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FIGURE 4 Temperature behavior of optical Kerr effect close to 
isotropic-to-nematic transition. 

QUANTITATIVE CHECK OF THE MODEL 

Rather than on the enhancement factor ’I or the torque constant <, it is 
useful to base all comparisons on the merit figure p,  defined 

(4) 
‘I E O  - - 6 

= (n,a, + 2n,a,)XS (n,a, + 2n,a,)X TF’ 
where n, and n, are the ordinary and extraordinary refractive indices, a, 
and a, the absorption coefficients, and S the order parameter. The main 
advantage of this quantity is that it is independent of dye concentration 
and absorbing efficiency. Moreover, its definition can be extended also to 
the isotropic phase, by replacing (n,a, + 2n,cu,) with 3na and the ratio 
E,/S with its isotropic limit given approximately by v o N ,  where qo is 
the anisotropy of single molecule polarizability, corrected for local-field- 
effects, and N is the (host) molecule number-density. Typically e0/S M 

v a N  x 1. In the nematic phase, p has roughly the physical meaning 
of “angular momentum transferred to the host per absorbed photon”, in 
units of Planck constant h = 27rti. 
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The models reported in Ref. (111 for the nematic phase and Ref. [13] 
for the isotropic phase require numerical calculations for an "exact" SD- 

lution. However, in both cases an analytical solution is possible within 
a simple approximation, valid in a limit which can be roughly defined its 
"of small dye ani~otropy"['~~ 14]. This approximation is very good in the 
isotropic case for not too high light intensities (compared to dye satura- 
tion intensity), but it is often poor in the nematic case. The expression 
obtained within the hypotheses introduced in Jinossy's model[''] is the 
following: 

In this expression, re is the dye excited-state lifetime, D is the dye ro- 
tational diffusion constant, up and ue are the ground- and excited-state 
energy coefficients describing the orientational interaction between dye 
molecules and host. The precise definition of u,, with (Y = g,  e, is given in 
terms of the mean-field orientational potentials U, acting on dye molecules, 
which are taken in the form U, = --%u,Scos20, where S is the host or- 
der parameter and B is the angle between the dye molecule and the host 
director n. 

The main obstacle to a quantitative check of the theory is that the 
molecular parameters re, D, up, ue are not easily known (moreover their 
definition relies somewhat on model idealizations; for example, a fully pre- 
cise definition of D requires that the diffusional approximation be valid). 
The constants re and D can be obtained from measurements of time- 
resolved fluorescence. This has been done for the dye 1,g-dihydroxy 4,5- 
diamino 2,7-diisopentyl-anthraquinone (AD1) dissolved in the commercial 
nematic cyanophenyl mixture E63, obtaining T~ 31 1 ns and D N- 0.1 ns-' 
at T = 25°C['21. For mixtures of AD1 in other cyanophenyl hosts, such as 
5CB, we expect these numbers not to change very much. Therefore, while 
waiting for additional measurements, we used the ADl-E63 values of re 
and D also in the analysis of ADI-5CB. The constant ug can be obtained 
from measurements of dichroism: in the mixture ADI-E63, up N 0.6 eV; 
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in AD1-5CB, ug N 0.4 eV[15]. The excited-state energy u, has not been 
measured yet. Perhaps also this parameter could be obtained from mea- 
surements of timeresolved fluorescence, but it is not an easy task. For 

the time being, therefore, we cannot perform a strict check of Janossy's 
model. We must content ourselves with using the experimental values of 
p to estimate u, and verify if the results are reasonable. 

In the isotropic phase, the nonlinearity enhancement reported in Ref. 
[13] corresponds t o p  x 3700. From Eq. (5), weobtain AU = u,-ug N 0.15 

eV or Au/u, = 25%. However, the employed pump wavelength X = 532 
nm is not in the main absorption band of the dye AD1, but in a vibronic 
replica. The wavelength behavior, studied in the nematic phase, shows 
that vibrational excitation reduces the dye efficiency['? '* l51. If the value 
of p in the isotropic phase is extrapolated using the nematic wavelength 
behavior to X = 640 nm, in the main band of ADl,  we obtain p x 6800, 
corresponding to Au/ug x 50%. Such energy variation is too large to be 
accepted with no doubts. 

