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Quenched disorder in a liquid-crystal biosensor: Adsorbed nanoparticles
at confining walls
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We analyze the response of a nematic liquid-crystal film, confined between parallel walls, to the
presence of nanoscopic particles adsorbed at the walls. This is done for a variety of patterns of
adsorptionrandom and period)cand operational conditions of the system that can be controlled in
experimental liquid-crystal-based devices. We compute simulated optical textures and the total
optical output of the sensor between crossed polars, as well as the correlation function for the
liquid-crystal tensor order parameter; we use these observables to discuss the gradual destruction of
the original uniform orientation. For large concentrations of particles adsorbed in random patterns,
the liquid crystal at the center of the sensor adopts a multidomain state, characterized by a small
correlation length of the tensor order parameter, and also by a loss of optical anisotropy under
observation through crossed polars. In contrast, for particles adsorbed in periodic patterns, the
nematic at the center of the cell can remain in a monodomain orientation state, provided the patterns
in opposite walls are synchronized. Z005 American Institute of Physics

[DOI: 10.1063/1.1896354

I. INTRODUCTION ments were used to prove the instability of the uniform, mon-
odomain state against arbitrarily weak random fields that

_ Sensors based on liquid crystalCs) represent a prom- - goan 5 system. This result holds for domains of sufficiently
ising technology for the detection of particles of nanometer]arge sizeL in systems with dimensionalitgi< 4

scale dimensions, including proteins and viruses. These sen- More recently, the instability of the monodomain bulk

o . "state against surface randomness has also been estaBlished.
two aligning surfaces; they rely on the long-range orienta-

. . _— . The scaling argument can be summarized as follows: Con-
tional order of the nematic to report binding of particles at . . :
o - sider a region of siz& near the surface and compare the
specific receptors on the confining wallg. . . . )
energies of the uniform and multidomain states. For an order

In the absence of bound patrticles, the walls force the arameter with continuous symmetfsuch asn or Q), the
nematic to adopt a uniform orientation state, with a constanF y '

i o I < a2
director fieldn(r). When observed through crossed polars, aoﬂ.? rf\hnge eIastlc(:j en::‘rgytcont;!butloqhsE:halefgf%t L I
system in this state exhibits a uniform optical texture. If the W€ the energy due 1o interaction wi € surface scales as

. - . ~ (=12 i 3/d-1
polars are rotated, one observes a sinusoidal modulation Gourt~ L . The ratio Egy/ Eejast SCales _619- . Hence,
the transmitted light for d<3, the surface-energy penalty is larger than the

Particles adsorbed at the walls of the sensor perturb th§/astic-energy cost of setting up domains of sufficiently large

local orientation of the liquid crystal. The resulting distor- SiZ€L, rendering the uniform state unstable. The borderline
tions can extend over long distances, thereby disorganizing2S€d=3 turns out to behave in the same way, rendering the
the uniform director field and producing characteristic signa-niform state unstable against arbitrarily weak perturbations
tures that can be read by optical means. As an instance, whépr all d=3.” However, the previous analysis assumes that
the amount of particles bound at the surface is sufficientlydomains of an unspecifigtiut large size can be produced; it
large, the system adopts a multidomain conformation thafn@y not hold for situations in which there is an upper limit to
manifests itself as a gradual loss of the anisotrapgdula-  the size of domains, as is the case in a confined system.
tion) of transmission of light between polazrs. In a previous publicatioﬁ,we have presented the results
From a practical point of view, the ability to predict and of a coarse-grained simulation of a confined LC-based sen-
control the onset of the destruction of the uniform nematicsor. We analyzed the time evolution of the average domain
state could permit design of sensing devices with improvedgizeLp as a function of the surface coverag®f nanopar-
sensitivity. In addition, from a fundamental perspective, it isticles adsorbed at the confining walls. A critical surface cov-
of interest to investigate the effects of quenched disorder orragec, was identified, above which the nematic ceases to
the stability of the uniform state of the order paraméfér.  exhibit long-range uniformity. The optical textures of the
In the pioneering work of Imry and M‘éscaling argu- simulated sensor were similar to those observed in experi-
ments, but quantitative measures of the optical output of the

dElectronic mail: orlando@che.wisc.edu sensor Were not discussed. ) )
PElectronic mail: depablo@engr.wisc.edu In this work, we return to that model to identify some of
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the factors that can facilitate the destruction of the mon- oot TTT T z

odomain state and enhance the sensitivity of the sensor. Spe- 2 ) ® =

cifically, we examine the effects of altering variables that can PN 77 7%/ Y

be controlled during the design and operation of an experi- y-

mental liquid-crystal-based sensor: s - —p
. /‘ X Ped

(1) the scalar order paramet8rof the nematic, et

(2) the separatiory between confining walls,

(3) the numberm of contiguous particles adsorbed as aFIG. 1. Schematic view of a model LC sensor t_hat is invari_ant alqngthe
cluster. and axis. Two planar walls confine the LC in thedirection, while periodic

o . boundary conditions are applied in tkelirection. Particles of radiuR can
(4) the lag 8, between periodic-adsorption patterns at op-be adsorbed at the confining walls.

posite walls.

