stimulated emission is also
affecting the magnitude of the probe signal, the value(0j

may be far beyond these limits. This can be seen by considering
the probe process as involving, for example, a single transient
absorption process and a single stimulated emission process.
The effect of the superposition may be expressed as

o ri{1s0) + 210)} + rd 15(K) + 215(K)}
- 1G) + 1(K)

(10)
with

[(n) =1g(n) + 2Ig(n) forn=jk (11)
Two numerical examples will illustrate the effect of the
contribution of the stimulated emission. In the first one we take
() = 1;r; = — 0.2 withl(k) = — 0.2;r, = 0.4 and obtaim =
—0.35 and in the second one we takp = 1; r; = 0.4 with

(k) = —0.2;r, = —0.2 and obtaimr = 0.55.

consideration of inhomogeneous broadening and other possible

sources of spectral broadening. An incomplete theoretical
treatmertt! yielded also a negative value of. This theory is
obviously not reliable, because a negative relaxation time will
not be encountered in the real world.

The rotational friction coefficient§,, &, &, for an ellipsoidal
body under slip boundary condition have been derived in ref
42, and a revised numerical evaluation of those results is
tabulated in ref 43 for a series of valuesaodindb. The friction
coefficients for intermediate values afandb can be obtained
from the table by applying a bicubic method of interpolation.
The diffusion coefficients are related to the solvent’s viscosity
77, the molecular volum&, and the listed friction coefficients
in the following manner:

IVE withj=x,y, z 9)
wherekg is Boltzmann’s constant antlis the temperature of
the sample. The table of friction coefficients and the procedure
for bicubic interpolation are used in a computer program which
generates the functiort) for the given values off andT as a
function of a, b, V, the orientation of the pump and probe
transition moments, and the factoin the case of overlapping

bands at the pump wavelength. By variation of these parameters

Results and Discussion

1. The Solute Anthracene.The functionr(t) has been
determined experimentally with a time resolution of 0.2 ps by
detecting the transient absorption and the stimulated emission
(negative transient absorption) of anthracene in its lowest excited
electronic singlet state (§ generated by photoexcitation of a
solution in cyclohexane or in 1,4-dioxane, Figure 1. This
experimental function will be denoted agt). The experimental
function of the fluorescence anisotropy, presented later on, will
be denoted in the same way gft). It is a monoexponentially
decaying function given by

_t
N

The solution in cyclohexand (= 295 K;» = 0.94 cP) yielded

ra (0) = —0.12 andra = 5.9 ps, whereas,(0) = —0.18 and

Ta = 27.4 ps were obtained in the case of the solution in 1,4-
dioxane T = 295 K; » = 1.2 cP). The sign and magnitude of
ra(0) will be discussed later on.

The functionr(t) for anthracene in the ;Sstate had been
determined previoush#° with much less accuracy by single
photon counting of the fluorescence. Monoexponential decay
had been observed with a time constant of 6.3 ps whenl

A ) = 140) exr(

an accurate fit can be obtained between the generated and theP (solvent: liquid paraffirff or 8 ps when; = 1 cP (solvent:

experimentat(t). The parametgp affects only the value af(0).

cyclohexane}? In the case of the fluorescence, the initial value

When the pump and probe processes involve each singleof rg, i.e. at timet = 0, amounts tor (0) = 0.198. This value

electronic transition, the initial anisotropy of the probe signal
is limited to the range-0.2 < r(0) < 0.4. The lower and upper

was determined by using a solution in a highly viscous solffent.
It seems quite certain that rotational motion of the solute during
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Figure 2. Transient absorbana®A;(t) of anthracene in cyclohexane
at 395 nm for both parallel (lower curve) and perpendicular (upper
curve) polarization of the probe beam.

the pump pulse has been inhibted in this manner. The rotational
diffusion of anthracene in the electronic ground staig (s

been studied by detecting the time integrated fluorescence

generated by vibrational excitation followed by a time delayed
UV excitation3” The obtained functiomg(t) for anthracene in
the state gis decaying monoexponentially with a time constant
of 19 ps for a solution in CGlat 294 K (withy = 0.97 cP) and
13 4 2 ps for a solution in perdeuteriobenzene at 294 Khe
ratio I/l s of the magnitudes of the signals observed with parallel
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the absorbance is positive for both parallel and perpendicular
polarization of the probe beam. This means that the absorbance
arises predominantly from transient absorption. The negative
sign then indicates a main contribution from a transient
absorption polarized along the long in-plane axis. Unfortunately,
the contribution of the stimulated emission to the negative value
ra(0) = —0.12 cannot be estimated and therefore we have to
resort to the valugg(0) = 0.2, found in the case of the
fluorescence anisotropy, in the optimization process of the
geometrical parameters.

The transient absorption measurements of the solution of
anthracene in 1,4-dioxane yield a valuergfthat is nearly four
times larger than in the case of the solution in cyclohexane.
This is evidence that in the solution in 1,4-dioxane, the
anthracene in the statg,$s observed in the form of a solute
solvent complex. The positive sign of the absorbance for both
parallel and perpendicular polarization in the dioxane case
together with the negative valug(0) = —0.18 indicate again
the contribution of a transient polarized perpendicular to the
IpoIarization of the ground-state absorption.

