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CAN SPIN MODELS REPRODUCE OR PREDICT 
EXPERIMENTAL RESULTS IN PDLC? 

CESARE CHICCOLI, PAOLO PASINI, F R A N C 0  SEMERIA 
INFN Sezione di Bologna, Via Irnerio 46, 40126 Bologna, Italy 

ELISABET BERGGREN AND CLAUD10 ZANNONI 
Dipartimento di Climnica F'isica ed Inorganica, Universiti di Bologna, 
Male Risorgimento 4, 40136 Bologna, Italy 

Abstract Lattice in models are employed to study polymer dispersed liquid 
crystals (PDLC).% e calculate polarized light textures and Deuterium NMR 
lineshapes from Monte Carlo computer simulations of model nematic droplets 
that mmic PDLC systems with radial, toroidal and bipolar boundary con- 
ditions. We also present nlicroscopic pro erties such as order parameters 

PDLC systems include various temperatures and external applied fields both 
with positive and negative susceptivity anisotropy. 

across the sample obtained from the siniu f ations. Our investigations of the 

INTRODUCTION 

Polymer dispersed liquid crystals (PDLC) are materials that consist of nematic 
submicron droplets, with typical radii from a few hundred kigstr6m to more 
than a micron, anbedded in a polymer natrix. These systems are interesting 
both for teclinical purposes, in view of their applications in optical devices ', but 
also for studying the behavior of mesophases in a confined environment 3*4.  More- 
over PDLC droplets represent practical examples of systems exhibiting topological 
defects that are of interest in many fields of physics '. Tlie properties of the ne- 
maticlpolyiner interface depend on tlie characteristics of tlie polymer matrix and 
the preparation niethods, wlkAi give rise to different boundary conditions at tlie 
droplet surface, for example radial 3 1 6 v 7 ,  axial 6*7,  toroidal 8 9 9  and bipolar 397910 

ones. "lie molecular organization inside the droplet results from the competition 
between the effects due to tlie surface boundary condition, those of molecules try- 
ing to arrange themselves parallel to each other in the nematic phase and the 
disordering of the phase due to temperature. Other effects of interest are caused 
by the application of an external, electric or magnetic, field '. The first studies on 
these systems lave been carried out experimentally by X-ray, neutron scattering 
and electron microscopy ". Later PDLC llave mainly been investigated using deu- 
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242 C. CHICCOLI ET AL. 

terium NMR and polarized light microscopy 7t12 for droplets below and above 
micron size, respectively. 

Theoretically PDLC have been studied using continuum elastic theories 6 9 7 9  

1 3 9 1 4  originally developed for bulk systems. More recently we have studied PDLC 
using Monte Carlo simulations in a variety of pliysical situations: different bound- 
ary anditions 15716717, influence of the anchoring strength at tlie nematic/polymer 
interface “@ and tlie efFect of mi external applied field 17919120. We have tried to 
render computer simulations practically useful by calculating quantities that can 
be directly observed attempting to cover, in this way, the gap with experimental 
investigations performed on the same systems. We have developed methodolo- 
gies to calculate powder deuterium NMR lineshapes 17s19 and textures observable 
in polarized light experiments 2o corresponding to the microscopic configurations 
found. Here we wish to present simulation results for a number of relevant cases 
including three different boundary conditions: radial, toroidal and bipolar. We in- 
vestigate tlie orientational order and the molecular organization in these systems 
for various anchoring strengths and for external applied fields of different magni- 
tude both for positive and negative susceptivity anisotropy 12. Field efFects have 
also been studied experimentally 3 7 1 2 ,  and it is possible to compare tlie simulation 
results with these at least in mine cases. We also study the effect that the appli- 
cation of a field has on tlie ordering inside the droplet and tlie modifications that 
the field induces on tlie phase transition behavior and molecular organization. For 
all cases treated tlie calculations are performed at various temperatures. 

