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Surface-induced orientational order in stretched nanoscale-sized polymer dispersed liquid-crystal
droplets
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We investigate orientational ordering in stretched polymer-dispersed liquid-c(AD&IC) droplets using
deuterium nuclear magnetic resonance, in the nematic and isotropic phases. In the latter case, we estimate the
surface order paramet&; and the thickness of the interfacial layer from the temperature-independent surface
ordering model for an elliptical cavity with a varying aspect ratio. A simple phenomenological model well
describes the quadrupole splitting frequency of NMR spectra in the isotropic phase. The strain dependence of
S suggests that stretching-induced changes in the orientation of polymer chains in the PDLC matrix noticeably
affect liquid-crystal surface anchoring. Experimental results are supported by simulated NMR spectra obtained
as output from Monte Carlo simulations of paranematic ordering in ellipsoidal droplets based on the Lebwohl-
Lasher lattice model.
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I. INTRODUCTION resonancé?H-NMR) [9]. Since the surface-to-volume ratio

- . . . . in these confined systems was large and the orientation of the
Aliquid crystal in physical contact with a solid substrate i iq crystal in the Nuclepore cavities was uniform with

is partially ordered even above the nematic-isotropic transirespect to the static magnetic NMR field, a small but mea-
tion temperature. This phenomenon can be treated as oriegyraple quadrupole splitting was measured abovel{iein
tational wetting of the substrate by the nematic phase at gct, it was measurable to temperatures deep in the isotropic
temperature where the isotropic phase is stable in the bulkhase(T-Ty,~ 20 K). This early study proved the validity
[1,2]. On approaching the nematic-isotrodl) transition  of the 2H-NMR technique in surface-induced order studies
temperaturgTy,) from above, the thickness of the ordered 54 showed tha#H-NMR was capable of measurirgy, the
nematic surface layer assumes either a finite or infinite limjnterfacial layer thickness,, and the molecular exchange
iting value, which corresponds to partial or complete orien-gte petween the ordered surface layer and the bulk. The
tational wetting regime. To classify the wetting regime as?_.NMR technique was later used to study liquid crystals
either partial or complete, the adsorption parameker confined to alumina channels of Anopore membranes where
=JsS(9)dzis used, where is the distance from the order- anchoring transitions were observed and radically different
inducing surface an®(z) the scalar orientational order pa- yalues ofS, were measured, depending on the surface align-
rameter 3]. Neglecting biaxiality, the surface-induced order- ment layer3,4,10. The work has recently been extended to
ing in the isotropic phase is well described 8{) and the  smectic liquid crystals where NMR can measure the degree
preferred molecular direction(r) in the surface layer. I'  of smectic-nematic couplingl1] and pretransitional smectic
diverges agy, is approached, orientational wetting is known layering phenomen@l2]. In fact, the NMR technique has
as complete; if" remains finite, it is said to be partial. The been applied to numerous confined liquid-crystal systems,
nature of the wetting regime is strongly correlated to theincluding Wcor glas§13-15, silica aeroge[16], and Mil-
interaction strength between the liquid crystal and the orientlipore filters [17]. Most recently, NMR has been used to
ing solid surface, and therefore depends on the magnitude @robe layer order of mesogenic molecules deposited on the
the surface-induced order parameter in the interfacial layecavity walls of an Anopore membrane surfdd8].
[4]. If the value of the surface order parame$grexceeds a In contrast to intensive efforts devoted to liquid crystals
threshold order paramet8&, then wetting is complete, while confined to cylindrical and random geometrjé$9)], surface
below S wetting is only partial. Within the Landau-de parameters of polymer dispersed liquid crystdRDLC's)
Gennes framework, the threshold value is equal to the bulkave only been scarcely investigated in comparison. Go-
nematic order parameter &g, [1,2]. lemme and co-workers usetH-NMR to study spherical
The pioneering work of Miyano demonstrated that theliquid-crystal droplet§20]. In the pioneering publication on
surface-induced order parameter could be accessed with preMR to study PDLC's, they revealed that the weak first-
transitional birefringence measuremef$. Further experi- order nematic-isotropic transition was replaced by a continu-
mental efforts include second-harmonic generafnfield-  ous evolution of order for sufficiently small droplets, a pre-
induced twist[7], and evanescent-wave ellipsome{].  diction made many years before by Sheng in planar samples
Over a decade ago, it was found by Crawford and co{l] and later by Vilfan and co-workers in spherical droplets
workers that liquid crystals confined to Nuclepore cavities[21]. Studies of PDLC droplets have continued on far more
could be effectively probed with deuterium nuclear magnetichan a decade after the seminal publication of Golemme and
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a) Unstretched b) 400% strain (Aspect ratio ~ 11 + 2)

FIG. 1. SEM photographs of PDLC film&)
before stretching(b) 400% strain. The average
initial diameter of undeformed droplets is
(92+£16 nm. Arrows indicate the major and mi-
nor axes for one of the stretched droplets. The
average axis lengths in the sample with 400%
strain are estimated ag460+80 nm and
(41£7) nm for the major and minor axes, respec-
tively. The corresponding aspect ratimeasured
from more than 100 droplets in several pictyres
is 11+2.