The viscosity-dependent part of the induced anisotropy of
anthracene will be described g%) = r(0) exp(t/tr) with 75
the viscosity-dependent time constant and given in ps. The
calculated value of, amounts tap = 1.3 ps for anthracene in
the state § The experimental value afy can be estimated
graphically from the plot in Figure 5 of ref. 37, using the data
points for solutions of anthracene in perdeuteriobenzene, CCI
and GCl,. This amounts tap = 1.2 ps. Because this does not

and perpendicular polarization of the second pulse amountingdiﬁer significantly from the theoretical estimate, the latter will

to 1.7 and 1.8 for the solution in C£and perdeuteriobenzene,
respectively. This amounts t@(0) = 0.19 in the case of the
solvent CCJ andrg(0) = 0.21 in the case of perdeuteriobenzene.
These values are much smaller than expected when the transitio
moments of the two sequential transitions are mutually parallel.
This observation has been attributed to partial decay of the
anisotropy, which could result from rotational motion of the
solute in the course of the pumping process. However, this
explanation is contradicted by the fact that the larger value of
r(0) is obtained for the fastest decaying anisotropy (per-
deuteriobenzene).

It is often assumed that the first UV absorption band of

be used here for both the statg 8nd the state S The
parameters, b, V, p for anthracene in both the state &d $
have been optimized around two values of the volumes
165 andV = 220 A3, to obtain a calculated functior(t) that
reproduces the experimental functigrexp(—t/zg). The volume

V = 165 A% is obtained by adding the van der Waals increments
of the atoms in anthracefeand the volume/ = 220 A3 has
been quoted as the result of a simulat{éithe values of and

b have a strong effect on the relative contributions of the two
components in the biexponential decay (j. The factorp has
mainly an influence on the magnitude D). The volumeV

has a strong effect in scaling of the time constant to the required

anthracene is covering a single electronic transition and that Magnitude. The actual lengths of the semi-axes inhyeand

the transition moment lies along the short axis in the molecular
plane3”4445 Then both the fluorescence anisotropy and the
anisotropy in the two-step excitation process should yield an
initial value re(0) = 0.4, in contrast to the observations. An
explanation for the values(0) = 0.2, which applies to both
types of experiment is that the first UV absorption band of
anthracene is covering two electronic transitions with mutually
perpendicular in-plane transition moments. The strongest UV
pump transition is taken to be polarized along the short axis
(i.e. the y-axis in the notation here). The coefficierby; and

@, (eq 5) can only be nonvanishing fpe= 1 andj = 2. Since

the functionr(t) is then in general a biexponentially decaying
function oft, the observed monoexponential behavior must arise

zdirections of the optimized ellipsoid for anthracene in the state
S; in cyclohexane with/ = 165 A3 (columns 4 and 5 in Table

1) areA = 5.11,B = 3.52,C = 2.19 A, respectively. For
anthracene in CGlin the state & the optimized parameters
correspond tA = 6.96,B = 3.69,C = 1.53 A, whenV = 165

A3. The latter two results indicate that the large difference in
the time constants for the rotational diffusion of anthracene in
the states §and S is arising from a difference in molecular
shape.

If one assumes that excited anthracene exists also as a bare
solute in the solution in 1,4-dioxane, then the geometrical
parameters obtained above should be suitable to simulate the
depolarization dynamics also in this case. With this set of

from the special ellipsoidal shape of anthracene. The observedparameters agreement with experiment (second column in Table

valuetp = 5.9 ps is not very different from the values 6.3 and
8 ps, resulting from the decay of the fluorescence anisotropy.
In contrast to the value=(0) = 0.2, obtained in the case of the
fluorescence of the solution in cyclohexane, the transient
absorption measurement yieldg0) = —0.12. To understand
the difference between these two valuesg{0), one has to

2) can be obtained, provided that the viscosity of 1,4-dioxane
at 295 K is assigned the unrealistic value of 5.45 cP, instead of
the true value of 1.2 cP. The conclusion emerging from this is
that excited anthracene in 1,4-dioxane does not exist in the form
encountered in the solution in cyclohexane. To get agreement
in this case with experiment, when the value of the viscosity is

consider the magnitude of the transient absorption relative to set at 1.2 cP, the volume has to be increased considerably

the contribution from stimulated emission. Figure 2 shows that

beyond the value of 165%or the bare solute. This is evidence
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TABLE 1. Geometrical Parameters of Anthracene

state ) S
solvent CHX CCl
Ty/PS 59+ 0.1 59+0.1 59+0.1 59+0.1 19+ 2 19+ 2 19+ 2 19+ 2
r (0) 0.4 0.2 0.4 0.2 0.4 0.2 0.4 0.2
p 0 0.5 0 0.5 0 0.5 0 0.5
To/ps 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Dy 0.4 0.2 0.4 0.2 0.4 0.2 0.4 0.2
yilps 4.6 4.6 4.6 4.6 17.9 17.9 17.9 17.9
[OF 0 0 0 0 0 0 0 0
y2lps 9.2 9.2 9.2 9.2 35.6 35.6 35.6 35.6
a 0.72 0.72 0.6875 0.6875 0.57 0.57 0.53 0.53
b 0.48 0.48 0.4277 0.4277 0.26 0.26 0.22 0.22
VI[AZ 220 220 165 165 220 220 165 165
A[A] 5.33 5.33 511 511 7.08 7.08 6.96 6.96
B/[ A] 3.84 3.84 3.52 3.52 4.04 4.04 3.96 3.96
CI[A] 2.56 2.56 2.19 2.19 1.84 1.84 1.53 1.53
TABLE 2: Geometrical Parameters of Solute-Solvent Exciplexes in the Solution of Anthracene in 1,4-Dioxane
state $
bare solute 1:2 exciplex 1:1 exciplex 1:1 exciplex 1:1 exciplex