PDLC LATTICE SPIN MODELS 

The Model Svstem 
Monte Carlo simulations of lattice spin models have been used in studying liquid 
crystals since the pioneering work of Lebwolil and Lasher (LL) 21. The restric- 
tion of considering tlie inolecules with fixed positions at tlie lattice sites does not 
alter in any essential way the long range orieiitational behavior. The LL model 
reproduces well the characteristics of a weakly first order nematic-isotropic phase 
transition as observed in real nematics 22,  a id  moreover lattice models present 
various advantages for the study of collective properties in comparison with more 
“realistic potentials” which also includes traslational degrees of freedom such as, 
for example, tlie Gay-Berne model =. The main advantage of lattice models is 
connected with their simplicity, wllich inakes it possible to treat a relatively large 
number of particles, or “spins”. We recall that, up to now, the largest Gay-Berne 
sinqdation has been performed on systems of about a thousand molecules while 
calculations on LL samples thirty times larger have been presented by several 
groups 22J4J5. As an alternative, using snidler lattices gives the possibility of 
investigating potentials for more complicated systems depending on additional 
parameters, for example boundary conditioiis and field strengths, over a wide grid 
of temperatures, as is the case for the nematic microdroplets. hi the model system 
each spin represents a closely packed group of molecules that maintains its diort 
range order across tlie iiematic/isotropic phase transition 2G or, as a special case, 
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SPIN MODELS IN PDLC 243 

a single molecule. hi other words in this coarse grained interpretation the model 
really describes the order-disorder of short range ordered clusters of molecules, 
and typically one of these inicrodoinains could consist of up to 10’ particles. 

The PDLC model consists of art approximately spherical sample S carved from 
a cubic lattice with spins interacting with the LL potential 15.-18 while the surface 
effects are modelled with a layer of outside “ghost” spins, 8, with orientations 
mimicking the desired boundary conditions. Each spin is represented by a unit 
vector ui and the pair interaction is then assumed to be: 

- ~ ; j  [$(ui ‘uj)’ - f ] ,  for i,j E S 

-e ; j J [ : (u ; .~ j )~  - + I ,  for i E ~ , j  E 8 

where cij is a positive constant for the spins i aid j if they axe nearest neighbors 
and zero otherwise. The lnrameter J accounts for the efFect of different anchoring 
strengths to the polymer surface. Wlieii the interaction between two neighbors, 
one on the surface of the nematic droplet and one belonging to the outside matrix, 
is the same as that between two liquid crystal spins then J = 1, wlde J = 0 
would correspond to a droplet in vacuum. We lave investigated the following 
three different boundary conditions at the interface iiematic/polymer: 

Radial boundary conditions, (RBC) are mimicked by letting the spins in the 
matrix be oriented normally to tlie local surface, so that they point towards the 
center of the droplet. 

Toroidal boundary conditions, (TBC) are obtained when the spins in the poly- 
mer interface lie in planes perpendiciilar to tlie z axis aid axe orientated tangen- 
tially to tlie droplet surface. 
iii) Bipolar boundary conditions, (BBC) for wliich tlie ghost spins are orientcd 
tangential to the droplet surface and in planes inrdlel to tlie z axis. 

Our Monte Carlo methodology, using a standard Metropolis procedure ’’ 
to update the lattice, is described in details in our previous papers 1 5 - 1 8 .  Here 
we only mention that during the present PDLC studies we have performed a 
iiuinber of siiiiiilations for system sizes ranging from 304 to 11752 spins over a 
wide iaiige of teniperatures (about 40). Several tlieriiiodyiiamic tbservables have 
been calculated: energy U ,  dimensionless lieat capacity C; , overall second and 
fourth rank order parameters, (&)A and ( P ~ ) x ,  obtained from eigeiivalues of the 
ordering matrix ” , and ladial l6>l8,  toroidallG arid Idpolar 2o order parameters 
that we llave introdiiced to quantify tlie deviations from a perfect iadial, toroidal 
and bipolar configiiration, iespectively. 

