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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 energy. ©1997
American Institute of Physics.@S0021-9606~97!51647-3#
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I. INTRODUCTION

A laser beam passing through a transparent nematic
uid crystals~LC! is able to induce a large change in th
average molecular orientation.1,2 This phenomenon is wel
understood as the effect of the optical torque acting on
molecules due to their anisotropic optical polarizability.3 Not
so clear is the case of light-absorbing LCs. A few years a
I. Jánossyet al. discovered that a small amount of dye d
solved in a LC may lead to a large variation of the optic
torque, with almost no change in the material polarizabilit4

A dye weight fraction of less than 0.1% can enhance
optical torque by almost two orders of magnitude and,
some cases, can even change its sign. Presumably,
mechanism related to light absorption comes into play, g
erating an additional photoinduced torque much larger t
the polarization torque. Since its discovery, the phenome
ogy of the ‘‘dye effect’’ has been investigated in detail.5–14

Heating effects have been excluded from the number of p
sible mechanisms, as different dyes yield totally differe
torques even for equal values of light absorbance. Moreo
the reversibility and reproducibility of the effect excludes t
occurrence of photochemical irreversible transformatio
Nevertheless, the phenomenon is fairly general as it can
observed in almost all LC-dye mixtures. Its generality
even wider than the LC field, as closely related effects h
been recently discovered in isotropic liquids,15,16 and in ab-
sorbing Langmuir films.17

A molecular model was proposed by I. Ja´nossy to ex-
plain the effect.18 The model is based on two hypothese
First, light absorption generates an anisotropic population
electronically excited dye molecules and a correspond
hole in the ground-state dye population; second, excited-
ground-state dye molecules have different intermolecu
orientational interactions with the LC host. As a conseque
of these two effects, light generates an anisotropic ‘‘mole

a!Present address: Liq. Cryst. Soc. ‘‘Sodruzhestvo,’’ 11 Staropetrov
proezd, Moscow Russia 125130.
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lar mean-field’’ acting on the LC host, that produces t
additional torque. This model is successful into predicti
the main features and order of magnitude of the obser
phenomena. However, it still escapes a more quantita
comparison with experiments because it relies upon scar
known molecular quantities, such as the orientational in
action energy of an excited dye molecule with the host a
the dye rotational diffusion constant.

Moreover, even if Ja´nossy’s model is accepted, sever
important questions remain open. What intermolecular in
actions are actually responsible for the effect? What trans
mation occurs in the excited dye molecule such that interm
lecular interactions are significantly altered? What feature
the dye~and host! molecule structures mark the differenc
between a very effective dye and one which does not wo
or between a dye providing a positive torque~with respect to
the direction of the polarization torque! and a negative one?
What determines the observed wavelength dependence o
photoinduced torque?9,12 What is the origin of the peculia
nonmonotone temperature behavior of the effect reporte
Ref. 6?

The model in Ref. 18 is made a little obscure by
incorrect analysis of angular momentum conservation, le
ing to an expression for the photoinduced torque that is a
slightly incorrect. These points have been corrected in R
19, where the model is reanalyzed with a more formal
proach. Moreover, in Ref. 18 the force change occurring i
excited dye molecule is modeled only as a change of
orientational mean-field potentials, controlling the equili
rium orientational distribution. In Ref. 19, a variation of no
equilibrium parameters such as the rotational friction coe
cient is also allowed. Which parameter change is actually
more important is another open question, and its ans
could be essential for a quantitative understanding of exp
ments.

In this work we report the measurement of the photo
duced reorientation in a set of dye-LC mixtures using

y
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9784 Marrucci et al.: Photoinduced reorientation
pump and probe interferometric technique. The measu
magnitude of the effect is given in terms of a merit figu
defined in order to highlight the guest-host molecular effe
in the comparison of different mixtures and wavelengt
The merit figure definition and the theory relating it to t
experiment are in Sec. II. In Sec. III and IV, our experime
tal results are presented and discussed in view of other w
dealing with dyes and intermolecular interactions in exci
states. A more quantitative analysis based on the molec
model of Ref. 19 is finally attempted in Sec. V.

II. THEORETICAL BACKGROUND

The optical reorientation of nematic LCs is driven by t
optical torque acting on the molecular directorn.3 In trans-
parent LCs, this torque is due to the molecule optical po
ization, and it is given byto5ea/16p (n•E* )(n3E)1c.c..
In this expressionE is the complex amplitude of the optica
electric field andea5Re(ee2eo), whereee and eo are the
dielectric constants forE respectively parallel~extraordinary
wave! and perpendicular~ordinary wave! to n. The dielectric
tensor ise i j 5eod i j 1(ee2eo)ninj . In absorbing LCs, the
constantseo and ee are complex. It is convenient to defin
also the ordinary and extraordinary refractive indicesno

5Re(Aeo) and ne5Re(Aee), and absorption coefficient
ao5(2p/nol)Im(eo) and ae5(2p/nel)Im(ee), respec-
tively, wherel is light wavelength in vacuum.

When the LC absorbs light, an additional photoinduc
torquetph is observed, superimposed toto . Provided that the
material response is local, symmetry considerations can
used to prove that the photoinduced torque must be give

tph5hto5
z

16p
~n•E* !~n3E!1c.c., ~1!

in the limit of small light intensity. In other words, the photo
induced torquetph has the same angular dependence on
andE as the polarization optical torqueto , but its magnitude
is controlled by a new dimensionless material constanz
5hea . Several experiments confirmed Eq.~1!. Moreover,
they have shown thatz is proportional to dye concentration
if not too large, and it depends on the dye and host spe
molecular structures, on light wavelength, and on tempe
ture. In some guest-host mixtures the torque ratioh5z/ea

may reach values of about 400 for a dye concentration be
1% in weight. Moreover,z can also be negative, contrary
ea that is always positive at optical frequencies. A negativz
implies that the torque tends to orientn perpendicular to the
optical fieldE, instead of parallel.

