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Structural transitions in holographic polymer-dispersed liquid crystals
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Dynamic light scattering was used to analyze the structural and dynamic properties of nematic director field
within liquid crystal domains formed in holographic polymer-dispersed liquid crystal transmission gratings.
Samples prepared from two different types of prepolymer mixture: one curable with \(gilSgand another
curable with UV light were investigated. In both formulations a critical slowing down of thermal director
fluctuations, signifying the second-order structural transition of the nematic director field was observed in the
vicinity of some critical external electric field as well as close to some critical temperature. For VIS samples
also the size and the shape of phase separated droplets and viscoelastic and surface anchoring parameters of the
liquid crystalline(LC) material forming the droplets were deduced. The viscoelastic constants were found to
significantly deviate from the viscoelastic parameters of the pure LC mixture.
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I. INTRODUCTION well as for various kinds of reflective display devidd$).

The transformation of data storage, processing, and com-_nvestigations by scanning electron microscoBEM)
munication systems from purely electronic devices to hybrig?oW that, depending on the composition of the mixiure,
and photonic units is key to the future development of infor-Kinetics of the phase separation process, and the periodicity
mation technology. An important part of these efforts is re-Cf the optical pattern, H-PDLCs exhibit a wide range of mor-
search on new optical materials for holographic optical elePhologies: from a well defined stack of alternating planes of
ments. Photopolymers are presently the subject of extensie® l;|cdhdredg!ons(|nlthe form O.f LC dropéelt)s ?r LC cr}annels
investigations for potential use in holographic recording, asen: edde ",: a p?hymercjmatylx_epar%te_ ty ayers? glpure
they possess a broad diversity of physical and optical proppo ymer up to a three-dimensiongD) in erconnected po-
erties and ability to record precise microscopic pattéiis rous network that hardly reveals any noticeable spatial peri-

e ; ) . - odicity [16—24. These morphological details strongly affect
L]'cqg.'dl cri/gtals(ld_C) \;\.”thl their e?remely Iarg?hamst?‘trop;:es d'[he diffractive properties as well as the switching character-
of dielectric and optical properties are, on the other NanGigyios of the H-PDLC elements; therefore, a correlation be-

well known electro-optic materials conventionally used foryyeen the structural morphology and optical response of the
information display devicef2]. A combination of these two system is an important problem that needs to be solved in

attractive features, i.e., liquid crystallinity and photopolymer-grder to optimize the medium for a specific application.
izability, in various composite media opens up a versatile pye to the high birefringence of the LC domains the dif-
approach in generating holographic structures for advancegiaction efficiency of H-PDLCs strongly depends on the po-
photonic devices. larization state of the incident light and is usually much
During the last decade holographic gratings formed fromiarger for polarization perpendicular to the LC rich planes
mixtures of photosensitive substances and liquid crystallingp polarizatior) than for polarization along the LC rich
compounds in various ratios were investigated for a numbeplanes(s polarizatiorn) (see Fig. 1[21,25-29. For structures
of applicationg3,4]. These media, commonly referred to aswith a droplet morphology this property is presumably re-
holographic polymer-dispersed liquid crystalsl-PDLC), lated to the elongated shape of the LC droplets, which in
utilize the photopolymerization induced phase separation itombination with appropriate surface anchoring leads to the
which liquid crystalline material predominantly congregatesnematic director field with preferred direction perpendicular
in dark regions of the optical interference pattgsr6]. As a  to the holographic plang$,30,31. For structures exhibiting
result holographic gratings with extremely high-refractive-nondroplet morphologies, the alignment of LC is attributed
index contrast are formed. In addition, the diffraction effi- to a scaffolding effect of the polymer netwojR1]. Applica-
ciency of these gratings is electrically switchable; the applition of an external electric field and/or modifications of the
cation of an electric field results in reorientation of the sample temperature usually cause large variations of the dif-
nematic director field within the LC domains and conse-fraction efficiency. In many cases with increasing field am-
quently the refractive-index mismatch between the LC replitude or temperature the diffraction efficiency fepolar-
gions and the polymer network is modifi¢d]. These fea- ization becomes larger than fprpolarization[27,33. This
tures make H-PDLCs very promising media for potentialfeature indicates the appearance of a structural transition of
applications in devices such as switchable optical resonatotie nematic director field within the LC rich regions.
[8,10], diffraction lenses with switchable foci$1,12, op- To verify the presence of the structural transition and gain
tical interconnect$13], and image capture elemerjiis}], as  more insight into the related molecular reorientation pro-
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to be considerably different from those of a pure LC mixture.
Although these data, together with surface anchoring energy
coefficients, are a prerequisite to properly explain the dy-
namic response of the gratings, their dependence on the grat-
ing formation procedure has been largely ignored.

