Role of guest-host intermolecular forces in photoinduced reorientation
of dyed liquid crystals
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An experimental study of the photoinduced molecular reorientation of dyed liquid crystals for a set
of guest-host combinations is reported. We find large variations in the magnitude of the effect for
different dyes but also for different hosts, with polar hosts resulting often significantly more
effective than nonpolar ones. The data are interpreted in terms of a kinetic mean-field model for the
dye molecule rotational dynamics and interaction with the liquid crystal host. The results point to a
significant variation of guest-host intermolecular forces upon photoinduced electronic excitation of
dye molecules. This force variation is reflected in a variation of dye molecule physical parameters
such as the rotational friction coefficient and the orientational mean-field energyl99@
American Institute of Physic§S0021-96007)51647-3

I. INTRODUCTION lar mean-field” acting on the LC host, that produces the
) ~additional torque. This model is successful into predicting
~Alaser beam passing through a transparent nematic lighe main features and order of magnitude of the observed
uid crystals(LC) is aple to_ér%ducg a large chang_e in the phenomena. However, it still escapes a more quantitative
?rﬁiaarg?ocgofsc?rl\aer (;;fcr:titf' théTglsticpanetztrJTJinaogti:]S V(\;(:\"th comparison with experiments because it relies upon scarcely
P 9 9 ?mown molecular quantities, such as the orientational inter-

molecules due to their anisotropic optical polarizabifityot " ; ited d lecule with the host and
so clear is the case of light-absorbing LCs. A few years agoac lon energy of an excited dye molecule wi € host an

I. Jamossyet al. discovered that a small amount of dye dis- "€ dYe rotational diffusion constant.

solved in a LC may lead to a large variation of the optical ~Moreover, even if Jaossy’s model is accepted, several
torque, with almost no change in the material polarizabfiity. important questions remain open. What intermolecular inter-
A dye weight fraction of less than 0.1% can enhance thections are actually responsible for the effect? What transfor-
optical torque by almost two orders of magnitude and, inmation occurs in the excited dye molecule such that intermo-
some cases, can even change its sign. Presumably, soresular interactions are significantly altered? What features in
mechanism related to light absorption comes into play, genthe dye(and host molecule structures mark the difference
erating an additional photoinduced torque much larger thabetween a very effective dye and one which does not work,
the polarization torque. Since its discovery, the phenomenoler between a dye providing a positive torcuéth respect to
ogy of the “dye effect’ has been investigated in defait”  the direction of the polarization torquand a negative one?
Heating effects have been excluded from the number of posyhat determines the observed wavelength dependence of the
sible mechanisms, as different dyes yield totally differe”tphotoinduced torqué?? What is the origin of the peculiar

torques even for equal values of light absorbance. Moreoveg,onmonotone temperature behavior of the effect reported in
the reversibility and reproducibility of the effect excludes thepgt g2

occurrence of photochemical irreversible transformations. The model in Ref. 18 is made a little obscure by an

. . can Bfcorrect analysis of angular momentum conservation, lead-
observed in almost all LC-dye mixtures. Its generality is.

even wider than the LC field, as closely related effects havc'eng to an expression for the photoinduced torque that is also

been recently discovered in isotropic liquif<® and in ab- Slightly incorrect. These points have been corrected in Ref.
sorbing Langmuir films? ' 19, where the model is reanalyzed with a more formal ap-

A molecular model was proposed by [-ndmsy to ex- proach. Moreover, in Ref. 18 the force change occurring in a

plain the effect® The model is based on two hypotheses:€Xcited dye molecule is modeled only as a change of the
First, light absorption generates an anisotropic population ofrientational mean-field potentials, controlling the equilib-

electronically excited dye molecules and a correspondingium orientational distribution. In Ref. 19, a variation of non-

hole in the ground-state dye population; second, excited- an@quilibrium parameters such as the rotational friction coeffi-
ground-state dye molecules have different intermoleculagient is also allowed. Which parameter change is actually the
orientational interactions with the LC host. As a consequencenore important is another open question, and its answer
of these two effects, light generates an anisotropic “molecu€ould be essential for a quantitative understanding of experi-

ments.

dpresent address: Lig. Cryst. Soc. “Sodruzhestvo,” 11 Staropetrovsky In this work we report the measurement of the photoin-
proezd, Moscow Russia 125130. duced reorientation in a set of dye-LC mixtures using a
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pump and probe interferometric technique. The measurednit time, provided that all other properties are fixed. Since
magnitude of the effect is given in terms of a merit figurewe are interested mainly in comparing the contribution of the
defined in order to highlight the guest-host molecular effects;‘other properties,” it is convenient to drop the dependence
in the comparison of different mixtures and wavelengths.on the cross sectiomr. Since oNgx(Neae+2n,a,)\ (see
The merit figure definition and the theory relating it to the Sec. V for a derivation we introduce the dimensionless
experiment are in Sec. Il. In Sec. lll and 1V, our experimen-merit figure

tal results are presented and discussed in view of other works

dealing with dyes and intermolecular interactions in excited _ { _ 7 €a
states. A more quantitative analysis based on the molecular *~ (n ao+2n,a0)AS  (Nette+ 2Ngag)\ S’
model of Ref. 19 is finally attempted in Sec. V.