Typ/PS 27.4+£ 0.1 27.4+0.1 27.4+ 0.1 27.4+0.1 27.4+ 0.1

main y-polarized x-polarized y-polarized x-polarized x-polarized

absorption

r (0) 0.20 0.20 0.20 0.20 0.20

nlcP 5.33 1.20 1.20 1.20 1.20

p 0.50 0.50 0.50 0.50 0.50

To/pS 1.30 2.50 2.10 2.10 2.10

(o2} 0.20 0.10 0.20 0.00 0.00

yi/ps 26.10 0.86 25.30 0.02 12.74

D, 0.00 0.10 0.00 0.20 0.20

yalps 52.20 24.90 50.40 25.30 25.31

a 0.69 0.93 0.56 0.52 0.65

b 0.43 0.50 0.26 0.50 0.37

VI[A7 165.00 326.00 245.50 245.50 245.50

Al[A] 5.11 5.51 7.38 6.08 6.28

B/[A] 3.52 5.13 4.16 3.17 4.06

CI[A] 2.19 2.76 1.91 3.05 2.30

that anthracene in its state &ists in 1,4-dioxane as a solute 024
solvent exciplex. Taking the specific shape of 1,4-dioxane into
account, the rotational diffusion tensor of such an exciplex is
not expected to be diagonal in the system of molecular axes
Yy, zin the solute as assumed in the simulation of the kinetics of
depolarization. Pronounced multiexponential decaytdis then 0.1
to be expected, in contrast to our observation. We assume
therefore that the solutesolvent exciplex has a special structure T
with the axes, y (directions of transition moments) in the solute
nearly coincident with a principal axes of the rotational diffusion
tensor. This situation could arise when the excited solute is
present as a 1:2 solutsolvent exciplex and is less likely to be 0.0
encountered in the case of a 1:1 sotuselvent exciplex. The
volume of the exciplex has to be approximately equal to the 100 200 * 300
volume of excited anthracene with the van der Waals volume
of 1,4-dioxane added twice or once. The third column of Table t/ps
2 list the geometrical parameters of the 1:2 exciplex, which yield Figure 3. Monoexponential decay of the anisotropy of the transient
satisfactory agreement between simulated depolarization kinetics2°Sorption of BA in cyclohexane probed at 575 nm. The line through
and experiment, when the volume is fixed at 328 Ahe the data points represents the fitted function.
simulated depolarization kinetics is biexponential, but its fast wavelength. An example is given in Figure 3 that shows the
component is too insignificant to be observable. anisotropy decay of the transient absorption at a probe wave-
2. The Solute 9,9Bianthryl. 2a. Solution in Cyclohexane. length of 575 nm. The fluorescence yields= 52 + 5 ps as
The time dependence of the anisotrapft) of the fluorescence  the time constant forg(t) (Figure 4). The more accurate value
and of the transient absorption from the Sate of BA in 7a = 49 £+ 1 ps will therefore be considered to apply also in
cyclohexane has been recorded. The achieved signal-to-noiséhe case of the fluorescence. Although is wavelength
ratio is much better in the latter case than in the former case. independent, the initial value @f(t) is not constant over the
The anisotropyr(t) exhibits monoexponential decay in both whole wavelength region covered. This indicates that several
cases. The transient absorption yields a time constami{or transitions with various directions of the transition moments are
which amounts taa = 49 + 1 ps, independent of the probe encountered.

BA in cyclohexane
A =575 nm
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Figure 5. Time dependence of the fluorescence intensity (magic angle)
of BA in cyclohexane at 400 nm (lower curve) and 435 nm (upper
curve with small growth component).

Figure 4. Variation of the initial value of the anisotropy of the
fluorescence of BA in cyclohexane at various wavelengths (upper
group: 400, 410, 422, 437 nm; lower group: 445, 460 nm).

The fluorescence (Figure 4) yields an initial vaiy€0) ~ TABLE 3: Simulation of Fluorescence Depolarization
0.4 at 400, 410, 422, and 437 nm. The vah{@) = 0.4 is Kinetics for 9,9'-Bianthryl in Cyclohexane Taking Transition
characteristic for single electronic transitions in both the pump Moments along C(9)-C(9)
and the probe processes with their transition moments mutually z/[ps] to[ps] w=/[ps] r0)  VI[A3 a b
parallel. This means that the emission in the region 400=< 49+ 1 2.4 46.6 0.4 330 0472 0.3655
437 nm is normal fluorescence \Femitted by bare excited
9,9-bianthryl moleculesN*). The valuer(0) = 0.4 means also 1 vilps ®:  vdps AAl BIAl  CIA
that interaction of the two anthryl groups has caused a significant 9 3.7 04 466 77 363 281
separation of the two transitions under the envelope of the first
UV absorption band of anthracene. Note that the fluorescence
quantum yield ) increases fron®d; = 0.36 for anthracene in
cyclohexan# to ®; = 0.55 for BA in cyclohexané.This
difference suggests that thg State of BA is not merely a
weakly perturbed Sstate of anthracene. The transition moment
of the §— S transition of the BA molecules with fluorescence
in the region 400< 1 < 437 nm must be directed along the
C(9)-C(9) line, while the atoms C(10), C(D)0C(9), and C(9
are collinear.

as large as the volume obtained for anthraceneVi.e. 330
A3. The estimated free rotation relaxation time amounts,$o
= 2.4 ps.