The photoinduced response of a given dye-LC mixture
completely characterized by its material constantz ~or en-
hancement ratioh). The ratioz/Nd , whereNd is the dye
number-density, characterizes the overall efficiency o
single dye molecule in a given host. However, the param
z/Nd depends trivially on the light absorption efficiency
the dye molecule, i.e., on its absorption cross sections. In-
deed, the very general assumption that the photon absorp
events are statistically independent implies that the dye
ciency is proportional to the number of absorbed photons
J. Chem. Phys., Vol. 107, N
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unit time, provided that all other properties are fixed. Sin
we are interested mainly in comparing the contribution of
‘‘other properties,’’ it is convenient to drop the dependen
on the cross sections. SincesNd}(neae12noao)l ~see
Sec. V for a derivation!, we introduce the dimensionles
merit figure

m5
z

~neae12noao!lS
5

h

~neae12noao!l

ea

S
, ~2!

whereS is the host orientational order parameter.m retains
only the ‘‘interesting’’ dependencies ofz/Nd , but it is inde-
pendent of the molecular cross sections for light absorption.
Division by S is included for two reasons: First, ifS is small
we expectz}S, and thereforem will be independent of the
order parameterS; second, our definition ofm can be ex-
tended even to the isotropic phase by considering the
hancementh of the optical Kerr effect and replacing th
ratio ea /S with its isotropic constant limit.15 This allows us
to compare isotropic and nematic phases.

The merit figurem gives an estimate of the angula
momentum imparted to LC molecules per absorbed pho
in units of Planck constanth. Indeed, the angular momentum
transferred per unit time and volume to LC molecul
is given by the dye-induced torquetph;zuEu2/16p.
The number of photons absorbed per unit time and volu
is given by Nf5Im(e i j EiEj* )/4h;Im(( ie i i )uEu2/12h
5l(neae12noao)uEu2/24ph. The merit figure is then
obtained asm;tph/(NfSh), that justifies the above interpre
tation.

To obtain z and m we measured the nonlinear optic
phase shiftDf induced in a probe beam by effect of th
molecular reorientation due to the optical torque exerted b
pump laser beam. Consider a LC film of thicknessL sand-
wiched between two glass walls treated for strong pla
alignment, i.e.,n parallel to the walls. We choose a coord
nate system with thez axis alongn, and x along the film
normal. Letxz be also the common incidence plane of pum
and probe beams, bothp-polarized.

The x component of the complex wave vectork of a
p-polarized plane wave impinging at incidence angleb is

kx5
2p

l

1

exx
~2exz sin b1Aeoee~exx2sin2 b!!. ~3!

Since e i j is complex,kx is complex as well. Its real par
defines the optical phase change along thex axis, and its
imaginary part the amplitude decay due to absorption. In
undistorted planar sample,exx5eo ,ezz5ee ,exz50. The ab-
sorption coefficient is then

ax52Im~kx!5

noae2
ne

no
S ae

ne
2

ao

no
D sin2 b

Ano
22sin2 b

. ~4!

Thex-component of the Poynting vector inside the sample

Sx~x!5T0I 0 cosb e2axx, ~5!
o. 23, 15 December 1997
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9785Marrucci et al.: Photoinduced reorientation
whereT0 is the transmission coefficient at the input face a
I 0 is the intensity of the beam entering the sample. The t
~dye1 polarization! optical torque due to the pump is ther
fore given by

ty~x!5
~z1ea!

no
2c

Sx~x!sin b0

5
~z1ea!

2no
2c

sin ~2b0!T0I 0e2axx, ~6!

andtx5tz50, whereb0 is the pump beam incidence angl
andax is given by Eq.~4! with b5b0.

The balance between the total optical torque and
elastic torque determines the steady-state reorientation a
g(x) of n off the z axis, in thexz plane. In a linearized
approximation for small light intensity and smallg(x), we
have

K11

d2g

dx2
52ty~x!, ~7!

whereK11 is the splay elastic constant. The boundary con
tions areg(0)5g(L)50. The solution to Eq.~7! is

g~x!5
ty~0!

K11ax
2F ~12e2axx!2

x

L
~12e2axL!G , ~8!

with ty(0) given by Eq.~6! for x50.
The small director reorientation will correspond to

change

dkx~x!5
2p~ee2eo!

lno
2

sin b1 g~x!, ~9!

in the probe wave vector, whereb1 is the probe incidence
angle. The probe optical phase shift at the sample outpu
then

Df5ReS E
0

L

dkx dxD
5~z1ea!

peaL3f T0 sin 2b0 sin b1

12lcno
4K11

I 0 , ~10!

where the effect of absorption losses is included in the fa

f 5
12

~axL !2F12S 1

2
1

1

axL
D ~12e2axL!G , ~11!