Mag:20000 kV:2 WD:10 101 nm Mag:10000 kV:1 WD:10 504 nm

co-workers. NMR relaxometry was used to extract the valuesinyl alcohol PVA205(molecular weight: 25 000, degree of

of S from the transverse relaxation rafg' [22]. The ability ~ hydrolysis: 88%, Kuraray Co., Ltd. which is a water-

to measures, directly from the?H-NMR quadrupole split-  soluble polymer. A 20 wt % aqueous solution of PVA was
ting frequency in PDLC systems remains a challenge for twamixed with the liquid crystal and then dispersed in water
reasons(1) the droplet directofaverage orientation of sym- [30]. We used an ultrasonic process@PX-400, 400 W,
metry axis of liquid crystal dropletdiffers from droplet to 20 kHz, Cole-Parmer Instrument Gaat 40% output with
droplet with respect to the magnetic field direction d@d 1 /8-in. microtip to emulsify the liquid crystal into the PVA
there tends to be a much larger size distribution in PDLC'S;qyeous solution. The emulsion was then coated on a smooth
compared to the well-defined pores of Nuclepore and A”Oppolyethylene terephthalatéPET) substrate using a Meyer

Oreorr?ethmeb:)atﬂg?ﬁiﬁg.with the continuous increase of com 2" @nd processed under ambient conditions. After the water
puting power, as well as with the development of simulatio evaporated, the polymer film was carefully releagmekled

techniques, strongly confined liquid-crystal systems are bgf_rom the substrate. The film thickness was approximately

coming increasingly accessible to computer simulation stud£16i4) pm and the concentration of liquid crystal in the film

ies. In particular, a lot of effort has been invested into ex- V@S 25 Wt%. The film was stretched to the desired strain
' 20%, 100%, and 400R6 cut into strips 20 mm

ploring nematic ordering inside PDLC droplets, where most 5% ,
of the analyses were based on the computationally simple6 mm, stacked such that the thickness was more than
Lebwohl-Lasher lattice model. Typically, Monte CafidC) 50 um, and carefully inserted into a NMR tube.

simulations were carried out for this model systg2f]. The Figure Xa) shows scanning electron microscof&EM)
resulting numerical output can be expressed in terms of suiimages of a PDLC film before stretching when droplets are
able order parameters or, even more conveniently, directly iapproximately spherical. After stretching, the droplets be-
terms of macroscopic experimental observables such a®me elongated, with their major axes along the stretch di-
2H-NMR spectra. The methodology for calculating dynamicrection, as shown in Fig.(i) [31]. The stretching is accom-
NMR spectra, capable of handling fluctuations of moleculampanied by an alignment of the nematic director parallel to the
long axes and translational diffusion, has been presented amtretch direction within each droplet, which has been proven
tested for spherical PDLC droplef24]. More recent MC  using optical polarization measuremef2§,28,29. The av-
studies of nematic ordering extend to elliptical droplets aserage diameter in Fig. 1 was measured to(®2+16 nm.

well [25,26]. Assuming that the liquid-crystal droplet was incompressible

_In this contribut;tlion Wedrepolrt on I?tlt'PDL'C fgSt?mttha_tand its initial shape spherical, the minor semiaRisafter
gives a reasonable quadrupole splitting in the isotropiG etching is approximated b
phase. After PDLC formation using the emulsification tech- g PP y

nique[27], the PDLC film is subjected to a high degree of Ry~ Rini(1+€)7%2, (1)
uniaxial strain(as much as 400%o create ellipsoidal drop- . . . .
lets whose droplet director and cross sectiorﬁ) are nearlg uny_vhe_re Ryni Is the initial radlus[(4_618) nm] and ¢ is the
form [28]. These highly aligned droplet samples, Current|ystram. Note tha_t even at zero strain the dropletshape_s are not
being developed for light scattering polarizer applicationgPerfectly spherical, but are close to oblate spheroids with
[29], create an ideal system to be studied vikthNMR. We  their minor axes perpendicular to the film plai#¥]. Then,
present an experimental determination of the surface-inducedssuming Poisson ratio to be isotrop82], Eq. (1) is still
order parametef, directly obtained from the quadrupole Vvalid when we defindy; as the initial length of one of the
splitting frequency measured aboWg,. The experimental principal axes. Figure(b) shows the droplets after they have
work is complemented with quadrupole splitting data derivedoeen subjected to 400% strain.
from MC simulations. The stretched PDLC film was stacked in the NMR tube
such that the stretched axis of the film was parallel to the
Il. SAMPLE PREPARATION AND EXPERIMENTAL magnetic field. The NMR experiments were performed on a
METHOD solid-state  spectrometer (AVANCE  300/Ultrashield,
PDLC films used in this study consisted of dispersions 0f300 MHz, 89 mm, Bruker BioSpin GmbHwith a 7.05-T
deuterated 4pentyl-4-cyanobipheny(5CB-ad,) and poly- magnetic field. A modified quadrupolar echo sequence
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(m12)y-7-(m/2), was employed, where=100 ms and the VA
length of thewr/2 pulse was 1Qus. The free-induction decay Y.
(FID) was averaged more than 10 000 times to achieve a ﬂ
reasonable signal-to-noise ratio. The temperature in the X
sample probe was controlled to within +0.1 °C.

