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Using deuteron nuclear magnetic resonafid®R) and dynamic light scattering, we study the orientational
order and dynamics of a BLO38-5CB liquid-crystal mixture in a holographic polymer dispersed liquid-crystal
material(HPDLC) as used for switchable diffractive optical elements. At high temperatures, where the liquid
crystal is predominantly in the isotropic phase, the HPDLC deuteron NMR linewidth and transverse spin-
relaxation rateTgl are two orders of magnitude larger than in the bulk. The analysis shows that the surface-
induced order parameter in HPDLC is significantly larger than in similar confining systems and that transla-
tional diffusion of molecules in the surface layer is at least two orders of magnitude slower than in the rest of
the cavity. The unusual temperature dependenc@z’df upon cooling suggests the possibility of a partial
separation of the 5CB component in the liquid-crystal mixture. The onset of the nematic phase in HPDLC
occurs at considerably lower temperature than in the bulk and takes place gradually due to different sizes and
different content of non-liquid-crystalline ingredients in droplets. Parts of the droplets are found isotropic even
at room temperature and the structure of the nematic director field in the droplets is only slightly anisotropic.
We point out the capability of NMR to detect the actual state of liquid-crystalline order in HPDLCs and to
contribute in this way to the improvement of the switching efficiency of diffraction gratings.
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I. INTRODUCTION mination first a locally isotropic grating forms but converts
later to an anisotropic grating. The final optical anisotropy of
Holographic polymer dispersed liquid crystédPDLCy  the liquid-crystal-rich layers has been demonstrated by the
are an important stratified optical material consisting of pe-dependence of the diffraction efficiency on the polarization
riodic liquid-crystal-rich layers separated by pure polymerof the incident light beani9,10]. Very little is known, how-
layers[1-4]. The liquid-crystal-rich layers exhibit either a ever, on the actual orientational ordering of the liquid crystal
discrete or bicontinuous droplet morphology. Owing to thein droplets or voids. A deuteron nuclear magnetic resonance
periodically modulated refractive index generated by the lay{NMR) study of pentyl-cyanobiphenybCB) in an HPDLC
ered structure, the HPDLC film behaves as a transmissive anaterial indicated that the orientation of the liquid-crystal
reflective spatial diffraction grating in the zero-voltage statemolecules at the inner polymer surfaces is homeotropic, re-
Its advantage compared to static holograms is the ability tsulting in a radial-like configuration with a line segment de-
modify the diffraction efficiency by applying the electric fect along the major axis of the ellipsoidal vditll]. It was
field across the film. As the liquid-crystal molecules reorientalso conjectured that the orientational order is reduced
in the direction of the electric field, the ordinary refractive throughout the pore volume as the splitting of the NMR
index of the liquid crystal matches that of the surroundingspectrum was found to be about one order of magnitude
polymer, and a transparent state with practically zero diffracsmaller than in the bulk liquid crystal.
tion efficiency is obtained. Currently, multiple reflection In the present study we decided to investigate, using
gratings in a single film are being develogéd, and photo- NMR and dynamic light scattering, an HPDLC material of
nic applications of HPDLC materials, particularly switchable composition as close as possible to that prepared for the
optical waveguide devices, are under wWay. switchable diffractive optical elements. The purpose of the
In the production of HPDLC films, a homogeneous study is to obtain information on the actual state of liquid-
prepolymer/liquid-crystal/photosensitive-dye mixture is illu- crystalline order in a standard HPDLC material. The knowl-
minated by two coherent laser beams forming an interferencedge of this parameter, which affects the switching efficiency
fringe pattern within the sample. In bright fringes the poly-and contrast, may contribute to the improvement of such
merization takes place more rapidly than in the dark regionsnaterials. Instead of the pure liquid crystal, used in the pre-
Consequently, the polymer molecules concentrate in th&ious NMR study[11], we report here on the HPDLC con-
bright regions whereas the liquid-crystal molecules presumtaining the commercial liquid crystal BLO38, which is fre-
ably diffuse into dark regions, where they separate from the&juently chosen for optical applications because of its large
polymer in the form of nanodroplets or small interconnectedbirefringence, and selectively deuterated 5CB. In the follow-
pores[7]. The creation of holographic gratings under uni-ing, the term LC mixture will denote the
form illumination but with a polarization-state modulation BL038(70%)-5CB(30%) mixture, which was used as the
was reported as an alternative way for their producfi®h  liquid-crystal material in our study. This mixture contains a
Investigating the process of formation of a spatial gratingsufficient amount of deuteron nuclei, which are—owing to
Sutherlandet al. [9] found that during the holographic illu- the interaction of their quadrupole moment with the electric
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a) Bulk LC As shown in Fig. 1d), the HPDLC deuteron spectrum at
A A about 290 K exhibits clearly a strong central line, whereas

the spectra of bulk, ordinary PDLC material and CPG have
the shape characteristic for the nematic phase. To understand
b) PDLC the origin of such unusual behavior in HPDLC, simultaneous
measurements of the NMR spectra and of the spin relaxation
of deuterons were performed. It should be noted, however,
that using deuteron NMR we could observe only the behav-
c) LC . . .
in CPG ior of one component in the LC mixture. Therefore a dy-

namic light scattering experiment was carried out with the
same sample to provide an insight into the LC mixture as a
d) HPDLC whole.