( f 51 for a transparent sample!. Eq. ~10! is a plane-wave
expression. In the finite Gaussian beam case, the same
pression can be still used as a reasonable approximatio
the phase shift induced in the pump-beam spot center
using the effective intensityI 052P0 /gpw0

2, whereP0 is the
pump beam power,w0 is its 1/e2-radius, andg(w0 /L) is a
factor taking into account the transverse elastic effectsg
51 in the plane wave limit!.20 In our casew0 /L50.8, cor-
responding tog.4.
J. Chem. Phys., Vol. 107, N
d
al

e
gle

i-

is

or

ex-
for
y

III. EXPERIMENT

The nonlinear optical phase shiftDf was measured by
means of an interferometric technique, similar to that d
scribed in Ref. 21. The sample was placed in a arm o
Mach–Zender interferometer based on a He–Ne laser.
beam passing through the sample acted as probe and wa
focused. The two beams of the interferometer were reco
bined with a small relative angle, in order to obtain, for
homogeneous sample, an interference pattern of straight
allel fringes on a screen placed at the output of the inter
ometer. A lens system at the interferometer output produ
a magnified image of the sample on the screen, so that
interference actually occurred in ‘‘near field.’’ The nonline
phase-shift transverse profile was measured from the fri
shape deformation. As pump beam, we used the output
He–Ne laser, an Ar1 laser, or a dye laser, depending on t
wavelength and power needed. The pump was focused
spot sizew0540mm. Pump and probe incidence angles we
b0537° andb1543°, respectively. To erase the addition
phase retardation due to thermal indexing, all measurem
were performed after blocking the pump beam and wait
the time necessary for complete thermal relaxation, that
curs much faster than the director relaxation time. The s
tematic error involved in such procedure was estimated to
below 5%. The nonlinear phase shift of pure LC transpar
samples was also measured and used as reference.

All LC samples were 50mm thick. The planar alignmen
was obtained with rubbed polyvinyl alcohol. In separate e
periments, we studied a number of mixtures with vario
dyes, mainly anthraquinone and azo derivatives, and sev
LC hosts.22 In this large set, we selected a subset of 9 ‘‘re
resentative’’ mixtures, on which we concentrated our ana
sis. The mixtures of this subset were obtained as comb
tions of 3 dyes and 3 LC hosts, with a weight–weight ratio
the order of 0.1%. The dye molecular structures are repo
in Fig. 1~b!. In the same figure it is shown also the molecu
axis j that is aligned preferentially along the LC directorn.
The dye 1,8-dihydroxy 4,5-diamino, 2,7-diisopenty
anthraquinone, here denoted as AD1~anthraquinone deriva
tive 1!, was chosen because it is the most effective positi
z dye discovered so far; the dye denoted as AD2 is ano
positive-z dye with a dichroism similar to AD1, but a muc
smaller z; the dye N,N’-~4-methylphenyl!-1,4-diamino-
anthraquinone, denoted as AD3, is an effective negativz
dye.

The two pure LC host molecules used in our expe
ments are reported in Fig. 1~a!. They are the pentyl-
cyanobiphenyl~5CB! and the p-methoxybenzylidene-p-n-
butylinaniline ~MBBA !. We also used a mixture o
cyanophenyls produced by Merck and denoted as E63~see
Ref. 25 for a complete list of its components!. The physical
properties at the working temperatureT524°C of these
three LCs are listed in Table I. The clearing temperatureTc

539° of our MBBA samples is lower than the known valu
due to a small degree of water contamination. The choice
these three hosts was motivated by the following consid
ations. 5CB has a strong polar head, namely the cyano g
o. 23, 15 December 1997
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9786 Marrucci et al.: Photoinduced reorientation
CN, capable of dipole–dipole interactions or even of hyd
gen bonding with other polar groups present in the dy
such as hydroxyl OH, carbonyl CO, or amino NH2. MBBA
has no strong polar groups. E63 is like 5CB as far as p
interactions are concerned. On the other hand, at work
temperature, MBBA has a slightly larger birefringencene

2no than 5CB and approximately the same as E63. Roug
speaking, the same relations should hold for the anisotr
of polarizability, and therefore for the anisotropic part

FIG. 1. Structure formulae of employed materials:~a! Hosts;~b! dyes. The
molecular axisj that is preferentially aligned along the LC molecular d
rector is also reported.
J. Chem. Phys., Vol. 107, N
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dispersive interactions. By comparing the merit figures of
same dye in 5CB and MBBA, therefore, we should be able
determine if polar interactions are more or less import
than dispersive and steric interactions in determining the
effect. E63 is included mainly for two reasons. First, it is t
host that was employed in many of the previous works on
subject and therefore it can be used for comparison. Sec
it has a much larger order parameter at working tempera
than 5CB and MBBA, and therefore it allows us to inves
gate the effect of a higher dye order.

The measured properties of the 9 guest-host comb
tions are reported in Table II. The measured merit figurem is
also shown graphically in Fig. 2. In these measurements,
pump wavelength wasl5633 nm. It is evident that the pola
hosts E63 and 5CB enhance the dye-induced torque e
for the two positive-z dyes AD1 and AD2. The AD1-5CB
and AD1-E63 mixtures are 4.6 and 3.4 times, respectiv
more efficient than the AD1-MBBA one. The reorientatio
effect was significant in the AD2-5CB and AD2-E63 case
while it was not even detectable in the AD2-MBBA mixtur
On the contrary, the negative-z dye AD3 turned out to have
approximately the same merit figure in all hosts.

The first conclusion we draw from these data is th
specific guest-host intermolecular forces play a major role
the phenomenon. This supports the validity of Ja´nossy’s pic-
ture. The data also indicate that dipole–dipole interactio

FIG. 2. Bar plot of the measured merit figures~absolute value! umu for 9
guest-host combinations, at temperatureT524°C and wavelengthl5633
nm. For the AD2-MBBA mixture,m was below the experimental sensitiv
ity, and the bar indicates its estimated upper bound.
TABLE I. Properties of host nematic LC materials~for T524 °C!. Tc is the clearing temperature~measured in
our samples!, S the order parameter,K11 the splay elastic constant,no ,ne the ordinary and extraordinary
refractive indices at wavelengthl5633 nm, respectively.