The response of the sensor is analyzed in terms of the simdypical targets, such as proteins, have sizes on the order of
lated optical textures of the system between crossed polartens of nanometers, the scale of the optical signatures ob-
the corresponding intensities of the transmitted light, as welkerved in the sensor is of the order of tenths of a millimeter.
as the correlation function of the tensor order parameter, If we were to numerically simulate the dynamics of the
from which the average domain sizg can be found. system, and represent atomically the adsorbed particles and
While this two-dimensiona(2D) model has limitations the liquid crystal, the computational demands would be for-
that do not permit a complete comparison with experimentsnidable. Coarse-grained methods have been developed to
in three dimension$3Ds), it also has proven useful in sev- surpass this limitation; among others, we can mention lattice
eral regards: first, it permits a fast exploration of the largemodels® and continuum alignment tensor-field theorie?
parameter space where a LC biosensor might operate; selx previous studies we have shown that results from molecu-
ond, it provides insights that will allow more demanding 3D lar simulations can be combined with coarse-grained theo-
modeling efforts to concentrate in the most interesting reries, and have found that the latter provide an accurate rep-
gions of the parameter space; and, finally, it has been usefuésentation of the structure of defects and director textures
in interpreting recent experimental wotkdence, we leave down to length scales of a few molecular diamet&r&>we
for future publications detailed comparisons of our currentherefore resort to a coarse-grained approach in which we
calculations with three-dimensional models and the corretrack the state of the liquid crystal through its tensor order-
sponding experiments. parameter field®!” and the adsorbed particle is treated as a
The paper is organized as follows: Sec. Il describes th&olid object.
model LC sensor, the coarse-grained theory governing its  Bridging the difference of the scales between the size of
time evolution, and the parameters used to simulate eadime adsorbed particle and the scale of the optical textures
system. In Sec. lll we present results for the response of theequires a resolution of the order of £0of the sensor cell
sensor to variations of the specified operational variablesize. In three dimensions, this is computationally demanding
(S,Y,m,8,), and discuss their interpretation in terms of theand is beyond our computational resources. As an alterna-
gradual destruction of the uniform-oriented texture. Finally,tive, we study the dynamics of a quasi-2D system. The use of
Sec. |V presents our conclusions and suggests some possilités type of quasi-2D systems has proved very useful in the

extrapolations for the three-dimensional case. past for the study of phase ordering kinetics of nematic
fluids*®*° the analysis of defect structures and forces that
Il. METHODS arise in the presence of colloidal partici8¢! as well as the

investigation of backflo’? For these quasi-2D systensee
Fig. 1), one considers a rectangular area in #yeplane,
The model sensor considered in this work mimics therepresenting a section through a three-dimensional system
geometry of LC-based devices discussed in recenthat is invariant along the axis.
literature’ The experimental setup consists of a thin film of In experiments, bound particles are immobilized at the
mesogenic fluid(e.g., pentylcyanobiphenyl, 5GRonfined  confining walls prior to the filling of the sensor with a liquid
between two parallel walls, which are separated by a distanaerystal. In this sense, the disorder introduced at the walls is
of the order of tens of microns. The walls consist of goldquenched: the state of the system depends on random vari-
surfaces coated by self-assembled monolag@fdVs) of or-  ables(the positions of the bound particjethat are drawn
ganosulfur compound&.g., alkanethiols their topography from a particular distribution, but those variables remain
and chemistry can be controlled to ensure planar anchorinfixed for any physical realization of the senédf’ There-
of the liquid crystaﬁ fore, in each of our simulations, we create an initial configu-
In the absence of bound particles, the planar anchoring attion of adsorbed particles, and keep it fixed as the liquid
the walls induces a uniform planar texture that extendsrystal evolves. The physical properties of the system are
throughout the device. When proteins or viruses bind to specomputed as averages over both particle configurations and
cific receptors at the surface, they perturb the local anchoringitial conditions of the nematic.
conditions; this perturbation is transmitted by the nematic to  Besides individual random adsorption, we consider also
regions far away from the substrate, giving rise to an amplitandom adsorption of clusters of particles, since it is com-
fication mechanism that facilitates optical detection: whilemon for biological particlegthe targets of the sensorto