2

whereS is the host orientational order parametgrretains
only the “interesting” dependencies @iNgy, but it is inde-
pendent of the molecular cross sectiffor light absorption.
The optical reorientation of nematic LCs is driven by the Division by S is included for two reasons: First, §is small
optical torque acting on the molecular directo? In trans- ~ we expect= S, and thereforgu will be independent of the
parent LCs, this torque is due to the molecule optical polarorder paramete8; second, our definition of. can be ex-
ization, and it is given byr,=€,/167 (n-E*)(nXE)+c.c..  tended even to the isotropic phase by considering the en-
In this expressiolE is the complex amplitude of the optical hancementy of the optical Kerr effect and replacing the
electric field ande,=Re(e.— €,), Wheree, and e, are the  ratio e,/S with its isotropic constant limit> This allows us
dielectric constants foE respectively parallelextraordinary  to compare isotropic and nematic phases.
wave and perpendiculafordinary wave to n. The dielectric The merit figureu gives an estimate of the angular
tensor isej; = €,6,;+(e.—€,)nin;. In absorbing LCs, the momentum imparted to LC molecules per absorbed photon,
constantse, and e, are complex. It is convenient to define in units of Planck constart. Indeed, the angular momentum
also the ordinary and extraordinary refractive indiggs transferred per unit time and volume to LC molecules
=Re(Je,) and n,=Re(Je.), and absorption coefficients is given by the dye-induced torquery,~¢|E|?/16.
a,=(2mIn\)Im(e,) and a.=(27/n\)Im(e;), respec- The number of photons absorbed per unit time and volume
tively, where\ is light wavelength in vacuum. is given by Nf=Im(eijEiEJ*)/4h~Im(Eie“)|E|2/12h
When the LC absorbs light, an additional photoinduced= \(Neae+ 2Nnoa,)|E|%/24h. The merit figure is then
torquey, is observed, superimposedg. Provided that the obtained ag.~ 7,,/(N¢Sh), that justifies the above interpre-
material response is local, symmetry considerations can bi@tion.
used to prove that the photoinduced torque must be given by To obtain{ and u we measured the nonlinear optical
phase shiftA ¢ induced in a probe beam by effect of the
Ton= ,7,.0:i(n. E*)(nXE)+c.c., (1)  Molecular reorientation due to the optical torque exerted by a
167 pump laser beam. Consider a LC film of thicknéssand-
in the limit of small light intensity. In other words, the photo- Wiched between two glass walls treated for strong planar
induced torquer,, has the same angular dependencenon alignment, i.e.n parallel t_o the walls. We choose a C(_)ordl-
andE as the polarization optical torqug, but its magnitude nate system with the axis alongn, andx along the film
is controlled by a new dimensionless material constant normal. Letxz be also the common incidence plane of pump
= ne,. Several experiments confirmed Ed). Moreover, ~and probe beams, bofftpolarized.
they have shown that is proportional to dye concentration, The x component of the complex wave vectorof a
if not too large, and it depends on the dye and host specifif-Polarized plane wave impinging at incidence anglés
molecular structures, on light wavelength, and on tempera-
ture. In some guest-host mixtures the torque ra;ti:elglea kX:2_7T i(_exz Sin B+ \eged exy—SI? B)). @)
may reach values of about 400 for a dye concentration below N Exx
1% in weight. Moreover{ can also be negative, contrary to . .
€. that is always positive at optical frequencies. A negative Since e;; is complex,k, is complex as well. Its real part
implies that the torque tends to oriemperpendicular to the defines the optical phase change along xhaxis, and its
optical fieldE, instead of parallel. imaginary part the amplitude decay due to absorption. In the
The photoinduced response of a given dye-LC mixture igindistorted planar sample,= €, ,€;,= €e, €,,=0. The ab-
completely characterized by its material consténor en-  Sorption coefficient is then
hancement ratiap). The ratio{/Ny4, whereNy is the dye

Il. THEORETICAL BACKGROUND

number-density, characterizes the overall efficiency of a Nea _E(E_ﬂ) sir? B
single dye molecule in a given host. However, the parameter —2im(k,) = °7% nglng  ng @
{IN4 depends trivially on the light absorption efficiency of M= X Jn2—sir? 3

the dye molecule, i.e., on its absorption cross secftoin-

deed, the very general assumption that the photon absorptiarhe x-component of the Poynting vector inside the sample is
events are statistically independent implies that the dye effi-
ciency is proportional to the number of absorbed photons per S, (x)=Tylg cosB e~ ¥, (5)
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whereT is the transmission coefficient at the input face andlll. EXPERIMENT
I is the intensity of the beam entering the sample. The total

(dye + polarization) optical torque due to the pump is there- The nonlinear optical phase shift¢p was measured by
fore given by means of an interferometric technique, similar to that de-
scribed in Ref. 21. The sample was placed in a arm of a
T(X)= ({+ea) S,(x)sin B, Mach—Zender interferometer based on a He—Ne laser. The
y ngc beam passing through the sample acted as probe and was not
focused. The two beams of the interferometer were recom-
:(§+:a) Sin (280) Tol o€~ ¥, 6) bined with a small relativg angle, in order to obtain,. for a
2nsc homogeneous sample, an interference pattern of straight par-

allel fringes on a screen placed at the output of the interfer-

and 7= 7,=0, whereg, is the pump beam incidence angle, gmeter. A lens system at the interferometer output produced

and a, is given by Eq.(4) with 8=8,. a magnified image of the sample on the screen, so that the
The balance between the total optical torque and thgnterference actually occurred in “near field.” The nonlinear

elastic torque determines the steady-state reorientation anglase-shift transverse profile was measured from the fringe