The application of ai external electric or magnetic field can be nmdelled by 
adding mother secoiid rank term to keep into account the coupling. This  inside 
the sphere we lmve tlie N particle liaiiriltonian: 
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2.24 C. CHICCOLI EX' AL. 

where B is a unit vector along the field direction that we take to define the lab- 
oratory z axis and ( determines tlie strength of the coupling to tlie field. This 
kind of potential lms been used some years ago to investigate the application uf 
an external field on a nematic bulk system 2 7 ,  and recently we have studied this 
model hi the cases of nematic droplets with radial and bipolar boundary conditions 
17919*20. The parameter ( depends on tlie appropriate susceptivity anisotropy and 
field strength as we have discussed elsewhere l9. 

Simulation Itesults 
As already mentioned, tlie LL model sliows a fist  arder phase transition for the 
bulk, while in a confined system, of sufficiently small size and with fked bound- 
ary conditions, tlie pliase transition is suppressed ''. This was experimentally 
observed by Crawford and Doane ' and was clearly shown by Iannacclione et al 
28 in tlie experimental behavior of tlie heat capacity for 5CB confined in aaiopore 
membranes. The maximum of the lieat capacity curves at the nematic/isotropic 
transition is generally smaller for the nematic confined both with radial and axial 
boundary conditions in comparison with tlie bulk. 

(3 9 1  0 

0 8 t  

FIGURE 1. Specific lieat per particle (dimensionless units), C; , versus tempera- 
ture for a model nematic droplet with 304 particles and radial (. ), toroidal (.) 
and bipolar (A) boundary conditions. rtesults of a simulation performed on the 
same system size with cluster boundary conditions mimicking a bulk sample 
(0) are also presented. 
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246 C. CHICCOLI ET AL. 

a" 0.9 

The differences between the three cases are also apparent looking at the standard 
second order parameter ( & ) A ,  obtained from the diagonalization of the ordering 
matrix 22, which quantifies the overall nematic order of the system. The tempera- 
ture dependence of (P2)x for the three different boundary conditions is presented 
in Figure 3. For the radial case we find a complete absence of nematic order when 
the interaction with the surface is of the same strength as between the particles 
inside the droplet, i.e. J = 1.0 (see Figure 3a). At low temperature only a small 
core at the center shows alignment of particles but this is not sufficient to out- 
balance the radial ordering induced by the surface. Increasing the temperature 
the size of the core tends to increase but at the same time the nematic order inside 
this region decreases a id  then (& )A ,  wlkh is xi average over all the spins of 
the droplets, becomes even smaller. The nematic ordering becomes favoured as 
the planar surface alignement increases as for the toroidal and, to an even greater 
extent, for the bipolar boundary conditions. So, as expected, for J = 1 the bipo- 
lar case is characterized by a greater nematic order in comparison with the mdial 
and toroidal configurations as clearly shown in Figure 3a. Decreasing the strength 
of the anchoring J, the alignment induced by the surface becomes weaker and 
for, an interaction with the ghost particles equal to one fourth of that inside the 
droplet (J = 0.25), the three cases show very similar curves for the nematic order 
parameter (P2)x (Figure 3c). 

a RBC 
I 9 TBC 

A BBC 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 
I 

CI u f 

? 'cr 
*I 

'I+ 
#+ h 
+*A a 1 

I 

O 0- 1 
L 

O r l  1 

TBC 
A BBC I" c 
- 
0 1 

T' T' T' 

FIGURE 3. The order parameter ( P z ) ~  plotted against temperature for iadial 
(RBC), toroidal (TBC) a i d  bipolar (BBC) boundary conditions for different values 
of the anchoring strength parameter J. Results for J = 1 (a), J = 0.5 (b) and 
J = 0.25 (c) are shown. 
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SPIN MODELS IN PDLC 241 