Table 3 shows that a biexponential decay of the anisotropy
of the fluorescence is obtained in the simulation with a
component having a time constapt = 3.7 ps, which is too
insignificant to be observable. The major component in the
simulation matches the experimental result. The obtained
geometrical parameters yield semi-axes of the ellipoict
_ 7.7 A;B=3.63 A;C=2.81 A. This is a geometry that differs

_The fluorescence of BA in cyclohexane at 445 and 460 nm g ificantly from that of the ground state, which is expected
yields smaller initial values ofg(t). These are in the range 0.3 5" have A~ B ~ C (i.e. nearly spherical) and consequently
= 1(0) = 0.4 and indicate that fluorescence bands of different \4nishingly small rotational relaxation time under slip condition.
excited species are overlapping at these wavelengths. Thisthe sryctural change in the excited state must be such that the
conclusion is supported by the time dependence of the fluores-gjrection of the transition moment is kept fixed in space, because
cence of the sqlutlon, observed with polarization at magic angle iis process would otherwise cause rapid depolarization, in
(Figure 5), which shows a small growth component at 435 Nm conirast to observation. Such a structural change will be
that does not appear at 400 nm. The variations(0) just described after some other important facts have been presented
mentioned are not likely to arise from vibronic coupling of a st
single electronic state, because this does not introduce a time  The features of the transient absorbance of BA in cyclohexane
dependence in the spectrum, in contrast to our observation. At 520 nm (Figure 6) provide an indication for the appearance
previous study led also to the conclusion that the fluores- of 4 species on a picosecond time scale. Note in this figure that
cence of BA in cyclohexane is emerging from various types of 5 growth component is observed under magic angle polarization

species. which does not appear in the evolution of the anisotropy. The
The simulation of the decay of the anisotropy of the time constant of the growth component amounts to 9.8 ps. A
fluorescence of BA in cyclohexane in the region 4801 < growth component with time constant of 9.8 ps could be

437 nm is rather straightforward. We adhere to the slip boundary observed also in the transient absorbance at 395 nm. This is
condition which proved suitable in the case of anthracene. This shown in Figure 7. To the left of the dashed vertical line in this
implies an extremely short rotational relaxation time for the figure the signals for the parallel, magic angle, and orthogonal
ground state geometry of BA with all three semi-axes of the polarization increase fast and follow the pump pulse instanta-
ellipsoid of nearly equal length. Representing the ground-state neously. The signal at magic angle is positive in the early stage,
molecule by a sphere, one gets a vanishing rotational relaxationand this means that the transient absorption exceeds then the
time. The observed time constant of 49 ps for the fluorescence stimulated emission intensity. This signal becomes negative after
depolarization means that a representation by a sphere is notess than 5 ps, and this means that the gradually growing
adequate for the excited molecule. Therefore, the excited stimulated emission becomes then dominant. Note that rotational
molecule will be represented by an ellipsoid with a volume twice diffusion does not contribute to the time dependence of the
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Figure 8. Long time behavior of the transient absorbance for probe
Figure 6. Monoexponential decay of the anisotropy of the transient light polarized at magic angle at 520 and 600 nm in the case of BA in
absorption at 520 nm (main display) and monoexponential growth of cyclohexane.

the transient absorption at the same wavelength, but observed with

magic angle polarization (inset), in the case of a solution of BA in st therefore be attributed to species in the statearl $a.
cyclohexane. In other words, at least one of the latter species must have a
nonvanishing permanent dipole moment. To describe a structure
that may emerge with the direction of the transition unchanged
and also with a permanent dipole moment, we will refer by

0.01 group 1 and group 2 to the anthryl group containing atoms C(9),
C(10) and C(9, C(10), respectively. We suggest that the
AA difference in the electron distribution between the ground state

perpendicular and the excited state of the structures corresponding to the states
Sr2 and S is restricted to only one anthryl group, which is
gic angle supposed to be planar. With this in mind, we suggest that, for
example, $ emerges from § by keeping group 1 fully planar

and the C(9)-C(9) bond fixed in space, but folding group 2

0.00

-0.01 ) .
allel along the line through C(® and C(10) in the manner

. . . \ encountered in the case of the photodimerization of anthracene.

-10 Y 10 20 30 The original steric hindrance between hydrogen atoms is relieved

t/ps in the resulting structure. This structure must be compared with

Figure 7. Transient absorbanc®A;(t) of BA in cyclohexane at 395 the preVIqust proposeq structure of ﬂuorescent Bs/-}slrlsnonpolar
nm when the probe beam is polarized either parallel or perpendicular solvents Invol\(lng a twist angle of either 70r 62°. . The
or at magic angle with respect to the polarization of the pump beam. latter geometries amount merely to a small deviation from a
sphere and are incompatible with the observed long rotational
signal observed with magic angle polarization. Its evolution may 'elaxation time. The difference between the structure-yaSd
arise from the time dependence of either the excited populationthe suggested structure irzSnay be attributed to a difference
or the excited-state transition probability. Nonspecific sotute  in the orientation of the deformed group 2, namely that one
solvent interactions could modify the transition probability, but Structure is obtained from the other by a°9@tation of the
this may be disregarded in the present case, because the responé&formed group 2 around the C{3§(9) bond. Such a structural
of the excited solute to the interaction with cyclohexane change is accompanied by small spectral shifts. As a result of
(dominated by its electronic polarizability) should be practically the deformation, the partial dipole moments of thekCbonds
instantaneous compared to the time constant of 9.8 ps. Thereford" group 2 do not cancel each other and the structures in the
the growth of the stimulated emission indicates that the excited- States & and $s have a permanent dipole moment, which has
state species is being converted into one with a less strongnothing to do with electron transfer between the anthryl groups.
absorbance. These conclusions agree with the picture containing Ne dielectric loss may be attributed to interconversion of the
three different fluorescing species of BA in alkanes, which Structures in the statesrSand &3 and is then a process
emerged from a previous studyThe primary excited state of ~ involving nuclear motion rather electron hopping.
BA (Sr1) was found to be converted by thermal activation into ~ To the right of the dashed line in Figure 7, the time
two secondary fluorescent speciesA8nd $3) which get into dependence of the signals for parallel and orthogonal polariza-
thermal equilibrium within less than 100 ps. Taking these tion reflect the depolarization of the transition caused by
findings into account, the growth component at 520 nm with rotational reorientation of the excited solute. Figure 8 compares
time constant of 9.8 ps is attributed to the conversion of speciesthe transient absorbance at magic angle polarization on a long
in state $; into interconverting species in the states &nd time scale for two different wavelengths. There is a clear
Sr3. Apparently these processes do not lead to depolarizationdifference between the curves for 520 and 600 nm. The slow
of the observed fluorescence and transient absorption. Obvi-growth component at 520 nm is absent at 600 nm. The growth
ously, the geometry in the statg;3nust be the same as in the component has been found in the range4560 nm.
ground state and therefore the dipole moment must vanish also Based on this observation, the transient dielectric relaxation
in the state §. The previously observed transient dielectric loss of the solution is attributed to interconversion of the structures



