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Deuteron NMR study of molecular ordering in a holographic-polymer-dispersed liquid crystal
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Using deuteron nuclear magnetic resonance~NMR! and dynamic light scattering, we study the orientational
order and dynamics of a BL038-5CB 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 rateT2

21 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 dependence ofT2

21 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.

DOI: 10.1103/PhysRevE.66.021710 PACS number~s!: 61.30.2v, 65.20.1w, 76.60.2k
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I. INTRODUCTION

Holographic polymer dispersed liquid crystals~HPDLCs!
are an important stratified optical material consisting of
riodic liquid-crystal-rich layers separated by pure polym
layers @1–4#. The liquid-crystal-rich layers exhibit either
discrete or bicontinuous droplet morphology. Owing to t
periodically modulated refractive index generated by the l
ered structure, the HPDLC film behaves as a transmissiv
reflective spatial diffraction grating in the zero-voltage sta
Its advantage compared to static holograms is the ability
modify the diffraction efficiency by applying the electr
field across the film. As the liquid-crystal molecules reorie
in the direction of the electric field, the ordinary refractiv
index of the liquid crystal matches that of the surround
polymer, and a transparent state with practically zero diffr
tion efficiency is obtained. Currently, multiple reflectio
gratings in a single film are being developed@5#, and photo-
nic applications of HPDLC materials, particularly switchab
optical waveguide devices, are under way@6#.

In the production of HPDLC films, a homogeneo
prepolymer/liquid-crystal/photosensitive-dye mixture is ill
minated by two coherent laser beams forming an interfere
fringe pattern within the sample. In bright fringes the po
merization takes place more rapidly than in the dark regio
Consequently, the polymer molecules concentrate in
bright regions whereas the liquid-crystal molecules presu
ably diffuse into dark regions, where they separate from
polymer in the form of nanodroplets or small interconnec
pores @7#. The creation of holographic gratings under un
form illumination but with a polarization-state modulatio
was reported as an alternative way for their production@8#.
Investigating the process of formation of a spatial grati
Sutherlandet al. @9# found that during the holographic illu
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mination first a locally isotropic grating forms but conver
later to an anisotropic grating. The final optical anisotropy
the liquid-crystal-rich layers has been demonstrated by
dependence of the diffraction efficiency on the polarizat
of the incident light beam@9,10#. Very little is known, how-
ever, on the actual orientational ordering of the liquid crys
in droplets or voids. A deuteron nuclear magnetic resona
~NMR! study of pentyl-cyanobiphenyl~5CB! in an HPDLC
material indicated that the orientation of the liquid-crys
molecules at the inner polymer surfaces is homeotropic,
sulting in a radial-like configuration with a line segment d
fect along the major axis of the ellipsoidal void@11#. It was
also conjectured that the orientational order is redu
throughout the pore volume as the splitting of the NM
spectrum was found to be about one order of magnit
smaller than in the bulk liquid crystal.

In the present study we decided to investigate, us
NMR and dynamic light scattering, an HPDLC material
composition as close as possible to that prepared for
switchable diffractive optical elements. The purpose of
study is to obtain information on the actual state of liqu
crystalline order in a standard HPDLC material. The know
edge of this parameter, which affects the switching efficien
and contrast, may contribute to the improvement of su
materials. Instead of the pure liquid crystal, used in the p
vious NMR study@11#, we report here on the HPDLC con
taining the commercial liquid crystal BL038, which is fre
quently chosen for optical applications because of its la
birefringence, and selectively deuterated 5CB. In the follo
ing, the term LC mixture will denote the
BL038(70%)-5CB(30%) mixture, which was used as t
liquid-crystal material in our study. This mixture contains
sufficient amount of deuteron nuclei, which are—owing
the interaction of their quadrupole moment with the elect
©2002 The American Physical Society10-1
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field gradient of surrounding electrons—a more suita
NMR probe of molecular orientational order than protons

The deuteron NMR spectrum of a nematic liquid crys
in bulk consists of two well resolved lines@Fig. 1~a!#, sepa-
rated by@12,13#

Dn5
3

2

e2qQ

h

1

2
~3 cos2uB21!S, ~1!

wheree2qQ/h is the quadrupole coupling constant averag
by molecular conformational changes and fast reorientat
around the long axis,uB denotes the angle between the ne
atic director and the external magnetic field, andS is the
orientational order parameter. Small effects of director fl
tuations and molecular biaxiality have been neglected. At
nematic-isotropic transition temperatureTNI , the two lines of
the spectrum discontinuously merge into one single line
the fast isotropic molecular reorientations completely av
age out the quadrupole interaction of deuterons.