One of the advantages of simulations is the possibility of calculating a variety 
of microscopic observables. For a better understanding of the ordering hiside 
the droplet we have also calculated the second order parameter, (Pz)x across the 
droplet, in concentric regions (shells) dividing the spherical sample in an onion 
like way”. So that we have four, seven, eleven and fourteen shells for droplets 
including 304, 1476, 5832 and 11752 spins, respectively. In Figure 4 the resulting 
order parameters axe plotted as a function of the distance from the droplet center 
in lattice units for the three different boundary conditions here discussed. We 
have also plotted (P2)x against a relative distance defined as r / r m a z ,  where T,,, 

is the radius of the sphere, to investigate if the ordering inside the droplet depends 
on the system size or if the behavior is just the same in these reduced units as 
in lattice units. As mentioned earlier we expect, for the radial case, the nematic 
order to be greater near the core of the droplet (inner shell) and to decrease hi the 
other shells. It is interesting to notice that in this case tlie size of the aligned core 
does not depend on the droplet size and has a radius of about 3-4 lattice units 30 

(see Figure 4a) for all the system sizes studied. This lints that tlie core size is a 
true material property 30 rather than being dependent on the droplet size. The 
picture changes completely when p ing  to a planar surface achoring: the nematic 
ordering at the surface becomes larger for the toroidal boundary conditions arid 
then even larger for the bipolar case with respect to the radial one (Figures 4b-c). 
Moreover the aligned region at the center becomes larger and, above all, its size 
increases linearly with the droplet radius yielding almost superimposed curves for 
the different system sizes, as shown on the right in Figures 411-c. We can then say 
that the size effect is neglible from this p i n t  of view, although different nmilts 
axe achieved for the lionieotropic (radial) and planar (toroidal a id  bipolar) surface 
alignment. 

As far as tlie effect of ai external field is concerned, we present the siniula- 
tion of a nematic droplet with radial boundary conditions. We have performed 
calculations at various system sizes with fields of different intensities and with 
both positive and negative susceptivity anisotropy. Here we report results for 

= -0.05, -0.20, -0.50,0.05,0.20 atid 0.50. From a theriiiodynainic point of view 
the nlain effect of the external field is a slight shift of the heat capacity peak 
towards a higher temperature, in accord with the stabilization of tlie ordering in- 
duced by the applied field’” We have calculated the nematic, (P2)x, the iadial 
( P ~ ) R ,  and field ( P ~ ) B ,  order parameters, and in Figure 5 we present a suinniary 
of the results for these order parameters versus temperature. The applied field 
produces an aligniiient of the spins inside the droplet, with a consequent enhance- 
ment of (PZ)x, when tlie anisotropic croupling is positive. hi fact in this case the 
molecules tend to align along the field direction (here tlie z axis), while, of course, 
for negative coupling they tend to align norinally to the field and to lie hi the 
zy plane. The effect is also evident when looking at the radial order parameter 
(Pz ) R  which presents a standard “decrease with temperature” behavior also for 
the higher negative field coupling. This is because the molecular organization in- 
side the droplet is consistent with a set of discs (perpendicular to the t axis) on 
which the spins, especially at low temperatures, are radially oriented. A further 
confirmation of the alignment of the spins normally to the z axis  is given by the 
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d 1  
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0.7 

0.6 

0.5 

0.4 

0.3 
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0 0 5 10 15 '0 0.25 0.5 0.75 1 

d l  

2 0.9 
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0.1 
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4 a 
V 
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0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 1,. , , , , , , , , , , , , I ::; 
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0.4 1 
N-1472 
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A N-5032 

0 1 0.25 0.5 0.75 . 1 

r r/ rmo. 

N-1472 

7 N-11752 

0.1 u 
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5 ' 0  0.25 0.5 0.75 1 

FIGURE 4. The order parameter (P2)x studied versus distance fi-om the droplet 
center, T ,  in lattice units (left) for radial (a), toroidal (b) and bipolar (c) boundary 
conditions at the reduced temperature F = 0.4. For each case, in the plates on 
the right, (P2)x is plotted against the iiornialized radius, T / T , ~ ~ ~ .  
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SPIN MODELS IN PDLC 249 

calculations of the field order parameter (P~)B shown hi Figure k. Tlie iesults for 
the iiegative coupling are approximatively one l d f  of those for the corresponding 
positive field strength. 

0.5 

0.3 

0.2 

0.1 VO;* 

0.2 0.4 0 . 6  0.8 1 1.2 1.4 1.6 1.8 2 
T' 

0 1  

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

-0.4 

4 t 

t . . . ~ . . . " . . l . ~ . ~ . . . ~ . . . ' . ' ' ' . ' . ' . ~ ~ ' "  
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 . 