In the nematic phase, the calculation (based on numerical methods) 
of the predicted merit figure p as a function of relevant parameters is 
reported in Fig. 5, together with the experimental values found in AD1- 
E63 and AD1-5CB[l5l. It is seen that, in order to reach the measured 
values of p regardless of ug, the ratio u,/ug must be larger than 2. If we 

try to match also the value of ug, the agreement is possible in the case 
of ADI-5CB only if u,/ug 2.7, and it is not possible at  all in the case 
of ADl-E63. It is clear that the model in its most basic version does not 
work quantitatively. 

A straightforward generalization of Janossy's model is obtained by 
allowing also the dye rotational diffusion constant D to depend on the 
electronic state['4* "1. This corresponds to introducing two different con- 
stants D, and Dg for the dye molecule in the excited- and ground-state, 
respectively. The one actually measured with timeresolved fluorescence is 
D,. Note that the diffusion constant D is related to the molecular friction 
coefficient 0 by Einstein relation = k T / D .  
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- - - - -  

I 
0 2 4 6 8 u,s 

2kT 
FIGURE 5 Merit figure p calculated in the hypothesis of single diffusion 
constant D for different energy ratios u,/uo and for Dr, = 0.1. The 
experimental points refer to the dye AD1 dissolved in 5CB (left) and E63 
(right), respectively. 

Why does the change in diffusion constant contribute to the dye 
torque? The reason is described pictorially in Fig. 6. Including this effect, 
Eq. (5) is generalized 

It is now possible to reinterpret the experimental values of p using two 
unknown parameters: u, and Dg.  In the isotropic phase of ADl-E63, if we 

make the hypothesis u, = ug, we obtain D g / D ,  M 2 in the vibronic band, 
and D g / D ,  M 2.6 in the main band. In the nematic phase, the results of 

numerical calculations for u, = ug are reported in Fig. 7. Agreement can 
be obtained with D g / D ,  NN 2 both in ADldCB and ADl-E63. 

A factor D g / D ,  = 2 may be considered too large to be realistic. How- 
ever, there are reasons to believe that the constant D (contrary to u) 
may be very sensitive to small changes of the interaction between dye 
molecules and host. The temperature dependence of D as measured from 
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Thereare more 
molecules on the 
E side 

molecules #\+\I diffusefaster 
to equilibrium 

Torque ii 
FIGURE 6 Photoinduced torque resulting from D, > D,. 

0 ..... ............ 

_ ._ . - . - . - . - . -  

-ti F 

FIGURE 7 Merit figure p calculated for different values of the diffusion 
constant ratio D,/D,, for u, = ug and D,r, = 0.1. The circles are the 
experimental values, as in Fig. 5. 
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time-resolved fluorescence often shows an activation-energy-like exponen- 
tial behavior. On the other hand, an "ab initio" statistical theory of D 
(i.e., of the friction coefficient /3) yields the following expression[''l: 

D = Doe--, (7) 

where DO is a preexponential factor, and EO and El are two different 
contributions to the activation energy. In particular, El is an energy 
related to the anisotropic interaction, i.e., to the orientational mean-field 
U .  EO is instead an energy characterizing the isotropic interactions, i.e., 
molecular cohesion. According to Ref. [17], Eo/kT is typically of the order 
of 10, while ElIkT  is of the order of 1. Therefore, D is very sensitive to 
small changes of Eo. A fractional change of 10% in Eo yields a change 
in the exponential by a factor close to 3. However, this variation can 
be partly compensated by the change of Do, which may also depend on 

EO, although less strongly. We used the law DO oc E,3 reported in Ref. 
[17], although probably this result is more critically model-dependent (in 
Ref. [17] only Van der Waals forces are considered). At any rate, after 
including this contribution, an increase of EO by lo%, when passing from 
ground-state to excited state, still yields a ratio D g / D ,  x 2. 

A fit of the observed temperature behavior of p based on Eq. (7), 
assuming a temperature independent ratio u,/ug and employing the mea- 
sured temperature behavior of D, and leads to the following results['5]: 
ue/ug N 1.3, AEo = 4.5 kJ/mol = 20%Eo, and D g / D ,  = 1.4 a t  a tem- 
perature T = 20OC. These results are reasonable enough. However, it is 
clear that a final test of the model will be possible only after measuring 
the ratios ue/ug and D , / D ,  independently of p. 