The spectra of microconfined liquid crystals differ signi
cantly from those of the bulk@14#. Here, the director field is
not spatially uniform but configures itself to the restrictio
imposed by the inner solid boundaries. Each director fi
configuration is characterized by a specific spectral patt
For an isotropic distribution of director orientations foun
for example, in spherical droplets of a PDLC material, t
NMR spectrum is a powder pattern with two peaks at half
the bulk splitting and two outer shoulders@15#, though its
shape might be slightly ‘‘blurred’’ by the translational difu
sion of molecules@Fig. 1~b!#. The BL038-5CB mixture con-
fined into;70-nm-wide pores of irregular shape within th
controlled-size porous glass~CPG! yields a powder pattern
as well @16#. The two superimposed outer peaks origina
from the remains of the bulk material in the sample@Fig.
1~c!#. However, much to our surprise, we found that the d
teron spectra of the same LC mixture in the HPDLC mate
do not show a clear structure down to very low temperatu

FIG. 1. Deuteron NMR spectra of the BL038-5CB mixture
the bulk sample~a!, in the ordinary PDLC material~b!, in porous
glass CPG~c!, and in the HPDLC~d! at roughly the same tempera
ture ;290 K.
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As shown in Fig. 1~d!, the HPDLC deuteron spectrum a
about 290 K exhibits clearly a strong central line, where
the spectra of bulk, ordinary PDLC material and CPG ha
the shape characteristic for the nematic phase. To unders
the origin of such unusual behavior in HPDLC, simultaneo
measurements of the NMR spectra and of the spin relaxa
of deuterons were performed. It should be noted, howe
that using deuteron NMR we could observe only the beh
ior of one component in the LC mixture. Therefore a d
namic light scattering experiment was carried out with t
same sample to provide an insight into the LC mixture a
whole.

In Sec. II, the preparation of the sample and experime
methods used in the present study are briefly described
Sec. III, experimental results obtained by NMR and dynam
light scattering are presented; the analysis is focused on
surface-induced order and molecular dynamics in the iso
pic phase and on the transition into the nematic state. A p
sible scenario of the development of nematic order up
cooling is proposed and its possible impact on the ope
tional capability of HPDLC in switchable gratings is consi
ered.

II. EXPERIMENT

The HPDLC sample under study was prepared in the fo
of 50-mm-thick films from the homogeneous mixture of liq
uid crystal BL038~EM Industries, 22.7 wt %!, deuterated
liquid crystal 5CB~9.7%!, monomeric urethane resin~No.
8301 and No. 4866 UCB Radcure, total 45%!, coinitiator
N-Phenylglycine~Sigma Aldrich, 1.3%!, photoinitiator Rose
Bengal ~Sigma Aldrich, 0.3%!, chain-terminatorN-Vinyl-
Pyrrolidinone ~Sigma Aldrich, 11%!, and surfactant S271
~Chem. Service, 10%!. 5CB was selectively deuterated in th
first position of the alkyl chain. The details of the preparati
can be found elsewhere@17#. We deliberately chose this
complex system since its composition is close to that
HPDLCs considered for application in display and teleco
munication devices. The reason for using the BL038-5
mixture in our sample is twofold. First, pure 5CB alon
which is the deuterated component required for NMR m
surements, will not phase separate from the polymer use
the regular HPDLC devices. Second, BL038 is a mate
very suitable for optical applications since it has a large
refringence (Dn50.28 at wavelength 589 nm!. The prepoly-
mer emulsion was cured by two coherent Ar-laser bea
~514 nm wavelength!. The final morphology of the HPDLC
film is visualized in the scanning electron micrograph~SEM!
~Fig. 2!. The dark areas are voids left in the polymer after t
liquid crystal has been removed by a solvent for the SE
photography. It is seen that the dark liquid-crystal-rich
gions consist of a dense network of LC droplets with siz
ranging roughly from 50 nm to 300 nm. The layers with da
patches are clearly separated by the bright pure-polymer
ers with the average periodicity of the grating being 1.3mm.

Using such an HPDLC sample in the form of
50-mm-thick film, the dynamic light scattering measur
ments were performed by the standard photon correla
spectroscopy setup with a He:Ne laser source. The inten
0-2
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autocorrelation functiong(2) of the scattered light was mea
sured by an ALV-5000 correlator and its characteristic de
time was determined as a function of temperature. For
NMR measurements, 20 identically prepared HPDLC fil
were stacked on top of each other to attain a sample givin
sufficiently large signal-to-noise ratio in the NMR expe
ment. The stack was carefully controlled to maintain the p
nar alignment of the films when sealed in a thin-walled NM
tube. The spectra and the transverse spin-relaxation timT2
were measured using the quadrupolar echo pulse sequ
improved by an eight-step-phase-cycling scheme@18,19#.
The spin-lattice-relaxation timeT1 was determined by the
standard inversion-recovery technique. In order to achiev
reasonably good signal-to-noise ratio,'1000 accumulations
were typically acquired. All data were obtained on cooli
the sample from 383 K to 270 K in the magnetic field
the NMR spectrometer operating at the deuteron Larmor
quency of 58.3 MHz. The observed relaxation of magneti
tion was monoexponential over at least 1 decade and
experimental error of the measured linewidths and relaxa
times was less than 5%.