LC Tc (°C! S K11 (1026 dyn! no ne ne2no

5CB 34 0.6a 0.55a 1.53b 1.71b 0.18
E63 82 0.75c 0.9d 1.52e 1.74e 0.22
MBBA 39 0.6f 0.55f 1.54f 1.76f 0.22

aN. V. Madhusudana and R. Pratibha, Mol. Cryst. Liq. Cryst.89, 249 ~1982!.
bP. P. Karat and N. V. Madhusudana, Mol. Cryst. Liq. Cryst.36, 51 ~1976!.
cReference 25.
dI. Jánossy,~private communication!.
eMerck data sheets.
fI. Haller, J. Chem. Phys.57, 1400~1972!, and references therein.
o. 23, 15 December 1997
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TABLE II. Measured properties of dye-LC mixtures for pump and probe wavelengthl5633 nm and tempera-
ture T524 °C.

Dye-LC ao ~cm21) ae ~cm21) Sg ug ~kJ/mol! Df/P0 ~rad/mW! z m

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 21.6 216 2650
AD3-E63 117 360 0.47 21 21.3 222 2470
AD3-MBBA 17 38 0.33 17 20.36 22.6 2550
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seem to contribute to the torque effect significantly mo
than dispersive and steric interactions for dyes provid
positive-z torques. When we say dipole–dipole interactio
however, we do not refer to the total dipole of dye and L
molecules~AD1 has no dipole moment in thej direction, by
symmetry!, but rather to the dipole groups~CN, OH, NH2,
CO! present in dye and LC molecules, which can inter
rather strongly when they are close to each other. Typ
interaction energies are of 5–10 kJ/mol, for each dip
pair.26 When hydrogen bonding is present, this energy c
raise to 20-30 kJ/mol. Hydrogen bonding could take pla
for example, between the CN group of 5CB and the OH
NH2 groups in AD1 and AD2.

That dipole–dipole forces play an important role in t
orientational order of dye-LC mixtures is confirmed by t
results of Ref. 27, where the dye ground-state order par
eterSg is measured for a large set of dyes in three differ
hosts, two of which are nonpolar and one has a CN po
group. It was found thatSg changes from 0.3 to 0.8 whe
plotted versus the length-to-width ratio of dye molecules
the two nonpolar hosts~see Figs. 3 and 4 of Ref. 27!, while
it is approximately constant to a value between 0.6 and 0.
the polar host~Fig. 2 of Ref. 27!. Therefore, van der Waal
interactions~steric and dispersive! appear to dominate th
dye alignment in the nonpolar hosts, while dipole–dipo
contributions become also very important in the polar h
~the HOMO–LUMO argument used in Ref. 27 to expla
such results is, in our opinion, less convincing!. Our mea-
surements of the dye order parameterSg ~based on the mea
sured dichroism! confirmed this effect in the case of AD1, a
its order parameter in MBBA is much smaller than in 5C
and E63. In Table II we reported also the value of the me
field orientational energyug of dyes in all mixtures, calcu-
lated as described in Sec. V.

In synthesis, polar intermolecular forces play a domin
role in the photoinduced torque effect~for positive z), and
the same forces concur to determine the ground-state
alignment in the nematic LC host. The negative-z dye does
not show a similar sensitivity to the specific guest-host int
actions, suggesting that other molecular forces could be
volved.

We now move to discussing Ja´nossy’s assumption tha
intermolecular guest-host forces are significantly modifi
by dye electronic excitation. Although this assumption is
J. Chem. Phys., Vol. 107, N
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ways true to some extent,28 we need to have a quantitativ
idea of the actual modification occurring in our case, in ord
to verify the validity of Janossy’s model. Let us concentra
on the dye AD1 which, being the most effective one, sho
be also the easier to understand. The visible absorption s
trum of AD1 in 5CB is reported in Fig. 3~a!. To understand
such spectrum, we refer to Refs. 29–31 dealing with m
ecules similar to AD1 in their electronic structure. The qua
tative results reported in those works should apply to AD1

FIG. 3. Absorption spectra of mixtures:~a! parallel (ae , open symbols! and
perpendicular (ao , filled symbols! absorption coefficients of mixtures o
AD1 ~squares!, AD2 ~triangles!, and AD3 ~circles! in 5CB; ~b! detail of
absorption peak of AD1 in 5CB, E63, and MBBA, showing the solve
induced shift~room temperature!.
o. 23, 15 December 1997
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9788 Marrucci et al.: Photoinduced reorientation
well. The main absorption peak, at a wavelength of ab
635–640 nm, can be assigned to a S0 → S1 electronic tran-
sition, which is the only electric-dipole-allowed transition
the visible range. The secondary peak, blue-shifted by
amount of about 50 nm, can be assigned to a vibronic e
tation between the same electronic levels, as the shift co
sponds to the stretch frequency of the bonds between
anthraquinone and the NH2 and OH substituent groups. Th
S0–S1 transition dipole is parallel to the long molecular ax
j, thus yielding positive dichroism. The S1→ S0 transition
observed in the fluorescence spectrum of AD1 in E63
peaked at about 660 nm.32