INSIDE A DYE MOLECULE 

Anthraquinone derivatives such as AD1 are large molecules, with hun- 
dreds of electrons. The visible-band excitation is mainly (by more than 
90%) a R - R* transition involving a single electron. Such a transition usu- 
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5CB 

FIGURE 8 
scheme of its polar interaction with a LC host such as 5CB. 

Structure of the anthraquinone dye denoted as AD1 and 

ally does not lead to large rearrangement of the molecule conformation. 
Therefore it may be considered surprising and unlikely that intermolecular 

forces change by 20% or more. 
For this reason, it would be useful to understand a little more of 

the photoinduced transformations occurring in such dyes (in particular 
in ADl) ,  and of their possible effects on intermolecular forces. Due to 
scarcity of direct information, however, the considerations presented here 

rest to a high degree on speculation. 
The structure of AD1 is shown in Fig. 8. We call attention on the 

four polar side-groups, two NH2 and two OH. These groups are capa- 

ble of strong dipole-dipole or even hydrogen-bond interactions, of both 
intramolecular (with the C=O group of the anthraquinone) and inter- 
molecular nature. When the dye is dissolved in the LC host, these polar 
groups may easily couple with the CN groups of the cyanophenyls (see 
Fig. 8). The role of such polar interactions compared to that of steric and 
dispersive forces is not known. However, there is at  least an indication 
that it may be very important: the measured dye order parameter in LC 
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FIGURE 9 Scheme of HOMO-LUMO A orbitals involved in the visi- 
ble transition of 1,4,5,8-tetraamino-anthraquinone, a dye with a structure 
very similar to AD1 (but more symmetrical), as resulting from LCAO 
ca~culati~ns.[ '~] 

host is strongly dependent on the polarity of the host, as can be observed 
in the measurements reported in Ref. [18] (see also Ref. [15]). 

Molecular orbital calculations on molecules quite similar to  AD1 have 
been 2ol. They show that the visible dye transition, composed 
for more than 90% of HOMO-LUMO, is accompanied by a considerable 
intramolecular electron charge transfer from the substituent side-groups 
(NH2 or OH) to the anthraquinone main body, as illustrated in Fig. 9. 
In other words the A electron charge on the nitrogen or oxygen atoms 
of the side-groups is reduced in the excited molecule. What consequence 
can this have on polar interactions? Again we do not know. However, 
there are reports of experiments indicating a significant enhancement of 
hydrogen bonds in excited molecules undergoing internal charge transfer 
p roces~es~~ ' -~~I .  A qualitative explanation could be that the proton H+ 
is more weakly bound to the more positively-charged nitrogen or oxygen 
atoms and it is therefore more easily "donated" in a hydrogen bond. 

There are two direct experimental results supporting this 
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(i) The merit figure of AD1 is strongly dependent on the host polarity; 
indeed, a t  room temperature we obtained p = 3400 for AD1 in 5CB 
and p = 2500 for AD1 in E63, but only p = 740 for AD1 dissolved 
in MBBA, which has no strong polar groups; similar results have been 
obtained for another dye having a positive value of C, while another dye 
having a negative C did not show analogous behavior. (ii) The main 

absorption band of AD1 is red-shifted by about 5 nm when it is dissolved 

in 5CB and E63 (polar hosts) with respect to when it is dissolved in 
MBBA (nonpolar host). The shift is even larger in the vibronic bands. 
This shift is a direct indication of a larger interaction energy in the excited 
state than in the ground-state. It corresponds to AE x 1.5 kJ/mol. This 

figure obtained from the absorption spectra must be considered as a lower 
bound to the overall energy change occurring after the excited molecule 
and the “solvation shell” have had time to relax. Such result is therefore 

fully consistent with the change A& = 4.5 kJ/mol estimated from the 
temperature dependence of p. 

ANGULAR MOMENTUM 

Two points of view can be adopted[l4I: ( i )  a macroscopic one, based on 
continuum theory; (ii) a microscopic one, based on JBnossy’s model. 

According to continuum theory of liquid crystals, every torque acting 

on the molecular director n can be written as 

(8) 
d 

( 7 ) i  = - ( f i h k n h S j k )  + f i h k t h k ,  as j 

where t h k  is a stress-tensor (defined for fluid displacement with no director 
rotation), shk is a surface torque tensor (the torque applied from one side 
to an imaginary surface element which rotates rigidly with the director), 
C,hk is the antisymmetric Levi-Civita tensor, and x j  is the space coordi- 

nate. The two terms on the right-hand-side of Eq. (8) can be interpreted 
respectively as an exchange of angular momentum with the director field 
in the surroundings and an exchange of angular momentum with degrees 
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of freedom other than the molecular director within the same volume ele- 
ment. 