IIl. NMR TECHNIQUE L

Deuterium nuclei have been used frequently as a NMR 4 ) ) >
probe in studies of molecular structure and dynamics in lig- Tensile axis
. 2 _ . . .
uid crystals. H NMR .prOV'deS the orientational ordgr_at the FIG. 2. The schematic diagram of the coordinate system of
molecular level via time-averaged quadrupole splitting fre—NMR
. . measurement.
quency from selectively deuterated liquid-crystal molecules.

In the absence of motional averaging, a deuterated molecule o . ,
at positionr within a droplet will yield a spectrum of two the magnetic field is in th& and Y directions(Fig. 2) are
sharp lines separated by equivalent for geometrical reasons. From E2), the quad-

rupole splitting frequency afizg=90° is one-half that of the

Svg 3 2 1 bulk-aligned splitting. The quadrupole splitting frequency in
gS(r) 5¢0 GB(r)_E : 2 the unstretched PDLC when the magnetic field is al@ng
) o axis[Fig. 3(@)] is nearly one-half that of the bullig. 3(c)],
where 65(r) is the angle between the local nematic directoryhich indicates that liquid-crystal molecules align predomi-
and the magnetic field3r) the local order parameter, and nantly perpendicular to th& axis in this composite. More-
ovgl S5 the ratio between the quadrupole splitting frequencyover, Fig. 3b) is similar to a Pake-type powder spectrum
and the order parameter of the bulk nemadigs/ S for 5CB  obtained from a two-dimensional random distribution of
in the nematic phase is 87.5 kHz0]. liquid-crystal molecule$34]. These results indicate that or-

Our work focuses on uniaxially stretched PDLC’s usingdering in droplets is bipolar and that bipolar symmetry axes
5CB-ad,. In our case the magnetic coherence length  are randomly oriented in theY plane. This is in agreement
=B WueK/ Ay is &,~1.1 um [33] for reported values of with the fact that the PDLC film collapses along theaxis
Ax=1.2x107, the anisotropy of the diamagnetic suscepti-
bilityy, K=6x10'2N, the elastic constant, ang,=4mr Svg=52.1 kHz
X 107" N/A?, the permeability of free spacé,, is signifi-
cantly larger than our droplet rad® so that the field has no ovgl2
appreciable aligning effect. Further, the characteristic length < >
of diffusion in a NMR measurement &~ D/ Sv. Here D @
~1019m?/s is the diffusion constant an# a characteristic J k

ov(r) =

frequency in the NMR spectrum. Then, in the nematic phase
one hasév~ dvg=52.1 kHz, yieldingd~44 nm, while in ot
the isotropic phase one obtaingy~500Hz and d (b)

~450 nm. In our casal> R in the isotropic phase, therefore \‘V

we can expect complete diffusional averaging. M,,J

IV. LIQUID-CRYSTAL ALIGNMENT IN THE NEMATIC
PHASE (°)

According to optical polarization measurements, liquid-
crystal molecules confined within stretched PDLC droplets
on average align parallel to the stretch directi@s,28,29.
This alignment was observed via a change in birefringence
of the droplets and was not directly measured. In order to

d
directly investigate the liquid-crystal alignment, we analyzed 9
NMR spectra of stretched PDLC films in nematic phase. Fig-
ure 2 illustrates the coordinate system of the NMR samples.
By orienting the NMR magnetic field parallel ¥ Y, andZz,
we can independently measure the liquid-crystal director dis- X
tribution with respect to these three axes. We measured NMR
spectra in the nematic phase at 298 K. FIG. 3. The NMR spectra of 5CR4, in an unstretched PDLC

Figure 3 shows the NMR spectra of 5GB, in an un-  fim with (a) the magnetic field applied along tfZeaxis and(b) Y

stretched PDLC filmFigs. 3a) and 3b)] and in the bulk axis, and(c) in a bulk sample aligned parallel to the magnetic field.

[Fig. 3(c)], as well as a schematic depiction of liquid-crystal (d) Schematic depiction of droplet organization: bipolar axes not
alignment within droplets. Both NMR measurements wherealigned.

Sv[Hz)
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(d)
)

= P
LX - FIG. 5. The NMR spectra of 5CB4, in (a) 5%, (b) 20%, (c)
100%, and(d) 400% stretched PDLC films. The magnetic field is

Tensile axis applied along the&X axis.