A. The model sensor
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aggregate and adsorb in groups. We also consider adsorption L, L, Ls

in periodic patterns because, in experiments, it is possible to  Fe= EQij,ini,k+ EQik,iQJk,J + EQiijl,ileyidr' (5)
organize the receptors on the confining surface in a periodic

configuration, and therefore indirectly create a periodic arrayvhereQ;; . =dQj;. The coefficientd; are related to the splay

of adsorbed patrticles. (Ky), twist (K,), and bendKj3) elastic constants:
3K2 - Kl + K3
Li=———, 6
1 652 ( )
B. The evolution equation
We compute the evolution of the liquid crystal with a L= Kl_K2' (7)
dynamic theory for its tensor order-parameter fi€l¢r ,t). &
The local values of the scalar order parame®eand the
directorn can be obtained fron® through its largest eigen- L= Ks—K; ©®)
value 25/3 and its associated eigenvector, respectiilﬁeTyne 3 28°

theory corresponds to a particular case of the Beris—Edwards

formulation of the thermodynamics of fluids with internal n th!s _Wr?Lg’(ZH r\}/ve rl:se Ithe _one-e(;aztlc-(;:or}sta_n t
microstructuré® In this formulation, the functional deriva- approximation," where the splay, twist, and bend elastic

tive of the free energyF with respect to the order parameter constants have a common vakighat depends quadratically
drives the evolution of): on the scalar order parametér,

K=2%L,, 9
) = 1{— 5—]: + 1 Tr(a—]:)| } ) (1) and the elastic free-energy density reduces to
at Q 3 \AQ
| L
The coefficientl” is given byI'=6D"/[1-3TrQ?)]? where Fe= 2 Qi Q- (10

D" is the rotational diffusion for the nematic. In these equa—W q ¢ ¢ that by introduci th lasti
tions, it is assumed thal¥#/ 6Q has been symmetrized. € do not expect that by Introducing more than one elastic

This work only considers the case of strong anchoring afonstant the general behavior of the biosensor model will

all surfaces; hence, surface free-energy contributions nee;djagge' FO{. |ns't ag.ce,t thtt:lo;eslcsl Stléqflfes fotr ralndorr;ly (,Eﬁn_
not be included, provided that the initial configurations sat- ned nematics Indicate that taking difrerent values for the

isfy the anchoring at every confining surface. Then the freeeIaStIC constanttK,,Ky=>K,) does not change the universal-

9 .
energy F of the liquid crystal includes two contributions. Ity class of the mode” However, for future, detailed com-

One corresponds to the short-range bulk interactions respoutﬁ’—"’llr'sonﬁ betwc;aen threigln:;ahnsmnal mlofdels gnd ex p()erlmen-
sible for thel-N transition; the other one arises from the ‘& FeSUlts We 00 expect that the general form given in BX.

- o ill be required.
elasticity of the liquid crystal: wi q . I .
y g y When the functional derivatives in Efl) are evaluated,

one obtains a partial differential equation Qg
f:f Fo+ Fdr. (2 JQ
v i I'{A(1-U/3)Q - AU[Q? - Tr(Q?)(Q +1/3)]
A Landau—de Gennes expansion is used to represent the )
short-range free-energy density: -LV°Q}, (11)

which can be solved numerically. In this work we use a
_[A,_U o AU 3 finite-difference, explicit Euler method that has been de-
FS_J 2(1 3) QY 3 e scribed in previous publicatiofs-® For brevity, in Sec. II C,
AU we just specify the conditions for which the calculations
s Tr(Q?)?2dr. (3)  were performed.

The phenomenological coefficientsand U depend on the C- Parameters for the simulations

liquid crystal of interestA controls the energy scale of the In Ref. 8 a set of parameters was chosen to represent a
model, whileU controls the value of the scalar order param-jow molecular weight liquid crystal at a high valus