Spectroscopic Study of 9;8ianthryl J. Phys. Chem. A, Vol. 106, No. 25, 2002983

04}
ok
02f
—_—— r o anisotropy
oo —o— after 2 ps Xg BA in 1,4-dioxane
—o—after 10 ps 2l A =395 nm
02r —a—after 20 ps ‘
——after 40 ps
50 850 600 650 3 . 1(')0 . 2(')0
wavelength / nm t/ps

Figure 9. Anisotropy of the transient absorption of BA in cyclohexane

at various wavelengths and at four different delay times. Figure 10. Time dependence of the anisotropy of the transient

absorption of BA in 1,4-dioxane at 395 nm. The line through the data

. L points represents the fitted biexponential function.
in S, and $3. Based on the absence of steric hindrance, the

rate of interconversion is expected to be much faster than theas the result of the contribution of stimulated emission with

decay of the very long-lived excited-state population. Conse- polarization parallel to the pump transition.

quently, the equilibrium between-Sand $3is expected to be Both the interconversion of the structures i 8nd $3 and

reached single exponentially with rate constant equal to the sumtheir rotational diffusion will contribute to dielectric loss, but

of the rate constants for the forward and the reverse reactions.the fast rate of interconversion may make the former process
In the wavelength region 49& A =< 550 nm, where the  the dominant loss mechanism. The dielectric relaxation may

growth with time constant of 9.8 ps in the transient absorbance then exhibit nearly Debye behavior. Although the dielectric
is observed at magic angle polarization, the evolution of the relaxation times of excited BA in benzene or 1,4-dioxane have

anisotropy of the same absorbance is not exhibiting a growth been determined, under the assumption of Debye behavior, to

component. This behavior is to be expected when the sugges-P€ about 9.2 and 11.7 psespectively, the very small difference

tions concerning states:Sand S are true. The growth at magic with the time .con'stant of 9.8'ps may be .accidental, because
angle polarization corresponds to the transfer of population in €ré are indications of exciplex formation between these
state $: to the populations of & and $s. Since group 1 is the sol\{ents and BA.The participation of the e_qu|llbr|um bet_ween_
excited chromophore in both state,Sand state &, their excited solute and solvent as an additional fast dielectric
interconversion does not alter much in the transient absorption"€/@xation mechanism will then result in non-Debye behavior.

spectrum. Consequently, the interconversion does not change ffﬁ ?olutl_ontln ;,4-2|oxané[fh§:\_/olijtfg_of the arllzgtéopy .
the anisotropy of the combined transient absorptions of the or the transient absorbance o In 1,4 dioxane a nm 1S

chromophore with mutual perpendicular polarization. shoyvp in Figure 10. The fluorescence spectrum of the solution
: ) s exhibits only the normal fluorescence at this wavelength.

The anisotropy of the transient absorption in the wavelength therefore, the contribution of stimulated emission to the signal
range 470= 4 =< 650 nm is shown in Figure 9 for a number of i, £jgyre 10 must arise from species (state 8mitting normal
selected times. The decay of the anisotropy of the transienty ,rascence. A dramatic change in the magnitude of the
absorptions is found to be independent of wavelength and t0 contributed stimulated emission takes place in the first few
be monoexponential with a time constant of 491 ps. Note  picoseconds and causes the appearance of a fast component in
that the anisotropy is positive and smaller than 0.4 as a function e anisotropy of the transient absorbance. The time dependence
of time in the range 486: 1 < 637 nm, is zero and independent ot the anisotropy in Figure 10 can be represented as a
of time at 486 and 637 nm, and is negative as a function of piexponential function with the time constants equal to 4.4
time at4 < 486 nm and at > 637 nm. The time independence .2 ps and 77 2 ps. Since the time constant of H40.2 ps

and vanishing of the anisotropy at 486 and 637 nm indicates js close to the value (1.6 ps) reported previously for the time
that contributions of several transitions with different directions  constant of the growth of the anomalous fluorescence (state