In Sec. Il, the preparation of the sample and experimental
methods used in the present study are briefly described. In
Sec. lll, experimental results obtained by NMR and dynamic

Intensity (arb. units)

60 ' _‘{0 ' _zro i 70 - 2'0 ' 4'0 ' 60 light scattering are presented; the analysis is focused on the
vy, (kHz) surface-induced order and molecular dynamics in the isotro-

pic phase and on the transition into the nematic state. A plau-
the bulk samplea), in the ordinary PDLC materiab), in porous sible scenario of the development of nematic order upon

. cooling is proposed and its possible impact on the opera-
lass CPQc), and in the HPDLQd) at roughly the same tempera- . i~ A ) . . .
?ure ~29§( & ad gny P tional capability of HPDLC in switchable gratings is consid-

ered.

FIG. 1. Deuteron NMR spectra of the BL038-5CB mixture in

field gradient of surrounding electrons—a more suitable
NMR probe of molecular orientational order than protons. Il. EXPERIMENT

The deuteron NMR spectrum of a nematic liquid crystal
in bulk consists of two well resolved ling&ig. 1(a)], sepa- The HPDLC sample under study was prepared in the form
rated by[12,13 of 50-um-thick films from the homogeneous mixture of lig-
uid crystal BLO38(EM Industries, 22.7 wt% deuterated
liquid crystal 5CB(9.7%), monomeric urethane resifNo.
8301 and No. 4866 UCB Radcure, total 4p%oinitiator
N-Phenylglycine(Sigma Aldrich, 1.3%, photoinitiator Rose
wheree’qQ/h is the quadrupole coupling constant averagedBengal (Sigma Aldrich, 0.3% chain-terminatorN-Vinyl-
by molecular conformational changes and fast reorientationByrrolidinone (Sigma Aldrich, 11%, and surfactant S271
around the long axisfz denotes the angle between the nem-(Chem. Service, 10%5CB was selectively deuterated in the
atic director and the external magnetic field, a@dds the first position of the alkyl chain. The details of the preparation
orientational order parameter. Small effects of director fluccan be found elsewhergl7]. We deliberately chose this
tuations and molecular biaxiality have been neglected. At theomplex system since its composition is close to that of
nematic-isotropic transition temperatdrg, , the two lines of HPDLCs considered for application in display and telecom-
the spectrum discontinuously merge into one single line asunication devices. The reason for using the BL038-5CB
the fast isotropic molecular reorientations completely avermixture in our sample is twofold. First, pure 5CB alone,
age out the quadrupole interaction of deuterons. which is the deuterated component required for NMR mea-

The spectra of microconfined liquid crystals differ signifi- surements, will not phase separate from the polymer used in
cantly from those of the bulkl4]. Here, the director field is the regular HPDLC devices. Second, BL038 is a material
not spatially uniform but configures itself to the restrictionsvery suitable for optical applications since it has a large bi-
imposed by the inner solid boundaries. Each director fieldefringence An=0.28 at wavelength 589 nmThe prepoly-
configuration is characterized by a specific spectral patterrmer emulsion was cured by two coherent Ar-laser beams
For an isotropic distribution of director orientations found, (514 nm wavelength The final morphology of the HPDLC
for example, in spherical droplets of a PDLC material, thefilm is visualized in the scanning electron micrografStEM)
NMR spectrum is a powder pattern with two peaks at half of(Fig. 2). The dark areas are voids left in the polymer after the
the bulk splitting and two outer shouldef5], though its  liquid crystal has been removed by a solvent for the SEM
shape might be slightly “blurred” by the translational difu- photography. It is seen that the dark liquid-crystal-rich re-
sion of molecule$Fig. 1(b)]. The BL038-5CB mixture con- gions consist of a dense network of LC droplets with sizes
fined into ~70-nm-wide pores of irregular shape within the ranging roughly from 50 nm to 300 nm. The layers with dark
controlled-size porous glag€PG yields a powder pattern patches are clearly separated by the bright pure-polymer lay-
as well [16]. The two superimposed outer peaks originateers with the average periodicity of the grating being 8.
from the remains of the bulk material in the samplég. Using such an HPDLC sample in the form of a
1(c)]. However, much to our surprise, we found that the deu50-um-thick film, the dynamic light scattering measure-
teron spectra of the same LC mixture in the HPDLC materiaments were performed by the standard photon correlation
do not show a clear structure down to very low temperaturesspectroscopy setup with a He:Ne laser source. The intensity
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F_IG. 2. Sc_annlng electron m!crograpiISEM) of the_HPDL(_Z 250 200 380 400
grating used in the NMR experiment. Black areas in the figure TG

represent enclosures containing liquid crystahich was removed . .
before making the micrographOne can clearly discern liquid- FIG. 3. Full width at half maximum{FWHM) (open symbols

crystal-rich layers from the bright pure polymer layers in the and splitting(solid symbol$ of the deuteron NMR spectra for the
HPDLC grating. BL038-5CB mixture in the bulkcircles, confined into the ordinary