. 5 .
eter in the bulk =0.81) of the scalar order parametef=1, L,=0.55, D

=0.35, andU=6. In this work we adopt the same values for
1 PEEPYET A, L;, and D", but for U we use two different valuedJ
U)=—(1+3J1-8/). 4 ' b ' .
SourV) 4( A ) “@ =4.8 andU=3.1. The valudJ =4.8 yields a bulk scalar order

parameter 065=0.75 and was adopted because, for this value
In this model, the system is isotropic fo<QJ<U,y=2.7, of S we have recently completed a multiscale analysis of
and nematic fotd >Uy. defect structures around colloidal particf@sHence, this
The free-energy penalty for gradients in the tensor orderehoice of U will facilitate future comparisons to results of
parameter field results in an elastic contribution of the fSrm molecular simulations. Another set of simulations was run at
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U=3.1 in order to observe the effect of approaching thesystem is quenched instantaneously to the nematic phase by

isotropic-nematic transition, since the limit of metastability settingU=4.8 (or U=3.1); the evolution of the liquid crystal

of the isotropic phase i§*=3.0. is then analyzed from that starting point. We present only
From these phenomenological parameters, it is possibleesults for late times, for which the free energy, the optical

to extract characteristic time and length scales and to mafexture, and the correlation length have reached a steady

them into those of a typical liquid crystal. For instance, westate. Typically, we have to wait a time on the order of;{0

can define a characteristic length for the changes in the terte ensure that we have reached this stage.

sor order parameter ¥s

£=v18L,/AU (12)  lll. RESULTS
and a characteristic time scale as As described in the Introduction, we study the response

Ty of various systems to different concentrations of adsorbed
7= /6D L. (13 particles. We start by arbitrarily selecting a system, called the
The values of¢ and  at thel-N transition are used in this reference system, against which all of the other systems are
paper as units for length and timg; =1 andry=1. Identi- compared. For the reference system, we set the wall separa-
fying these values with those of a typical neméﬁdgw tion to Y=32.4, the scalar order parameter3e0.75 (with
~20 nm, 7,y=1079), it is possible to translate the results U=4.8), and we specify an individual random adsorption at
of the theory into Sl units and compare with experiments. the walls. We then examine, one by one, a collection of sys-
Computational resources limit the size and resolution ofems that deviate from the reference in the following respect:
the systems that we can simulate. For this reason, we ha
chosen a system size that is about one-tenth of the size of
experimental device, but which we simulate using a suffi—(3)
ciently high resolution to avoid the artificial pinning of de- (4)
fects. Using the previous convention of units, the length of(5)
our periodic cell isX=194.3= 3890 nm, while the wall sepa-
ration takes one of two valuesy=32.4~650 nm orY  For the systems listed above, we have performed a series of
=25.0=500 nm. (The larger system corresponds to thatsimulations with surface coverages betwesr0.10 andc
studied in Ref. 8.For the larger separation we use a grid of =0.40, in increments of 0.08This is similar to the proce-
1024X 171 sites; for the smaller one the grid consists ofdure used in Ref. 8.
1024x 131 sites. The resolution of the grid is therefdre In the rest of this section we describe the response of the
=0.19~3.8 nm. With these choices, in the absence of adsensor to the variations listed above by visualizing the opti-
sorbed particles, all defects are annihilated at long times anghl texture of the sensor under crossed polars, computing the
the system is observed to relax to a state of uniform te)ﬁure-correlation function for the tensor order parameter, and mea-
As discussed in Sec. Il A, adsorbed nanoparticles ar@uring the transversal- and lateral-optical outputs at each
represented by fixingN particles of radius R=1.61  concentration.
~32.2 nm to each wall. The pattern of adsorption can be
random or periodic. We define the surface coverags

c=2RNX. (14

scalar order paramete®=0.53 (with U=3.1),

wall separationY=0.25,

adsorption in clusters of three particless=3,
in-phase periodic patterns in opposite walls, and
out-of-phase periodic patterns in opposite walls.

A. Lateral visualization

The qualitative behavior of the system can be illustrated
We sometimes refer to the surface coverage as the concewith visualizations of the optical texture of the liquid crystal.
tration of adsorbed particles. A lateral view of the system is obtained by cutting a thin
In the simulation, once the position of the particles isslice (parallel to thexy plang and simulating the passage of
fixed, initial configurations for the order-parameter field light through this slice between crossed polars.
Q(r) are generated as follows: first, the tensor order param-  These visualizations are based on a tracing procedure,
eter at the walls’ and particles’ boundaries is taken as introduced by Nicholsoff? which has been previously ap-
_ _ plied to obtain simulated polarized light images of nematic
Q= SourlNolo = 1/3), (15) liquid-crystal droplet$® In this method, each cell is consid-
whereny is the preferred orientation of strong anchoring andered as a thin nematic plate of thicknes8Because the sys-
Souik is given by Eq.(4). At the particles’ surface, the anchor- tem is effectively 2D, the local directar(x,y) is found to lie
ing is homeotropic and the preferred orientatigris a radial  on thexy plane. The angle between the polarizer’s axis mand
unit vector. This choice is motivated by recent experimentais denoted byy; then the transmitted intensity is given by

findings for the anchoring induced by vesicular stomatitis o .
viruses® At the walls, the anchoring is planar ang is the | = lo SiP(2a)sir(ef2). (18
unit vector along the axis. In the previous equatiorly is the intensity of the incident