FIG. 4. The NMR spectra of 5CB4, in a 100% stretched
PDLC film: (a) magnetic field along th& axis, (b) magnetic field ~of the polymer matrix that was shown to be of great impor-
along theY axis, (c) magnetic field along thX axis. (d) Schematic  tance in stretched PDLC systefi®65,29. In this section we
depiction of droplet organization: bipolar axes aligned. study stretched PDLC films in the isotropic phase and show
how to detect changes in the local aligning power of the

during the evaporation process, and then the droplet Shaé‘é)nfmmg matrix that determines the degree of surface-
becomes an oblate spheroid with the minor axis perpendicdnduced order. The same approach has already been success-
lar to the film plane[27]. Such a film is schematically rep- fully applied to nematics in cylindrical confinemei0] and
resented in Fig. @)). The reason why the quadrupole line- will be adapted here to the elliptical geometry characterizing
splitting frequency is slightly smaller than the expected bulkour PDLC systems. Note that both versions of the approach
values is attributed to the curvature of the director field in theShare the underlying basic physical phenomena. .
droplet[35]. First consider a one-dimensional case where xtexis
Figure 4 shows the NMR spectra of 100% StretcheOrepr_esents_the normal of a confining Wa_II locateck=a0. In
PDLC film [Figs. 4a), 4(b), and 4c)] and the resulting the |§otrop|c phase the degree _of nematic order decays_ when
liquid-crystal alignmenfFig. 4d)]. When the magnetic field Moving away from the wall. This can .be formally descnbe_d
is directed along th&/ (or Z) axis, the quadrupole splitting by the Landau-de Gennes formalism for the nematic-
frequency approaches one-half of the bulk value, while folSOtropic transition giving a phenomenological expression
the magnetic field along thé axis the splitting is the almost for the free-energy densitly[36,37. In such a casé can be
the same as that of the bulk. Consequently, liquid-crystafXpanded in terms of a single order parameieq and is
molecules in PDLC are mostly aligned along texis. We  expressed as
have also investigated 5%, 20%, 100%, and 400% stretched L
PDLC films and compared them to the aligned bulk sample, f=fo+ f[SX)]+ =[VSX)]?+g[S(X) - SJ?8(x), (3)
as shown in Fig. 5. We found that liquid-crystal molecules 2

are align_ed in all samples, even for the 5% sample. Thesﬁ/heress is the surface-imposed degree of order, wigle
highly aligned systems enable us to extend our NMR study~. g andL >0 are phenomenological constants. Moreo¥gr,

also to the isotropic phase, since the sample can be alignggd the Sindependent part of the free energy density and
such that the director is parallel to the magnetic field provid-fl[s(x)] is given by

ing a maximum splitting.

a . B C
V. SURFACE-INDUCED ORDER IN ISOTROPIC PHASE fl[S(X)] B E(T_ T )SZ(X) - §§(X) " ZS4(X)' (4)

Up to this part we have confirmed molecular alignmentHereT denotes temperatur®, the limit of supercooling, and
inside droplets in the nematic phase. This was essential ta>0, B>0, andC>0 are phenomenological constants. The
obtain reliable information on the effective aligning tendencyfinal term in Eq.(3) is the surface contribution wheggre-
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FIG. 7. The molecular orientational order parameter profile in
an elliptical cavity at differentz. The dashed line illustrates the
> r surface of the elliptical cavity.

The actual degree of nematic order at the surf&ecan
in principle exhibit a temperature dependence. Calculating
the total free energy in a semi-infinite sample and minimiz-
ing it with respect tdS, gives

_ S
. - _ S= “ : - (8)
FIG. 6. Schematic diagram of the elliptical geometi): cylin- 1+va(T-T)L/2g

drical dinat tem for elliptical t f I- % . .
rical coordinate system for elliptical geometf}p) surface mo &:or 2g>V/a(T——T)L (e.g. close to the nematic-isotropic

ecule alignment with respect to the elliptical surface and the applie - i .
magnetic field. _transmor) S, approachess; and is essentlall*y temperature
independent. On the contrary, igZ\a(T-T )L, one has

flects the magnitude of the liquid-crystal-solid substrate in—[lo]

teraction[3]. The total free energy is obtained by integrating So

Eq. (3) over the volume of the cavity: S= 2T =1 9)

= :f <f0+ f,[S(X)] + E[VS(X)]Z)dV"' lgA(SO— S)2. whereSy,=4gS/\aT L has been introduced. The two limits
v 2 2 will be referred to as the “temperature-independent model”
(5) and the “temperature-dependent model” in this paper.
However, the above equations based on a continuum de-

HereS, is the actual order parameter at the surfaceAtite  scription sometimes do not adequately describe experimental
surface area. results. An improved interfacial surface-layer model has been

Assuming the degree of surface-induced order in the isoproposed and implemented in many syst¢mty. The profile
tropic phase to be low, in Eq4) higher-order terms*(x) of the surface-induced nematic order is modified as

andS*(x) can be neglected. Minimizing the total free energy, o
the order parameter as a functionxagxhibits an exponential S(x) = S 0=x<lo, (10)
decay Se T x>,

S(x) = Se ¢, (6)  wherely is the interfacial thickness of the surface layemar-

) ) ) ) _acterized by a constant degree of nematic grded is ap-
nematic ordering. It is given by

T A. Ellipsoidal droplet
§=60\/ -7 () The shape of stretched PDLC droplets can be represented