PDLC material(squares and into the porous glass CPG with pore
autocorrelation functio® of the scattered light was mea- diameter~70 nm (triangles.
sured by an ALV-5000 correlator and its characteristic decay
time was determined as a function of temperature. For thsingle line of Lorentzian shape, characteristic of the isotropic
NMR measurements, 20 identically prepared HPDLC filmsphase, is observed as expected. However, its FWHM is at
were stacked on top of each other to attain a sample giving keast ten times larger than in the bukig. 4). Moreover, the
sufficiently large signal-to-noise ratio in the NMR experi- FWHM considerably exceeds not only the bulk linewidth but
ment. The stack was carefully controlled to maintain the plaalso those of the same LC mixture in the ordinary PDLC
nar alignment of the films when sealed in a thin-walled NMRwith a uniform dispersion of droplets and in the porous glass
tube. The spectra and the transverse spin-relaxationTyne (Fig. 3). On cooling, the linewidth increases, but the ex-
were measured using the quadrupolar echo pulse sequengected line splitting or an abrupt broadening at the bulk
improved by an eight-step-phase-cycling schefi8,19.  isotropic-nematic transition temperature does not occur. The
The spin-lattice-relaxation tim&, was determined by the HPDLC deuteron spectruiifrig. 5 consists of a single cen-
standard inversion-recovery technique. In order to achieve tal line and does not show any resolved structure over a
reasonably good signal-to-noise ratie 1000 accumulations broad temperature interval of about 50 K beldy;, apart
were typically acquired. All data were obtained on coolingfrom a weak(less than a few percent of total intengibroad
the sample from 383 K to 270 K in the magnetic field of background, detectable below330 K, and possibly origi-
the NMR spectrometer operating at the deuteron Larmor frenating from domains with nematic order. The FWHM of the
guency of 58.3 MHz. The observed relaxation of magnetizaprevailing narrow part passes the bdll, without any no-
tion was monoexponential over at least 1 decade and thiéiceable change, levels off, and shows then even a slight
experimental error of the measured linewidths and relaxatiodecreaséFig. 4). At T,~317 K a broadening of the central

First, the deuteron NMR spectra of the bulk BLO38-5CB
mixture were recorded in a broad temperature range between
383 Kand 270 K. They exhibit the same characteristic tem-
perature dependence as those of any other nematic liquid
crystal[13]. In the isotropic phase, the spectrum consists of .

times was less than 5%. line starts again. Simultaneously, the broad background is
lll. RESULTS AND DISCUSSION S E—— ,
- ! ! -
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one single line, its full width at half maximuntFWHM) 0 - o - =

being less than 100 HeFig. 3). The transition between the —————
isotropic and nematic phases occursTaf=358 K, taking 260 280 300 340 350 3B0 400
place between the transition temperature of pure BLO38 at T{K)

373 Kand that of pure 5CB at 308 K. In a narrow tempera- F|G. 4. Temperature dependence of the total deuteron NMR
ture interval of abou3 K both phases coexist in the sample. jinewidth FWHM; in the HPDLC material(circles and of its
In the nematic phase, the spectrum reflects the onset of othomogeneous part FWHM,, (squares measured by the trans-
entational order as it splits abruptly into a quadrupolar douverse spin relaxation. It is seen that the linewidth results mostly
blet separated by-30 kHz (Fig. 3). The splitting increases from the homogeneous broadening, apart from a small contribution
with decreasing temperature up to 75 kHz at 273 K. of magnetic field inhomogeneity (FWHNLowm, triangles. T,
The same LC mixture in the HPDLC material shows a~317 K denotes the beginning of the onset of the nematic phase in
completely different behavior. At high temperatures, onethe droplets as clearly determined by dynamic light scattering.
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286K FIG. 6. Temperature dependence of the relaxation times of the
autocorrelation functiog® in the dynamic light scattering experi-
ment on the HPDLC film.T,, denotes the temperature at which,
276K upon cooling, the dynamic light scattering appears, Bpdenotes
the beginning of the formation of the nematic phase in the grating’s
—_— — droplets.
-80 -40 0 40 80 -20 20 . - . . .
v-y, (kHz) vy, (kHz) tion, whereas the variation of their shape and position with

time gives rise to the slow incoherent events. The indication

FIG. 5. Deuteron NMR spectra of the BL038-5CB mixture in for the existence of nematically ordered regions has been
the HPDLC material at a few selected temperatures. Each spectrualready obtained by NMR as the weak broad background,
is shown in two frequency intervals, 200 ki@ and 50 kHz(b),  though it becomes clearly visible only at lower temperatures.
respectively. The spectra ib) have been scaled up by a factor of Finally, at T,~317 K the onset of strong elastic light
2.5. scattering on collective orientational fluctuations alone ap-

pears. This scattering is characteristic of the nematic phase

gaining the intensity, eventually developing into a powderand obviously shows that at this temperature the LC mixture
pattern typical of the nematic phase with an isotropic distri-in many droplets in the HPDLC grating has turned into the
bution of directors. The central line is getting weaker until it nematic phase. The measured relaxation time of the slowest
almost disappears below 273 K. It is obvious that the apdirector fluctuations, which is of the order of a few millisec-
pearance of nematic ordering upon cooling is profoundly af-onds, starts here to increase with decreasing temperature and
fected by the confinement of the LC mixture into the so does the NMR linewidth. It should be stressed that the
HPDLC film. overall transition into the nematic phase is not sharp but