III. RESULTS AND DISCUSSION

A. Experimental results

First, the deuteron NMR spectra of the bulk BL038-5C
mixture were recorded in a broad temperature range betw
383 K and 270 K. They exhibit the same characteristic te
perature dependence as those of any other nematic li
crystal @13#. In the isotropic phase, the spectrum consists
one single line, its full width at half maximum~FWHM!
being less than 100 Hz~Fig. 3!. The transition between th
isotropic and nematic phases occurs atTNI5358 K, taking
place between the transition temperature of pure BL038
373 K and that of pure 5CB at 308 K. In a narrow tempe
ture interval of about 3 K both phases coexist in the samp
In the nematic phase, the spectrum reflects the onset of
entational order as it splits abruptly into a quadrupolar d
blet separated by;30 kHz ~Fig. 3!. The splitting increases
with decreasing temperature up to 75 kHz at 273 K.

The same LC mixture in the HPDLC material shows
completely different behavior. At high temperatures, o

FIG. 2. Scanning electron micrograph~SEM! of the HPDLC
grating used in the NMR experiment. Black areas in the fig
represent enclosures containing liquid crystal~which was removed
before making the micrograph!. One can clearly discern liquid
crystal-rich layers from the bright pure polymer layers in t
HPDLC grating.
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single line of Lorentzian shape, characteristic of the isotro
phase, is observed as expected. However, its FWHM i
least ten times larger than in the bulk~Fig. 4!. Moreover, the
FWHM considerably exceeds not only the bulk linewidth b
also those of the same LC mixture in the ordinary PDL
with a uniform dispersion of droplets and in the porous gla
~Fig. 3!. On cooling, the linewidth increases, but the e
pected line splitting or an abrupt broadening at the b
isotropic-nematic transition temperature does not occur.
HPDLC deuteron spectrum~Fig. 5! consists of a single cen
tral line and does not show any resolved structure ove
broad temperature interval of about 50 K belowTNI , apart
from a weak~less than a few percent of total intensity! broad
background, detectable below;330 K, and possibly origi-
nating from domains with nematic order. The FWHM of th
prevailing narrow part passes the bulkTNI without any no-
ticeable change, levels off, and shows then even a sl
decrease~Fig. 4!. At Ta;317 K a broadening of the centra
line starts again. Simultaneously, the broad background

e

FIG. 3. Full width at half maximum~FWHM! ~open symbols!
and splitting~solid symbols! of the deuteron NMR spectra for th
BL038-5CB mixture in the bulk~circles!, confined into the ordinary
PDLC material~squares!, and into the porous glass CPG with po
diameter;70 nm ~triangles!.

FIG. 4. Temperature dependence of the total deuteron N
linewidth FWHMTOT in the HPDLC material~circles! and of its
homogeneous part FWHMHOM ~squares!, measured by the trans
verse spin relaxation. It is seen that the linewidth results mo
from the homogeneous broadening, apart from a small contribu
of magnetic field inhomogeneity (FWHMINHOM , triangles!. Ta

;317 K denotes the beginning of the onset of the nematic phas
the droplets as clearly determined by dynamic light scattering.
0-3



e
tri
l i
ap
a
e

er
n

r
al
e
m
se
th

he

a
of

-
th
ns
n

ro
th
he
em
at
n

ith
ion
een
nd,
es.
t

ap-
ase
ure
he
est

c-
and

the
but
the
nd
to

bvi-
-

he
ing
on
ead
of
r a

for
the
ed
the
er,
sur-
he
n
hly
be
in
38-
of

in
tru

of

the
-
h,

g’s
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gaining the intensity, eventually developing into a powd
pattern typical of the nematic phase with an isotropic dis
bution of directors. The central line is getting weaker unti
almost disappears below 273 K. It is obvious that the
pearance of nematic ordering upon cooling is profoundly
fected by the confinement of the LC mixture into th
HPDLC film.

Complementary to NMR, we used dynamic light scatt
ing measurements to study the phase transition and the o
of nematic ordering in the same HPDLC material. The tim
dependence of the autocorrelation function of the scatte
light was measured in the same broad temperature interv
NMR spectra~Fig. 6!. The characteristic decay time of th
autocorrelation function is determined by the relaxation ti
of collective orientational fluctuations in the nematic pha
One important point observed with the HPDLC sample is
absence of dynamic light scattering aboveTb5332 K,
which clearly shows that the confined LC mixture is in t
isotropic phase~apart from the surface layer! at temperatures
at which the bulk has already passed into the nematic ph
This observation is in agreement with the appearance
single line in the NMR spectrum.