For each of the remaining sites, we initialige to the  light, ande is the phase shift introduced by the birefringence
form given in Eq.(15), but with ny taken to be a different of the nematic.
random orientation for each site. The system is then allowed The phase shift depends on the thickness of the slice, the
to evolve withU=2 for a timet,;,=20, such that during the wavelength, the angle between the director and the propaga-
interval —t;,,<t<<0 the liquid is isotropic. At time=0, the  tion direction, and the refractive indices of the material. Let
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Nnes represent the effective extraordinary index that corre-
sponds to propagation at an anglewith respect to the di-
rectorn,

H -1/2
sify cog y) _ an

n =l —"+
eii(Y) ( ng n(z)
In this equationn, is the extraordinary refractive index, and
n, is the ordinary refractive index. Both are functions of the
wavelength\. Then the phase shift is given by

27d
€= T[neff('}’) = Ne]. (18

Since we are considering propagation with7r/2 and
crossed polars, the phase shift is constant and the transmitted

intensity depends only on the local value af
| = 1o Sir?(2a)sir?(el2). (19)

Hence, regions where the director is vertical or horizontal
will be dark in the visualizations, while regions with “diag-
onal” directors will be bright.

The opt|cal tex_tur_es _Obta.med for the random_adsorptlo_q:IG. 2. Simulated lateral view&etween crossed polarior (a) the refer-
systems are very similar; we illustrate the general behavior iRpce andb) the system with adsorption in clusters o3 particles. For
Fig. 2 for two cases(a) the reference system ar() the  each panel, the surface coverage increases from top to battednl5, 0.25,
system with adsorption in clusters of thr&dn that figure, ~ 0.35, and 0.40.
each texture corresponds to a different value of the surface

coveragec, and one can see how the uniform orientation (Q(x,Y):Q(0,y))
texture becomes disorganized @ss increased. At low par- C(x,y) = O, - O, . (20
ticle concentrations, the texture is mostly dark, except for a (Q(0.):Q(0.y

fe_w bright regions. At ""?“ger concenirations, the b”ght "“The brackets denote an average over different configurations
gions grow in size and, in most cases, connect both sides o

; : X the adsorbed particles and the initial fi€x,y). In this
the system. This alternation of extended bright and darl§/vork, the average is computed over five initial conditions

zones signals the presence of multiple domains for the Oyith different particle and liquid-crystal configurations. We

entation of t.he director field. - . computeC(x,y) only for thosey levels that do not intercept
The optical textures for periodic-adsorption patterns areany particle
considerably different from those corresponding to random As in our previous studf,in order to investigate the

adsorption. Figure 3 S.h ows tex}ures for systems vejlizero response at the center of the cell, we compute the average of
lag between patterns in opposite walls, dbpa lag equal to C(x,y) over a narrow band of rows
half of the distance between adjacent particlés; X/2N. ' '

For the zero-lag system, we observe that the uniformity of
the texture is preserved, even at a concentratiof.20,
where random-adsorption systems already exhibit nonuni-
form behavior. Even at=0.40, the bright regions are con-
fined to the proximity of the spherical particles, and they do
not connect opposite walls. The out-of-phase system also
remains organized at=0.20, but, at the highest concentra-
tions (c=0.35,0.40 it has become disorganized, with bright
domains spanning the gap between walls. It is important to
state that, due to the incommensurability of the periods of the
patterns and the cell size, these systems are only approxi-
mately periodic: due to periodic boundary conditions, the
particles at the edges of the periodic cell have neighbors at
distances slightly different from the rest. This is why the
textures are richer at the edge of the periodic cell.

B. Correlation functions and domain size

In order to quantify the qualitative observations made in'G: 3 Simulated lateral viewthetween crossed polarfor systems with
periodic patterns of adsorption in opposite walls shifted by an am@nt

Sec. Il A, we turn to the correlation function for the tensor ;5 - o and(b) 5,=X/2N. For each panel, the surface coverage increases from
order parametelﬁ top to bottom:c=0.20, 0.25, 0.35, and 0.40.
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FIG. 4. Correlation functions for the reference system: the surfaces on the
left correspond tdC(x,y), while the curve on the right corresponds to the
central averag€(x). The surface coverage increases from top to bottom in
each panelc=0.15, 0.25, 0.35, and 0.40.