IIl. EXPERIMENT

Different mixtures of commercially available constituents
were used to form the transmission gratings. We denote the
ones reported in this paper as Msible), UV-A, and UV-B
(Table l). There are many variations of these mixtures which
can be found in the literaturgs,5,7,16-18,23,24 The VIS

FIG. 1. Schematic drawing of the H-PDLC transmission grat-mixtures were cured by visiblex=532 nm and the UV

ings of thicknesd. and grating spacind. Droplet planes are per-
pendicular to the grating wave vectilr,;, while average nematic
director field within the droplets is parallel ty. The directions of
s andp polarizations of incident optical beam are also denoted.

cesses we performed a dynamic light scatte(IDbS) study

mixtures by UV laser irradiatiof\ =351 nm A drop of the
prepolymer mixture was placed between two indium tin ox-
ide (ITO)-coated glass substrates separated hynb glass
spacers to set the thicknelsgFig. 1). The glass plates have
an antireflection coated surface, and the ITO is treated with a
layer of index matching coating to avoid spurious reflections

of the thermal director fluctuations in various kinds of during exposure. Photopolymerization was activated by ex-
H-PDLC transmission gratings as a function of the temperaposing the sample to two interfering laser beams which in-
ture and applied voltage. The main goal of this work was totersected symmetrically with respect to the sample normal,
observe a softening of the normal mode of fluctuations assco that the resulting grating had the grating wave vektpr
ciated with the transition. However, as the relaxation time ofparallel to the sample surfacgBig. 1). The pitch of the
this mode essentially determines the switching characterigrating A was 0.78um for VIS and 1um for UV samples.
tics of the gratings, its behavior is important also for poten-The recording lasted for 30 s with a light intensity of
tial applications. In addition to this, DLS measurements pro~=150 mW (in each beamfor VIS and 22 mW for UV
vide the values of viscoelastic coefficients of the LC materialsamples. After recording all the gratings were postcured for
phase separated from the polymer network, which are foun@ min under a broadband UV lamp to stabilize any unreacted

TABLE |. Compositions of the prepolymer emulsions used to prepare our samples.

Label Constituents

32.4% BL038 nematic LE
22.5% aliphatic urethane acrylate oligomer 4866
22.5%aliphatic urethane acrylate oligomer 8301
12.6% photoinitiator Rose Bengal, coinitiator

N-Phenylglycine and chain terminatbVinyl
pyrrolidinoné

10% surfactant S-271 POE sorbitan monoolate
55% TL203 nematic L&

33.5% PN393 mixture of acrylated monomers and
oligomers with photoinitiatdr

11.5% 1,1,1,3,3,3-Hexafluoroisopropyl acrylate
(HFIPAY

50% TL205 nematic L&
24% 2-ethylhexyl acrylat¢EHA)®
4.5% aliphatic urethane acrylate oligomer 8301
1.5% trimethylolpropanetriacrylat@ MPTA)®

20% 1,1,1,3,3,3-Hexafluoroisopropyl acrylate
(HFIPA)®

VIS

UV-A

uv-B

*EM industries.
bEbecryI(Radcure.
“Sigma-Aldrich.
dChem Service.
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functional groups from further photoreactions. The tempera-

ture of the samples was regulated by using an INSTEC mi- kG, 3. First-order autocorrelation functions of scattered light
croscope hot stage. The effects of external electric field wergetected in VIS and in UV-A samples at small scattering angles at

monitored by applying a 10 kHz square-wave voltage to th@oom temperature. Solid lines are fits to E4).
ITO electrodes.

DLS measurements were performed using an ALV 500
digital correlator that enables measurements in the range o
108-10° s and a He-Ne lasgP=25 mW,\=632.8 nn) as
a light source. The normalized intensity autocorrelation func
tion g@(t) =(140)14(t))/{It))? of the scattered light was de-
tected. Polarization of the incident laser beam was parallel S(qet) = >, A|e‘“’TI)B‘, (4)
and polarization of the scattered light was perpendicular to [
the scattering plane, i.e., the so-called HV scattering geom-
etry was used33]. For each scattering angle the sample wa
rotated so that the scattering wave veaigmwas parallel to
the glass substrates and was either parallel to the grati
wave vectorK, or perpendicular itFigs. 1 and 2 If we
neglect small corrections due to bhirefringence, in such a
arrangement the magnitude ofs is given by g
;é;::e/;r)]zlrggsgllze)’mvzgirjr);ésir?g;sal wavelength ands the times are typical for glass and gel forming materi3§].