Below ;332 K the dynamic scattering of light is ob
served. The time decay of the autocorrelation function in
millisecond range results from nematic director fluctuatio
but incoherent dynamic events on the time scale of seco
are observed as well. Such a scattering might arise f
defects exhibiting nematic order, even if less than 1% of
total LC material is trapped within. In these regions, t
isotropic and nematic phases can coexist in a certain t
perature range. The director fluctuations within the nem
parts account for the fast decay of the autocorrelation fu

FIG. 5. Deuteron NMR spectra of the BL038-5CB mixture
the HPDLC material at a few selected temperatures. Each spec
is shown in two frequency intervals, 200 kHz~a! and 50 kHz~b!,
respectively. The spectra in~b! have been scaled up by a factor
2.5.
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tion, whereas the variation of their shape and position w
time gives rise to the slow incoherent events. The indicat
for the existence of nematically ordered regions has b
already obtained by NMR as the weak broad backgrou
though it becomes clearly visible only at lower temperatur

Finally, at Ta;317 K the onset of strong elastic ligh
scattering on collective orientational fluctuations alone
pears. This scattering is characteristic of the nematic ph
and obviously shows that at this temperature the LC mixt
in many droplets in the HPDLC grating has turned into t
nematic phase. The measured relaxation time of the slow
director fluctuations, which is of the order of a few millise
onds, starts here to increase with decreasing temperature
so does the NMR linewidth. It should be stressed that
overall transition into the nematic phase is not sharp
gradual. With decreasing temperature the amplitude of
autocorrelation function increases indicating that more a
more droplets turn into the nematic phase and contribute
the elastic light scattering. The same fact, though less o
ous, is reflected by the growing ‘‘wings’’ and emerging pow
der pattern in the NMR experiment. The time decay of t
autocorrelation function is a stretched exponential indicat
slightly different relaxation times and therefore a distributi
in droplet sizes. The stretching exponent is about 0.9 inst
of 1 as would be in the bulk liquid crystal. Different sizes
droplets in the grating may be one of the reasons fo
gradual evolution of the nematic order in HPDLC@20#.

The observed shift of the isotropic-nematic transition
;40 K towards lower temperatures can be explained by
presence of non-liquid-crystalline ingredients in the confin
LC mixture, which act as impurities. The candidates are
photosensitive dye, a small amount of dissolved polym
and/or remains of the monomer. On the other hand, the
factant that is added to lower the switching voltage of t
HPDLC film @21# was found nonsoluble in the LC mixture i
the absence of other constituents. For this reason it is hig
improbable that a fair amount of the surfactant would
dissolved in the liquid-crystal droplets. No significant shift
the transition temperature has been observed in the BL0
5CB mixture constrained either in the spherical droplets

m

FIG. 6. Temperature dependence of the relaxation times of
autocorrelation functiong(2) in the dynamic light scattering experi
ment on the HPDLC film.Tb denotes the temperature at whic
upon cooling, the dynamic light scattering appears, andTa denotes
the beginning of the formation of the nematic phase in the gratin
droplets.
0-4
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an ordinary PDLC material or in the CPG with comparab
pore sizes;70 nm~Fig. 3!. In both cases a sharp transitio
from the isotropic into the nematic phase at nearly the sa
temperatureTNI as in the bulk takes place. On the oth
hand, the commercial liquid-crystal mixture BL038 witho
added 5CB experiences in the HPDLC material an equ
strong reduction of the isotropic-nematic transition tempe
ture @10#. These observations lead to the conclusion that
gradual formation of the nematic phase results, to a mi
extent, from the spread in droplet sizes and mainly from
different amount of non-liquid-crystalline ingredients in d
ferent droplets.

B. NMR linewidth in the high-temperature phase

NMR data and dynamic light scattering show that the
mixture in the HPDLC grating is mainly in the isotrop
phase above 317 K. But even in the isotropic phase, a
surface layer located at the LC-polymer interface is expec
to possess a weak orientational order far above the trans
temperature@22–25#. Though the fluctuations of the surfac
induced order in the high-temperature phase are too wea
be observed by dynamic light scattering, the orientatio
order at the surface is clearly demonstrated by the broa
ing of the deuteron NMR line. The surface-induced ord
parameter, inherent to the surface layer, is expected to be
largest at the liquid-crystal–polymer interface and to d
crease exponentially with increasing distance from the w
The characteristic decay length is the nematic correla
length introduced by de Gennes@26#. It describes to a good
approximation the thickness of the ordered surface laye
there would be no translational diffusion of molecules, t
deuteron NMR spectrum would be a powder pattern, res
ing from the molecules in the surface layer, superimposed
the narrow central line originating from the isotropic regi
of the droplet. The presence of translational diffusion, ho
ever, gives rise to a motional narrowing of the spectru
though the narrowing might not be complete@27,28#. In the
case of partial narrowing, the observed broadening of
line is inhomogeneous and is caused by the residual s
quadrupolar interaction of deuterons in the surface layer.
proportional to the orientational order parameterS0 at the
surface. On the other hand, the broadening of the line m
be also dynamic, i.e., induced by the time modulation of
quadrupolar interaction@16,25#. This homogeneous contribu
tion to the linewidth equalsT2

21/p, whereT2
21 is the trans-

verse deuteron spin-relaxation rate, and is proportional to
square of the surface order parameter. In order to separat
homogeneous and inhomogeneous contributions to the
width, the measurements ofT2

21 were performed indepen
dently. The comparison of the homogeneous and total l
widths in Fig. 4 clearly shows that the broadening of t
central line in the HPDLC film is almost entirely homog
neous and should be therefore analyzed in terms of the tr
verse spin-relaxation time.