¢=0.35

(Y+a)/2
qﬁ=-f C(x,y)dy. (21)
aJ y-ayr

ocooco
oNBs oK

In this work, the average is performed on the central 10% of
the sensor; hence=L,/10. A conventional definition of the
average domain sizeéy has been given by Zapotockst
al.’®

c=0.40

COpe,, = 1/2. (22)

In other words, the domain size is the distance at which the

corre_latlon has decayed to one-half of its original .Value' I noFIG. 5. Correlation functions for periodic systems with a phase shif, of

solution can be found, we assume that the domains are Iarggb (upper half and 5,=X/2N (lower half). For each system, the surface on

than what can be observed, given the finite size of the perithe left corresponds t€(x,y), while the curves on the right correspond to

odic cell. the central averag€(x). The surface coverage increases from top to bottom
As one would expect from the optical texture(x,y)  for €ach panelc=0.20, 0.35, and 0.40.

behaves differently for the random-adsorption and periodic-

adsorption systems. Figure(keft) illustrates the typical be- The correlation functions of the periodic systems behave

havior for the first group with the reference system: at lowdifferently from those of the random systems; the precise

concentrations, there is little variation 6fx,y) in either the  behavior depends on the la%. Figure 5 shows the correla-

x ory directions. As the concentration is increased, the variation function C(x,y) and the central averagé(x) for both

tion along they axis remains relatively minor, but along the periodic systems. A noticeable feature is the presence of pe-

x axis there is a noticeable decay towards a plateau valueiodic peaks in the correlation functio€(x,y), far away

This is shown in Fig. 4right) with plots of C(x) at the same from the central rows, close to the surface of the particles.

concentrations shown in Fig. deft). Their total number corresponds to the number of particles

0 20 40 60 80
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TABLE I. Average domain sizé&p, as a function of the surface coveragédor each of the simulated systems.
A star indicates thal is undefined sinc€(x) does not decay below 1/2.

c Reference S=0.53 Y=25.0 m=3 6,=0 6,=XI2N
0.00
0.15
0.20
0.25 26.7
0.30 30.0 38.8 25.1
0.35 40.3 37.2 27.7 22.8 : 38.2
0.40 . ’ 29.6 29.6 . 42.0

adsorbed at each wallSinceC(x,y) is an even function of does not decay below 1/2. To this end, we modify E2P)
X, Fig. 5 only shows half of the domain and half of the by taking into account that the “final” plateau value may not
peaks] be zero:

For the in-phase systerg(x,y) in the central rows re-
mains very close to unity at concentrations where the random
system exhibits a noticeable decay. This is consistent with Cper, = 1+C(X/2)_ (23
the textures shown in Fig. 3. For the out-of-phase system, we c 2
observe that not only the peaks decay withC(x,y) in the
central region decays monotonically and reaches zero.

The average domain sitg, is reported in Table | for all Table Il presents the value dB(X/2). For the random-

the simulated systems. This table shows that, at low values oanS_orpnon systems,_ the plateau V{?\QI(Q(/Z) goes throygh a
¢, Lp is undefined since the correlation function does not. ' um and then increases again. As discussed in Ref. 8,
' b . . _Eh|s indicates that, as the surface becomes completely cov-
decay be_Iow 1/2_. Th|s_ can be interpreted as the preservano&ed by particles, a uniform texture is slowly restored: this
of the uniform orientation at the center of the cell. At Iargertime, however, its orientation is governed by the anchoring
values of the surface coverage, the funci@im) does decay o herties of the particles and not by those of the surface.
below the 0.5 level. We call the value afat which this The corresponding values f- are presented in Table
change occurs the critical concentratiop,We can estimate | £rom the data in this table, we observe that even in those
c. as the average of the nearest two simulated concentrations,geg wherép, is undefined, we can observe a progressive
Using this measure, we can say that the critical concentratiop,crement onLc as the number of adsorbed particles is in-
increases by 22% when the scalar order parameter is brougfeased. There are still instances whegeis undefined, but
closer to the isotropic-nematic coexistence, from the referyhpse are confined to cases whex@) does not decay at all,
ence valueS=0.75 to S=0.53. The case of adsorption in and remains constant and equal to unity.
clusters ofm=3 particles is also interesting. From Table |, As in the case 0E(X/2), we observe thatc exhibits a
we can estimate that the critical coveragg|n=3=0.325iS  minimum for the random-adsorption systems. In general, we
larger by 44% than the corresponding valug|-;=0.225  can say that the effect of lowerirgjis to increase the size of
for the individual adsorption case. Indeed, using the data ifhe domains; this is expected since at lo@ahe coherence
Table I, we can see that the reference system has the smallésihgth¢ is larger. Reducing the separation between walls has
critical concentration among the simulated systems. the opposite effect, that it,c is reduced. For the periodic
The definition ofc. depends heavily on the requirement systems|. is always undefined in the in-phase case, while it
that the correlatiol©(x) decays to values below 1/2 before a increases monotonically witb for the out-of-phase system.
solution forLp can be found. Hence, we would like to pro- These results suggest that it should be possible to obtain
vide an alternative measure for the characteristic length oihformation about the morphology of the aggregates from the
C(x), one that is defined even when this correlation functionstate of the liquid crystal.