Due to the presence of strong elastic scattering acting as aeggfur?:é'obn ?‘;?;ﬁggz ”dtr?; tzaergr?;'rﬁfha:h?ég;rgg;ﬁ at
local oscillator at all scattering angles, the measuremen:g‘ y 9 P

were performed in the heterodyne detection regime in whic e.ﬁgg ar;gle. IF:’_O|aI’::-ZEltSI(_):CZf ;he_ Irrﬂ'(iz?]tt b?aa[no\;v?r?eser: totbe
the normalized field correlation function of the scatteredb;an:% r(;flsegttle%. ar)la slcatteret'jSIgth:eldiffrac‘:)ti(;n efficier:CSL\jNas
i Ot =(E" * i ) ,

light g(1) =(ES(0)B(1))/ (E5(DEL(D) is related tag™(1) by calculated as a ratio between the intensity of the first-order

tes time averaging andthe scattering volume.

For dynamic response of a purely dissipative type which
is characteristic of thermal director fluctuations of liquid
‘crystalsS(qs,t) can be expressed §34]

hereA, is the amplitude anel the relaxation time of th&h
dynamic mode. The parameteB, (known also as
I_IlléohIrausch—WiIIiams—Watts paramejerwhich is in the
nge of 0<B,<1, characterizes a deviation of the mode
rgrom an exponential decay. Its value decreases by increas-
ing polydispersity of the intrinsic response processes of
the system. Very broad distributions of dynamic response

[33] diffracted beam and the sum of diffracted and transmitted
g?(t)=1+2aReg?(t), (1)  beam intensities.
where a is determined by the ratio between inelastic and
elastic light scattering intensities. In our experimeat&/as lIl. RESULTS AND DISCUSSION
in the range of 1%. The field correlation function is asso- _ ) _ _
ciated with the dynamic structure factor of the material A. General properties of orientational fluctuations
in H-PDLCs
S(qs,t)=i2f f [( Seij(r,0) eij(r ' 1)) drd®r’, Figure 3 shows two typical autocorrelation functions
UdyJy gV(t) measured at room temperature. For all types of the
(2 mixtures two dynamic modes are observed: a fast nearly ex-
o o ponential mode with a relaxation timg in the range of
which is related tay'~(t) as 1035, and a slow remarkably nonexponential mode with
(. t) = 1/ 0 3 in the range of 10— 10s andg; in the interval of 0.2-0.5. In
g7(Gst) = S5 /(a5 0), ) the VIS samples the amplitudes of both modes are nearly
where Jg;; with i,j=V, H is a projection of the fluctuation identical, while in the UV samples, especially in the UV-A

part of the optical dielectric tensor on the polarizations of themixtures, the slow mode is much less pronoun¢szk inset
incoming and the scattered beam, respectively, whilele-  of Fig. 3). In all samples the relative amplitude of the slow

051703-3



DREVENSEK-OLENIK et al. PHYSICAL REVIEW E 69, 051703(2004

14 -
12 4 9, L Kg
10 1
N
= o
S 6- o)
Q
T e
2 g VIS
: A LU : : : FIG. 5. Scanning electron microscop§EM) image of the VIS
14 4 sample.
119, 'K,
12 | periodicity (i. e., by the fundamental eigenmode of director
—~ 10 4 orientational fluctuations The behavior of this mode is very
E 1 important for the electro-optic response of the gratings, as its
X 87 §§ relaxation time determines the so-called “off time,” which is
£ 5] - the characteristic time to restore the diffraction efficiency
- §£§_§ _____ * _E_!_Q! _________ after the removal of the external field.
4 [ ] The magnitude ofjs at which 1/ starts to increase by
increasinggs depends on the droplet size and is given by
2 ] Omin~ 7/d, whered is characteristic dimension of confine-
0 : : . qz,rr:in . ment in the direction ofjs. As evident from Fig. 4 fogllK 4
6 . . ; this happens at significantly larger value qf than for
0.0 5.0x10 1.0x10 1.5x10 2.0x10