C. Effect of confinement onT1
À1 and T2

À1 in the isotropic
phase

In the isotropic phase of a bulk liquid crystal,T1
21 and

T2
21 of deuterons result from the time modulation of qua
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rupole interaction by fast local molecular reorientations
the spin-bearing molecules. Similarly as in the isotrop
phase of pure liquid crystals, the values ofT1

21 andT2
21 in

the bulk LC mixture high aboveTNI are almost equal
(;30 s21 at 383 K). Within the simple theory of Woessne
and co-workers for the relaxation induced by isotropic ro
tion of elongated molecules@29,30#, the correlation time as-
sociated with the reorientations of the long molecular axe
evaluated to be;4310210 s at ;383 K. A more elabo-
rated theory that includes conformational changes of
alkyl chains was developed and applied to 5CB by Dong a
co-worker@31,32#. Upon confinement into the HPDLC ma
terial, the spin-lattice-relaxation rate increases only by a f
tor of ;2, whereas the transverse spin-relaxation rate ex
riences a dramatic growth resulting inT2

21 about hundred
times larger than in the bulk.

In order to understand such behavior one should be aw
that the relaxation efficiency of a specific dynamic proce
depends on its intensity and frequency distribution. The sp
lattice relaxation is determined by the spectral densities
the correlation functions, related to the deuteron quadrup
interaction, at Larmor and double Larmor circular freque
cies. It is therefore sensitive particularly to motions with fr
quencies in the high megahertz and low gigahertz reg
@13,24#. The transverse spin relaxation, on the other ha
contains also the spectral density at zero Larmor freque
For this reason a substantial contribution toT2

21 might arise
from slow dynamic processes with frequencies smaller t
the Larmor frequency but larger than the static NMR lin
width. In practice, this implies thatT2

21 is suitable for de-
tecting not only fast molecular motions but also dynam
processes in the kilohertz frequency range.

A relatively small increase inT1
21 of the LC mixture in

the HPDLC indicates that individual molecular reorient
tions have not been significantly affected by the confineme
An increase by the factor of;2 in the spin-lattice-relaxation
rate means roughly an increase in the correlation time by
same factor. Such an increase is not surprising taking
account that a small amount of polymer dissolved in
liquid crystal significantly increases its rotational viscos
@33,34#. It is therefore highly probable that the dissolve
polymer affects the translational and rotational diffusion
molecules in the same way.

The hugeT2
21 in the HPDLC material is of a differen

origin. It results from the surface-induced order close to
cavity walls. The correlation function of quadrupolar inte
action related to molecules in the ordered surface layer d
not decay to zero due to fast molecular reorientations al
because of the finite value of the orientational order para
eter in this layer. The residual quadrupolar interaction is f
ther modulated on the kilohertz frequency scale by molecu
translational displacements between regions with differ
orientational order within the void. The slow time decay
the residual correlation depends on the rate of molecular
change between the surface layer and the isotropic reg
and on the so-called RMTD process~reorientations mediated
by translational displacements!. The latter process is cause
by molecular diffusion in a cavity where different surfac
0-5



ac
er
th
ho
e-
o
y
em
u-
in
on
a
a
ei

he
in
r
x

m
d

i
f t
a
la

er
p
io
rm

nd

he
in
tio

n

a

erse
n-
er

in

id-
e-
se in
inly
the
rns
ce,
se
nge
the

tion
he

o-

C
x-

-
the

ncy
si-

the
e is
ex-
the

ght
t
ol-

lar
ed
eld
ns
ism

in-
al
nset

ition

MARIJA VILFAN et al. PHYSICAL REVIEW E 66, 021710 ~2002!
sites impose different orientation to molecules in the surf
layer. The director at the surface is assumed to be ev
where perpendicular to the local surface direction, as
surfactant, added to the HPDLC mixture, promotes the
meotropic orientation of liquid-crystal molecules. Both r
laxation mechanisms, exchange and RMTD, are interc
nected; their relative importance depends on the frequenc
the NMR experiment and on the nature of the syst
@25,35–38#. A comprehensive treatment of both contrib
tions to the spin relaxation can be performed by simulat
numerically the time dependence of the correlation functi
@35#. In the first approximation, however, the two mech
nisms may be addressed separately in view of a consider
difference in their time scales. In the following section th
basic characteristics will be discussed.