) as ellipsoidal, as suggested by the SEM imégig. 1(b)].
where,~0.65 nm[38] and{ diverges afl” [36]. For 5CB,  Figure 6 introduces the coordinate system:zfaais is taken
Tai—T =2B%/9aC~1.1 K. along the long axis of the droplétvhich coincides with the
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bipolar axis of the nematic alignmerandr is the distance Splitting the ellipsoid into slices alongand following the
from thez axis. Here we discuss the case in which the NMRapproach used for cylindrical cavities presented in R,
magnetic field is directed alorgy The droplet center is cho- one can adapt the result given in E#j0) and approximately

sen atz=0. write
|
_1S R =r=R(2)-1(2),
Sr.2) = { S, RIGHVED Rz —1(2) =1 =0, (11)
|
HereR(2)=Ry\1-7?/Z5 is the radius of the slice centered at p=(1+e3? (15

z, with Ry and Z, denoting the length of the ellipsoid axes
(see Fig. 6. Denoting with6(z) the angle between the sur-
face bipolar vector and theaxis, [(z) =1y/cos6f(z) and &(2)

Finally, by combining Egs(7), (9), and(13) we obtain the
two expressions for the average splitting:

=¢/cosd(z) define the thickness of the ordered interfacial 3E(p) Svg &T [ O\F
layer, with <M:ﬁ§ o T * T-T)% |’ (16)

cosh(z) = m. (12) (V) = @%%[L + |o] , (17)

4Ry S L(T-T)?

Equation (16) represents the limit with the temperature-
dependentS,, while Eq. (17) is the limit with the
temperature-independef§ obtained for largey. By fitting
the experimental dat&Sv), we can estimate the parameters
IIO' S, and Sy, that characterize the ordering in the interfacial
éayer. T is a fitting parameter as wefllL0].

(Here p=Z,/R, is the aspect ratio of the ellipgerigure 7
shows S(r,2)/S, as a function ofr/R, at differentz the
ellipse composed of cylindrical slices with diamet&().

The S(r,z) order parameter profile can now be used to
predict the quadrupole splitting fiH-NMR spectra. For tan-
gential anchoring in an ellipsoid with the major axis paralle
to the spectrometer magnetic field, the director will chang
its relative direction to the magnetic field parametrized by
the anglefz(2), as shown in Fig. 6. In the case of strong B. Surface-induced orientational order of stretched PDLC'’s in

anchoring it iség(2)=6(2). Assuming complete diffusional the isotropic phase
averaging, the quadrupole splitting can be obtained as a spa- \\.e  will now check which of the above limits
tial average of Eq(2)—i.e., (temperature-dependent or const&gt is suitable for our
Z (R@ 3 1
f rdrsz{r,z){— cos 0g(2) — —] 100% strain 400% strain
0“0 2 2 303K 303K

(ov(r))y = 228

Z R(2)
S f 0 f rdrdz »———/\/\“
0 0 _/\V\.\

3SE(p) oy = | 305K 305K
=== "2(y+9), (13) g
R S > A N
where s i 1
% 310K 310K
2p°+1  p(2p*°-5) —— z
E(p) = arctariVp®-1). (14 8 M
P2 =1) " (p2- 1) P E .

Above,R(2)> £, has been assumed, which fails in the very 320K
vicinity of droplet poles az=+Z,; however, the correspond-
ing contribution to(Sv(r)) is negligible. Atp=1 where the
sample is unstretched(p=1)=2. As p increasesE(p) in-

320K M

==

. [<— 2kH: 10 kH.
creases monotonically and saturate€gi— «)=. There- z z
fore, at largep, Eq. (13) reduces to(on(r))=3m%dvs(lo  FIG. 8. 2H-NMR spectra for 5CBad, of 100% and 400%
+£)/4R,Ss. Herep can be determined experimentally or is stretched PDLC films in the isotropic phase. The magnetic field is
deduced from Eq(l) as parallel to the tensile axiéX axis).
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FIG. 11. Strain dependence &f.
0.026 | ®
S o o %%Zboo . . . .
0.024 | @Wo%& constant, bug,g increases with temperature. Since this result
indicates that the temperature-dependent model is not valid
0022 for the stretched PDLC, we employed the temperature-
0.020 s , - ; independent model to analyze the surface order parameter in
300 305 310 315 320 325 our particular system.