FIGURE 5. The nematic, (a), i'ildiid (P~)R (11) and field (P~)B (c) order 
parameters against reduced temperature for iiegative a id  positive coupling and 
different field strengths: = -0.05 (O), -0.20 (o), -0.50 (A), 0.05 (a), 0.20 (m) 
and 0.50 (A). 
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250 C. CHICCOLI ET AL. 

FROM SIMULATION RESULTS TO EXPERIMENTAL OBSERVABLES 

Deuterium NMR Lineshapes 
Deuterium NMR of deuterated liquid aystals is probably the experimental tech- 
nique most often used in studies of sub-micron PDLC droplets 3,10, because of the 
possibility to deuterate only the molecules inside the droplet while the rnolecules 
in the polymer matrix remain undeuterated. This allows a direct observation of 
the molecules inside the droplet. The actual spectrum obtained will depend on 
the time scale of the dynamics of spins changing &om one ordered domain to an- 
other. hi tlie limit of very fast motion an average, single line, spectrum would 
be expected, with a somehow limited information on the underlying molecular 
organization. The opposite liinit , of frozen domain motion on the experiineiital 
time scale is more interesting. We have calculated deuterium NMR lineshapes in 
the limit of no relevant dynamics as a powder s p e ~ t r a " ~ ~ ~ * ~ ~  , from the average of 
a number (here 20) instantaneous simulated configurations to improve signal to 
noise ratio. E c h  configuration is given as a set of direction cosines of fictitious 
miaxial domains with tlie angle ,Bj between the spin axis and the z axis defined 
for the droplet (in case of an external field, this is applied along the z axis). Each 
of these domains contributes to the powder lineshape, S(w) ,  with a doublet type 
of spectra, given by: 

m- 1 

where the two transition fi-equencies are at WQ (cos P j )  = ~ U Q  P~(COS &)P~(cos 6'), 
and UQ is the quadrupole coupling constant and 6' is the angle between the effective 
quadrupole axis and the nmlecular axis. The intrinsic linewidth, TT1 , is set to 200 
Hz in the calculations. The sample average giving the total spectrum originating 
from one configuration is then calculated as 

(4) 

where N is the Iium1,er of particles in the configuration. The parameters that we 
have used here are appropriate to 4' - rnethozy - 4 - cyanobiphenyl - d3 (10CB) 
3 ~ 1 7 ~ 1 9 7 2 0 .  The results are presented for the three cases of boundary conditions in 
the following subsections. 

We have already shown that Deuterium NMR lineshapes for different droplet 
sizes ( N  = 11752 aid N = 5832) 2o axe superimposalde. This indicates that our 
results could be applied also to larger droplets, and confirms that it is appropriate 
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SPIN MODELS IN PDLC 25 1 

to consider that oiie spin is a representative of a group of molecules 26 rather than a 
single molecule. Following this discussion it is maybe not too far fetched to assume 
that the present results are applicable even if tlie droplets are of inicron size so 
that it is possible to investigate them using polarized light microscopy (sizes of at 
least 2 - 3pm are needed '). This would then require a scaling factor of the order 
of 10' for low molar mass nematic droplets. To test that this gives reasonable 
results we have earlier calculated tlie optical textures for different droplet sizes 
( N  = 304,5832 and 11752) obtaining no qualitatively change from one size to 
another but only ai improvement of the resolution with a larger amount of sites 
inside the sample. We have therefore found it of biterest to calculate the optical 
textures for the RBC, TBC and BBC cases for different fields and temperatures, 
which we present in the following subsections together with the Deuterium NMR 
lineshapes to give a more complete prediction of tliese observables for PDLC. 