In Refs. 29 and 30, the electronic structure of some
thraquinone derivatives is studied theoretically. It is sho
that the S0–S1 transition is composed by more than 90% o
p-p* HOMO–LUMO electronic transition, where HOMO
is a p orbital having its electron charge density mainly l
calized on the substituent atoms, i.e., specifically the ni
gen of NH2 and the oxygen of OH, and LUMO is ap orbital
of the unsubstituted anthraquinone, having electronic cha
distributed in the whole molecule body including the carb
nyl groups. Therefore electronic excitation in AD1 involv
a significant intramolecular electron charge transfer from
NH2 and OH groups to the anthraquinone body. A reduct
of electron charge on the NH2 or OH groups is expected t
increase their acidity in the Lewis sense, i.e., their tende
to donate the H1 proton in a hydrogen bond, or possib
even in a proton-transfer process. A strong enhancemen
intermolecular dipole–dipole or hydrogen–bond interactio
for the excited AD1 is therefore plausible. We refer to Re
33–37 for theoretical and experimental studies of hydroge
bond strength increase or decrease in consequence of
tronic excitation. From the results of these works, we e
mate the possible change in interaction energy to be in
range 1–10 kJ/mol, for each polar group.

A direct experimental indication of this effect is pro
vided by the solvent-induced shifts in the absorption spec
Figure 3~b! reports our measurements of the absorption p
of AD1 dissolved in the three LC hosts. A red-shift of abo
5 nm in the polar 5CB and E63 hosts with respect to
nonpolar MBBA is evident. This shift points to hydrogen
bond or dipole–dipole interactions between AD1 and the
lar solvents. Moreover, since the shift is toward the red,
interaction in the excited state must be stronger than in
ground state. A shift of 5 nm corresponds approximately
an energy difference of 1.5 kJ/mol. This figure is a low
bound for the complete intermolecular-force energy diff
enceDE between excited-state and ground-state dye m
ecules achieved after complete relaxation of the solva
shell around the excited dye molecule. The solvent-indu
shift is even larger in the vibronic band, consistent with t
hypothesis that such shift is due to the interaction of
polar substituent groups with the solvent. Forl;550 nm,
the MBBA-5CB shift is of about 8 nm and the MBBA-E6
one is about 16 nm.

Another possibility worth mentioning is that the acidi
increase in the NH2 and OH groups after excitation coul
lead to an intramolecular proton-transfer process, as
J. Chem. Phys., Vol. 107, N
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posed for instance in Ref. 23~see also Ref. 38 for a theore
ical study of intramolecular proton-transfer processes!. In-
deed, when the molecule is in its ground state, a proton
each substituent group is likely to be engaged in intram
lecular hydrogen bond with the oxygen of the closest car
nyl group CO of the anthraquinone. After excitation, the p
ton could be ‘‘donated’’ to the carbonyl group, thu
swapping covalent and hydrogen bonds. This process wo
lead to a shift in the equilibrium position of the proton an
therefore to a significant change of electrostatic intermole
lar interactions. However, this process is probably absen
very unfrequent in AD1-LC mixtures, since no sign of i
occurrence is observed in the fluorescence spectrum.32

Besides polar interactions, dispersive and steric for
can also undergo significant variations in consequence
electronic excitation. Reference 39 reports of changes of
molecule polarizability ranging from 10% to 100% for
number of molecules. Such changes can lead to compar
variations of dispersive forces. Steric interactions are ob
ously changed when photoinduced conformational trans
mations take place. This is known to occur for example
azo-dyes, but not in most anthraquinone derivatives. Ho
ever, a conformation change could perhaps take place
AD3, since the two rigid side-groups NH–C6H6– CH3 might
be reoriented in the excited molecule. This would explain
insensitivity to the host. On the contrary, the high sensitiv
to the host polarity seems to exclude an important role
dispersive and conformational effects in the case of AD1 a
AD2.

IV. WAVELENGTH DEPENDENCE

The dependence of the photoinduced torque from
pump light wavelength for the mixtures AD1-E63 and AD
E63 has been already reported in Ref. 9. From those data
calculated the corresponding dependence of the merit fig
m versus light wavelength, as shown in Fig. 4.

In AD3-E63, the merit figure is found approximate
independent of wavelength, as expected. On the contrar
AD1-E63 a more complex wavelength dependence is
served, that we correlated with the double-band absorp
spectrum shown in Fig. 3~a!. We made the hypothesis tha

FIG. 4. Experimental and theoretical merit figurem vs light wavelengthl
for AD1 and AD3 in E63 at temperatureT524°C.
o. 23, 15 December 1997
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9789Marrucci et al.: Photoinduced reorientation
each absorption band has its own merit figure, independ
of wavelength. Let us denote asm0 andm1 the merit figures
of the main band, peaked at 640 nm, and of the vibro
band, peaked at 590 nm, respectively. For a given wa
lengthl, the dye molecule has a probabilityp0(l) of being
excited in the main band andp1(l) of being excited in the
vibronic band. We assumed forp0 andp1 a typical Gaussian
1Lorentzian shape, and determined all the correspond
distribution parameters by means of a fit to the absorp
spectrum. If the dye excitations in either of the two ban
can be considered as independent statistical processes
effective merit figure is given by

m~l!5
p0~l!m01p1~l!m1

p0~l!1p1~l!
. ~12!