gs-L Kg, which indicates that the droplets are squeezed in the
q (m'1) direction ofK (Fig. 1). This is in agreement with the struc-
s ture of these samples as revealed from our SEM sty
FIG. 4. Dispersion relation of the fast DLS mode measured in5)'_ AC(_:ordlng to the SEM images the _droplets_ are oblate
VIS sample at room temperature. Solid line is a fit to Et). eII|pSO|d_s of about 258 600x 600 nn¥ in size. In Fig. 4 one
Vertical arrows indicate starting points of the increasing relaxationc@n notice that the values of min and g, min corresponding

rate according to the size of the droplets as deduced from the SENP this size match well the starting points of increasing re-
images. The dashed lines are guide to the eye. laxation rate lff This flndlng IS Important due to the fact

that SEM usually probes morphology of the H-PDLC layer

mode is substantially suppressed by application of an extein contact with glass substrates, which in principle might be
nal electric field. The observed behavior is very similar to thequite different from the bulk morphology probed by DLS.
features found by DLS studies of conventional PDLCs andBesides this, SEM requires fracturing of the sample and re-
other types of confined LC systems. Analogous to these sysnoval of the LC, while DLS is practically nondestructive.
tems we relate the fast mode to intradroplet or intrapore oriQur results show that the surface and the bulk morphologies
entational fluctuations, while the slow mode is attributed toof our VIS H-PDLC gratings are very similar. They also
orientational diffusion of the preferential director orientation demonstrate that DLS is a convenient alternative method to
due to randomness and irregularities of the polymer-LC inprobe the size and the shape of the LC domains in H-PDLCs.
terface[36-39. In view of this model our results show that  |n this respect we should mention that the above reported
in the UV samples the nematic director figldr) has a well  result is, however, more of an exception than the rule. It is
defined preferential configuration, while in the VIS samplesusually observed that the differences in the surface tension
several configurations can be realized with similar probabili-between the glass and the prepolymer syrup give rise to
ties. some preferential surface structure, which is typically con-

Measurements of the dispersion relation of inverse relaxsiderably different from the bulk structure. For our UV-A
ation time 1/(qs) provide information on viscoelastic pa- gratings, for instance, SEM revealed nondroplet structure of
rameters of the LC material within the droplets. For dropletthe contact layer, while DLS showed that relatively small LC
sizes in the range of optical wavelength, which are characdomains of the sizes below 200 nm are present in the bulk.
teristic of most of the H-PDLC samples, they additionally An extensive comparative study of the surface and bulk mor-
provide information on the droplet dimensions. A typical re- phologies for different mixtures will be reported in a separate
sult obtained for VIS samples is shown in Fig. 4. At low paper.
scattering angles relaxation raterlis independent o and To explain the observed value of 4/at g;— 0 one needs
has a value of 5 kHz for both scattering configurations. Ac-to know the orientational fluctuation spectrum in more detail.
cording to Eq.(2) the dynamic structure factor fa;— 0 is  In the literature, calculations of the normal modes of director
predominantly determined by the properties of the opticafluctuations can be found for planar cell#0], for infinitely
dielectric tensor fluctuation with the longest possible spatialong cylindrical pore§41], and for spherical droplets with
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radial director profile[42], while to the best of our knowl- In order to calculate the value @, for our samples
edge no theoretical analysis for spherical droplets with othethe viscoelastic parameters of the liquid crystal mixture
types of equilibrium structures or for ellipsoidal droplets hasBL038 used in the VIS gratings were measured by DLS on
been disclosed. It is, however, reasonable to expect that fatandard 5Q.m thick planarly aligned LC cell§43]. The
oblate ellipsoids the behavior is intermediate between thebtained diffusivities wer&/ 7,=3.0x 1071° m?/s for bend
spherical and the planar geometry and to facilitate the analyand K,/ ,=3.5x 101t m?/s for splay fluctuations, respec-
sis we examine the situation of finite cylindrical cavities.  tively. The twist diffusivityK,/ 7, was not measured, but as it
Due to strongly prevailing diffraction fgo-polarized light  is generally found thaK,/ 7 <K,/ 7s<Ks/ 5, [44] we take
we assume that the nematic director fielg) is in average the average viscoelastic constant d¢/ n~%(K3/ o
pointing along the grating wave vectéty, i.e., along the +K;/7)=1.1x101°m?/s. According to this pure BL038
symmetry axis of the droplets. The corresponding structurgonfined to the cylinders of. =250 nm and R=600 nm
can be described by hybrid boundary conditions, i.e., thghould have the values of 4/ in the range of 0—25 kHz.
anchoring on base planes of the cylindrical cavities is asvery similar result is expected for other kinds of 3D cavity
sumed to be homeotropic, while the anchoring on side wallshapes. Our experimental observation of the relaxation rate
is taken to be planar. The nematic phase is hence confined & 5 kHz, which is in the lower range of possible values,
the region +4/2<z<Ly/2 and 0<p<R (where p signifies that LC material phase separated from the polymer
=Vx?+y?, Lqis the length andR the radius of cylindrical LC  network is either very weakly anchored to the polymer sur-
domaing and has a homogeneous equilibrium structureface and/or mixed with other constituents which affect its
given by n,=(0,0,1). The orientational fluctuations take viscoelastic properties. For the latter case, dissolved parts of