TIK Figure 10 shows the temperature dependence of the quad-
rupole splitting frequency for 5CRBd, in 5%, 20%, 100%,
FIG. 9. Temperature dependence of the degree of surfaceand 400% stretched PDLC films. The solid line in Fig. 10 is
induced nematic ordefa) §), calculated from Eq(16) and(b) & the best fit result for Eq(17), and values of, andl, calcu-
calculated from Eq(17), with £=0.65 nm,T'=300.9 K, andl, lated from the best fit are shown as wellis obtained from
=1.0 nm, both for 400% strain. Eg. (15 and thenE(p) is calculated from Eq(14). Ry is
estimated from Eq(l) with R,;=46 nm based on our SEM
analysis. Figure 8 shows the NMR spectra of 100% andbservation.&, used is 0.65 nm. The resulting values ®f
400% stretched PDLC films in isotropic phase as a functior=0.007—-0.024 are close to the reported valuesgf0.021
of temperature. The quadrupolar line splitting decreases der 5CB in Anopore membranes with untreated surface, and
the temperature increases in all samples. In terms of straithe value ofly=(0.00—1.61 nm is also close to the reported
the quadrupole line splitting increases as the strain increasegalue ofl;=(1.04—1.93 nm for 5CB in Anopore membranes
From Eq.(15), a 400% stretched sample gives 11, which  with various surface treatmenf40]. Figure 11 shows the
is large enough to puE(p) = 7. Figure 9 shows the tempera- strain dependence @&, S, increases quickly from 0% to
ture dependence @&, calculated from Eq(16), as well as  50% strain and then saturates during stretching. This behav-
S calculated from Eq(17), where&,=0.65 nm,l;=1.0 nm, ior suggests that the alignment of liquid-crystal molecules
and T'=300.9 K (obtained from bulk T\,=302 K), to  within droplets confined in a PVA polymer matrix is influ-
roughly estimate the temperature dependenc&gefindS, enced by polymer chain alignment induced by uniaxial
[10]. According to the assumption, bofj, andS, should be  stretching[29]. According to the optomechanical analysis of

(a)o4 (b) 06
5% 20%
03 05 |
i 8=0.007/ 1;=0.0 A g 04 5,0.014/1,=69 A
= 02 [ =
2 203
Toa f 7 o2
FIG. 10. Temperature depen-
0‘oe,oo 305 310 3;5 3I20 355 330 > 300 sclas s;o 3;5 3%0 alzs 330 dence of the quadrupole splitting
< frequency(év) of 5%, 20%, 100%
T TK and 400% stretched PDLC in iso-
© 10 (d) 40 tropic phase. Solid curves are the
100% 400% best fits for the temperature-
08 | 30 _ independent model given by Eq.
¥ 5=0.018/1=1.3 & s S=0.024/ ;=161 A (7.
=06 | =20
3 2
o4 f 10
02 00 : ‘ : ‘ s
300 305 310 315 320 325 330 300 305 310 315 320 325 330
TK] TK

031702-7



AMIMORI et al. PHYSICAL REVIEW E 71, 031702(2009

TABLE |. Summary of interfacial parameters for 5GRk, con-
fined to elliptical droplets of stretched PDLC films.

1 ———
¢ S lo ™ 5\"3(TN|‘T )L
[%] [—] [nm] [K] [X10°4J3/nP)]

5 0.0070+0.0004 0.00+0.00 301.36+0.25 5.99+1.19
20 0.015+0.001 0.69+0.03 300.71+0.25 8.50+0.83
100 0.018+0.001 0.72+0.08 300.70+0.25 8.54+0.83
400 0.024+0.001 1.61+0.08 301.67+0.25  4.30+1.79

the PDLC film, the elastic region where polymer chains have
not disentangled appears between 0% and 7% strain, the dis-
entanglement region where polymer chains are disentangling
appears from 7% to 35% strain, and the sliding regime where
polymer chains are fully disentangled appears above 35%
strain. NMR results indicate that the polymer chain orienta-
tion does influence liquid-crystal molecules on the polymer
surface.

From the validity condition for the temperature-
independent model one can estimate the two parameters that
characterize the nematic coupling with the polymer sub- 64 1
strate,g and.%'. qu the colup/)llng sﬁre”gt? ?ne Can*derlve FIG. 12. Bipolar droplet with 20% strain &&=1.20: simulated
the_ lower limit—i.e., 9>§Va(T‘T L=z Va(Ty—T)L— director field (@) and nematic order parameter mép (half and
while for the surface-imposed degree of ordgrone has \ypole Xy cross section through the droplet center, respectively
S$=S S lo, T, and the limitingg are summarized in Table cajculated by diagonalizing the MC-time-averaged local ordering
l, assumingTy,=302 K (bulk valug, L=1.7X10"3/m,  matrix Q(i)=2(3(u; ® u))-1) [40].
anda=0.1319x 10° J/n? K [38]. The fact that the fitted” 2

vglu'es vary from sample to §ampl'e' is believed to Iargely(18) promotes parallel alignment, which facilitates the for-
originate in the presence of impurities left over from the

polymerization process. This and other effe@specially mation of the nematic phase. The boundary conditions are

confinemenk result in a suppression of the NI transition in determined by a layer of “ghost” particles whose orientations
. X PP are fixed during the simulation. In our case we choose per-
comparison with a bulk systef27].

fect bipolar boundary conditions—appropriately rescaled for
VI. MONTE CARLO SIMULATIONS strained droplets—in agreement with experimental observa-
i i i ) , tions reported in Sec. IV. Moreover, the bipolar and tensile