We used this expression to fit the observed wavelength
pendence ofm, by adjusting the two parametersm0 andm1.
The best-fit outcome, corresponding tom052200 andm1

51300, is shown in Fig. 4 as a solid line.
In AD1, the involved vibration optical mode should co

sist mainly of a stretch of the substituent groups NH2 and
OH. The excitation of this internal vibration lowers the mo
ecule overall reorienting efficiency. This is a further indic
tion of the major role played by the interactions between
substituent polar groups and the host. A similar decreas
efficiency for higher photon energy~lower wavelengths! has
been reported in Ref. 12. We suggest three possible expl
tions. First, if the vibrational state is sufficiently long-live
the vibration could effectively reduce the intermolecular p
lar interactions of the substituent groups with the host. S
ond, the vibronic state could have more decay channels
the main electronic state, leading to a shorter lifetime, o
trapping into ineffective triplet states, or to photochemic
transformations, all effects reducing the reorienting e
ciency. Third, as proposed in Ref. 12, the vibrational rel
ation immediately following the photon absorption, althou
very fast, could release enough energy to reorient rando
the excited dye molecule, again reducing its average align
effect.

V. COMPARISON WITH THEORY

We now try a more quantitative analysis of our expe
mental results in terms of the kinetic molecular model
ported in Ref. 19. Let us first briefly recall here the ba
assumptions and notations of the model.

A. Molecular model

Consider a linearly polarized light wave passing throu
an absorbing nematic LC obtained by dissolving a sm
amount of dichroic dye in a transparent host. We supp
that the dye molecules behave as rod-like molecules wi
molecular axis specified by a unit vectors, or by its polar
anglesu andf with respect to az axis oriented as the mo
lecular directorn. For the dye excitation we make a tw
level approximation, and label with the subscriptsg and e
the ground and excited state, respectively. The number
ground-state and excited dye molecules per unit volume
J. Chem. Phys., Vol. 107, N
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solid angle at timet and orientations are denoted asf g(s,t)
and f e(s,t). The total numberNd of dye molecules per uni
volume is assumed small with respect to the host num
density.

The rotational dynamics of dye molecules is ruled
intermolecular interactions with the LC host. The equili
rium interactions are described within a mean-field appro
mation. Following Ja´nossy’s idea, the mean-fields for excite
and ground-state molecules are allowed to be different.
take them in the following form:

Ua~u!52 1
2uaS cos2 u ~a5g,e!, ~13!

whereS is the LC host order parameter andue and ug are
material coefficients measuring the dye-host orientational
teraction strength~note the change of notations with respe
to Ref. 19!. Nonequilibrium kinetic interactions between dy
and LC host are modeled by the molecule rotational frict
coefficientshg andhe , or equivalently by the rotational dif-
fusion constantsDg5kT/hg andDe5kT/he .40,41

When the light intensity is zero, the excited-state pop
lation is empty, i.e.,f e50, and the ground-state orientation
distribution reduces to the equilibrium Boltzmann one

f d5Nd

e2
Ug

kT

E e2
Ug

kT dV

. ~14!

The effect of light absorption is to introduce a probability p
unit timep(s) for a ground-state dye molecule to get excite
If the dye electronic transition dipole forms an anglec with
the molecule long axiss, then

p~s!5suEu2@ 1
3~12A!1A~e•s!2#, ~15!

where s is a constant proportional to the absorption cro
section~including also local-field factors! and A5(3 cos2 c
21)/2. In particularA51 for molecules having their transi
tion dipole parallel tos. The molecular constantss and A
can be related to the absorption coefficients by equating
power lost by the light wave to the photon energyhn times
the number of dye excitations induced per unit time. W
obtain

sNd5
c~neae12noao!

8phn
~16!

and

ASg5
neae2noao

neae12noao
, ~17!

whereSg is the ground-state dye order parameter

Sg5^~3 cos2 u21!/2&d5
1

Nd
E dV

3 cos2 u21

2
f d .

~18!

Equation~17! is used to calculateSg from the measured di-
chroism ~the absolute value ofA must be known indepen
dently!.
o. 23, 15 December 1997
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9790 Marrucci et al.: Photoinduced reorientation
The kinetic equations are given by the following set
Einstein–Smoluchowsky diffusion equations for the ro
tional diffusion of the two dye populations, coupled by t
photoinduced transitions:

] f a

]t
2Da¹̄2f a2

Da

kT
“̄•@ f a“̄Ua#

5~6 !aFp fg2
f e

t f
G , a5g,e, ~19!

where “̄ is the angular part of the ordinary“ differential
operator,t f is the excited-state lifetime, and (6)a is 1 for
a5e and2 for a5g.

After solving Eq.~19! for the steady-state distribution
f e and f g , or equivalently for the deviations from equilib
rium f e85 f e , f g85 f g2 f d , the photoinduced torque can b
obtained as the total mean-field torque exchanged betw
dye and nematic host, i.e.,

tph5E dV s3~ f e“̄Ue1 f g“̄Ug!

5E dV s~ f e8“̄Ue1 f g8“̄Ug!. ~20!

Equation~19! cannot be solved analytically. An approx
mate and/or numerical approach is needed. It is conven
passing to dimensionless quantities. For brevity we do
report the intermediate steps explicitly. It is however imp
tant to point out that the resulting dimensionless equati
depend only on the following four dimensionless paramet
~i! The normalized ground-state energymg5ugS/2kT, that is
in one-to-one correspondence with the dye order param
Sg , as specified by Eqs.~14! and ~18!; ~ii ! the mean-field
energy ratioue /ug ; ~iii ! the friction coefficient~or diffusion
constant! ratio he /hg5Dg /De ; ~iv! the reduced lifetime
t f De . The merit figurem can be shown to be given bym
5(AkT)/(hDeS)•m̃(mg ,ue /ug ,Dg /De ,t f De), wherem̃ is
function only of the above mentioned 4 dimensionless
rameters.