D. Relaxation mechanisms in the kilohertz range

If the translational diffusion coefficientD of liquid-crystal
molecules is almost uniform throughout the cavity, t
RMTD relaxation mechanism prevails in determining the
crease inT2

21 upon confinement. The time decay of the co
relation function due to the RMTD process is not monoe
ponential. It cannot be described by a single correlation ti
but rather by a discrete set of characteristic times relate
the topologically restricted translational diffusion@25,36#. As
the RMTD process involves only the molecules that are
the surface layer at the beginning as well as at the end o
observed correlation decay, the resulting relaxation r
(T2

21)RMTD becomes proportional to the square of the re
tive number of molecules in the ordered surface layerf S .
The complex expression describing this situation in a sph
cal cavity@25# can be to a good approximation—the discre
ancy being only a few percent—replaced by the relaxat
rate calculated for a simple two-phase model in the fo
@37,38#

~T2
21!RMTD5

9

20
p2f S

2S e2qQ

h D 2

S0
2 t. ~2!

S0 denotes here the order parameter at the surface at
5R2/(6D), whereR is the radius of the cavity andD the
self-diffusion coefficient. The relaxation rate induced by t
RMTD relaxation mechanism shows a pretransitional
crease due to the critical behavior of the nematic correla
lengthj on approachingTNI from above@26#:

j5j0A T*

T2T*
, ~3!

where j0 is of the order of molecular dimensio
(;0.65 nm for 5CB! andT* is the bulk supercooling limit
of the isotropic phase~about 1 K belowTNI). In large spheri-
cal cavities, where the thickness of the surface layer is sm
compared to the cavity radius, this leads to

~T2
21!RMTD} f S

2;S 3j

R D 2

5S 3j0

R D 2 T*

T2T*
. ~4!
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Such pretransitional temperature behavior of the transv
spin-relaxation rate was found in 5CB confined into co
trolled porous glass@16#. In some cases the surface ord
parameter is temperature dependent as well@24#. It increases
on approachingTNI and makes the pretransitional increase
(T2

21)RMTD even more significant.
The situation is quite different in systems where a cons

erable slowing down of molecular translational displac
ments at the surface takes place. In this case, the increa
the transverse relaxation rate upon confinement is ma
due to the exchange of molecules from the ordered into
disordered region. The slowing down of molecules conce
basically only the first monomolecular layer at the interfa
which has a roughly fixed number of molecules. In the ca
that the surface order parameter is determined by short-ra
surface interactions and therefore is not much affected by
isotropic-nematic transition, the exchange induced relaxa
would be only weakly temperature dependent. Within t
two-phase model, the relaxation rate (T2

21)exch is given by
@24,37,38#

~T2
21!exch5

9

20
p2h~12h!S e2qQ

h D 2

S0
2 texch, ~5!

whereh denotes the fraction of molecules in the first mon
molecular layer at the surface andtexch denotes their ap-
proximate average lifetime within it. In the ordinary PDL
material the two relaxation mechanisms, RMTD and e
change, could be clearly separated@25#. The exchange con
tribution prevails farther from the phase transition and
RMTD takes over closer toTNI .

The exchange relaxation mechanism loses its efficie
upon cooling the sample below the isotropic-nematic tran
tion temperature. Except in the close proximity ofTNI and at
the disclination lines and point defects in the structure,
magnitude of the orientational order in the nematic phas
homogeneous throughout the enclosure. The effect of the
change relaxation mechanism is therefore negligible. On
other hand, the importance of the RMTD mechanism mi
increase belowTNI . The director field in the cavity is no
homogeneous, and the translational diffusion of all m
ecules~not only of those in the surface layer! contributes to
the deuteron spin relaxation by modulating the quadrupo
interaction. The discrete set of characteristic times involv
in this process depends on the structure of the director fi
@36#. Finally, it should be noted that the thermal fluctuatio
of the director also represent a strong relaxation mechan
at low frequencies in the nematic phase.

E. Discussion of experimentalT2
À1 and NMR linewidth data

Already a brief inspection of Fig. 4, where FWHMHOM

representsT2
21/p, demonstrates that the transverse sp

relaxation rateT2
21 does not show a simple pretransition

increasing on approaching the temperature where the o
of the nematic phase takes place (;317 K). Between
380 K and 353 K a smooth increase inT2

21 is observed but,
on cooling further, theT2

21 vs T curve levels off, turns into a
flat plateau, and even slightly decreases before the trans
0-6
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into the nematic phase is attained. As mentioned earlier,
RMTD relaxation mechanism predicts a strong pretran
tional increase in the transverse relaxation rate, which
not been observed in HPDLC. Besides, (T2

21)RMTD calcu-
lated for uniform diffusion throughout the cavity accordin
to Eq. ~2!, amounts—for a set of reasonable parameter
only to ;90 s21. This is much less than the huge expe
mentally determined value;4500 s21 ~at 360 K!. In this
estimate the following values of the relevant parameters h
been used:e2qQ/h;60 kHz @25#, the correlation length
;2 nm leading tof S;0.12 in a spherical enclosure wit
smooth walls and radius of about 50 nm, diffusion coefficie
D;1310210 m2 s21, and S0;0.3. However,S0 might be
larger and the relative number of orientationally order
molecules might be higher for cavities with rugged wal
But even the largest theoretically allowed value ofS051 and
a two times largerf S do not account, when applied to E
~2!, for the hugeT2

21 in HPDLC, which is much larger than
T2

21 of pure 5CB in the normal PDLC and in the poro
glass@16,25#.

