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Molecular reorientation by photoinduced modulation of rotational mobility
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To explain the large photoinduced molecular reorientation phenomena observed in dye-doped liquids and
liquid crystals, the hypothesis was formed that the rotational mobility of dye molecules is strongly altered
during their electronic excitation. Here, we report the direct measurement of a 30%—-50% mobility decrease of
photoexcited anthraquinone dye molecules dissolved in a cyanophenyl liquid host. This mobility reduction is
ascribed to an excited-state reinforcement of intermolecular hydrogen bonding. These results provide fully
independent evidence for the validity of current models of the photoinduced reorientation and a working
demonstration of the design concepts of “fluctuating-friction” molecular motors. We propose that a light-
induced modulation of molecular mobility associated with electronic photoexcitation is of general relevance to
the behavior of photosensitive organic materials, currently investigated for applications in optical data storage,
liquid-crystal displays, and organic optoelectronic devices.
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[. INTRODUCTION two molecular parameters that characterize, respectively, the
equilibrium and kinetic behavior of rodlike dye molecules in
The molecular orientation of transparent materials such asolution[10]. These are, respectively, the dye-host orienta-
liquids or liquid crystals(LCs) can be controlled by the in- tional energyuy, that is, the average free-energy gained by a
tense light of a laser by means of the direct electric couplinglye molecule when it is aligned to its neighboring host mol-
of the optical field to the anisotropic polarizability of mol- ecules, and the dye rotational diffusion constBnthat de-
ecules. Although the resulting optical nonlinearity in LCs istermines the orientational Brownian motion performed by
very strong, this mechanism still requires light intensitiesthe molecule due to thermal agitation. By Einstein’s relation,
that are too high for envisioned applications such as opticallghe latter also determines the molecule rotational mobility
addressed light modulators. In the early 1990sp3ayet al.  D/kT and its inverse, i.e., the rotational friction coefficient
found that light can reorient much more effectively the mol-kT/D, wherek is the Boltzmann constant aridis the abso-
ecules of a LC that has been “doped” with certain an-lute temperature. Although according to the cited models
thraquinone dichroic dyd4,2]. The required light intensities bothu andD may contribute somewhat to the photoinduced
can be reduced by about two orders of magnitude for a dyeeorientation phenomena, only the variationDbtan realis-
concentration of 0.1%. A similar effect was later observedtically explain quantitatively all the experimental evidence
also in dye-doped isotropic liquids, where it results in an[13]. For this reason, we focused our attention on the con-
enhanced optical Kerr effef8,4], and in Langmuir-Blodgett stantD.
films [5,6]. Unlike the related effects discovered in azo-dye- The most widely adopted theory of the rotational diffu-
doped molecular materials and polymé¢is8|, these phe- sion constantD is based on the hydrodynamic Stokes-
nomena can neither be ascribed to photoisomerization, whicBinstein-Debye modgtL4]. This model predict® to depend
does not occur in anthraquinone dyes, nor to other photosnly on the solute molecule volume and shape, and on the
chemical reactions. In such cases, therefore, the fundamentsdlvent viscosity; hence, no significant change®ofvould
molecular mechanism driving the reorientation has not beebe expected during electronic excitation. However, when the
clarified yet. solvent molecular size approaches or exceeds the solute one,
In the attempt to explain these observations, models havihe hydrodynamic model is expected to loose its validity. In
been proposed that are based on the hypothesis that a rathkis case, specific molecular interactions, such as hydrogen
strong variation of the intermolecular interactions of a dyebonding, may play an important role as elucidated in recent
molecule with the solvent takes place during its photoin-studies[14,15, and an electronic-state dependence of rota-
duced electronic excitatiof—11] (see also Ref{12] for a  tional dynamics should become possible. Nevertheless, so far
simple discussion of the reorientation molecular mechavery few works in the literature have reported significant
nism). This is reflected into a corresponding variation of thechanges of rotational diffusion of dye molecules in liquid
solvents during electronic excitation, none of which con-
cerned anthraquinone dy¢$6-—20. Given the scarcity of
*Present address: Research & Technology, DaimlerChrysler AGdirect experimental indications about the state dependence of
RBP/BM, HPC E222, 70546 Stuttgart, Germany. dye rotational mobility, the validity of the proposed models
"Electronic address: lorenzo.marrucci@na.infn.it [10,11] has remained highly uncertain and the explanation of
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the photoinduced orientational phenomena is still debated. e He NAG @ @ o
Motivated by these considerations, we tackled the difficult N - s