Complementary to NMR, we used dynamic light scatter-gradual. With decreasing temperature the amplitude of the
ing measurements to study the phase transition and the onsaitocorrelation function increases indicating that more and
of nematic ordering in the same HPDLC material. The timemore droplets turn into the nematic phase and contribute to
dependence of the autocorrelation function of the scatterethe elastic light scattering. The same fact, though less obvi-
light was measured in the same broad temperature interval asis, is reflected by the growing “wings” and emerging pow-
NMR spectra(Fig. 6). The characteristic decay time of the der pattern in the NMR experiment. The time decay of the
autocorrelation function is determined by the relaxation timeautocorrelation function is a stretched exponential indicating
of collective orientational fluctuations in the nematic phaseslightly different relaxation times and therefore a distribution
One important point observed with the HPDLC sample is than droplet sizes. The stretching exponent is about 0.9 instead
absence of dynamic light scattering aboVWg=332 K, of 1 as would be in the bulk liquid crystal. Different sizes of
which clearly shows that the confined LC mixture is in thedroplets in the grating may be one of the reasons for a
isotropic phaséapart from the surface layeat temperatures gradual evolution of the nematic order in HPDILED].
at which the bulk has already passed into the nematic phase. The observed shift of the isotropic-nematic transition for
This observation is in agreement with the appearance of &40 K towards lower temperatures can be explained by the
single line in the NMR spectrum. presence of non-liquid-crystalline ingredients in the confined

Below ~332 K the dynamic scattering of light is ob- LC mixture, which act as impurities. The candidates are the
served. The time decay of the autocorrelation function in theohotosensitive dye, a small amount of dissolved polymer,
millisecond range results from nematic director fluctuationsand/or remains of the monomer. On the other hand, the sur-
but incoherent dynamic events on the time scale of secondactant that is added to lower the switching voltage of the
are observed as well. Such a scattering might arise frorlPDLC film[21] was found nonsoluble in the LC mixture in
defects exhibiting nematic order, even if less than 1% of thehe absence of other constituents. For this reason it is highly
total LC material is trapped within. In these regions, theimprobable that a fair amount of the surfactant would be
isotropic and nematic phases can coexist in a certain tendissolved in the liquid-crystal droplets. No significant shift in
perature range. The director fluctuations within the nemati¢he transition temperature has been observed in the BL038-
parts account for the fast decay of the autocorrelation func5CB mixture constrained either in the spherical droplets of
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an ordinary PDLC material or in the CPG with comparablerupole interaction by fast local molecular reorientations of
pore sizes~70 nm(Fig. 3). In both cases a sharp transition the spin-bearing molecules. Similarly as in the isotropic
from the isotropic into the nematic phase at nearly the samghase of pure liquid crystals, the valuesTgf* and T, ! in
temperatureTy, as in the bulk takes place. On the otheryhe pylk LC mixture high abover,, are almost equal
hand, the commercial liquid-crystal mixture BLO38 without ~30 s!at383 K). Within the simple theory of Woessner
added 5CB experiences in the HPDLC material an equall : € simp Y .

nd co-workers for the relaxation induced by isotropic rota-

strong reduction of the isotropic-nematic transition tempera:, o
ture[10]. These observations lead to the conclusion that thdon of elongated molecule29,30, the correlation time as-
gradual formation of the nematic phase results, to a minogociated with the reorientations of the long molecular axes is

extent, from the spread in droplet sizes and mainly from gvaluated to be-4Xx 107 s at~383 K. A more elabo-
different amount of non-liquid-crystalline ingredients in dif- rated theory that includes conformational changes of the

ferent droplets. alkyl chains was developed and applied to 5CB by Dong and
co-worker[31,32. Upon confinement into the HPDLC ma-
B. NMR linewidth in the high-temperature phase terial, the spin-lattice-relaxation rate increases only by a fac-