of their transition moments are being canceled in the anisotropy 5.,) 13 it can be identified with the time constant for the
at these two wavelengths. The values0r(0) < 0.4 in the conversion of the state($ into the state &. Since the
range 486< A < 637 nm can be attributed to overlap of populations of the states-Sand $3 have been found above to
absorption bands for which the transition moments have different puild up with a time constant of 9.8 ps, they can be ruled out
directions. The peak in the transient absorption appears at 575as the precursors of the stateaSThe time constant of 77 ps
nm'Z and must be dominated by a transition polarized parallel must be attributed to the depolarization of the monitored optical
to the polarization of the ground state absorption. Previously transition through rotational diffusion of species in stag.S
the polarization of the transient absorbances at 550 and 575However, it is likely that an equilibrium will be established
nm have been report&tto be mutually perpendicular. Thisis  between species in the states,SS5-», and $3. Then rotational

in contradiction to our finding that there is overlap of bands diffusion of all three types of species will contribute to the
with different polarizations at both wavelengths, but with the depolarization. The time constant of the depolarization will then
parallel polarization dominant. The valu@®) = —0.25 for the be somewhere between the values to be expected for the fastest
transient absorbance at 470 nm is slightly more negative thanand slowest rotating type alone. Note the significant difference
the value —0.2 for an isolated transition with polarization between the time constant of 77 ps in the present caseand
perpendicular to that of the pump transition and may be regardedin the case of the solution in cyclohexane (Table 3). To see if
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TABLE 4: Simulation of Fluorescence Depolarization
Kinetics for 9,9'-Bianthryl in 1,4-Dioxane Using the
Geometry Optimized in the Case of the Solution in
Cyclohexane

to/lps]  wlps] wlps] r(0) VIAY  pl[cP]  TIK]

77+2 2.4 74.6 0.4 330 1.2 295
a b D, y1/ps D, y2lps

0.472 0.3655 0 4.7 0.4 59.5

this difference may arise from the difference among the
viscosities of the solvents, the value ©f is recalculated by
using the value of the viscosity of 1,4-dioxane. The result,
presented in Table 4, yields a scaled vatpe= 59.5 ps, which
is substantially smaller than the experimental value of 77 ps.
This suggests that species in the stagg @& the solution in

1,4-dioxane are larger in size than the species detected in the

de Bekker et al.
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solution in cyclohexane. The suggestion supports the eXpla"]‘""tionFigure 11. Time dependence of the fluorescence intensity of BA in

of the anomalous fluorescence in terms of sohgelvent
exciplexes. In other words, species in the stateee solute-
solvent exciplexesH).

2c. Solution in Propionitrile.Two previous observations
concerning the solution of BA in cyclohexane are relevant for
the discussion hereThe first one is that the fluorescence
intensity of the solution of BA in cyclohexane is quenched
linearly as a function of added small concentrations of propio-
nitrile. The second one is that the ratio of the intensities of the
anomalous and normal fluorescence varies linearly with the
added concentration of propionitrile. These observations are
reasons to attribute the anomalous fluorescence of BA in
propionitrile to solute-solvent exciplexesE).

The time dependence of the fluorescence intensity of the
solution of BA in propionitrile is shown in Figure 11 for both
parallel and perpendicular polarizations at 400 nm. Mainly

normal type fluorescence is observed at this wavelength. Since

the total fluorescence quantum yiel@gtotal)) is reduced by
a factor of about 2.5 by changing from cyclohexane to
propionitrile as solvent, the value at 400 ndn;(400), must be

propionitrile at 400 nm observed with polarization either parallel or
perpendicular relative to the polarization of the pump beam.

04 F
r
anisotropy
BA in propionitrile
01r A=520nm
0 ' 5 ' 10
t/ps

Figure 12. Time dependence of the anisotropy of the fluorescence of

reduced by an even larger factor as the consequence of theBA in propionitrile at 520 nm, derived from the functions fitted to the

conversion of species emitting in the normal fluorescence band
(Sr1 and the equilibrium between stateg, &nd $3) in those
emitting anomalous fluorescence-fh As a result of the small
value of ®(400), the recorded anisotropy(t) has a very poor
signal-to-noise ratio. However, at= 0, when the fluorescence
intensity at 400 nm has its maximum value, a reliable value
re(0) can be calculated. This amountsri0) = 0.4. This is a

observed noisy signals for parallel and perpendicular polarization.

very likely in the present case and this may be the reagbh
rises to a positive maximum value of less than 0.4. If only
species in state gz were present after completion of the
conversion of species in state:%& maximum value of either
0.4 or—0.2 is to be expected for the fluorescence anisotropy

result encountered also in the case of the fluorescence of therr(t) in the time domain where rotational diffusion is negligible,

solution in cyclohexane. There is a decay during the first 5 ps
of the evolution ofr(t) at 400 nm which is faster than expected
for a change arising from rotational diffusion. Unfortunately
the value of®g(400) is too small to enable the determination
of its time constant. Howeveg(520) is larger, andg(t) at
520 nm is showing a growth from about 0.25 to 0.33 within
this time window of 5 ps. By fitting curves to the noisy intensity

because a single electronic transition is involved.

The transient absorbances at 550 and 760 nm in the early
stage are shown in Figure 13. A decay component appears at
550 nm, while a growth component can be seen at 760 nm.
These components have the same time constant, which amounts
to 1.4 ps and may be attributed to the conversion of state S
into state $a, because the time constant is close in value to the

traces for parallel and perpendicular polarized fluorescence atrough value of 1.2 ps for the time constant of the growth