place in thexy plane and can be expressed as polymer chains are particularly important, as their presence
is known to drastically increase the effective viscosity of the
on(r,t) =fup, e,z )e+ fy(p, .z t)e, (5  nematic phasg45-47.

. ) o ) To find out which of the above mentioned effects is most
where ¢ denotes azimuthal angle in cylindrical coordmates.pmmim_:,nt in our samples, the dispersion relation-(d)
For g;—0 the HV f]_car':termg IIS dge to the [)Iuctuatlons of was also analyzed for large valuesaf This is reasonable
dey{r 1) [Eq. (2)] which are related tan(r . t) by only in gs L K4 geometry. Fogs> g,y again only one eigen-
s ) = e f i 6 mode is expected to predominate the DLS response and a
eydl 1) = gafy(p, 0. 2.0), 6 pulkiike parabolic dispersion given by the expression

wheree, denotes optical dielectric anisotropy of the LC me- 1 K
dium. —=—
Neglecting backflow effects and taking the one elastic a7

constant approximation, the normal fluctuation modes arghould be observed. The best fit of experimental data ob-
obtained as solutions of the Helmholz-like equatjdq] tained forgs> 2q,min to Eq.(11) is shown as a solid line in
5 ~ Fig. 4 and results inK/%=(0.3+0.06 X 101°m?/s and
KVZan(r,t) = n(d onlat), @) k,0=(0.9£0.9 x 10’ m™. The diffusivity of a LC material
in the droplets is hence almost four times lower than the
diffusivity of a pure BL083, which is attributed to the
increased viscosity of a LC mediuf@5]. This demon-
strates that to properly explain the dynamic properties of
the H-PDLC gratings, such as switching-on and -off
times, etc., it may not be relevant to take viscoelastic pa-

(2 +K) (11)

whereK stands for elastic constant amdfor effective rota-
tional viscosity of the nematic phase. Consequefytigndf,
have a form of Bessel functions of the first kind in the radial
direction and a form of sinusoidal waves along thexis.
The fundamental eigenmode has the following form:

o0 Fro o €7V035(K o) COLk,2) (8)  rameters of the LC material as used for the mixture, but
Y P one needs to measure the properties of a nematogenic ma-
with the inverse relaxation time given by terial formed in the phase separation process. Since DLS

requires no special sample treatment, it is one of the most
convenient techniques to perform this t488].

The obtained value ok,, can be used to calculate the
extrapolation length.=K/W of the fluctuation modes along
wherek,, and k, are determined by boundary conditions the z axis. For(K/W)= L4 this parameter corresponds to the
[40]. For strong anchoring, i.e., for surface anchoring energylepth from the interface at which the amplitude of normal
coefficient W>K/R and W>K/Lgy, these givek,,=2.4/R  modes drops to zerf43]. For fundamental mode it yields
and k,o=m/L4, While in case of weak anchoring, i.e., for ko=7/(L4q+2\¢) and consequently for our case it follows
W<K/RandW<K/Lg, they yieldk,,=k,=0. From this it \,=65+35 nm. Taking the values of elastic constants for
follows that for any value oWV the relaxation rate of the BL083 K3=27.7 pN,K;=13.7 pN as specified by the pro-

1 K
=== (K + K, 9
0 7

fundamental mode Ir is below ducer(EM Industrieg and K ~ 3(K3+K1)=13.8 pN we then
obtain W=(2.1+1.7) X 10°* JnT2, which is consistent with
1 :E[(2_.4)2+(1>2} (10) surface anchoring energy measurements in other H-PDLC
Tomax WL\ R Ly/ | systems photopolymerized with VIS irradiati¢?2].
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FIG. 6. Diffraction efficiencies and relaxation rate of the fast FIG. 7. Diffraction efficiencies and relaxation time of the fast
DLS mode as functions of amplitude of external electric field mea-PLS mode as functions of amplitude of external electric field mea-
sured in VIS grating at room temperature. Solid line is a fit toSured in UV-B grating at room temperature. Solid line in the inset is
parabolic dispersion for small field amplitudes. The dashed lines ar8 it to linear dependence. The dashed lines are a guide for the eye.

a guide for the eye. acteristic for randomly oriented droplet directors is apparent

[37].