TABLE II. The plateau value of the correlation functi@(X/2), as a function of the surface coveragéor
each simulated system.

c Reference S=0.53 Y=25.0 m=3 6,=0 6=XI2N

0.00 1.00 1.00

0.15 0.93 1.00 0.92 0.91

0.20 0.77 0.97 0.86 0.92 1.00 1.00
0.25 0.34 0.65 0.52 0.84 1.00 1.00
0.30 0.48 0.23 0.34 0.50 1.00 0.72
0.35 0.32 0.48 0.35 0.15 1.00 -0.07
0.40 0.55 0.50 0.28 0.26 1.00 -0.07
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TABLE IlI. The correlation length_c, defined byC(L¢)=[1+C(X/2)]/2, as a function ot for each simulated
system. A hyphen indicates thiag is undefined sinc€(X/2)=1.

c Reference S=0.53 Y=25.0 m=3 6,=0 6,=XI2N
0.00 - -
0.15 16.9 - 13.8 17.9
0.20 29.0 34.4 14.6 17.3 -
0.25 18.0 27.0 21.5 18.2 - -
0.30 20.9 29.7 16.2 21.6 - 28.2
0.35 27.2 18.4 18.9 20.1 - 40.3
0.40 20.1 22.1 20.7 24.4 - 44.3

C. Optical output ¢; does not change very much, the widttcan be reduced by

The quantifications obtained by analyzing the correlatiort™ r_nuch asan prd_er of magnitude from its referen_c_e value:
functions of the tensor order parameter are instructive butlhe_m-phase perl(_)d|c sys:tem has th_e sharpest tra_n5|t|on of the
cannot be readily compared to the optical measuremem.%pftICaI OUtplft’ Wl'thfatwt'gth’v ':hat IS onrl]};rp.ll tlrtnesththe
made in actual experiments. Experimentally, the transversal~ 't[ahrenci value. in fac 'th € onty casgﬂ\:v_s N grea er than
optical output of the systerfrather than the lateral-optical '?] (;re erence IIS 2%rcy € system with=3 and even then
outpud is measured and correlated with the amount of Iigan(} € change 1S only 0 .
adsorbed at the walfe® For our model sensor. we can com- Unfortunately, we cannot compare directly these results
pute the transversal-optical output by modifying E£@) in with thpse frqm experiments because, in our model, thg di-
order to allow for the addition of phase shifts of multiple, _recto_r Is confined to thay plane’z a_nd th_e optlcal output s
adjacent cells. We obtain identically zero when the polars’ orientation is setts0. In
the experimental system, when the texture becomes nonuni-

| = |Osin2(2a)sin2<2 ej/z). (24)
! 0.8 T
The former equation establishes that the transversal-optice D S p—
output is governed by two factors: First, the total phase shift, N ~ $31
2.4 06 m=3 -
E €= 2 T[neff(xayj) - no]u (25)
J

J

depends on the local director at each grid cell through thes 04
local indexngx(y); therefore, this factor is sensitive to inho-
mogeneities of the uniformly planar texture. The second fac-
tor, sirt(2a), depends on the angtebetween the axis of the
polarizer and thex axis. Hence, this factor modulates the
optical output of the system as a whole; the maximum output
for any given configuration of the director field is obtained ) ) , .
for a=m/4, while zero output is obtained wher=0. 0 01 02 03 04
Figure 6 shows the transversal-optical outgpwith «
=x/4) as a function of the particle concentration f) 08 S Sp—— ; ' T
random-adsorption systems afi) periodic-adsorption pat-
terns. For all systems, the optical output decreases monoton
cally with increasing concentration. This is consistent with 06
the progressive destruction of the uniform planar texture, be-
cause the phase retardation is maximal when the amgle