y(x) of n off the z axis, in thexz plane. In a linearized ~ ghape deformation. As pump beam, we used the output of a
approximation for small light intensity and smal(x), we  He_Ne laser, an Afr laser, or a dye laser, depending on the

have wavelength and power needed. The pump was focused to a
2 spot sizewy=40um. Pump and probe incidence angles were
K11—Z= —7y(X), (7)  Bo=37° andp;=43°, respectively. To erase the additional

dx phase retardation due to thermal indexing, all measurements

whereK; is the splay elastic constant. The boundary condi-v;l]ere. performed aftefr bIockmlg thehpumpl bei\am gnd vxaltmg
tions arey(0)= y(L)=0. The solution to Eq(7) is the time necessary for comp ete thermal re axgtlon, that oc-
' curs much faster than the director relaxation time. The sys-

tematic error involved in such procedure was estimated to be

7,(0 X
y(X)= o )2 (1—e” ) — [(1—e‘ axby |, (8) below 5%. The nonlinear phase shift of pure LC transparent
11% samples was also measured and used as reference.

All LC samples were 5Qm thick. The planar alignment
was obtained with rubbed polyvinyl alcohol. In separate ex-
periments, we studied a number of mixtures with various

with 7,(0) given by Eq.(6) for x=0.
The small director reorientation will correspond to a

change > X S
dyes, mainly anthraquinone and azo derivatives, and several
2m(€e—€5) LC hosts?? In this large set, we selected a subset of 9 “rep-
OKy(X)= ———5——sin By ¥(X), (9 resentative” mixtures, on which we concentrated our analy-
ANg sis. The mixtures of this subset were obtained as combina-

in the probe wave vector, wheg®, is the probe incidence tions of 3 dyes and 3 LC hosts, with a weight—weight ratio of
angle. The probe optical phase shift at the sample output i_@e order of 0.1%. The dye molecular structures are reported

then in Fig. 1(b). In the same figure it is shown also the molecular
axis ¢ that is aligned preferentially along the LC directar
_ L The dye 1,8-dihydroxy 4,5-diamino, 2,7-diisopentyl-
Ap=R jo Ky dX anthraquinone, here denoted as A@bthraquinone deriva-
tive 1), was chosen because it is the most effective positive-
me,L3F T, sin 28, sin B, { dye discovered so far; the dye denoted as AD2 is another
=({+e 1oncnfK lo, (10 positive< dye with a dichroism similar to AD1, but a much
ol smaller {; the dye N,N{4-methylpheny}1,4-diamino-
where the effect of absorption losses is included in the factonthraquinone, denoted as AD3, is an effective negative-
dye.
12 1+ ) 1ol } 11 The two pure LC host molecules used in our experi-
- (aL)? 2 a,l (1-e )| (12) ments are reported in Fig.(d. They are the pentyl-

cyanobiphenyl(5CB) and the p-methoxybenzylideng-n-
(f=1 for a transparent sampleEq. (10) is a plane-wave butylinaniline (MBBA). We also used a mixture of
expression. In the finite Gaussian beam case, the same exyanophenyls produced by Merck and denoted as (€68
pression can be still used as a reasonable approximation fétef. 25 for a complete list of its component¥he physical
the phase shift induced in the pump-beam spot center bgroperties at the working temperatufie=24°C of these
using the effective intensityy=2P,/gmw3, whereP is the  three LCs are listed in Table I. The clearing temperafyre
pump beam poweny, is its 1k?-radius, andg(wy/L) isa  =39° of our MBBA samples is lower than the known value,
factor taking into account the transverse elastic effegts ( due to a small degree of water contamination. The choice of
=1 in the plane wave limjt®° In our casew,/L=0.8, cor-  these three hosts was motivated by the following consider-
responding tay=4. ations. 5CB has a strong polar head, namely the cyano group
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FIG. 1. Structure formulae of employed materidt: Hosts;(b) dyes. The
molecular axis¢ that is preferentially aligned along the LC molecular di-
rector is also reported.
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FIG. 2. Bar plot of the measured merit figurébsolute valug|u| for 9
guest-host combinations, at temperatiire 24°C and wavelength =633
nm. For the AD2-MBBA mixtureu was below the experimental sensitiv-
ity, and the bar indicates its estimated upper bound.

dispersive interactions. By comparing the merit figures of the
same dye in 5CB and MBBA, therefore, we should be able to
determine if polar interactions are more or less important
than dispersive and steric interactions in determining the dye
effect. E63 is included mainly for two reasons. First, it is the
host that was employed in many of the previous works on the
subject and therefore it can be used for comparison. Second,
it has a much larger order parameter at working temperature
than 5CB and MBBA, and therefore it allows us to investi-
gate the effect of a higher dye order.

The measured properties of the 9 guest-host combina-
tions are reported in Table Il. The measured merit figuiie
also shown graphically in Fig. 2. In these measurements, the
pump wavelength was =633 nm. It is evident that the polar
hosts E63 and 5CB enhance the dye-induced torque effect
for the two positive¢ dyes AD1 and AD2. The AD1-5CB
and AD1-E63 mixtures are 4.6 and 3.4 times, respectively,

CN, capable of dipole—dipole interactions or even of hydro-more efficient than the AD1-MBBA one. The reorientation
gen bonding with other polar groups present in the dyeseffect was significant in the AD2-5CB and AD2-E63 cases,

such as hydroxyl OH, carbonyl CO, or amino NHVBBA

while it was not even detectable in the AD2-MBBA mixture.

has no strong polar groups. E63 is like 5CB as far as pola®n the contrary, the negativiedye AD3 turned out to have
interactions are concerned. On the other hand, at workingpproximately the same merit figure in all hosts.

temperature, MBBA has a slightly larger birefringencg

The first conclusion we draw from these data is that

—n, than 5CB and approximately the same as E63. Roughlgpecific guest-host intermolecular forces play a major role in
speaking, the same relations should hold for the anisotropthe phenomenon. This supports the validity afdssy’s pic-
of polarizability, and therefore for the anisotropic part of ture. The data also indicate that dipole—dipole interactions

TABLE I. Properties of host nematic LC materidfer T=24 °C). T, is the clearing temperatufeeasured in
our samples S the order parametek,, the splay elastic constant, ,n. the ordinary and extraordinary
refractive indices at wavelength=633 nm, respectively.