NMR data and dynamic light scattering show that the Lctor of ~2, whereas the transverse spin-relaxation rate expe-
mixture in the HPDLC grating is mainly in the isotropic fiences a dramatic growth resulting ¥, * about hundred
phase above 317 K. But even in the isotropic phase, a tinjimes larger than in the bulk.
surface layer located at the LC-polymer interface is expected In order to understand such behavior one should be aware
to possess a weak orientational order far above the transitioihat the relaxation efficiency of a specific dynamic process
temperatur¢22—-25. Though the fluctuations of the surface- depends on its intensity and frequency distribution. The spin-
induced order in the high-temperature phase are too weak {gttice relaxation is determined by the spectral densities of
be observed by dynamic light scattering, the orientationathe correlation functions, related to the deuteron quadrupolar
order at the surface is clearly demonstrated by the broadeferaction, at Larmor and double Larmor circular frequen-
ing of the deuteron NMR line. The surface-induced ordergies. |t js therefore sensitive particularly to motions with fre-
parameter, inherent to the surface layer, is expected to be the o cies in the high megahertz and low gigahertz regime
largest at the liquid-crystal—polymer interface and to de|I13,24]_ The transverse spin relaxation, on the other hand,

grease exponentially with increasing distance from the wal contains also the spectral density at zero Larmor frequency.

The characteristic decay length is the nematic correlati0||1:Or this reason a substantial contributionTo! miaht arise
length introduced by de Genng26]. It describes to a good . . H” mig
From slow dynamic processes with frequencies smaller than

approximation the thickness of the ordered surface layer. | : .
there would be no translational diffusion of molecules, thethe Larmor frequency but larger than the static NMR fline-

. . . . . 71 . .
deuteron NMR spectrum would be a powder pattern, resultVidth In practice, this implies thal, - is suitable for de-
ing from the molecules in the surface layer, superimposed offcting not only fast molecular motions but also dynamic
the narrow central line originating from the isotropic region Processes in the kilohertz frequency range.

. . . 71 . .
of the droplet. The presence of translational diffusion, how- A relatively small increase i, * of the LC mixture in
ever, gives rise to a motional narrowing of the spectrumthe HPDLC indicates that individual molecular reorienta-

though the narrowing might not be complé2¥,28. In the  tions have not been significantly affected by the confinement.
case of partial narrowing, the observed broadening of thé\n increase by the factor of 2 in the spin-lattice-relaxation
line is inhomogeneous and is caused by the residual statf@t® means roughly an increase in the correlation time by the
quadrupolar interaction of deuterons in the surface layer. It §@me factor. Such an increase is not surprising taking into
proportional to the orientational order parameSrat the ~account that a small amount of polymer dissolved in the
surface. On the other hand, the broadening of the line mighfguid crystal significantly increases its rotational viscosity
be also dynamic, i.e., induced by the time modulation of thd33,34. It is therefore highly probable that the dissolved
quadrupolar interactiof.6,25. This homogeneous contribu- polymer affects the translational and rotational diffusion of
tion to the linewidth equald, “/, whereT,* is the trans- ~ Molecules in the same way. o _

verse deuteron spin-relaxation rate, and is proportional to the The hugeT, * in the HPDLC material is of a different
square of the surface order parameter. In order to separate tREGIN. It results from the surface-induced order close to the
homogeneous and inhomogeneous contributions to the lin&avity walls. The correlation function of quadrupolar inter-
width, the measurements af, * were performed indepen- 2action related to molecules in the ordered surface layer does

dently. The comparison of the homogeneous and total linenot decay to zero due to fast molecular reorientations alone
widths in Fig. 4 clearly shows that the broadening of thePecause of the finite value of the orientational order param-

central line in the HPDLC film is almost entirely homoge- eter in this layer. The residual quadrupolar interaction is fur-

neous and should be therefore analyzed in terms of the tran§1€r modulated on the kilohertz frequency scale by molecular
verse spin-relaxation time. translational displacements between regions with different

orientational order within the void. The slow time decay of
the residual correlation depends on the rate of molecular ex-
change between the surface layer and the isotropic region,
and on the so-called RMTD procegsorientations mediated

In the isotropic phase of a bulk liquid crysta’lT[1 and by translational displacementsThe latter process is caused
T, ! of deuterons result from the time modulation of quad-by molecular diffusion in a cavity where different surface

C. Effect of confinement onT;* and T, * in the isotropic
phase
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sites impose different orientation to molecules in the surfac&uch pretransitional temperature behavior of the transverse
layer. The director at the surface is assumed to be everspin-relaxation rate was found in 5CB confined into con-
where perpendicular to the local surface direction, as thérolled porous glas$l16]. In some cases the surface order
surfactant, added to the HPDLC mixture, promotes the hoparameter is temperature dependent as [2dl). It increases
meotropic orientation of liquid-crystal molecules. Both re- on approachin@y, and makes the pretransitional increase in
laxation mechanisms, exchange and RMTD, are intercon¢T, *)gurp €ven more significant.