H, _H
N O N
problem of measuring the dye rotational dynamitiectly host (5CB)
and independently of photoinduced host reorientation effects @‘@
Oy O 0

both in the ground and first-excited electronic states. The

difficulty in our case mainly arises from the need of deter-

mining precisely the absolute value of the excited-state dye dye (HK271)
absorption .CI‘OSS section, bec_quse the thical transient- FIG. 1. Dichroic dye HK271 and liquid host 5CB used in this
dichroism signal depends sensitively on this parameter. Agork, and the hydrogen bond that can be established between them
we shall see in the following, we found a method to deter-qgotted ling, which is likely to contribute to the photoinduced
mine at the same time the excited-state absorption and th@riation of rotational friction(or inverse mobility of dye mol-
state-dependent dye rotational mobility, by combining meagcyles.

surements of absolute transient bleaching and of time-

resolved fluorescence and spectroscopy. placed with deuterium atoms. Deuteration has been recently
According to the proposed models, the dye-mediated orishown to affect strongly both the excited-state lifetime and
entational forcing mechanism should be essentially the samge rotational times of HK271, leading to doubled efficiency
in the nematic and isotropic phases, although the final matgn the reorientation eﬁedjz:[] We performed our measure-
rial response is, of course, very different in the two phasesments at several sample temperatures, all lying in the region
owing to their different molecule correlation properties where the materials are in the isotropic phase.
[10,11). Therefore, in this work we choose to deal with the  To probe the dynamics of stag we used time-resolved
isotropic liquid phase, so as to make the dye orientationafluorescencé22]. The decay of the isotropic component of

dynamics simpler. the fluorescence emitted following a short-pulse excitation
provides theS;-state lifetime 7o=1/(peg+ per), While the
Il. EXPERIMENT AND ASSOCIATED MODELING decay of the fluorescence degree of polarization is controlled

. - _ by the characteristic timey= (6D o+ 1/7,) "1, from which
To model our system, we consider a liquid solution of o may geduce the rotational diffusion constentin state

rodiike dye molecules excited by a linearly polarizgd light S,. Details about our time-resolved fluorescence experiments
pulse(pump. In most cases, only three dye electronic state$.a e found in Refd21,15.

will be significantly populated: the ground steig, the first
singlet excited stat&,;, and the first triplet stat€,, which in
the following will be labeled ag,e, T, respectively. The
system dynamical state can be defined by the nurfjifért)
of dye molecules in state=g,e,T oriented at an angl®
with respect to the pump field directiorz @xis), per unit
solid angle and unit volume, and as a function of tim&he o!

system dynamics is then controlled by the following a(t;y)zz ?'[Ni(t)+Ai(3 cody-1)Qi(t)], (2
Boltzmann-Smoluchowski equations: i

Information about the dynamics of stat8g and T, can
be instead obtained by using pump-and-probe transient ab-
sorption spectroscopy. Indeed, a weak probing light that is
linearly polarized at an anghg with respect to the axis will
experience a nonequilibrium absorbance