LC T. (°0O) S Ky (1076 dyn) No Ne Ne—No
5CB 34 0.6 0.58 153 1.7P 0.18
E63 82 0.78 0.9 152 1.74 0.22
MBBA 39 0.6 0.55 1.54 1.76 0.22

. V. Madhusudana and R. Pratibha, Mol. Cryst. Lig. Crg&. 249 (1982.
bP. P. Karat and N. V. Madhusudana, Mol. Cryst. Liq. Cr&, 51 (1976.

‘Reference 25.
9. Janossy,(private communication
®Merck data sheets.

fl. Haller, J. Chem. Phys57, 1400(1972, and references therein.
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TABLE ll. Measured properties of dye-LC mixtures for pump and probe wavelengtd33 nm and tempera-

tureT=24 °C.

Dye-LC ag em™)  ag(em™) Sy ug (kI/mo)  A/P, (rad/mW I o
AD1-5CB 42 190 0.58 35 6.6 58 3400
AD1-E63 68 700 0.82 59 5.7 170 2500
AD1-MBBA 94 190 0.31 16 2.5 18 740
AD2-5CB 82 370 0.58 35 0.92 11 340
AD2-E63 50 480 0.78 49 0.59 11 240
AD2-MBBA 82 350 0.55 30 < 0.2 <1 < 40
AD3-5CB 98 210 0.32 18 -1.6 —-16 —650
AD3-E63 117 360 0.47 21 -1.3 —-22 —-470
AD3-MBBA 17 38 0.33 17 —0.36 —2.6 —550

seem to contribute to the torque effect significantly moreways true to some extefft,we need to have a quantitative
than dispersive and steric interactions for dyes providingdea of the actual modification occurring in our case, in order
positive< torques. When we say dipole—dipole interactions,to verify the validity of Janossy’s model. Let us concentrate
however, we do not refer to the total dipole of dye and LCon the dye AD1 which, being the most effective one, should
moleculeS/AD1 has no dipole moment in thiedirection, by  be also the easier to understand. The visible absorption spec-
symmetry, but rather to the dipole groug€N, OH, NH,,  trum of AD1 in 5CB is reported in Fig.(&). To understand
CO) present in dye and LC molecules, which can interactsuch spectrum, we refer to Refs. 29—-31 dealing with mol-
rather strongly when they are close to each other. Typicakcules similar to AD1 in their electronic structure. The quali-
interaction energies are of 5-10 kJ/mol, for each dipoleative results reported in those works should apply to AD1 as
pair?® When hydrogen bonding is present, this energy can
raise to 20-30 kJ/mol. Hydrogen bonding could take place,
for example, between the CN group of 5CB and the OH or L B e o e o B
NH, groups in AD1 and AD2. 250
That dipole—dipole forces play an important role in the [
orientational order of dye-LC mixtures is confirmed by the 200 [
results of Ref. 27, where the dye ground-state order param- _ 15
eterS, is measured for a large set of dyes in three different ™, !
hosts, two of which are nonpolar and one has a CN polar 2 100
group. It was found thag, changes from 0.3 to 0.8 when 3 I
plotted versus the length-to-width ratio of dye molecules in 50
the two nonpolar hostéee Figs. 3 and 4 of Ref. pAvhile 0 &%
it is approximately constant to a value between 0.6 and 0.8 in N I TN SN TN I T
the polar hos{Fig. 2 of Ref. 27. Therefore, van der Waals 450 500 550 600 650 700 750
interactions(steric and dispersiyeappear to dominate the A (nm)
dye alignment in the nonpolar hosts, while dipole—dipole
contributions become also very important in the polar host 1 o4
(the HOMO-LUMO argument used in Ref. 27 to explain
such results is, in our opinion, less convingin@ur mea- 1.00 |
surements of the dye order parame3gr(based on the mea-
sured dichroismconfirmed this effect in the case of AD1, as = 0.96
its order parameter in MBBA is much smaller than in 5CB g
and E63. In Table Il we reported also the value of the mean—g 092
field orientational energy, of dyes in all mixtures, calcu- S 0.88
lated as described in Sec. V. =
In synthesis, polar intermolecular forces play a dominant s 0.84 -
role in the photoinduced torque effedor positive ¢), and )
the same forces concur to determine the ground-state dyt (.80

alignment in the nematic LC host. The negativelye does 600 610 620 630 640 650

not show a similar sensitivity to the specific guest-host inter- A (nm)
actions, suggesting that other molecular forces could be in-
volved. FIG. 3. Absorption spectra of mixture&) parallel (@, open symbolsand