nected,; their relative importance depends on the frequency of The situation is quite different in systems where a consid-
the NMR experiment and on the nature of the systemerable slowing down of molecular translational displace-
[25,35-38. A comprehensive treatment of both contribu- ments at the surface takes place. In this case, the increase in
tions to the spin relaxation can be performed by simulatinghe transverse relaxation rate upon confinement is mainly
numerically the time dependence of the correlation functiongjue to the exchange of molecules from the ordered into the
[35]. In the first approximation, however, the two mecha-disordered region. The slowing down of molecules concerns
nisms may be addressed separately in view of a considerabigsically only the first monomolecular layer at the interface,
difference in their time scales. In the following section theirwhich has a roughly fixed number of molecules. In the case

basic characteristics will be discussed. that the surface order parameter is determined by short-range
surface interactions and therefore is not much affected by the
D. Relaxation mechanisms in the kilohertz range isotropic-nematic transition, the exchange induced relaxation

would be only weakly temperature dependent. Within the
two-phase model, the relaxation rat@g(l)exch is given by
[24,37,38

If the translational diffusion coefficie® of liquid-crystal
molecules is almost uniform throughout the cavity, the
RMTD relaxation mechanism prevails in determining the in-
crease inTz‘1 upon confinement. The time decay of the cor- 9
relation function due to the RMTD process is not monoex- (Ty Yexeri= == m2n(1— 1)
ponential. It cannot be described by a single correlation time, 20
but rather by a discrete set of characteristic times related to . . )
the topologically restricted translational diffusif2s,36. As where n denotes the fraction of molecules in the f|rsf[ mono-
the RMTD process involves only the molecules that are ifnelecular layer at the surface andyc, denotes their ap-
the surface layer at the beginning as well as at the end of thRroximate average lifetime within it. In the ordinary PDLC

observed correlation decay, the resulting relaxation ratghaterial the two relaxation mechanisms, RMTD and ex-

(TEl)RMTD becomes proportional to the square of the rela_change, could be clearly separaf@®]. The exchange con-

tive number of molecules in the ordered surface lafger t|:g|\t;|uTt||§ rt]ai:e?s\/gy/?arfilr(t)geerr {ac_)m the phase transition and the
The complex expression describing this situation in a spheri- NI . . -
The exchange relaxation mechanism loses its efficiency

cal cavity[25] can be to a good approximation—the discrep- on cooling the sample below the isotropic-nematic transi-
ancy being only a few percent—replaced by the relaxatio P 9 P P

rate calculated for a simple two-phase model in the for lon temperature. Except in the close proximity¥y and at
[37.39 mthe disclination lines and point defects in the structure, the

magnitude of the orientational order in the nematic phase is
9 % 2 homogeneous .throughout t_he e_nclosure. The effgct of the ex-
(T;l)RMTD:E w2fg( T) S (2)  change relaxation mechanism is therefore negligible. On the
other hand, the importance of the RMTD mechanism might
increase belowTy,. The director field in the cavity is not
homogeneous, and the translational diffusion of all mol-

=\ 2
° }?Q> Sé Texchs (5

Sy denotes here the order parameter at the surfacerand

_ 2 - . .

=R /(BD).’ WhereR_ls the radius of.the cavity and the ecules(not only of those in the surface layasontributes to

self-diffusion cpefflment. The relaxation rate lnduc.e'd by t,hethe deuteron spin relaxation by modulating the quadrupolar

RMTD relaxation mechanism shows a pretransitional in-neraction. The discrete set of characteristic times involved

crease due to the critical behavior of the nematic correlatloqh this process depends on the structure of the director field

length & on approaching’y, from above[26]: [36]. Finally, it should be noted that the thermal fluctuations
of the director also represent a strong relaxation mechanism

T at low frequencies in the nematic phase.
T-T* ©

=&
E. Discussion of experimentalT,* and NMR linewidth data

where & is of the oidgr of molecular dimension  Ajready a brief inspection of Fig. 4, where FWHMy
(~0.65 nm for 5CB andT* is the bulk supercooling limit o, esentsT, ¥/, demonstrates that the transverse spin-
of lthe |§9trop|chphasr€]abcr)lt_1 t K belofvvr']l'm). I? Iargle spherl— laxation rateTz‘1 does not show a simple pretransitional
ggrr::a;/rlgzsfovzhgrggvii tr;ziisgsfh?s Itez dssutroace ayeris Sm"’ln:ecreasing on approaching the temperature where the onset
P y ' of the nematic phase takes place-317 K). Between
2 T 380 Kand 353 K asmooth increaseTia* is observed but,
] (4)  on cooling further, tha, * vs T curve levels off, turns into a
T-T* flat plateau, and even slightly decreases before the transition

(T, 1)RMTD°c f%”

35)2_<3§o
®R IR
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Such a structure yields;~0.24 and correspondingly the
value ~1.5 us for S(Z) Texch- IN the attempt to specify the
last two parametersS, and 7., Separately, we take into
account the fact that the exchange of molecules between the
surface layer and isotropic region is fast enough to provide a
motional narrowing of the residual quadrupole interaction,
which is reflected in a single and structureless NMR line at
high temperatures. Therefore the condit[ds3,24,28

W(ezq Q/N)SyTexer=1 (6)

must be fulfilled. This additional requirement limig in the
high-temperature phase to values larger thab.2 (for the
J rugged surfade and yields an exchange time of the order of
£y ~10 ws. The exchange time is roughly equal to the dwell
time of molecules in the surface layer and of the same order
of magnitude as in the ordinary PDLC.