off D; 4

dt  sind 96

o of; whereN;= [f;d(} is the total number of dye molecules per
smﬁ—)=2 (pjifj—piif), (D ; ; C O.— (f.(3 —1d0) i  arien.
0] = unit volume in state, Q;= [f;(3cog6—3)dQ) is their orien
tational order parameténormalized toN;), o is their cross
wherep;; is the probability per unit time of having a transi- section for(probe light absorption, and\; is a coefficient
tion i—j in a dye molecule. In absence of pump light, thethat accounts for the possibility of having transition dipoles
only nonvanishingp;;'s will be the intersystem-crossing rate not parallel to the molecule axig\(= 1 for the parallel case;
PeT. the singlet decay ratp,, and the triplet decay rate for HK271, we know from fluorescence thag~1 [15]).
Prg- The presence of light of intensity and frequencyr Equation(2) can be used also when stimulated emission oc-
introduces an additional angle-dependent excitation probabikurs, as long ag, is allowed to be negative ané « is
ity pge(0)= (ol cog6)/(hv), whereh is the Planck costant interpreted as the gain coefficient. The dichroism signal
and o, is the ground-state cross section f@ump light  Aa(t)=«(t;0°)—a(t;90°) is especially sensitive to orien-
absorption. tational relaxations. In our experiments, transient absorption
In the experiments, we used 1,8-diamino 4,5-dihydroxywas measured using two independent setups. In the first
3,6-diisopentyl anthraquinor@K271, from Nematel—one  setup, we used a 5-ns pulse at 532 nm to excite the dye and
of the most effective anthraquinone dyes for the photoina cw probe at a wavelength adjustable in the range 600—700
duced reorientation phenomena—dissolved at concentratiomsn. We measured the variations of absolute probe transmit-
of the order of 10 (weight/weighj in 4’-n-pentyl-4-  tance during and after the pump passage, varying the probe
cyanobiphenyl(5CB) (see Fig. 1 for the molecular struc- polarization relative to the pump one, the probe wavelength
ture9 and in the cyanophenyl mixture E63, from Merck. We (in order to vary the relative degree of ground-state and
also prepared deuterated forms of HK271, in which the hy-excited-state absorption and stimulated emissiamd the
drogens of the amino and hydroxyl groups have been repump pulse energy. Examples of our results with this setup
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FIG. 2. Pump-probe absorption spectroscopy for deuterated HK271 in 5TB-45°C. (a) Typical probe transmittance signaloisy
lines) detected during and after the passage of the 5-ns pump (uuisg at 532 nm with an energy density of 120 mJ/cprobe at 654
nm) for parallel T,,, and perpendiculaf ., pump and probe polarizations, respectively, and corresponding dichfigigm T, ; best-fit
curves are superimposésmooth lineg the pump pulse is also shown. The apparently constant isotropic signal reached some nanoseconds
after the pump passage is actually decaying in a time of several microseclatdsiot showpn and is ascribed to the triplet staté)—(d)
Main indicators of our global best-fit procedure. The optimal best-fit curve is obtainé2i,idd .= 1.42. The other two curves are obtained
by fixing D4/D,, respectively, to 1 and to 1.6 and adjusting the other parameters for best-fit, showing the reliability of our estimate of
Dgy/De. (b) Tpar signal for a probe ak =635 nm(the vertical scale refers to middle curve; upper and lower signals have been offset
vertically for clarity). At this \, the excited-state absorption determined by the fitriéoq=0.7. (c) Maximum nanosecond dichroism
(Tpar— Tper) @t 635 nm, normalized to equilibrium transmittantgd), vs pumppulse energy densitcircles. (d) Transient dichroism
detected with the pump-probe picosecond séttgnsmittance through crossed polarizers time after the pump pulse passage.

are presented in Fig.(@-(c). In the second setup, we em- absorption for some probe wavelength had to be identified
ployed 20-ps laser pulses both for pumping and probingf16—20. But in many cases some degree of excited-state and
with an adjustable delay. The dichroism was detected, in thigriplet-state absorption will take place in the whole dye ab-
case, in the crossed-polarizers geometry, leading to a signgbrption band, and this is indeed the case of our materials.
proportional toAa®. An example of this signal is in Fig. Therefore, there are simply too many unknown parameters to
2(d). allow for a reliable determination d, based on best fitting
As shown by Eq(2), the signal obtained by means of this f the dichroism signal «(t) alone.

technique contains, in general, contributions from all elec- 145 gvercome this problem, we exploited the additional
tronic states. Therefore, unlike the case of fluorescence, ihformation that can be gained from measuring the absor-
may not be easy to single put a specific piece of informatiorbancea(t) induced in the sample by the pump light as a
such as the grqund-state diffusion constagt If one know_s function of its intensity. The long-teriftime scale of micro-
that for a certain wavelength only ground-state absorption seconds; see also Fig(@h] behavior of a(t) is indeed

is significant, then robin he dichroism signal o . L .
'S signiticant, t e__by probing  at the d_|c OIS SIgnal <o nsitive to the triplet state only, and its intensity-dependence
A «(t) will be sensitive only to the orientational relaxation of S . .