Polarized Light Textures 
The calculation of a polarized light texture is performed using a standard matrix 
approach wliich lms been employed in calculations based on continuum theory 
7912t32 as well as i ~ i  our MC work on BBC droplets 'O. The basic idea in the 
matrix approach is that ray optics can be used and that each site in tlie droplet 
is described by a Miiler Then the light ray passing tlirougli a row of 
particles across the droplet is retarded by the matrix iesulting from the product of 
the Miiller matrices corresponding to each particle in the light path. In this matrix 
are involved the angles q5j and Oj , describing the position of a domain j ,  taken from 
the simulation data, and the phase difference which depends on the thickness of the 
layer, h, the wave length, A, a id  the refractive indices, aid n,. We liave used 
h = 5.3pm/(2rmaz) ( T , ~ ~ ~ ~  is the radius of tlie droplet in lattice units), X = 545nm, 

= 1.5 a id  n, = 1.7, that should be sinlilar to tliose of the nematic liquid crystal 
5CB '. Since we assuine the local domain to be basically uxiclianged throughout 
tlie simulations, that only describe the disordering of a domain with respect to 
the others, we liave arbitrarily taken this intrinsic refractivity to be constant with 
temper at ure . 

To observe the light retarded by tlie droplet we assume to have crossed po- 
larizers placed at each side of the sample, Pi,& and Pout, and the resulting Stokes 
vector of the polarized aid ietarded light beam is thus given by 12131 

where sit& corresponds to the Stokes vector o f  mipolarized light. The intensity is 
proportional to the first element in tlie output Stokes vector s. To improve the 
quality of the optical image we liave, as in tlie NMR lineshape calculations, aver- 
aged over a sufficiently large number of equilibrated configurations. The results 
presented liere are obtained from averages over 20 configurations sampled every 
2000 cycles. 
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252 C. CHICCOLI ET AL. 

A texture obtained from configurations defined by a lattice of 22 x 22 x 22, 
corresponding to a droplet of 5832 particles, is a projection of 22 x 22 pixels 
perpendicular to the direction of the retarded and polarized lightbeanis. The 
intensity of each pixel is grey coded for each picture with a normalized scale going 
from black, lowest intensity of light, to white, highest intensity, with 32 different 
grey levels. 

T'=0.4 

z 
t r X  

Y 

'z x 

A 
3 
Kn 

-30 0 
w/a.u. 

T'=0.7 

30 0 
o/a.u. 

T'=1.0 

FIGURE 6. Deuteriuiii NMR lineshapes (left) a id  polarized light textures pro- 
jected with the liglit propagation direction coinciding with the y axis (middle) 
and the a axis (right) at three temperatires, T* = 0.4 (top), 0.7 (middle) and 1.0 
(bottom). The boundary conditions are radial, and there is no applied field. 
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SPIN MODELS I N  PDLC 253 

RESULTS OF CALCULATED OBSERVABLES 

Radial Boundary Conditions 
If we fist  consider the case of no applied field at low temperature, the boundary 
condition, assuming strong anchoring (J = l .O) ,  is determining the ordering inside 
the droplet, so that aliiiost all sites are radially oriented with a correspondent radial 
order parameter, (P~)R close to 1 19. This “star” organization gives an isotropic 
powder spectra, shown in Figure 6, at T* = 0.4. For the higher temperatures the 
lineshape remains unchanged, even if the actual configuration inside the droplet 
is changing from a radially ordered one (see Figure 5 )  to a truly isotropic phase, 
which cannot be distinguished from the NMR lineshape. The fist  observation 
to be done in studying the polarized light textures in Figure 6 is that the two 
projections, with the light propagation 

z 
hX 

Y 
kx 

T‘=0.4 

I 

3 
v i L u  7n -30 0 3[ 

w/a.u. 

T*=0.7 

h 

v 
3 

~~ m -30 o/a.u. 0 30 

T’=1.0 

h 
3 
v 
M fzl -30 w/a.u. 0 30 

FIGURE 7. Same as Figure 6 for a positive applied field, 6 = 0.5. 
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254 C. CHICCOLI ET AL. 

coinciding with the y a i d  z axes, respectively, are essentially the same. At low 
temperature tlie dark cross indicates the spins aligned with either of the crossed 
polaiizers for the iadial configuration. At higher temperature tlie dark cross dis- 
appears as the doiiiaiiis become disordered. We have then got mile information 
about the internal ordering of the droplet from the polarized light textures that 
was not appearent from the correspondent Deuterium NMR lineshape. It should 
be said of course that we llave assumed static spectra to be observable at the 
different temperatures. In a real situation the extent of spin diffusion will increase 
with temperature and a ingle isotropic line could then be observed. 