On the other hand, the predicted magnitude of the re
ation rate is considerably enhanced if a slowing down of
molecular translational motion in the immediate vicinity
the surface is assumed. In a thorough treatment, the resu
relaxation rate should be calculated by numerically simu
ing the time dependence of the interaction correlation fu
tions to include both the RMTD and exchange losses of c
relation @35,39#. To get only a rough estimate of th
dynamical parameters involved in this process, Eq.~5! can
be used as the first approximation, yieldingT2

21

;4500 s21 for h;0.12 ~spherical cavity with smooth
walls! and the factorS0

2 texch;2.6 ms. However, an atomic
force microscopy~AFM! photograph indicates a rugged in
ner polymer surface with hemispheres protruding from
cavity walls, all with similar radii of curvature~Fig. 7! @40#.

FIG. 7. Atomic force microscopy~AFM! photography of the
inner surface of the cavity enclosing the liquid crystal in t
HPDLC material. Hemispherical polymer blobs protruding from t
cavity walls are clearly seen. The area in the figure is 1mm2.
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Such a structure yieldsh;0.24 and correspondingly th
value ;1.5 ms for S0

2 texch. In the attempt to specify the
last two parameters,S0 and texch, separately, we take into
account the fact that the exchange of molecules between
surface layer and isotropic region is fast enough to provid
motional narrowing of the residual quadrupole interactio
which is reflected in a single and structureless NMR line
high temperatures. Therefore the condition@13,24,28#

p~e2qQ/h!S0texch&1 ~6!

must be fulfilled. This additional requirement limitsS0 in the
high-temperature phase to values larger than;0.2 ~for the
rugged surface!, and yields an exchange time of the order
;10 ms. The exchange time is roughly equal to the dw
time of molecules in the surface layer and of the same or
of magnitude as in the ordinary PDLC.

In view of the simple model used to describe a comp
relaxation process, the above values should be treate
merely indicative. Moreover, any polymer strands stretch
across the cavity might increase the inner surface and
crease the estimated surface order parameter. The fact,
ever, remains that the magnitude of the surface order par
eter in HPDLC is larger than in the ordinary PDLC materia
(S0;0.08) @16#. This might be due to the presence of su
factant molecules that attach to the polymer surface and
mote homeotropic, i.e., perpendicular orientation of liqu
crystal molecules at the interface. The surfactant usu
promotes a larger degree of surface order as was obse
for 5CB in Anopore cavities with treated walls@41,42#. How-
ever, the surface order parameter in treated Anopore exh
a strong pretransitional increase, which has not been
served in HPDLC. It should be also stressed that the la
T2

21 in HPDLC cannot be explained without assuming
slowing down of the translational diffusion of liquid-crysta
molecules in contact with the polymer/surfactant. The dif
sion coefficient of liquid-crystal molecules in the surfa
layer is at least two orders of magnitude smaller than in
isotropic region. Besides, the polymer surface is
irrespective of the surfactant molecules—far from bei
smooth. A rough and blobbed structure that increases
inner surface area has a larger effect on the liquid crysta
the same concentration ratio of ingredients in the HPD
material.

The temperature dependence of the linewidth andT2
21 in

the high-temperature phase of HPDLC is most unusua
broad peak appearing in the linewidth vs temperature cu
~Fig. 4! has not been observed in any other confining syst
One possible scenario of such behavior could be built on
conjecture that the concentration of BL038 and 5CB in
LC mixture is not homogeneous in the whole temperat
interval under study. Bearing in mind that the clearing po
of BL038 is at 373 K whereas 5CB clears at 308 K,
would not be surprising if a partial separation of 5CB mo
ecules from other liquid-crystal compounds in the mixtu
took place. In such a case, the surface-induced order
correspondingly the linewidth of 5CB molecules, which re
resent the only liquid-crystal component seen by NM
would first increase with decreasing temperature as long
0-7
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their ordering matches the order of the entire LC mixture.
however, a formation of 5CB-richer areas, stimulated by
proximity of polymer surfaces, started below;353 K, the
molecules of this particular liquid crystal would now beha
as being far above their bulk transition temperature. An
fective diminishing of their ordering might occur in this wa
and cause a decrease in the relaxation rate in a certain
perature interval. Whether the diminishing of the orderi
means a smaller value of the surface order parameterS0, a
smaller fraction of 5CB molecules in the surface layerh, or
even a shortertexchcannot be stated in the present study. T
partial separation could also account for incoherent dyna
light scattering observed at temperatures between 332 K
317 K ~Fig. 6!.