In this section we briefly describe Monte Carlo simula- 54e5 are chosen to coincide. The interaction stredgis
tions of paranematic ordering in nematic droplets for agyen equal for nematic-nematic and nematic-ghost interac-

strained PDLC sample, where the deformation of the poly+ions, which implies strong anchoring, as already assumed in
mer matrix is assumed to result in an ellipsoidal dropletge. y/ A

shape. There are several reasons for performing MC simula- gecayse of strong confinement translational diffusion can-
tions in this case(i) they avo!d the simplifying ass_umptlons not be ignored in the simulation of the NMR experimésee
used in the phenomenological part of the stud), they  the estimate in Sec. )l The calculation ofH-NMR spectra
provide direct insight into molecular ordering mechanisms oy the MC simulation output hence follows the procedure
and(iii) they can be used to predict dynamic NMR spectragescribed in Ref[24], which is applicable also in presence
Our simulations are based on the Lebwohl-Lasftr) lat- ¢ significant molecular motion. First, the FID signal is gen-

tice model [39] in which uniaxial nematic molecules or grated in a reference frame rotating with Larmor frequency,
close-packed molecular clusters are represented by unit vegg

tors (“particles” u;. The particles are fixed onto sites of a

cubic lattice whose lattice spacingis estimated as 1 nm _ N [P
<p=5 nm assuming that the molecular clusters contain up Gt)=\ exp i . Qo(t')dt K (19)
to 10?7 nematic molecule$23]. The standardN-particle LL ]
Hamiltonian read$23,39 and is then Fourier transformed to yield the spectigay)
_ =[expi2mort)G(H)dt. In Eq. (190 one has Q(t)
Un=-32 Py(u;- uj), 18  _y 7615 [3(u;-b)?- 1], whereu;=u;(t) stands for the “in-

(i<j) o . . .
stantaneous” orientation of thigh particle,b represents a
where Pz(x)Eﬁ(sz—l), J>0 is a constant, and the sum unit vector along the magnetic field of the NMR spectrom-

runs over nearest-neighbor particles only. The Hamiltoniareter, and: - -); denotes an ensemble average over all particles
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0.6} 5% strain 5% strain

K6v) (arbitrary units)

-1 05 0 05 1 -1 05 0 05 1
ov Sy [ovy v S [ovy

FIG. 14. Strained bipolar droplet$H-NMR spectra;(a) 5%
strain, (b) 400% strain. The quadrupole splitting decreases with
temperature and increases with strain.

FIG. 13. Temperature scans of order parameter profiles plotte o .
through the droplet center along theaxis: (a) 5% strain,(b) 400% %hel 1’;%;&”5;“?,[ in tf?et bulk LtL mostelIOgoi/(l:grs aTN'
strain; temperature rangg=1.12—1.20(curves top to bottom, step f .d f eac _l_bemperafulrle, db 2851(%/(: es
size 0.0). The subsurface degree of ord®rshows no major tem- were pertormed for equilibration, followed by pro-

perature dependence and thus supports the temperature-independdfftion cycles. During the acquisition of the FID signal,
model, Eq.(17). 1024 diffusion steps per NMR cycle were performed. This

gives a root-mean-square molecular displacement pfia2
in the sample. The orientations are obtained on the fy NMR cycle in the nematic phadd0] (and correspondingly
from the MC simulation, reproducing the effect of fluctuat- more in the isotropic which is already comparable to the
ing molecular long axes. In addition, translational diffusionunstrained droplet radiug84p) and thus approaches the fast
is simulated by an isotropic and homogeneous random walliffusion limit. Like in the experiment, the spectrometer

process on the lattick24]. magnetic field was applied along the bipolgensile axis—
The simulation box size was set to XF0X 70 particles, i.e., b parallel toX.
allowing us to study droplets of size p8n diameter. This Figure 12a) shows the director field for the droplet with

already approaches 92 nm, the average droplet size in o@0% strain atZ7=1.20. Bipolar paranematic ordering is well
experiment(see the above estimate fpy. In case of strain pronounced only in the vicinity of the substrate, with mol-
the simulation box dimensions were adjusted according t@cules on average aligned along the droplet symmetry axis,
Eg. (1) to roughly maintain the volume of the dropl&p-  while in the bulk isotropic phase is restored. This surface-
proximately 172 000 particles68x 68X 74, 64x 64x 84, induced ordering is characterized by a nonzero nematic order
50X 50X 138, and 3X 32Xx 342 for 5%, 20%, 100%, and parametefsee Fig. 1¢b)] decaying to zero approximately
400% strain, respectively. For each droplet geometry a sep&xponentially, as assumed in Sec. V, with a characteristic
rate temperature scan was performed, starting from a randotangth ¢~ 4p on moving away from the substrate. This is
configuration a7=kgT/J=1.2 and then simulating a gradual also obvious from Fig. 13 showing nematic order parameter
cooling down to7=1.12 with a step oA7=0.01(recall that  profiles for different temperatures, plotted along one of the