; i ) ; perpendicular ¢,, filled symbol§ absorption coefficients of mixtures of
We now move to discussing dassy’s assumption that D1 (squares AD2 (triangleg, and AD3 (circles in 5CB; (b) detail of

intermolecular guest-host forces are significantly modifieduysorption peak of AD1 in 5CB, E63, and MBBA, showing the solvent-
by dye electronic excitation. Although this assumption is al-induced shift(room temperatupe
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well. The main absorption peak, at a wavelength of about 35 . . r r . T T
635—-640 nm, can be assigned to a-S S, electronic tran- 30 o E63+ADI1 i
sition, which is the only electric-dipole-allowed transition in ' o E63+AD3

the visible range. The secondary peak, blue-shifted by an 25F

amount of about 50 nm, can be assigned to a vibronic exci- 20t

tation between the same electronic levels, as the shift corre-

sponds to the stretch frequency of the bonds between the 15k

anthraquinone and the NHand OH substituent groups. The 1.0 N .
()

Il x 103

S-S transition dipole is parallel to the long molecular axis
¢, thus yielding positive dichroism. The; S S, transition
observed in the fluorescence spectrum of AD1 in EB3 is 0.0
peaked at about 660 nfA.

In Refs. 29 and 30, the electronic structure of some an-
thraquinone derivatives is studied theoretically. It is ShownriG. 4. Experimental and theoretical merit figyzevs light wavelength
that the §—S; transition is composed by more than 90% of afor AD1 and AD3 in E63 at temperatufe=24°C.

7-7* HOMO-LUMO electronic transition, where HOMO
i rbital having i lectron char nsity mainly lo- . .
samo bital ha 9 ts electro charge de .§ty ainty ‘o posed for instance in Ref. 23ee also Ref. 38 for a theoret-
calized on the substituent atoms, i.e., specifically the nitro: )
) ; ical study of intramolecular proton-transfer procegsés-

gen of NH, and the oxygen of OH, and LUMO is orbital S

. . . . deed, when the molecule is in its ground state, a proton of
of the unsubstituted anthraquinone, having electronic charge

distributed in the whole molecule body including the carbo-each substituent group IS likely to be engaged in intramo-
. T : lecular hydrogen bond with the oxygen of the closest carbo-
nyl groups. Therefore electronic excitation in AD1 involves

a significant intramolecular electron charge transfer from th nyl group CO of the anthraquinone. After excitation, the pro-

NH, and OH groups to the anthraquinone body.Areductiorelt‘On could be "donated” to the carbonyl group, thus

) swapping covalent and hydrogen bonds. This process would
i(:c?;(;st;o&girr]zgizitoni;h;;\&[g ngiggggpfels fﬁgifi;dd:qclead to a shift in the equilibrium position of the proton and
y . L SNCherefore to a significant change of electrostatic intermolecu-
to donate the H proton in a hydrogen bond, or possibly

) |?r interactions. However, this process is probably absent or
even in a proton-transfer process. A strong enhancement o

intermolecular dipole—dipole or hydrogen—bond interactionsvery unfrequent in AD1-LC mixtures, since no sign of its

. ; ; rrence i rved in the fluor n m.
for the excited AD1 is therefore plausible. We refer to Refs.CCUITENCE 1S obse. ed .t € fluorescence spe&?u_
. . . Besides polar interactions, dispersive and steric forces
33-37 for theoretical and experimental studies of hydrogen— - e .
. . can also undergo significant variations in consequence of
bond strength increase or decrease in consequence of eleg- ; o2
. e -electronic excitation. Reference 39 reports of changes of the
tronic excitation. From the results of these works, we esti- o .
. S . . molecule polarizability ranging from 10% to 100% for a
mate the possible change in interaction energy to be in the
number of molecules. Such changes can lead to comparable
range 1-10 kJ/mol, for each polar group. _ . . - . .
. . U . . variations of dispersive forces. Steric interactions are obvi-
A direct experimental indication of this effect is pro-

vided by the solvent-induced shifts in the absorption spectraOUSIy changed when photoinduced conformational transfor-

: . Qwations take place. This is known to occur for example in
Figure 3b) reports our measurements of the absorption A o-dyes, but not in most anthraquinone derivatives. How-
of AD1 dissolved in the three LC hosts. A red-shift of about yes, q '

5 nm in the polar 5CB and E63 hosts with respect to h&Ver a conformation change could perhaps take place in

nonpolar MBBA is evident. This shift points to hydrogen— AD3, since the two rigid side-groups NH-ghs—Chy might

bond or dipole—dipole interactions between AD1 and the pope reoriented in the excited molecule. This would explain its

lar solvents. Moreover, since the shift is toward the red, th insensitivity to thg host. On the contrary, th_e high sensitivity
o the host polarity seems to exclude an important role of

interaction in the excited state must be stronger than in thta. . . .
; ! ispersive and conformational effects in the case of AD1 and
ground state. A shift of 5 nm corresponds approximately to

an energy difference of 1.5 kJ/mol. This figure is a IowerADz'

bound for the complete intermolecular-force energy differ-

ence AE between excited-state and ground-state dye moI!V' WAVELENGTH DEPENDENCE

ecules achieved after complete relaxation of the solvation The dependence of the photoinduced torque from the

shell around the excited dye molecule. The solvent-inducegump light wavelength for the mixtures AD1-E63 and AD3-

shift is even larger in the vibronic band, consistent with theE63 has been already reported in Ref. 9. From those data, we

hypothesis that such shift is due to the interaction of thecalculated the corresponding dependence of the merit figure

polar substituent groups with the solvent. For-550 nm,  u versus light wavelength, as shown in Fig. 4.