The analysis described above is possible only if the LC  Figure 7 shows the analogous results achieved for a UV-B
domain sizes are of the order of optical wavelength or largergrating. This material showed the most pronounced slowing
For droplet sizes below optical wavelength, as usually foundlown of relaxation dynamics in the vicinity of some critical
in reflection gratings, the dispersion as given by Bd) is  field E.. To demonstrate the effect more clearly we plot the
no longer observed. For that reason the valuekKiof and DLS data in the form ofr(Ey) rather than 1#4(Ey). The
K/W cannot be determined separately, but only their ratiovalues ofr; were obtained in thgs L K4 scattering geometry
can be found48§]. at 6;=60° and again fundamental mode prevailed. Beljw
a nonmonotonous behavior ofi(E,) takes place, while
aboveE, the relaxation time decreases with increadiiggin
the graph foryy(Ep), one can notice that just abot there
o o o is an interval in which the diffraction efficiency farpolar-

Application of external electric field in the direction par- jzation is significantly larger than fqu polarization. This is
allel to the grating planek=Egge, breaks the intrinsic axial associated with the region in which the droplet directors are
symmetry of the nematic director field within the droplets. already preferentially lying in thety plane, but are not yet
For our samples, in which(r) is on average orthogonal to fully aligned along the electric field. For that reason the
E, this is expected to cause a slowing down of orientationatefractive-index mismatch fa polarization is larger than for
fluctuations similar to the case of Freedericksz transition irp polarization. At even higher fields the structure is close to
planar nematic cell§49-51. Figure 6 shows the dependen- n(r)=(1,0,0 and the diffraction efficiency for both polar-
cies of 5y and 7; as functions of the amplitude of external izations is about the same. All these observations suggest
electric field for a VIS grating. The DLS data were obtainedthat a Freedericksz-like structural transition fron{r)
in thegs L K scattering geometry &=40° and correspond ~(0,0,1) ton(r)~(1,0,0 takes place aE=E..
to the region in which the scattering due to fundamental Let us again revisit our simple model of cylindrical pores.
mode of director fluctuations is predominant. A significantFor E=Eye, the dynamic equation for the fluctuations be-
deviation of 1/(Ey) from a usual parabolic behavior char- comes

B. Field induced structural transition
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KV26n(r,t) + eoe.E2(edn)e, = (d onlat),  (12) :
049 L @®& ---@--- p-polar.
and accordingly the relaxation rate of fundamental director 2 | ’ .\’ O~ s-pol
. L. . poiar.
fluctuations[Eq. (8)] parallel to thee, axis is given by S \
: 2] *
- E(kﬁo +Ko- —808"‘E°) ="CE2-E). (13 2 *
Tox 7 n S 024 P
0 | \
Dielectric interaction destabilizes the equilibrium director g %_0'0_0'_0'0‘000%
cor21figuratiolr/12 no(r):(0,0,_]) and at I.EO:EC:“[K(kiO" = 0.1 \.29000--
+k; o)/ e0eal* the fluctuations alonge, axis are “frozen 1 %
and correspondingly the second-order structural transitior 0.0
takes place. Contrary to this, the relaxation rate of fluctua- ' —— T
tions parallel to thes, axis is not influenced b¥ =Eqe, and 059 ---@--q_llK
. ; ] s 9 VIS
remains the same as in the absence of the fiefg (9)]. ---0---q. LK @
Above the structural transition equilibrium director profile 0.4 S 8 el O’ T
No(r) is no longer orthogonal to the field. This feature modi- i o (SO e
fies its dielectric coupling to the field and as a result for — ¢35 - /8—’ e
Ey> E. the effect of the field is that it stabilizes the structure g i /8;:/ -0
by suppressing the fluctuations. Analogous to @@) in the :1 02 O:Q =07
vicinity of E, the response of the critical mode is expected to “1e
be governed bfE3—EZ. The best fit of DLS data obtained for
Eo>E, to the relation 1#=(E3-E2) is shown as a solid 0.1 7
line in the inset of Fig. 7 and a good agreement is found. ] T T
On the contrary, foEy<E., the experimentally observed 0.0 — ¢ N-l T
dependence of(Ey) is quite different from the behavior 20 30 40 50 60 70
associated with Eqg13). The potential reasons for this are o
numerous. At selected scattering anglesdgf40° and 60° Temperature ("C)