T'=0.4 

z 
LX 

Y 

Z X  
I 

21 
3 
v1 
Y 

-30 0 3 w/a.u. 

T'=0.7 

3 
v I l L  v1 -30 0 31 

w/a.u. 

T'=1.0 

3 
v Yd v1 -30 0 30 

w/a.u. 

FIGURE 8. Same as Figure 6 for a negative applied field, [ = -0.5. 

We now apply a field along the z axis of tlie system. Tlie resulting lineshapes 
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SPIN MODELS IN PDLC 255 

and optical textures for a positive susceptivity anisotropy, 5 = 0.5 are presented 
in Figure 7. At low teiiiperature a majority of the sites inside the droplet are 
directed along the field atid the quadrupole splitting in the NMR spectra essentially 
corresponds to ,Bj = 0 (Eq. 3), and Pz(cos 0) = 1. Qualitatively the same results 
were obtained experimentally by Goleiiuiie et al '. The applied field produces a 
difference in the two projections of the optical textures. It is possible to observe 
that the domains are parallel or perpendicular to the z axis (dark areas in textures) 
and that the radial ordering is present only close to the surface. 

T'=0.4 

Y 

k x 

T'=0.7 

I I 

3 
v l--LLl rn -30 0 30 

o/a.u. 

T'= 1 .O 

FIGURE 9. Deuteriuiii NMR lineshapes (left) and polarized light textures pro- 
jected with the light propagation direction coinciding with the y axis (middle) 
and the z axis (right) at three temperatures, T' = 0.4 (top), 0.7 (middle) and 1.0 
(bottom). "lie boundary conditions are toroidal, and there is no appIied field. 
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256 C. CHICCOLI ET AL. 

The results from application of a11 external field in the case of a negative 
susceptivity anisotropy, t = -0.5, are presented for different temperatures in 
Figure 8. The anisotropy of a negative field favours an orientation of the particles 
perpendicular to the field direction l2 (the z axis) rather than alignment parallel 
to the field, as for the case of positive susceptivity. noin the NMR lineshape we 
observe that most spins are oriented perpendicular to the z axis, P2(cos(7r/2)) = 
-1/2, i.e. the quadrupole splitting is l d f  as big as observed for [ = 0.5 (Figure 
7). Concerning the optical textures we see in the projection perpendicular to the z 
axis that a dark cross is visible, wlich is consistent with the “star” pattern being 
conserved in the zy plmies. In the lineshape and especially in the textures we 
observe some disordering due to the increasing temperature. 

T’=0.4 

1 
3 
rn v 

-30 0 30 
w/a.u. 

T’=0.7 

1 
3 
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T’=1.0 

Y 
G x 

FIGURE 10. Same as Figure 9 for a negative applied field, < = -0.5. 
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SPIN MODELS IN PDLC 257 

Toroidal Boundary Coiiditioiis 
We first show iesults for a siiiiulated toroidal droplet 31 tlie absence of an applied 
field (Figure 9). Rom the transition frequencies in the NMR spectra we observe 
that most of the spins are oriented perpendicularly to the z axis consistently with 
the boundary conditions. hi the optical textures perpendicular to the z axis (right) 
we see a symmetric lntterii corresponding to a symmetric distribution of the spins 
around the axis of the toroidal boundary structure. In the other projection the 
spins ordered in planes perpendicular to z appear in the texture as a dark almond 
shaped core. 

T'=0.4 

z 
LX 

Y 
'z x 

T'=0.7 

T'= 1 .O 

FIGURE 11. Sane as Figure 9 for a positive applied field, E = 0.5. 