(a) Experiment (b) Simulation
0.05 0.6
FIG. 15. Strained bipolar drop-
— 0.04 — lets: temperature dependence of
Eo.os g 04 P the simulated quadrupolar split-
2 L ting. Top to bottom: 400%, 100%,
& 0.02 2 ) 20%, 5% strain. Experimental
‘};001 a 02 (left) vs sim.u_lated data(right).
} R Bulk NI transition temperature for
0.00 (RS e 0.0 : . . : : 5CB is~302 K.
300 305 310 315 320 325 330 300 305 310 315 320 325 330
TK TK
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short principal axes of the droplet. One can clearly see the
temperature dependence of the characteristic lefgthile
the subsurface value of the order paramég&y exhibits a

rather weak temperature dependence. The latter observation >m0-2
supports the use of the temperature-independent modg), for d
given by Eq.(17). There is, however, no major strain depen- P
dence forS, values since in the simulation the stretching N 0.1
process is only taken to affect the droplet shape, while only I

perfect (i.e., smooth boundary conditions are considered.
Note also that for strongly strained dropléésg., 400% the

length of the short droplet axis is substantially reduced, 0

which leads to a capillary-condensation-like effect: due to 02 04 06 08 1

the proximity of the opposing walls, nematic order is re- ’ ) s ’ )

stored throughout the droplet even at temperatures several s

degrees above the bulk (Fig. 13. FIG. 16. Strained bipolar droplets: surface roughness depen-

. Examples of the simulateth-NMR spectra are showr_l in dence of the simulated quadrupolar splitting. Top to bottom: 400%,
Fig. 14. Note that all spectra are double peaked, with NA 0%, 20%, 5% strain, and no strafor comparison only. On the

additional structure, which indicates that they are indeedpcissa the degree of surface-imposed o&és plotted.7=1.16
highly diffusion averaged. The temperature dependences @f 315 k) in all cases.

the quadrupolar splitting for all dropletestimated from the

peak-to-peak distance for each spectrame summarized in reduces the quadrupole splitting, as can be easily concluded
Fig. 15. One can readily observe that the splitting decreas q P pating, Y

with increasing temperature and that it increases with straiﬁ?om Fig. 16. Extrapolgt|ngSS—>0 tov_vards expe'nmentally
. . .relevant values and using the experimental splitting data on
which are both seen also experimentally. The former effect is

I 0, 0 = ~ i -
mainly because of the decrease é#ti.e., the thickness of stretching from 5% to 400% af=1.16(~312 K), the simu

the paranematically ordered subsurface layer—while the Ia{ﬁtlr(i)rg pr::edllcts datn '?rcrr?]af’ﬁ %tby r? Il‘?cw:hc’f:f? ) theﬂ;ex; |
ter is due to a more pronounced orientation of nematic molpfae aef:ctsoo 3332 Notee tﬁ ? i tieo Ioe ";] 'e tﬁeey
ecules along the tensile axiand the spectrometer magnetic g r o atl v, rang

field), as well as due to an increase of the droplet surfac@ccuracy of curves plotted in Fig. 16 is limited as the mag-

area upon stretching the polymer matrix. Note, however, tha]?;:%ieo?fgﬂfgszg::gg splitting already approaches the reso-

all simulated values of the quadrupole splitting are notice-
ably higher than the experimental ones. This is a conse-
quence of the rather strong coupling between nematic and VIl. CONCLUSION

ghost particles chosen in the simulation, resulting in an over- |, this paper, we have studied the alignment of 5&B-
estimate of the degree of paranematic order, includn®n iy stretched PDLC’s usingH-NMR. We have directly ob-
the other hand, examining the increase of the quadrupolgeryeq liquid-crystal alignment along the tensile axis in the
splitting upon stretching at a given temperature, one observessmatic phase. Moreover, we have investigated paranematic
that at all temperatures the relative increase obtained expetyrface-induced ordering and analyzed it using Landau—de
mentally is significantly larger than the corresponding MC-Gennes theory. The elliptical model we propose is shown to
simulated value. Recall again that the simulations presentege|| describe the surface ordering of liquid-crystal molecules
so far were performed with perfectly smooth bipolar bound-cqnfined to elliptical cavities. The measured surface value of
ary conditions at the droplet surface, while the actual appeagne order parameter turns out to be largely temperature inde-
ance of the polymer substrate is far from smooth. Imperfecpendent and is seen to increase with increasing strain. The
tions of the polymer surface lead to a decrease of theyier observation is in agreement with the results obtained
subsurface degree of orderlﬁ_g[40], which in a regl systeM from optomechanical measuremerf@9]: on stretching,
seems to be the case especially for weakly strained droplefsy\ymer chains of the PDLC matrix disentagle and thereby
trapped within a fairly disordered polymer. Then, with in- ,qgify surface anchoring conditions for liquid-crystal mol-
creasing strain, polymer chains disentangle, which is accomscyles. Our experimental results are well correlated with

panied by an increase & (Fig. 11). In the simulated model qajitative trends obtained from Monte Carlo simulations of
systems we have shown, the increase of the quadrUpm%Taranematic ordering in elliptical droplets.

splitting with stretching can be attributed solely to the

change of droplet shape. In a real system this effect seems to ACKNOWLEDGMENTS

be enhanced by the disentanglement process in the polymer
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