iy In view of the simple model used to describe a complex
b4 d B f relaxation process, the above values should be treated as

FIG. 7. Atomic force microscopyAFM) photography of the merely indicative. Moreover, any polymer strands stretched
inner surface of the cavity enclosing the liquid crystal in the across the cavity might increase the inner surface and de-
HPDLC material. Hemispherical polymer blobs protruding from the crease the estimated surface order parameter. The fact, how-
cavity walls are clearly seen. The area in the figure igth?. ever, remains that the magnitude of the surface order param-
. . . . . . eter in HPDLC is larger than in the ordinary PDLC materials
into the nematic phase is qttamed. As mentioned earlier, thﬁso~0.08) [16]. This might be due to the presence of sur-
RMTD. relaxat|o_n mechanism predicts a strong pretransiy, o0t molecules that attach to the polymer surface and pro-
tional increase in the transverse relaxation rate, which hag .- homeotropic, i.e., perpendicular orientation of liquid-
not been observed in HPDLC. Besided, ()ruro calcu- crystal molecules at the interface. The surfactant usually
lated for uniform diffusion throughout the cavity according promotes a larger degree of surface order as was observed
to Eq. (2), amOletsffqr a set of reasonable parameters—q 5cB in Anopore cavities with treated wallé1,42. How-
only to ~90 s~ This is much Ies§1than the huge experi- o\er, the surface order parameter in treated Anopore exhibits
mentally determined value-4500 s (at 360 K. In this 5 gtrong pretransitional increase, which has not been ob-
estimate the following values of the relevant parameters havgarved in HPDLC. It should be also stressed that the large
been usede’qQ/h~60 kHz [25], the correlation length T 1 jn HPDLC cannot be explained without assuming a
~2 nm leading tofs~0.12 in a spherical enclosure with sjowing down of the translational diffusion of liquid-crystal
smooth walllg anzd raldlus of about 50 nm, diffusion coefficientylecules in contact with the polymer/surfactant. The diffu-
D~1X10"" m"s ", and Sy~0.3. However,S, might be  sion coefficient of liquid-crystal molecules in the surface
larger and the relative number of orientationally ordered|ayer is at least two orders of magnitude smaller than in the
molecules might be higher_ for cavities with rugged Wa”s-isotropic region. Besides, the polymer surface is—
But even the largest theoretically allowed valueSgt=1 and  jrrespective of the surfactant molecules—far from being
a two times largerfs do not account, when applied to Eq. smooth. A rough and blobbed structure that increases the
(2), for the hugeT; * in HPDLC, which is much larger than inner surface area has a larger effect on the liquid crystal at
T, ' of pure 5CB in the normal PDLC and in the porousthe same concentration ratio of ingredients in the HPDLC
glass[16,25. material.