the MBBA-5CB shift is of about 8 nm and the MBBA-E63 In AD3-E63, the merit figure is found approximately

one is about 16 nm. independent of wavelength, as expected. On the contrary, in
Another possibility worth mentioning is that the acidity AD1-E63 a more complex wavelength dependence is ob-

increase in the NKH and OH groups after excitation could served, that we correlated with the double-band absorption

lead to an intramolecular proton-transfer process, as praspectrum shown in Fig.(8). We made the hypothesis that

0.5

© 6 o609 50

520 540 560 580 600 620 640 660
A (nm)
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each absorption band has its own merit figure, independenrflid angle at tim¢ and orientatiors are denoted aby(st)

of wavelength. Let us denote @s andu, the merit figures  angf (st). The total numbeNy of dye molecules per unit

of the main band, peaked at 640 nm, and of the vibronig,ojyme is assumed small with respect to the host number
band, peaked at 590 nm, respectively. For a given wavegensity.

length\, the dye molecule has a probabilfy()) of being The rotational dynamics of dye molecules is ruled by
excited in the main band argh(A) of being excited in the  intermolecular interactions with the LC host. The equilib-
vibronic band. We assumed fpp andp; a typical Gaussian yjym interactions are described within a mean-field approxi-
+Lorentzian shape, and determined all the correspondinghation. Following Jaossy's idea, the mean-fields for excited

distribution parameters by means of a fit to the absorptiolyng ground-state molecules are allowed to be different. We
spectrum. If the dye excitations in either of the two bandsiake them in the following form:

can be considered as independent statistical processes, the

effective merit figure is given by Uul(0)=-3u,Scos 0§ (a=g,e), (13
Po(N) ot P1(N) g whereS is the LC host order parameter and and ug are
)= Po(AN)+p1(N) (12 material coefficients measuring the dye-host orientational in-

] ) ] teraction strengtlinote the change of notations with respect
We used this expression to fit the observed wavelength dg Ref, 19. Nonequilibrium kinetic interactions between dye
pendence of, by adjusting the two parametefg anduy.  gng |C host are modeled by the molecule rotational friction
The best-fit outcome, corresponding ig=2200 andu, coefficientsy, and 7., or equivalently by the rotational dif-
=1300, is shown in Fig. 4 as a sohd_ line. fusion constant® ;=kT/ 7, andDo=kT/ 7o 204
In AD1, the involved vibration optical mode should con- When the light intensity is zero, the excited-state popu-

sist mainly of a stretch of the substituent groups N#hd |4ti0n is empty, i.e.fo=0, and the ground-state orientational
OH. The excitation of this internal vibration lowers the mol- yistribution reduces to the equilibrium Boltzmann one

ecule overall reorienting efficiency. This is a further indica-
tion of the major role played by the interactions between the _
substituent polar groups and the host. A similar decrease of f =N, c ]
.. . U
efficiency for higher photon enerdjower wavelengthshas f e o do
been reported in Ref. 12. We suggest three possible explana-
tions. First, if the vibrational state is sufficiently long-lived,
the vibration could effectively reduce the intermolecular po-
lar interac_tions_of the substituent groups with the host. Secl-]c the dye electronic transition dipole forms an anglavith
ond, thg vibronic ;tate could hr_:lve more decay _cha_nnels thc’:me molecule long axis, then
the main electronic state, leading to a shorter lifetime, or to
trapping into ineffective triplet states, or to photochemical  (g)=g|E|2[L(1—A)+A(e 9)7], (15)
transformations, all effects reducing the reorienting effi-
ciency. Third, as proposed in Ref. 12, the vibrational relax-where o is a constant proportional to the absorption cross
ation immediately following the photon absorption, althoughsection(including also local-field factoysand A= (3 cog
very fast, could release enough energy to reorient randomly-1)/2. In particularA=1 for molecules having their transi-
the excited dye molecule, again reducing its average aligningon dipole parallel tos. The molecular constanis and A
effect. can be related to the absorption coefficients by equating the
power lost by the light wave to the photon enelgy times
the number of dye excitations induced per unit time. We
obtain

s

(14

The effect of light absorption is to introduce a probability per
unit time p(s) for a ground-state dye molecule to get excited.

V. COMPARISON WITH THEORY

We now try a more quantitative analysis of our experi-
mental results in terms of the kinetic molecular model re- oNyg=
ported in Ref. 19. Let us first briefly recall here the basic
assumptions and notations of the model. and

C(Neaet 2ngya,)

8mhv (16

A. Molecular model Nette— Noto

Consider a linearly polarized light wave passing through AS@J:W' (17)
an absorbing nematic LC obtained by dissolving a small ]
amount of dichroic dye in a transparent host. We suppos¥/hereSy is the ground-state dye order parameter
that the dye molecules behave as rod-like molecules with a 1 3cog 6—1
molecular axis specified by a unit vectgror by its polar Sy=((3 cog 6— 1)/2>d=N—f dQ de.
angleséd and ¢ with respect to & axis oriented as the mo- d (18)
lecular directorn. For the dye excitation we make a two
level approximation, and label with the subscrigtsand e Equation(17) is used to calculat&, from the measured di-
the ground and excited state, respectively. The numbers ahroism (the absolute value oA must be known indepen-
ground-state and excited dye molecules per unit volume andently).
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The kinetic equations are given by the following set of
Einstein—Smoluchowsky diffusion equations for the rota- 4+
tional diffusion of the two dye populations, coupled by the §
photoinduced transitions: = 5
Mo _p 5%, 2oy (1, VU S
W “Va a ﬁ : [ a a] —