To solve numerically the steady-state dimensionl
equations corresponding to Eqs.~19!, we projected them
onto theYl ,m(u,f) spherical harmonic basis, thus obtainin
an infinite set of coupled algebraic equations. This set w
solved by considering only the spherical components hav
l< l max, wherel max was increased automatically until stab
ity was achieved~typically l max;10– 20). Some examples o
our results are plotted in Fig. 5. The actual value ofm de-
pends on the exact value of the scaling factorAkT/100hDeS,
which is of the order of 1000. Our results are consistent w
those already reported in Ref. 18, where only the c
Dg /De51 was considered.

It is seen from Fig. 5 that in the regionugS/2kT,2 the
lines are approximately straight, i.e., the torque is prop
tional to ugS. This limit can be also calculated analyticall
as reported in Ref. 19. In our notations, we have

m.
2A

15h

t f De

116Det f
S ue

De
2

ug

Dg
D . ~21!
J. Chem. Phys., Vol. 107, N
f
-

en

nt
ot
-
s

s:

ter

-

s

s
g

h
e

r-

This expression ofm remains valid even in the isotropi
phase.15

Consider now the opposite limit of largemg5ugS/2kT.
As shown in Fig. 5~a!, in this limit m vanishes very fast if
De5Dg . Even a very large ratioue /ug cannot give signifi-
cant values ofm, in the rangemg.6. On the contrary, the
effect of the diffusion constant ratioDg /De does not vanish,
as shown in Fig. 5~b!. This behavior can be understood b
inspection of Eq.~19!. Indeed, if mg is large, the energy
termsUa dominate against the diffusive term in the left-ha
side of Eq.~19!. In this case, at steady state, the approxim
relationshipf e8/ f g8;2ugDg /ueDe holds true, and the photo
induced torque given by Eq.~20! vanishes if De5Dg .
Therefore, if a mixture hasmg.6 corresponding to a dye
order parameterSg.0.7 ~as in AD1-E63 at room tempera
ture!, the photoinduced torque is essentially determined
the change in diffusion constants and not by the chang
equilibrium mean-fields. However, we cannot exclude t
this rather drastic result of our model be a consequenc
the single-Legendre-mode angle dependence assumed fo
mean-field potentials, in Eq.~13!.

FIG. 5. Theoretical merit figurem times the material-dependent scale fact
100hDeS/AkT vs ground-state guest–host interaction parametermg

5ugS/2kT for different effects of electronic excitation on intermolecul
interaction parameters. In~a! we setDg /De51 and varied the energy ratio
ue /ug . In ~b! we setue /ug51 and varied the ratioDg /De . In all plots we
setDet f50.1, close to the value measured for AD1 in E63.
o. 23, 15 December 1997
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9791Marrucci et al.: Photoinduced reorientation
B. Data analysis

In the case of AD1 in E63 we know the values ofDe and
t f from Ref. 42. Therefore, we may interpret the merit figu
data quantitatively using our model. For comparison, we a
extended such calculations to the other mixtures, by ass
ing that the values ofDe andt f are the same. This is prob
ably a reasonable approximation for AD1 in 5CB and~less!
in MBBA, but it is not good for mixtures with other dyes
therefore the results for AD2 and AD3 cannot be conside
realistic.

In all mixtures, the value ofug is deduced from the
measured dichroism, using first Eq.~17! to determine the dye
order parameter and next Eq.~18! to determine the facto
ugS/2kT (S is in Table I!. The change in intermolecula
forces is modeled with the two unknown parametersue /ug

and he /hg5Dg /De . For each mixture we have only on
input piece of data, i.e., the merit figurem, so that these two
parameters cannot be determined without further assu
tions. Tentatively, we may try to set eitherDg5De or ue

5ug . The corresponding results are reported in Table III
is seen that the hypothesisDg5De leads to values ofue /ug

that are too large to be realistic in several cases. This is
to the rapid vanishing ofm for large values of mg

5ugS/2kT, as shown in Fig. 5~a!. On the contrary, it is quite
possible thatue.ug and that the effect is mainly caused b
the variation of diffusion constants. The intermediate c
ue /ug5Dg /De was also considered and reported in Ta
III. It is noteworthy that the lower merit figure of the mix
tures with E63 host compared to 5CB does not correspon
equally lower changes in diffusion constants or interact
energies. The reason why E63 is less effective than 5C
related instead to the higher order parameterS in E63.

We point out that a large change of the rotational fricti
coefficient requires only a relatively small change in the
termolecular forces. Anab initio statistical theory of the fric-
tion coefficient is reported in Ref. 41. Although the model
based on pure van der Waals intermolecular interactions
main qualitative results are likely to be generally valid. A
cording to it, the expression of the diffusion constant can
cast in the following Arrhenius-type form

D5D0e2
E01E1

kT , ~22!

TABLE III. Calculated parameters of dye-LC mixture corresponding
measured merit figures.

Dye-LC ue /ug Dg /De ue /ug5

(Dg5De) (ue5ug) Dg /De

AD1-5CB 2.7 1.95 1.39
AD1-E63 . 10 1.80 1.55
AD1-MBBA 1.21 1.23 1.10
AD2-5CB 1.10 1.05 1.03
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
AD3-MBBA 0.85 0.88 0.93
J. Chem. Phys., Vol. 107, N
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where the preexponential factor is given byD05CE0
3T24.5,

C being a constant independent of temperature and inte
tion energies,E0 is an energy characterizing the isotrop
attraction between the dye molecule and the neighbors,
E1 is an energy contributing to the orientational mean-fie
interactionua . For organic molecules such as those cons
ered in this work, at room temperature,E0 /kT;10 or more,
while E1 /kT;1. Therefore a very small relative change
E0 may lead to a strong relative variation ofD. For example,
a fractional change of only 10% inE0 would correspond to a
change ofD roughly by a factor 2.