allows for a determination of triplet cross sectio and

the ground-state dye population, as given @y(t). Still, ; . _ et )
Qq(t) is determined by both ground-state molecule rotational"'tersystem-crossing rafgr. The inverse of its lifetime is
diffusion, i.e., by constanb, and by the relaxation of all Prg- The intensity dependence of the short-temanosec-
excited states, controlled by the constants D., per, and  Ond absorbance sign@Fig. 2(c)] is instead mainly sensitive
pry. Only if all these constants are already known, one mayo theS;-state cross sectiom, . The ultrafast dichroism dy-
determineD, by means of a reliable best-fit procedure with anamics(picosecond time scalés mainly sensitive t® 4 and
single adjustable parameter. In all previous works reporting @, . Therefore, for each material, temperature, and probe
state-dependent rotational mobility, negligible excited-statewavelength, we performed a global fit on all relevant data
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occurring in these materials is the light-induced modulation
of dye rotational mobility, as detailed in the models of Refs.
[10] (nematic phaseand[11] (isotropic phasge
We ascribe the strong electronic-state dependence of the
HK271 rotational mobility to an excited-state reinforcement
of the hydrogen bonds between the amino groups in dye
molecules and the cyano groups in the solvéig. 1), as-
; : : 5 : 5 sociated with the intramolecular charge-transfer nature of the
% 5 & 70 80 90 dye electronic excitatiof.3,23. Hydrogen-bond strengthen-
Temperature [°C] ing in excited states has been reported before in similar sys-
tems[24]. This hypothesis is also supported by the observed
FIG. 3. Ground-state to excited-state rotational mobility ratiodependence of the reorientation effects on the dye substituent
Dgy/D., measured for protonatetbpen circley and deuterated groups and on host polarif13,23 and of the excited-state
(filled squares HK271 dissolved in 5CB, vs sample temperature. rotational mobility on deuteratiofiL5]. It is also noteworthy
TheD4 /D, ratio for protonatedopen squaneand deuterateffilled  that all previous reports of state-dependent rotational dynam-

diamond HK271 in E63 at 95°C is also shown. Error bars are jcs concern amino-substituted dyes in hydrogen-bonding sol-
given for a fit confidence level of 99%. vents[16—20.

(nanosecond-probe absorbance for both polarizations versus
time and pump energy, and picosecond-dichrgjsosing IV. CONCLUSIONS AND SOME PROSPECTS
Egs. (1) and (2) as model. The solutions of Eql) were

obtained numerically, by working in a Legendre-polynomial In  conclusion, by combining experiments of time-

. ; resolved fluorescence and pump-probe dichroism and
m,ode bas,|$11]. We_ deusted the fgur parametdds, Per, bleaching, both at the nanosrt)ecorf)d and picosecond time
7e, andory for obtaining th.e best-fit to all data.. The param- scales, we could determine the electronic-state-dependent ro-
etersDe and 7, were kept fixed to the values given by fluo- (4400l mobility of certain anthraquinone dyes dissolved in a
rescence, whilery was determined from the equilibrium ab- jjquid cyanophenyl host. We found a substantial decrease of
sorbance. We verified that @q very different from 1 did not  rtational mobility, by 30%—50%, when the dye molecule is
allow for good fitting, so we seA.=Ar=1. The best-fit promoted from the ground state to its first excited singlet
results forD, were found to be robust and quite insensitive state. A photoinduced mobility change of just this magnitude
to many details, including the weights assigned to differenzs peen postulated by published models of the photoin-
datasets, and the value given to the conskapt Fixing D+ duced reorientation of dye-doped liquids and liquid crystals,
to any value in the rangeD.,Dg] yielded the same results j e of the so-called “Jaossy effect’[10,11]. Therefore, our
within 1%. The fit was repeated for different probing wave-results confirm the validity of these models. It must be noted
lengths\, and consistent results were obtained. Examples ofhat ours is also the first test of these models that is not

our best-fit curves are given in Fig. 2, as solid lines. relying on measurements of the photoinduced reorientation
effect itself.
lIl. RESULTS AND DISCUSSION From the methodological point of view, we note that ours