“%0
=(*), pfg—ffa , a=g,e, (19 =
2

where V is the angular part of the ordinaiy differential
operator,; is the excited-state lifetime, and-(), is + for u S/2kT
a=e and— for a=g. g
After solving Eq.(19) for the steady-state distributions
fo and fy, or equivalently for the deviations from equilib-
rium fé=fe,fé=fg—fd, the photoinduced torque can be
obtained as the total mean-field torque exchanged between
dye and nematic host, i.e.,

o
&}
A~
=)
o

10

[ S

o= f dQ sX(foVUe+fVUy)

(v hD_S / AKT) x 100
Y

4}
=JdQ S(FVU VU, (20 6Huju =1
e g
Equation(19) cannot be solved analytically. An approxi- '80 i zlt é ;g 10

mate and/or numerical approach is needed. It is convenient
passing to dimensionless quantities. For brevity we do not
report the.lmermedlate steps exphcnl_y. It IS. however |mp.or- IG. 5. Theoretical merit figurg times the material-dependent scale factor
tant to point out that the resulting dimensionless equat|0n§0mDeS,AkT vs ground-state guest—host interaction parametey
depend only on the following four dimensionless parameters= ugS/2kT for different effects of electronic excitation on intermolecular
(i) The normalized ground-state enemgy= ugS/2kT, thatis interaction parameters. If@ we setD,/D.=1 and varied the energy ratio
in one-to-one correspondence with the dye order parametde/Us- In (b) we setu./uy=1 and varied the rati®, /D, . In all plots we
Sg, as specified by Eqs{14) and (18); (ii) the mean-field setD.7;=0.1, close to the value measured for AD1 in E63.

energy ratioug/ug; (iii) the friction coefficient(or diffusion

constant ratio 7./74=Dg4/D; (iv) the reduced lifetime

7+ Do. The merit figureuw can be shown to be given by

=(AkT)/(hDeS)-7L(mg,ue/ug,Dg/De,rf Do), wherew is  This expression ofu remains valid even in the isotropic
function only of the above mentioned 4 dimensionless paphaset®

rameters. Consider now the opposite limit of largay=u,S/2kT.

To solve numerically the steady-state dimensionles\s shown in Fig. %a), in this limit x vanishes very fast if
equations corresponding to Eqd9), we projected them p_—p . Even a very large ratio./uy cannot give signifi-
onto theY; (8, ¢) spherical harmonic basis, thus obtaining cant values of, in the rangem,>6. On the contrary, the
an infinite set of coupled algebraic equations. This set Waggtect of the diffusion constant ratid, /D, does not vanish,
solved by considering only the spherical components havings shown in Fig. &). This behavior can be understood by
!Slmax’ whgrelmaxvyas increased automatically until stabil- inspection of Eq.(19). Indeed, ifmy is large, the energy
ity was achievedtypically | max—10—20). Some examples of termsU , dominate against the diffusive term in the left-hand

our results are plotted in Fig. 5. The actual valueuofle- ; . .
pends on the exact value of the scaling fa&&T/10Ch DS, Slde.Of Eq..(l?). ,In this case, at steady state, the approximate
elationshipfo/f;~—ugDgy/u.De holds true, and the photo-

which is of the order of 1000. Our results are consistent Withr . . )
duced torque given by Eq20) vanishes ifD.=Dy.

those already reported in Ref. 18, where only the casd ) ) )
D4/D=1 was considered. Therefore, if a mixture hasng>6 corresponding to a dye

It is seen from Fig. 5 that in the regian,S/2kT<2 the order parameteB,>0.7 (as in AD1-E63 at room tempera-

lines are approximately straight, i.e., the torque is proporiure), the photoinduced torque is essentially determined by
tional to ugS. This limit can be also calculated analytically, the change in diffusion constants and not by the change in

as reported in Ref. 19. In our notations, we have equilibrium mean-fields. However, we cannot exclude that
this rather drastic result of our model be a consequence of
- ﬂ 7t De (E _ ﬁ) (21) the single-Legendre-mode angle dependence assumed for the
15h 1+6De7¢\De  Dg/ mean-field potentials, in Eq13).
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TABLE lIl. Calculated parameters of dye-LC mixture corresponding to 3000
measured merit figures.
Dye-LC Ue/ug Dgy/De Ue/ug=
(DgzDe) (Ue:Ug) Dg/De Q 2000
AD1-5CB 2.7 1.95 1.39 5)
AD1-E63 > 10 1.80 1.55 -
AD1-MBBA 1.21 1.23 1.10 5
AD2-5CB 1.10 1.05 1.03 = 1000
AD2-E63 1.47 1.04 1.04
AD2-MBBA =1 =1 =1
AD3-5CB 0.83 0.87 0.92
AD3-E63 0.88 0.91 0.95 0 . .
AD3-MBBA 0.85 0.88 0.93 20 40 60 80

T(°C)

FIG. 6. Experimental and theoretical temperature behavior of merit figure
) for a mixture of AD1 in E63. Data are from Ref. 6. Solid line is a best-fit
B. Data analysis obtained as described in the text. Dashed line corresponds to assDing

. =D, and the samei,/u, as in solid line. Dotted line to assuming=u
g e/tg ]
In the case of AD1 in E63 we know the vaIuesD); and and the samé®, /D, as in solid line. Dot-dash line is far,=uy and a

¢ from Ref. 42. Therefore, we may interpret the merit figuretemperature independent, /D...