C. Temperature dependence

The temperature behavior ofm is to a good approxima-
tion the same as that of the enhancement ratioh5z/ea . This
can be seen from Eq.~2!, from the fact thatea and S have
approximately the same temperature dependence, and
the isotropic combinationneae12noao is weakly dependen
on temperature. From the data published in Ref. 6 onh(T),
we calculated a set of points form(T) in the AD1-E63 mix-
ture, reported in Fig. 6 as circles.

The best-fit on the data based on our model is shown
a solid line in the same figure. The host order parame
versus temperatureS(T) was obtained from magnetic aniso
ropy data.25 For the diffusion constantsDe and Dg we as-
sumed the Arrhenius-like temperature behavior given by
~22!. The temperature dependence ofDe and t f was also
measured, as reported in Ref. 42. From a fit based on
~22! of the measuredDe(T), we obtained the excited-stat
activation energyE0e1E1e522 kJ/mol. The value ofug

560 kJ/mol was obtained from the measured dichroism
described previously. The remaining unknown parame
were adjusted to fit the observedm(T). They were~i! the
activation energy differenceDE5(E0e1E1e)2(E0g1E1g)
for excited and ground states of the dye;~ii ! the ~temperature
independent! ratio of the preexponential factorsD0g /D0e ;
~iii ! the ratio of the orientational energiesue /ug , assumed to

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

5Dg and the sameue /ug as in solid line. Dotted line to assumingue5ug

and the sameDg /De as in solid line. Dot–dash line is forue5ug and a
temperature independentDg /De .
o. 23, 15 December 1997
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9792 Marrucci et al.: Photoinduced reorientation
be temperature independent. The best-fit results were~i!
DE54.5 kJ/mol, ~ii ! D0g /D0e50.22, ~iii ! ue /ug51.33.
These values correspond to a diffusion constant r
Dg /De51.4 atT520°C andDg /De51.1 close to the clear
ing temperature. Note that the activation energy relat
changeDE/E is a reasonable 20%. The variationDE is
larger but of the same order as that resulting from the solv
shift in the absorption spectrum. Moreover, it is in the ran
of the hydrogen–bond strength variations directly obser
in other experiments.33,35,36If the dependence of the preex
ponential factors onE0 is assumed to beD0}E0

3, as sug-
gested in Ref. 41, then we also obtainE0g /E0e'0.6.

We also tried to fit the data with less adjustable para
eters, assuming firstDg /De51 and nextue /ug51. In the
first case, there is no way to fit the data for a finite ra
ue /ug . The theoretical curvem(T) obtained settingDg /De

51 andue /ug51.33 is reported in Fig. 6 for comparison, a
a dashed line. In the second case, whereDg /De is varied and
ue /ug51, we could not fit the data using the activation te
perature dependence only, or assuming a tempera
independent ratioDg /De . It is however possible to fit the
data by assuming a nonmonotone temperature behavio
Dg /De . For comparison, with the dotted line in Fig. 6
reported the theoretical value ofm(T) for ue /ug51 and
Dg(T)/De(T) as in the best-fit case reported above. T
dot–dash line corresponds toDg /De51.65, temperature in
dependent. In the last case, although a nonmonotone be
ior is correctly predicted, it is too weak to explain the da
and this remains true for any temperature independent v
of the ratioDg /De .

VI. CONCLUSIONS

We have observed that the phenomenon of photoindu
molecular reorientation of dyed nematic liquid crystals d
pends dramatically on the specific intermolecular forces
changed between dye and host. For some dyes, hosts ca
of polar interactions enhance the effect by a large fac
showing that dipole–dipole or hydrogen–bond forces can
important. The most effective of these dyes shows als
significant solvent-induced shift, consistent with the hypo
esis that polar interactions are enhanced in excited dye m
ecules. This hypothesis is also supported by molecular
bital calculations that predict a significant intramolecu
charge transfer in the electronic transition. These results
in favor of Jánossy’s interpretation of the reorientation effe
as resulting from a photoinduced change of intermolecu
forces in excited dye molecules.

According to Ja´nossy’s original idea, the force variatio
is reflected essentially in a change of the mean-field for
orientation in the nematic host. However, to obtain a qu
titative agreement between the experimental results an
molecular kinetic model, we were obliged to assume als
variation of the molecular rotation friction coefficient or di
fusion constant in excited dye molecules. Actually, anab
initio molecular model predicts the rotational friction coef
cient to be a sensitive function of intermolecular force
making our assumption quite plausible. In our view, lar
J. Chem. Phys., Vol. 107, N
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photoinduced changes of molecular physical parameters
occur even with no conformational transformations. Mo
anthraquinone derivatives are known not to undergo con
mational photo-transformations. Conformation changes
probably important for other classes of dyes~as azo-dyes!
which induce negative reorientation~i.e., away from the
electric field! and show no significant sensitivity to the ho
structure. We are currently planning an experiment for m
suring the kinetic molecular parameters of dyes in solutio
both in the ground and excited state. The outcome of s
experiment will probably provide a final test for our unde
standing of the photoinduced liquid crystal reorientation
fect.
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