our DLS experiment probes both: the noncriticalle, and - T q q ¢ diffraction efficienci q
the critical fluctuationsn|le, mode, so that the obtained val- G. 8. Temperature dependence of diffraction efficiencies an
relaxation time of the fast DLS mode detected in VIS grating in the

ues of 7 correspond to an average relaxation time deter- X - . )
: : . . absence of external field. Vertical line denotes the nematic to iso-

mined by relative amplitudes of the two modeg). The size tropic phase transition. The dashed lines are a guide for the eye

of the droplets is not uniform, so that the valueEfvaries ' '

from droplet to droplet and a convolution of several critical mental fluctuation modes, which takes place up to some criti-
processes is monitored. The critical phenomena are consgy| temperaturd,. Above T, the relaxation time decreases
quently smoothed. In addition, as shown in our recent papeagth increasing temperature.

[27], for a significant part of the droplets the average droplet The most pronounced crossoveraf with respect tor,,
director is tilted from the(0,0,1) direction, so that they ex- is found in the UV-A gratings, which at room temperature
hibit a noncritical fluctuation dynamics associated togl/ exhibit an extremely low diffraction fos polarization(Fig.

«Ej. These “misaligned” droplets are in our opinion the g). This signifies a strong ordering of droplet directors along
main reason why at low fields; decreases by increasing the (0,0, direction. In these samples the relaxation time of
field and a critical slowing down becomes pronounced onlygirector fluctuationsr; first decreases with increasing tem-
when the scattering from “aligned” droplets start to prevailperature and a characteristic slowing down becomes evident
the DLS response. at 15°C belowT,. Above T, a rapid decrease of is ob-
served, which is nearly linear with increasing temperature.
One can also notice that around room temperature the values
of 7; detected in two orthogonal scattering geomettieig.

By changing the temperature of H-PDLC gratings an in-2) are different by a factor of-1.5. We relate this phenom-
teresting dependence ofy(T) is found, exhibiting notable enon to the anisotropy of viscoelastic parameters of the LC
similarity to the behavior ofy(Ey) shown in Fig. 7. This is medium. Due to stronger ordering of droplet directors in the
illustrated in Fig. 8, which shows the temperature depenUV-A gratings, the anisotropy is much more pronounced
dences ofypy and 7 for a VIS grating. Above some specific than in case of VIS samples.
temperature the diffraction efficiency ferpolarization starts An additional feature found in both VIS and UV samples
to prevail the diffraction efficiency fop polarization. This is that a strongly nonexponential dynamic mode, which is
situation is observed up to the nematic-isotrofhel) phase  observed ingM(t) at room temperatur¢Fig. 3), vanishes
transition at whichns and 7, become nearly the same. The aboveT,.. This means that beloW, several configuration of
corresponding values af obtained atl;=40° show that the nematic director field can be realized with similar probabili-
crossover is associated with the slowing down of the fundaties, while aboveT, there exist a well defined preferential

C. Temperature induced structural transition
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1.0 I
,’—""’\. ---@--- p-polar.
> 08 0"’ i ---O--- s-polar.
c ‘\
2 \
S 0.6 |
@ \
c \
-S 0.4 ¢ /<>\
Q 7 \
S LY \\
5 02- A \<>\
/6 @ - >= == = oy
00 O OO0 -0 * < FIG. 10. Schematic illustration of the temperature induced struc-
04 —L 1" T T tural transition. The dark region in the right image denotes a layer
' - @---q_ll Kg UV-A of the isotropic LC phase formed between the polymer surface and
1 ---0---q. L K a central region of the nematic phase.
03 - %
,93 N effect is illustrated in Fig. 10. The value gfassociated with
— 1 o o) the axis of resulting bipolar configuration is determined by
g 0.2 QpQ%CQ)O ) h) the shape and surface topography of a particular droplet. The
e ® ) reorientation causes an increase of refractive-index mismatch
¥ {1 o P o . ;
w (o) for s polorization and a decrease of refractive-index mis-
0.1 1 o, match for p polarization, so the corresponding diffraction
¢ efficiencies are strongly modified with respect to their values
Tc TN-I at T<T,. A structural transition from homeotropic to quasi-
0.0 — 71 r T T 1 T T — T T

planar anchoring, similar to the one observed in our H-PDLC
20 3 40 50 60 70 8 90  ggmples, was recently reported in connection with field in-
Temperature (°C) duced anchoring breakiné9].
As in the case of electric field induced structural transition
FIG. 9. Temperature dependence of diffraction efficiencies andhe temperature induced structural transition is also associ-
relaxation time of the fast DLS mode detected in UV-A grating in ated with critical slowing down of the director fluctuations.