data quantitatively using our model. For comparison, we also

extended such calculations to the other mixtures, by assum- ) o 345

ing that the values oD, and 7; are the same. This is prob- Where the preexponential factor is given By=CET ",

ably a reasonable approximation for AD1 in 5CB dfesy € P€ing a constant independent of temperature and interac-
in MBBA, but it is not good for mixtures with other dyes; tion energiesE, is an energy characterizing the isotropic

therefore the results for AD2 and AD3 cannot be consideredtraction between the dye molecule and the neighbors, and
realistic. E, is an energy contributing to the orientational mean-field

In all mixtures, the value ofi, is deduced from the interactionu, . For organic molecules such as those consid-

measured dichroism, using first H47) to determine the dye €red in this work, at room temperatuig, /kT~ 10 or more,
order parameter and next E€L8) to determine the factor While E1/KT~1. Therefore a very small relative change in
UgS/2kT (S is in Table ). The change in intermolecular Eq may lead to a strong relative variation@f For example,
forces is modeled with the two unknown parameteggu, & fractional change of only 10% B, would correspond to a
and 7e/ng=D4/De. For each mixture we have only one change ofD roughly by a factor 2.

input piece of data, i.e., the merit figuge so that these two

parameters cannot be determined without further assumys=: Temperature dependence

tions. Tentatively, we may try to set eith&y=D, or U The temperature behavior ¢f is to a good approxima-
=Ug. The corresponding results are reported in Table lll. Ittion the same as that of the enhancement ratia// e, . This
is seen that the hypothediy,= D, leads to values dfie/u;  can be seen from Ed2), from the fact thate, and S have
that are too large to be realistic in several cases. This is dugpproximately the same temperature dependence, and that
to the rapid vanishing ofu for large values ofmg  the isotropic combinationgae+ 2n,a, is weakly dependent
=UgS/2kT, as shown in Fig. @). On the contrary, itis quite  on temperature. From the data published in Ref. G;¢m),
possible thatie=uy and that the effect is mainly caused by we calculated a set of points fae(T) in the AD1-E63 mix-
the variation of diffusion constants. The intermediate caseyre, reported in Fig. 6 as circles.
Ue/ug=Dy/De was also considered and reported in Table  The best-fit on the data based on our model is shown as
IIl. It is noteworthy that the lower merit figure of the mix- g solid line in the same figure. The host order parameter
tures with E63 host compared to 5CB does not correspond tgersus temperatur®(T) was obtained from magnetic anisot-
equally lower changes in diffusion constants or interactioryopy data® For the diffusion constant®, and D, we as-
energies. The reason why E63 is less effective than 5CB isumed the Arrhenius-like temperature behavior given by Eq.
related instead to the higher order paramé&én E63. (22). The temperature dependence Df and 7; was also

We point out that a large change of the rotational frictionmeasured, as reported in Ref. 42. From a fit based on Eq.
coefficient requireS Only a rE|atiVE|y small Change in the |n-(22) of the measure(De(T)' we obtained the excited-state
termolecular forces. Amb initio statistical theory of the fric-  activation energyEge+ Eo=22 kJ/mol. The value ol
tion coefficient is reported in Ref. 41. Although the model iS:60 kJ/mol was obtained from the measured dichroism, as
based on pure van der Waals intermolecular interactions, it§escribed previously. The remaining unknown parameters
main qualitative results are likely to be generally valid. Ac-were adjusted to fit the observed(T). They were(i) the
cording to it, the expression of the diffusion constant can beyctivation energy differencAE = (Eqe+ Eie) — (Eog+Eig)

cast in the following Arrhenius-type form for excited and ground states of the dyie} the (temperature
Eo+Eq independentratio of the preexponential factoiBqq/De;
D=Dge” " kT, (22 (ii) the ratio of the orientational energias/ugy, assumed to
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be temperature independent. The best-fit results wire photoinduced changes of molecular physical parameters can
AE=4.5 kJ/mol, (ii) Dog/Dge=0.22, (iii) uc/ug=1.33. occur even with no conformational transformations. Most
These values correspond to a diffusion constant rati@nthraquinone derivatives are known not to undergo confor-
Dy/De=1.4 atT=20°C andD4/D.=1.1 close to the clear- mational photo-transformations. Conformation changes are
ing temperature. Note that the activation energy relativgprobably important for other classes of dy@s azo-dyes
changeAE/E is a reasonable 20%. The variatidvE is  which induce negative reorientatiofi.e., away from the
larger but of the same order as that resulting from the solverglectric field and show no significant sensitivity to the host
shift in the absorption spectrum. Moreover, it is in the rangestructure. We are currently planning an experiment for mea-
of the hydrogen—bond strength variations directly observeduring the kinetic molecular parameters of dyes in solutions,
in other experiment$353%|f the dependence of the preex- both in the ground and excited state. The outcome of such
ponential factors orE, is assumed to b@oocES, as sug- experiment will probably provide a final test for our under-
gested in Ref. 41, then we also obtdig,/Eq.~0.6. standing of the photoinduced liquid crystal reorientation ef-

We also tried to fit the data with less adjustable paramfect.
eters, assuming firdD,/D,=1 and nextu./ug=1. In the
first case, there is no way to fit the data for a finite ratio
Ue/ug. The theoretical curvg(T) obtained settindy/D ACKNOWLEDGMENTS
=1 andue/ug=1.33 is reported in Fig. 6 for comparison, as
a dashed line. In the second case, whggeD. is varied and We are indebted to M. Colicchio for helping in the ab-
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