The onset of the nematic phase at 317 K, althou
clearly visible in dynamic light scattering experiments,
marked by a gradual increase in the NMR spectral FWH
Obviously some of the droplets, probably the larger on
become nematic throughout their volume whereas the ot
still persist in the partly isotropic phase with an orient
surface layer. The nematic droplets are the source of dire
fluctuations causing the decay of the autocorrelation func
in the dynamic light scattering experiment and appearing
weak powderlike pattern~first only as the ‘‘wings’’ to the
Lorentzian! in the NMR spectra. The isotropic droplets a
invisible in the optical experiment though they produce
strong central line in the NMR spectrum. With decreas
temperature, the relaxation time of director fluctuations
creases~Fig. 6!. The amplitude of the autocorrelation fun
tion increases as well, indicating a growth in the fraction
droplets in the nematic phase, which shows up also in
increasing intensity of the powder pattern in the NMR sp
trum. It is interesting to note that the broadening of the c
tral line up to 3 kHz is still completely homogeneous~Fig.
4!. Obviously the ordering of 5CB in the surface layer—ev
if partly separated from the BL038—increases in the vicin
of the intrinsic 5CB transition temperature and induces
larger transverse spin-relaxation rate.

A point that certainly deserves attention is the surprisin
large amount of liquid crystal that is still in the isotrop
phase at room temperature and yields the central line in
NMR spectrum~see Fig. 5!. It shows that a considerabl
number of droplets is not effective in producing the contr
between the on and off state in the switchable Bragg grat
Another reason for the appearance of the central line co
be that in very small pores the surface dictates a lower
gree of orientational order than expected in the nem
phase. In such pores the fast molecular translational diffus
among sites with varying director orientation could still a
erage out the quadrupole interaction of deuterons and
duce a central line in the spectrum albeit the liquid crysta
in the nematic phase. But the question remains whether s
droplets are capable of being oriented with the external e
tric field in the switching procedure.

In order to check the macroscopic anisotropy of t
HPDLC grating, the low-temperature NMR spectrum w
recorded for different orientations of the stacked sample
the magnetic field. Apart from a small difference in the i
tensity of peaks in the powder-pattern-like spectrum, no
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fect of the rotation was observed. The anisotropy of the dr
lets in the sample under study is obviously very small.

IV. CONCLUSIONS

In this paper we presented a deuteron NMR and dyna
light scattering study of the BL038-5CB liquid-crystal mix
ture in a standard HPDLC material with an alternating str
ture of LC-rich and polymer layers. We found that the b
havior of the BL038-5CB mixture in the HPDLC differ
drastically from the bulk. First, the nematic temperatu
range of the LC mixture is shifted towards lower temperat
almost by 40 K and the formation of the nematic phase in
sample is gradual. Most of the droplets are too large to
perience a continuous evolution of nematic order individ
ally @16,22#, but the onset of the nematic phase in the wh
sample is gradual, as different droplets turn into the nem
phase at different temperatures. One of the reasons for
behavior may be the distribution of droplet sizes betwe
;50 nm and;300 nm, but the overwhelming factor is th
different amount of non-liquid-crystalline ingredients in di
ferent droplets. Additionally, the concentration of 5CB
probably not exactly equal in all droplets giving another re
son for a spread in transition temperatures; droplets w
higher 5CB content would turn into the nematic phase
lower temperature.

The huge transverse deuteron spin-relaxation rate in
high-temperature phase of HPDLC unveils a strong effec
polymer and/or surfactant on the liquid-crystal molecules
the surface. The surface order parameter is found larger
in other confining systems~PDLC, CPG!. Additionally, the
translational mobility of molecules in the surface layer
hindered and slower for at least two orders of magnitu
compared to the bulk. Albeit we could estimate only t
lower limit of the surface order parameter (S0*0.2 for drop-
lets of radius;50 nm), it is reasonable to assume that
actual value is close to this limit. The orientational order
smaller droplets might be diminished and probably surfa
dictated even in the nematic phase. The strong influenc
the surface on the orientational order of liquid crystal in t
HPDLC is thus demonstrated by the orienting effect in t
isotropic phase and probably by a disorienting effect in
nematic phase. The strong influence of the surface migh
due to the surfactant added to the polymer, but its capab
seems to concern only the static orientational effect, wher
it reduces the switching voltage required to reorient the
uid crystal along the electric field@21#.

The observed reduction of the nematic-isotropic transit
temperature brings the isotropic phase much closer to
operative temperature range of the HPDLC material than
pected. Moreover, a considerable amount of liquid crysta
found in a quasi-isotropic phase even at room temperat
Such diminishing of the overall orientational order in th
sample could unfavorably influence the switching efficien
of HPDLC gratings. The drawbacks of the HPDLC mater
as pointed out in this study might be exaggerated in
sample, as the deuterated 5CB had been added to the liq
crystal mixture, which is standardly used in the production
switchable gratings. On the other hand, 5CB is a constitu
0-8
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of many commercial mixtures as well. It would be reaso
able to take into account this observation in planning
HPDLC chemical constituents. One of the purposes of
study was also to check the suitability of NMR as a suppo
ing method in the optimization of switchable gratings in t
future. Our results show that deuteron NMR combined w
optical experiments is a well-suited method for this purpo
and could successfully be exploited in future experiments
improve the switching performance of different HPDLC m
terials.
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