the absence of external field. Vertical line denotes the nematic tt{owever, as reorientation of the droplet director can occur
isotropic phase transition. The dashed lines are a guide for the eyglong any direction in they plane, bothonlle, and onlle,
configuration. This is possible only if the role of polymer-LC fundamental modes exhibit a critical behavior ofrg.in the

interface in fluctuation dynamics is strongly modifiedTat vicinity of T and _consequently a slowing dpwn detected in.
A strong modification of interface effects can be attributed topl‘lg g)éjperlrgtints |_st'more pronounced than in case of electric
a gradual melting of the nematic phase from the surface ofl’eA in L{ge, ransi |onf. laxati te of fluctuat b
the droplets. The polymer-LC interface formed during pho- rdaplb mg_re_asettqb rte 3)(? '?\2 rate o ucI::yatlc{[rr\]s ob-
topolymerization is usually quite roud3,24,53 and some SErved abovel. IS atlributed 1o two reasons. First, the in-
dangling parts of polymer chains are probably present in th rease takes pllalce due to suppression of fluctuations by.new
LC phase. This results in a larger field necessary to cause oundary conditions. Second,.the siz€ of the central regions
considerable reorientation in the interfacial region, as Ot nematic phase reduces by Increasing temperdhsik so
found in many PDLC systemg54], and results in a local that the wave vectors cha_racterlzmg the fundamental mode
decrease of the N-I transition temperature at the interfac:ea.‘nd the assoc'amd relaxat|o_n rate mcre[s_xee Eqs(10) and
For PDLC droplets of around 1m in diameter such a (13)]. This takes place until the nematic phgse gets com-
surface induced melting was observed by optical microscop ]etely_ melted. afl . and as a result the amplitude of DLS
by Amundson, who found that melting induces structural |gna}l is drastically reduced. The obser\{ed valuesygfare
transition which dramatically affects the electro-optic re_con5|derably lower than the N-| transmqn temper_atures Qf
sponse of the mediurfs5] the pure LC compounds used for the mixture, which again
The reason for reorientation of the droplet director by5|gn|f|es thgt LC medium forming the droplet_s is mixed W'th.
surface melting in our samples is that the polymer surfacé)ther constituents used to prepare the grating and hence its
prefers a homeotropic alignment of the oblate droplets, Whilén"’lte”‘"II parameters are significantly modified.
isotropic-nematic liquid crystal interface is known to prefer a
tilted, nearly planar director anchori§6,57. Consequently IV. CONCLUSIONS
at some critical temperaturé,, at which a more or less '

closed shell of isotropic LC phase is formed between the Our measurements show that DLS is a very powerful tool
droplet surface and the central region of the nematic phaséo study the structural and dynamic properties of H-PDLC
the structural

transition of director field fromm(r) media. It allows one to determine the size and shape of the
~(0,0,9 to n(r)~(cos¢,sin ¢,0) takes placg58]. This  LC droplets and to measure viscoelastic and surface anchor-

051703-8



STRUCTURAL TRANSITIONS IN HOLOGRAPHIC.. PHYSICAL REVIEW E 69, 051703(2004

ing parameters of the LC material phase separated from thdroplet directors brings into play the appearance of second-
polymer matrix. This information is prerequisite in order to order structural transitions. Therefore, it is necessary to take
optimize the electro-optic performance of the gratings. Thento account that due to critical slowing down of dynamic
technique can in principle be usédsitu, during the photo-  processes in the vicinity of structural transitions, the re-
polymerization reaction, which provides a way to control thes_ponse time of H-PDLCs can also be quite long and strongly

phase separation kinetics, structural morphology, and assoGtependent on amplitude of external field and on sample tem-
ated dynamic properties in the course of grating formation. peratyre.

In contrast to PDLC structures, H-PDLC media exhibit a
strong inherent ordering of droplet directors which is related

to strongly elongated shape of the LC domains. This property ACKNOWLEDGMENT
is in general associated with much faster reorientation dy-
namics as compared to spherical droplgid,60. On the We wish to acknowledge with thanks the joint U.S.-

other hand, as shown by our experiments, the ordering oBlovenia gran{Grant No. NSF INT 0306851
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