On the other hand, the predicted magnitude of the relax- The temperature dependence of the linewidth &gd in
ation rate is considerably enhanced if a slowing down of thehe high-temperature phase of HPDLC is most unusual. A
molecular translational motion in the immediate vicinity of broad peak appearing in the linewidth vs temperature curve
the surface is assumed. In a thorough treatment, the resultir‘(gig, 4) has not been observed in any other confining system.
relaxation rate should be calculated by numerically simulatOne possible scenario of such behavior could be built on the
ing the time dependence of the interaction correlation funcconjecture that the concentration of BL038 and 5CB in the
tions to include both the RMTD and exchange losses of cort C mixture is not homogeneous in the whole temperature
relation [35,39. To get only a rough estimate of the interval under study. Bearing in mind that the clearing point
dynamical parameters involved in this process, &).can  of BL038 is at 373 K whereas 5CB clears at 308 K, it
be used as the first approximation, yielding;*  would not be surprising if a partial separation of 5CB mol-
~4500 st for ~0.12 (spherical cavity with smooth ecules from other liquid-crystal compounds in the mixture
walls) and the factoSy 7.~ 2.6 us. However, an atomic took place. In such a case, the surface-induced order and
force microscopy(AFM) photograph indicates a rugged in- correspondingly the linewidth of 5CB molecules, which rep-
ner polymer surface with hemispheres protruding from theresent the only liquid-crystal component seen by NMR,
cavity walls, all with similar radii of curvaturéFig. 7) [40].  would first increase with decreasing temperature as long as
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their ordering matches the order of the entire LC mixture. If,fect of the rotation was observed. The anisotropy of the drop-
however, a formation of 5CB-richer areas, stimulated by thdets in the sample under study is obviously very small.
proximity of polymer surfaces, started below353 K, the
molecules of this particular liquid crystal would now behave
as being far above their bulk transition temperature. An ef-
fective diminishing of their ordering might occur in this way  In this paper we presented a deuteron NMR and dynamic
and cause a decrease in the relaxation rate in a certain teright scattering study of the BL038-5CB liquid-crystal mix-
perature interval. Whether the diminishing of the orderingture in a standard HPDLC material with an alternating struc-
means a smaller value of the surface order paran&fea ture of LC-rich and polymer layers. We found that the be-
smaller fraction of 5CB molecules in the surface laygror  havior of the BL038-5CB mixture in the HPDLC differs
even a shortef,,, cannot be stated in the present study. Thedrastically from the bulk. First, the nematic temperature
partial separation could also account for incoherent dynamicange of the LC mixture is shifted towards lower temperature
light scattering observed at temperatures between 332 K aralmost by 40 K and the formation of the nematic phase in the
317 K(Fig. 6). sample is gradual. Most of the droplets are too large to ex-
The onset of the nematic phase at 317 K, althougtperience a continuous evolution of nematic order individu-
clearly visible in dynamic light scattering experiments, isally [16,22], but the onset of the nematic phase in the whole
marked by a gradual increase in the NMR spectral FWHMsample is gradual, as different droplets turn into the nematic
Obviously some of the droplets, probably the larger onesphase at different temperatures. One of the reasons for such
become nematic throughout their volume whereas the othetsehavior may be the distribution of droplet sizes between
still persist in the partly isotropic phase with an oriented~50 nm and~300 nm, but the overwhelming factor is the
surface layer. The nematic droplets are the source of directdlifferent amount of non-liquid-crystalline ingredients in dif-
fluctuations causing the decay of the autocorrelation functioffierent droplets. Additionally, the concentration of 5CB is
in the dynamic light scattering experiment and appearing as probably not exactly equal in all droplets giving another rea-
weak powderlike patterifirst only as the “wings” to the son for a spread in transition temperatures; droplets with
Lorentzian in the NMR spectra. The isotropic droplets are higher 5CB content would turn into the nematic phase at
invisible in the optical experiment though they produce thelower temperature.
strong central line in the NMR spectrum. With decreasing The huge transverse deuteron spin-relaxation rate in the
temperature, the relaxation time of director fluctuations in-high-temperature phase of HPDLC unveils a strong effect of
creaseqFig. 6). The amplitude of the autocorrelation func- polymer and/or surfactant on the liquid-crystal molecules at
tion increases as well, indicating a growth in the fraction ofthe surface. The surface order parameter is found larger than
droplets in the nematic phase, which shows up also in then other confining system@DLC, CPQ. Additionally, the
increasing intensity of the powder pattern in the NMR spec+ranslational mobility of molecules in the surface layer is
trum. It is interesting to note that the broadening of the cenhindered and slower for at least two orders of magnitude
tral line up to 3 kHz is still completely homogeneo(i§g.  compared to the bulk. Albeit we could estimate only the
4). Obviously the ordering of 5CB in the surface layer—evenlower limit of the surface order paramete3y& 0.2 for drop-
if partly separated from the BLO38—increases in the vicinitylets of radius~50 nm), it is reasonable to assume that its
of the intrinsic 5CB transition temperature and induces aactual value is close to this limit. The orientational order in
larger transverse spin-relaxation rate. smaller droplets might be diminished and probably surface
A point that certainly deserves attention is the surprisinglydictated even in the nematic phase. The strong influence of
large amount of liquid crystal that is still in the isotropic the surface on the orientational order of liquid crystal in the
phase at room temperature and yields the central line in thelPDLC is thus demonstrated by the orienting effect in the
NMR spectrum(see Fig. 5. It shows that a considerable isotropic phase and probably by a disorienting effect in the
number of droplets is not effective in producing the contrashematic phase. The strong influence of the surface might be
between the on and off state in the switchable Bragg gratingdue to the surfactant added to the polymer, but its capability
Another reason for the appearance of the central line couldeems to concern only the static orientational effect, whereas
be that in very small pores the surface dictates a lower deit reduces the switching voltage required to reorient the lig-
gree of orientational order than expected in the nematiwid crystal along the electric fiel@1].
phase. In such pores the fast molecular translational diffusion The observed reduction of the nematic-isotropic transition
among sites with varying director orientation could still av- temperature brings the isotropic phase much closer to the
erage out the quadrupole interaction of deuterons and praperative temperature range of the HPDLC material than ex-
duce a central line in the spectrum albeit the liquid crystal ispected. Moreover, a considerable amount of liquid crystal is
in the nematic phase. But the question remains whether sudbund in a quasi-isotropic phase even at room temperature.
droplets are capable of being oriented with the external elecSuch diminishing of the overall orientational order in the
tric field in the switching procedure. sample could unfavorably influence the switching efficiency
In order to check the macroscopic anisotropy of theof HPDLC gratings. The drawbacks of the HPDLC material
HPDLC grating, the low-temperature NMR spectrum wasas pointed out in this study might be exaggerated in our
recorded for different orientations of the stacked sample irsample, as the deuterated 5CB had been added to the liquid-
the magnetic field. Apart from a small difference in the in- crystal mixture, which is standardly used in the production of
tensity of peaks in the powder-pattern-like spectrum, no efswitchable gratings. On the other hand, 5CB is a constituent

IV. CONCLUSIONS
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