If a negative field is applied to the sample, the characteristics already observed 
for tlie case with < = 0 become more pronounced for tlie NMR-linesliape as well 
as for the polarized light textures (Figure lo),  because tlie negative susceptivity 
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258 C. CHICCOLI ET AL. 

anisotropy lms the effect of trying to align the molecules perpendicular to the field 
direction which, we recall, is along the toroidal boundary conditions axis. More 
interesting is perhaps to olxerve the predictions for a positive field that opposes 
the &ect of the toroidal boundary condition (Figure 11). At low temperature the 
population of sites parallel to the applied field is bigger than that perpendicularly 
ordered. In the texture projected perpendicular to the field the dark a r e  has 
disappeared. The star pattern is always observed in the zy projection, and is 
more distinguishable than for [ = 0 or -0.5. 

T'=0.4 

Z 
h X  

Y 
k z X  

T'=0.7 

1 
3 
v rn :I, -30 0 31 

w/a.u. 

T'= 1 .O 

I I 

FIGURE 12. Deuterium NMR lineshapes (left) and polarized light textures pro- 
jected with the light propagation direction coiiiciding with the y axis (middle) 
and the z axis (right) at three temperatures, T* = 0.4 (top), 0.7 (middle) a i d  1.0 
(bottom). The boundary conditions are lipolar, a d  there is no applied field. 
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SPIN MODELS IN PDLC 259 

Bipolar Boundary Conditions 
We have already described this case elsewhere and here we ieview the Deuterium 
NMR lineshapes and the polarized light textures obtained to compare them with 
the results of the other boundary conditions presented. hi Figure 12 we show 
the observables when no external field is present. The NMR linehape at low 
temperature coilfirms that the bipolar boundary conditions induce a larger iieinatic 
order with a preferred direction parallel to the z axis 3 1 1 0 ,  i.e. they have an 
orientation perpendicular to the one of the correspoiidiiig case for the toroidal 
droplet (Figure 9), while the radial droplet is giving an isotropic powder spectrum 
(Figure 6) under the same drcumstances. 

T'=0.4 

Y 

!z x 

T'=1.0 

30 0 30 
w/a.u. 

FIGURE 13. Same as Figure 12 for a positive applied field, ( = 0.5. 

The texture iesulting from light propagating in the y direction shows that in the 
a r e  of the &.oplet all the spins are parallel ordered, while the zy projection shows 
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260 C. CHICCOLI ET AL. 

that the spins are forming a “star” pattern in the planes parallel to the z axis. 
The simulated textures are qualitatively in agreement with those experimentally 
observed by Olidris-Crawford et a l  ’. The results of application of an external field 
with positive susceptivity are presented in Figure 13, where the spins are forced 
to be directed parallel to the field. 

The textures and liiiesliapes from application of a field when the susceptivity 
anisotropy is negative are given in Figure 14 and are showiiig once inore that the 
spins are forced to be perpendicular to the z axis, wliicli hi turn contrasts the 
bipolar boundary conditions. 

T‘=0.4 
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FIGURE 14. Same as Figure 12 for a negative applied field, = -0.5. 
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CONCLUSIONS 

We have shown, starting from a purely nicroscopic interaction, that the thermo- 
dynamics of PDLC lattice models can be studied in great details by Monte Carlo 
simulations. Moreover we have determined the molecular organization and the, 
ordering inside tlie droplet, and we have evaluated the dependence on the sys- 
tem size. We have presented results for homeotropic (radial boundary conditions) 
and planar (toroidal and bipolar boundary conditions) surface alignemnents. We 
have shown that the Monte Carlo method is a powerful tool to understand ex- 
perimental data or even to predict results of new experiments. In fact from the 
simulated configurations, although the model employed is very simple, we have 
obtained static deuterium NMR lineshapes and polarized light microscopy tex- 
tures that are hi qualitatively agreement with experimental results when these are 
available. Our methods could also be useful in investigating tlie characteristics of 
surface alignment in PDLC in a situation where this is unknown. For instance, 
performing polarized light microscopy experiments the results could be compared 
to predicted simulation textures to help deternlining the kind of boundary condi- 
tions hi the real system. 
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