520 nm, a reliable curvex(t) could be calculated from them.
This curve shown in Figure 12 yields a rough but significant
value of 1.2 ps for the time constant of the growth component.
Obviously, the growth irrg(t) at 520 nm is arising from the
direct conversion of stategSinto state $a and is in good
agreement with the previously reported time constant of 1.4 ps
for the growth of the anomalous fluorescence of BA in
propionitrile!® Species in the stater§ may be regarded here
also as solutesolvent exciplexe€*, as in the case of the
solution of BA in 1,4-dioxane. The establishment of an
equilibrium between species in the states, &, and $3 is

component irrg(t) at 520 nm. The transient absorption yields

a reliable value for the time constant of the conversion of state
Sr1. This process manifests itself also in the anisotropi€s

of the transient absorbances at 600 and 690 nm, which are shown
in Figure 14. The value afa(t) at 600 nm remains positive all

the time and decays single exponentially with a time constant
of 1.4+ 0.2 ps. This reflects the disappearance of species in
state $1. The species emerging then exhibit optical absorption
at 600 nm, but a slow component arising from their rotational
diffusion does not appear im(t) at 600 nm. Apparently the
absorbance at 600 nm gets depolarized completely in the course



Spectroscopic Study of 9;8ianthryl J. Phys. Chem. A, Vol. 106, No. 25, 2002985
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Figure 13. Time dependence of the transient absorbance of BA in
propionitrile observed with either a parallel or perpendicular polarized
probe beam and at 550 nm (two upper curves) and at 760 nm (two
lower curves).

Figure 15. Anisotropy of the transient absorption of BA in propionitrile
at various wavelengths at different delay times.

06 1
|
04F ‘
X anisotropy
r . : o
it BA 1in propionitrile
\
o2k | A =550 nm
LY
1%
MMH*M#’V’ R e e NP o
1 e 1 L 1 L ]
0 5 10 15
0 5 10 15 20 t/ps
t/pS Figure 16. Time dependence of the anisotropy of the transient

absorption of BA in propionitrile at 550 nm, showing biexponential

Figure 14. Time dependence of the anisotropy of the transient decay with a fast component dominating in the beginning.

absorption of BA in propionitrile at 600 nm (upper curve) and at 690

nm (lower curve). . . . .
( ) may result from stimulated emission or nonlinear absorption

of the conversion of species in statg; 8nd before the newly by an excited species present in the solutioh=at0. We have
formed species have been subjected any significant rotationalto take into account that this type of species was not observed
diffusion. Presumably, several types of species (e.g., in statesin the cases of the solutions in cyclohexane and that now
Sear Se2, and $3) are formed, among which both parallel and anomalous fluorescence is appearing around 550 nm. Therefore,
perpendicular polarizations may be encountered for their ab- this type of species can be identified with an excited setute
sorbance at 600 nm. In Figure 14 the value gt) at 690 nm solvent complex which loses energy during the pump process
is nearly zero in the beginning and grows toward negative valuesto enable stimulated emission around 550 nm at times close to
with a time constant of 1.4 0.2 ps and returns to zero with a t = 0. Figure 16 presents the decayra(t) at 550 nm, which
long time constant of 29.% 0.5 ps. Keep in mind thai(0) ~ can be represented as a biexponential function with time
0 was obtained at 637 nm in the case of the solution in constants of 1.4 and 30 ps. Bearing the conclusion in mind that
cyclohexane. Taking this into account and ruling out the an equilibrium between excited solutes and sohselvent
possibility of large spectral shifts arising from differences in exciplexes is established with a time constant of 1.4 ps, we arrive
refractive indices of the solvents, the valuergf0) ~ 0 at 690 at the additional conclusion that excited sotus®lvent com-

nm in the present case indicates that at least two different typesplexes dissociate and get involved in this equilibrium with a
of primary excited species are generated in the pump procesgsime constant of at most 1.4 ps.

and that their transition moments for the 690 nm transition are  The fact thatra(t) in Figure 14 does not reach the value of
not mutually parallel. Let us refer to these two excited species —0.2 in the growth period means that several spectral bands
as BA in the statesgs and $x. Obviously the state & in the are overlapping at 690 nm at the end of the growth, despite the
present case may be identified with the statei the case of disappearance of the population gfiSApparently, the newly

the solution in cyclohexane. The statex®nust be considered  formed populations contribute both parallel and perpendicular
as a primary excited state prepared by excitation of ground- components in the polarization of the absorbance at 690 nm.
state solute-solvent complexes of BA and propionitrile. The These may be populations of the stateg, S», and $3, as in
presence of such complexes in the solution may explain the the case of the absorbance at 600 nm, but now a population of
remarkably large value ofa(0) appearing in Figure 15 around the radical cation of BA may also be involved. Assuming that
550 nm. This valuea(0) ~ 0.6 is substantially larger than the the radical cation is not involved and that species in the states
largest value (0.4) for linear absorption processes. This value Sga, Se», and $3 are being interconverted rapidly, the shortest
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TABLE 5: Simulation of Fluorescence Depolarization Appendix
Kinetics for 9,9'-Bianthryl in Propionitrile Using the . . .
Geometry Optimized in the Case of the Solution in The expressiof8 for Q; and y; appearing in eq 2 are
Cyclohexane presented here.

vollps]  wlps]  wlps]  r(0) VA3 y/cP]  TIK] 1
29.9405 2.4 275 0.4 330 042 295 Q= 15 (+o0) y,=—(6D+ 2A) (A1)

a b D, y1/ps D, y2lps
0.472 0.3655 0 1.7 0.4 20.8 Q,= E‘, — o) V= —(6D — 2A) (A2)

expected time constant for the slow componentait) at 690

nm may be estimated. The estimated value of this time constant 4

amounts to 20.8 2.4= 23.2 ps (Table 5), which is 22% less Q;= E(uzuxuzux) v3= —3(0, + D) (A3)
than the experimental value of 29.9 ps. In the case of the solution

in 1,4-dioxane mentioned above, the scaled value of 59.5 ps is 4

also 22% less than the experimental value of 77 ps for decay Q,= 1—5(UyUzUyUz) 74= —3(D;+ D) (A4)
of ra(t) at 395 nm. Since the solutesolvent exciplexes in the

two solutions are not expected to have equal time constants for 4

rotational diffusion and the relative difference between scaled Qs = Z(uuvw) ys=—3(D,+ D) (A5)
and experimental time constants is the same for the two 15

solutions, we conclude that the depolarization of the optical 1 1

transition is predominantly controlled by rotational diffusion lg=ZC(t) — Slp (AB)
of species in the statesSand $3 in both solutions. Since the 6 2

radical cation has been shown to be formed and to absorb at . . .