appears to be currently the only viable approach to determin-

The results obtained for the ratio, /D, as a function of ing the state-dependent rotational dynamics of dye molecules
temperature and material are shown in Fig. 3. We see that iwhenever excited-state dye absorption cannot be made to
all investigated samples the rotational diffusion constant invanish by a suitable choice of the probing wavelength. In-
the excited stat®, is consistently smaller than the ground- deed, the excited-state dye cross section for light absorption
state oneD 4 by 30%-50%. Equivalently, the rotational fric- affects strongly the transient-dichroism signal, making its in-
tion coefficientk T/D is increased by the same factor in the terpretation ambiguous unless the value of this parameter can
excited state. This result is roughly independent of temperabe determined independently, as we did in this work.
ture, within measurement errors. Deuteration is found to en- Our results open several interesting research prospects.
hance only slightly the mobility ratio. The photoinduced re-First, it is tempting to speculate about the possible role of
orientation measured in the isotropic phase of HK271 in E63his nonconformational photomobility effect in the photoin-
can be explained quantitatively by the model reported in Refduced orientation of azo polymers, currently investigated for
[11] for a ratioD,/D.=1.4, that is fully consistent with the their potential applications in optical data stor4g8]. There
result of our direct measurement. The doubled reorientatioare several indications that even in azobenzene-based mate-
efficiency of deuterated HK271 in 5CB and E63 is entirelyrials cis-trans photoisomerization is not the sole driving force
due to the doubling of the excited-state correlation tige  underlying the observed photoinduced reorientation and re-
that fixes the duration of the photoexcited dye effgt]. organization phenomer&6]. As an example, in certain azo
Therefore, the expected ratldy/D, in deuterated HK271 dye Langmuir-Blodgett films the replacement of an amino
solutions is approximately the same as in nondeuteratechoiety with an oxygen may completely stop the photoin-
ones. Again, this is confirmed by the results of our directduced reorientation, although cis-trans isomerization is not
measurements. This agreement shows conclusively that trexpected to be significantly hindergel7]. Conversely, effec-
main underlying driving force of photoinduced reorientationtive photoinduced reorientation has been demonstrated in azo

011701-4



MOLECULAR REORIENTATION BY PHOTOINDUCED. . .. PHYSICAL REVIEW B8, 011701 (2003

dye molecular films in which cis-trans photoisomerizationmethyl-red azo dye has been reported to exhibit a
was completely inhibited by close-packed aggregaf®h  conformation-dependent mobility, in connection with differ-
Moreover, azo-dye-doped liquid crystals have been shown tent degrees of intermolecular hydrogen bondig@].

behave as if trans and cis species contributed independently From a broader point of view, by proving the molecular
to the reorientatio28]. We also note that the typical reori- reorientation to be caused by a photoinduced modulation of
entation efficiency of these azo dyes in liquid crystals is ofrotational friction, we have also demonstrated the feasibility
the same order of magnitude as that of HK271, for equabf a “fluctuating-friction molecular motor{31], a concept
absorbanc¢28]. However, trans-cis photoisomerization haswhich we believe could prove fruitful in a much broader
a quantum efficiency that is typically of 20% or 16f29].  context. For example, all kinds of activated kinetic processes
Therefore, if the reorientation effects were associated Onlﬁre expected to be very sensitive to small Changes of activa-
with photoisomerization processes, one would expect a Sigion energy. If the latter is affected by light absorption, one
nificantly lower efficiency of azo dyes compared to HK271, may be able to achieve large photoinduced modulations of
at variance with observatioi28]. It appears instead that the kinetic coefficients, which in turn may lead to cooperative
sole electronic excitation of dye is enough to force the reori'reorganization or transport phenomena_ This could prove a
entation of these photosensitive materials. We form the hyconcept of wide relevance for controlling the state of matter

pothesis that each electronic excitation triggers a short-livedt the molecular scale, with potential applications to the
rotational mobility enhancemef(it must be an enhancement fie|ds of nanotechnology and biolog$3,32.

in this case, as most azo dye materials reorient perpendicular

to the optical field. In azo dyes, this enhancement could

perhaps be associated with a partial conformational change ACKNOWLEDGMENTS
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