In the ordinary constitutive equations of nematic LCs, only the elastic 
torque has both kinds of contributions. Other torques such as the viscous 
and the electromagnetic ones have only the second contribution. And 
the new photoinduced torque? Since spatial gradients do not enter its 
expression, given in Eq. (3), also this torque must have only the second 
contribution. Therefore a photoinduced stress-tensor associated with light 
absorption must exist. Its antisymmetric part is given by 

while its symmetric part is unrelated to the torque, and it is currently 
unknown. The momentum of the force resulting from the gradient of 
this new antisymmetric stress-tensor accounts for the angular momentum 
exchanged by other degrees of freedom (fluid flow and sample-boundaries), 
thus closing the angular momentum balance. 

From the microscopic point of view, each torque acting on the molecu- 
lar director is the average of molecular torques acting on the orientational 
degrees of freedom of all molecules within the volume element. We call 
“system” the set of all molecule orientational degrees of freedom. The sys- 
tem therefore should include also the orientational degrees of freedom of 
dye molecules. Note that the choice of the system is somewhat arbitrary, 
but ours is the most natural one if we want our description to be valid in 
the limit of large dye-LC fractions, or even of a pure absorbing LC (i.e., a 

LC made of dye molecules). If dye could be considered as external to the 
system, we would write down the following expression of the photoinduced 
dye torque: 

where sg and 8,  are unit vectors giving the orientation of a ground- or 
excited-state dye molecule, respectively, U, and U, are the mean-field PO- 
tentials describing the dye-host orientational interaction, Np and N ,  are 
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the number of dye-molecules per unit volume, and () here denotes av- 
erage over the corresponding orientational distribution. However, if dye 
molecules are not considered external to the system, Eq. (10) is just an 
"internal" torque which cannot be immediately identified with the pho- 
toinduced torque, The solution to this problem lies in the dye molecule 
dynamics. Indeed, it can be proved that, due to the continuous pho- 
toinduced electronic transitions and to the different intermolecular forces 
they experience in different electronic states, the dye molecules possess a 
nonzero average angular velocity ( w )  # 0, even if the molecular director 
and the light intensity are constant in time["* l41. The physical meaning 
of this surprising result can perhaps be grasped with the help of Fig. 10, 

where the limit case u, >> kT >> ug is considered: a dye molecule in 
its ground-state performs an almost free random-walk with vanishing an- 
gular velocity; after a photon absorption event, occurring preferentially 
when its orientation is closer to E, the excited molecule drifts toward n 

with nonzero velocity, under the effect of the mean-field Ue; once at  n, 

it decays and then starts another cycle. Now, a nonzero average angu- 
lar velocity implies a nonzero average friction torque experienced by dye 
molecules r j  = -Pw, where ,O = kT/D.  This friction torque corresponds 
to an angular momentum exchange of dye orientational degrees of free- 
dom with the center-of-mass degrees of freedom of surrounding molecules, 
which are "external to the system". This exchange can be identified with 
the photoinduced torque, which is therefore given by 

Actually, for small dye concentration or light intensity, it can be proved 
that this expression is approximately equivalent to Eq. 

CONCLUSIONS 

State-of-the-art and possible future developments can be summarized in 
the following points: (i) the "dye" photoinduced effect proved to be very 
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E 

FIGURE 10 Examples of dye molecule orientation dynamics depicted 
as a trajectory of a point on a sphere, for the case u, >> kT >> ug. 
Dotted lines: random-walk of a ground-state molecule. Circles: photon 
absorption events. Solid lines: excited molecule rotational drift. 

general, having been observed in liquid crystals, Langmuir and 
isotropic liquids; we may wonder whether other materials could exhibit 
similar effects, perhaps still based on photoinduced variation of intermolec- 
ular forces but not necessarily on the orientational response; (ii) the model 
proposed by Jinossy, somewhat generalized, seems to work well; but for 
a final test we need independent measurements of the parameters u, and 
Dg; (iii) we are finding the first clues of what molecular features make a 

dye effective or not in orienting the host; perhaps the best way to improve 
our understanding is to try designing more and more effective dyes. How 
far can this go? 
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