690 nm (at least in the solution in acetonitrile), it is either not with .C(t) the gxcned-state populatlpn and, 0Dy, D, the
formed prior to full depolarization of the absorption or its rotatlongl diffusion constants for rotation around #hg, z axes
rotational diffusion is not much slower than that of the species respectively and

in states & and $s. 1
B = Ul +uln+uv) -3 (A7)

Conclusions 3

N

The first UV absorption band of solutions of anthracene turns
out to cover two mutually perpendicularly polarized electronic a A, (A8)
transitions, whereas the first UV absorption band of'-9,9 =
bianthryl (BA) in alkanes arises from a single isolated electronic

transition. Ground-state solutsolvent complexes appear in the  Where
solution of anthracene in 1,4-dioxane. D

The presented discoveries imply that the transient dielectric A= (uyzuyz +uZ?— 2022+ ul+ 02 (A9)
relaxation of photoexcited solutions of BA in cyclohexane is A

arising from both a chemical equilibrium involving a deformed
polar excited solute and rotational diffusion of the latter and
cannot be expected to exhibit Debye behavior. The excited-
state dipole moment may arise from lack of mutual cancellation
of bond dipole moments after the deformation. Previous claims D
that a charge-transfer excited state of BA was observed are A, = Kz(uxzvx2 +ufn’ - 202 uf+ ) (AL
shown to be based on misinterpretations of the observations.

The finding that only one of the anthryl groups in BA is
nonplanar after the structural deformation in the excited state ANy=——F (A12)
implies that the primary excitation is causing redistribution of
electrons in both anthryl groups. This in turn implies electron
delocalization over both anthryl groups in the ground state
molecule and therefore a twist angle between the two groups 1
of substantially less than 90n the ground state. D= 3 (Dx+Dy+ D) (A13)

There is new evidence for the previous conclusion that the
fluorescence of solutions of BA in alkanes is emitted from the , _ 2 2 2 12
primary excited-state;$ and two secondary states,&nd $3 A={(BS+D,+D,~DDy,~DD,~D,DY}"" (Al4)
emerging from it. The formation of solutesolvent exciplexes
upon UV excitation of solutions of BA in 1,4-dioxane and
propionitrile is in agreement with several new results. Setute 3 5
solvent exciplexes are formed in the solution of BA in 1,4- _ = _ .,
dioxane by interaction of a solvent molecule and a solute in 1e(0) ~ 140 ZC(I);Q' exp( th) (AL5)
the state §. The newly formed exciplexes get into equilibrium
with solutes in the statesspand $3 later on.

There is evidence that the solution of BA in propionitrile
contains ground-state soluteolvent complexes which are
converted into solutesolvent exciplexes upon UV excitation. When both the pump and probe processes involve single

D
A, = Xy v+ ull - 2002+ u’+ v (AL0)

with

These relations yield the following expression:

1L(t) + 21(t) = %C(t) (A16)
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electronic transitions, one obtains B, = (szz sz I u2y2 Uyz 4 u222 Uzz) B % (A31)
5
rit) = Z(D exp(yit) (A17) 4
&’ : oy = ZAlj (A32)
&
where 4
3 o, = ZA]- (A33)
= 1=
D, lo(ﬁ + ) (A18)
where
3
O, =—— ) (A19) D
> 10 Agy =7 0 0 of = 20,7 62 F u’ + 0)) (A34)
CI):§(UUUU) (A20) Dy 2 > 2 2 2 2 2 2
3 pyzxTzTx A21=X(u2y vy Uy, v, = 2Up, v,”+ U+ v”) (A35)
cp:@( W) (A21) Dy o2 2 2 2 2 2 2
a = gy AlZ_X(ulz v, Uy v — 20" 0+ uy” + o)) (A36)
<I>=§(uuuu) (A22) _Dy 2o 2 2 2 2 2 2
57 g\xTyOxYy AZZ_X(UZZ Uz+u2x Uy —2U2y Uy+U2y +Uy) (A37)
Consider the special case in which the probe process involves D

. . .. . _ Z 2 2 2 2 2 2 2 2
a single electronic transition, but the pump process involves Az = 21Uy 2" Uy" 0" = 2U3," 0" + Uy, + v7) (A38)
two electronic transitions with probabilitiésandf,. The signal

Ip consists then of contributions; and Ip,, arising from the Dz, - » S 5 5 ) 5
first and second electronic transition in the pump process, A23=K(sz vt Uy 0T 20y v Uy, )
respectively. Similarlyls consists of contributionks; and|s. (A39)
Thenr(t) is given by D

Ay =Ny =— A (A40)

r = s % led ~ {153 ¥ 15 (A23)
(Ip; F 1p) +2(1g; + 1) with

Using the relatiorf, = pf; for the relative magnitudes of the D= %(Dx + Dy +D,) (A41)

transition probabilities, one obtains
A={(DZ+D/+D?-D,D,~DD,~D,D)} (A42)
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