02

=/2 (i.e., the director points along theaxis). In Fig. 6 we <4 ‘\‘
also present fits to the data for each system, using the em \
pirical form I \‘
C—G 02 O control \
Illg=a| l+tanh———] | +h. (26) o 30 b
w | A 3=X2N e O

____B--_.a_'

In this equationa is the maximum normalized intensity and ) | ) A ) A , A
b is a base line. The parametgiis the inflection point, while 0 01 02 03 04
w measures the width of the transition region where the in-

tensity goes from its maximum to its base line level. TabIeFIG' 6. Transversal-optical outp@at «=0), as a function of the surface

coveragec, for (a) the random-adsorption systems &l the periodic ad-
IV presents the values of these parameters for each of thgtion systems. For comparison, the result for the reference system is also

simulated systems. While the position of the inflection pointplotted in(b).
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TABLE IV. Parameters of the fit to Eq26), for the systems described in Table I.

Reference S=0.53 Y=25.0 m=3 8=0 S=XI2N
a 0.43 0.31 0.18 0.36 0.34 0.23
b -0.06 0.14 0.12 0.07 0.08 0.30
G 0.32 0.30 0.29 0.32 0.23 0.32
w 0.18 0.072 0.082 0.21 0.020 0.063
form, the director is free to rotate out of tixg plane. This Figure 8b) shows that the in-phase system modulates

explains why an increase in the luminance is observed dight with the maximum amplitude for all surface coverages

fixed orientatione=0. In this sense, the lateral-optical output considered, as one expects for a uniform texture. In contrast,

of the 2D sensor is more akin to the transversal output of théhe out-of-phase system displays a decrease in the amplitude

experimental 3D sensor: At zero surface coverage the unif modulation, but not as pronounced as that in the random-

form orientation results in a dark field; then, as more andadsorption group.

more particles are added, the disorganized field starts to

transmit light as a larger fraction of the local directors move)y, cONCLUSIONS

away from the polarizer axis. As a result, the lateral-optical ) ) . o

output ata=0 increases with the particle concentratisee First, we would like to refer to the investigations on the

Fig. 7). instability of uniform states of the order parameter against
If we analyze the lateral-optical output as a functiomof the perturbation of a random field. For the random-

(the orientation of the polarizers with respect to thaxi,  adsorption systems, the liquid crystal in the sensor does not

we observe a sinusoidal modulation. For each system, wisadily disorganize into domains upon the addition of a few

find that it is possible to fit the deviation with respect to the@dsorbed particles. Instead, the disorganization is more
average intensityT) with the expression gradual. However, for periodic-adsorption systems the limit

of stability of the uniform texture depends on the lag
between patterns in opposite walls; the correlation function

@ =agsin4(a+ ¢)]. (27)  C(x) at the central region of the out-of-phase system decays
I rapidly towards zero, while that of the in-phase system re-
mains practically constant and equal to unity.
In this equationg, is the amplitude of the modulation afl These observations have several implications. First, the
is a constant phase. surface coverage is not sufficient to predict the critical

Figure 8 shows the amplituds, for the simulations in  amount of particles needed to destroy the uniform organiza-
(@) the random-adsorption group an@) the periodic- tion in the sensor; additional characterization of the adsorp-
adsorption group. In analogy with experimeﬁf’swe ob-  tion pattern is required. This implies that one may be able to
serve a gradual decrease in the amplitude of modulation, igain information about the morphology of the aggregation
spite of the fact that the system remains at every case in theattern from the sensor output. Second, taking the results for
nematic phase. If we extrapolate the decreasa,ah order m=3 as typical, fewer particles could be detected if they
to find the coverage, that would yield zero modulation, we adsorb in an individual fashion rather than in clusters, be-
find thatc, is always larger than or equal m, the critical  cause the critical concentrati@g and the widthw would be

coverage obtained from the correlation function. smaller. Also, if we take a cluster of particles as an approxi-
l L} I L} l T I L} l T I L}
08 —
= o -
0.6 —

FIG. 7. Lateral-optical output for the reference system

S° L i at «=0 (the axis of the polarizer is parallel to the origi-
lo) (o] nal uniform directoy, as a function of the surface cov-
04 _ erage. At every value of, the system is nematic, but
the texture becomes increasingly nonuniform.
02 |

1 I 1 I 1 I 1 I L I 1
% 0.1 0.2 0.3 04 0.5
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However, the disorganization of the uniform state proceeds
gradually as a function of the surface coverage, as evidenced
by the smooth decline of the amplitude of the modulation of
transmitted light by the entire system, and can be controlled
by altering the adsorption pattern of the particles.
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