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Measurement of the surface-induced order in polymer dispersed liquid crystals: An approach
by NMR relaxometry
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A method based on NMR relaxometry is introduced to study surface-induced order in the isotropic phase of
confined liquid crystals. We show that the magnitude of the surface order pars8pen be obtained from
an increase in the deuteron transverse relaxationTrate The increase originates in the molecular diffusion
between the weakly ordered surface region and disordered area in the rest of the cavity. No assumptions
concerning the residence time of molecules at the surface are needed. We apply the approach to a polymer
dispersed liquid crystal and find a temperature indepen8gif magnitude=0.08. This indicates that short
range interactions at the interface dominate the behavi&@,pfand that only a partial orientational wetting
occurs.[S1063-651X%99)51205-]

PACS numbsgs): 61.30.Gd, 76.60.Es

A liquid crystal in contact with an orienting substrate is tinuous evolvement of order, in agreement with theoretical
partially ordered even above the nematic-isotropic transitiorpredictions[1,2,13. However, the experimental results of
temperatureT,. This phenomenon can be regarded as thé€solemmeet al. do not quantitatively reveal the details of the
orientational wetting of the substrate by the nematic phase ifurface-induced ordering. In this paper we present an ap-
the temperature range where the isotropic phase is stable Rfoach, based on deuteron NMR relaxometry, which yields
bulk [1,2]. On approaching y, from above, the thickness of information on fche surface _order parameter also for systems
the ordered surface layer assumes either a finite or infinit¢/nere the previously mentioned NMR method fails. Apply-
limiting value, corresponding to partial or complete orienta-"9 the approach to a PDLC material, we present an experi-

tional wetting. The nature of the wetting depends on thénental determination of the surface order parameter in its
strength of anisotropic interactions between the liquid crysta}StOPIC pha_lse. _In view of the Wldespr_ead app_llgatlon of
9 P d y DLC materials in optical shutters, we find that it is worth

molecules and the solid substrate. Neglecting a possible bl- R L ; ;

e ) L . ; shedding light on their microscopic properties.
axiality, the surface-induced ordering in the isotropic phase T
can be described by the scalar orientational order paramet The deuteron NMR spectrum of a bulk liquid crystal, re-

y L . P €brded in the isotropic phase, consists of a single narrow

S(r) and preferred molecular dwgctlcn(r) in the boundary line, as a fast and isotropic molecular tumbling completely
layer. The value of the surface-induced order parameter aferages out the quadrupolar interaction of deuterons. On the
the interfaceS,, is closely related to the wetting behavior. If Giher hand, the NMR line in the confined isotropic phase
the surface order parameter®j; exceeds a certain thresh- mignt be either broadened or resolved into a doublet as a
old valueS;, complete wetting occurs, whereas the wettingconsequence of the surface-induced orientational order in a
is only partial forS, smaller thanS;. Within an estimate thin boundary layer. The residual quadrupolar interaction of
based on the Landau—de Gennes theory, the threshold valaedeuteron thus depends on the position of the spin-bearing
S, equals the bulk nematic order parameter at the transitiomolecule in the cavity. It is zero in the isotropic region and
[1,2]. different from zero in the boundary layer where its value also

The experimental evidence of surface-induced orientadepends on the orientation of the local director. If molecular
tional order abovd, was provided by Miyano, who mea- translational self-diffusion provides a complete exchange of
sured the pretransitional birefringen{®]. Further experi- molecules in the cavity within the time of the NMR experi-
mental studies include second harmonic generdddrfield-  ment, the corresponding splittingy of the spectrum is given
induced twist [5], and evanescent wave ellipsometry by [8,12]
technique$6]. A systematic investigation of surface-induced
order in cylindrical cavities—coated with various ~ 3€°qQ(1 TeoZ o1
surfactants—was performed by Crawfaetal. by means of Av= 2 h 5(3 cos y—1) (S(r)
deuterium NMR[7-9]. In contrast to the intensive efforts
devoted to liquid crystals in planar and cylindrical geom-
etries, surface parameters of polymer dispersed liquid crys-
tals (PDLCs have been only scarcely investigated. Go-
lemme et al. [10] studied the deuterium NMR spectra of Here e?qQ/h is the static quadrupole coupling constant of
spherical liquid crystal droplets in a PDLC material. Measur-deuterium nucleiyy is the angle between the C-D bond and
ing the linewidth, they showed that for sufficiently small the long molecular axis, and the bar denotes the average over
droplets the nematic-isotropic transition is replaced by a condifferent conformational states of the molecudg(r) is the

1
X<§(3CO§ aB(r)—1)>. (1)

1063-651X/99/56)/47544)/$15.00 PRE 59 R4754 ©1999 The American Physical Society



RAPID COMMUNICATIONS

PRE 59 MEASUREMENT OF THE SURFACE-INDUCED ORDERN. . . R4755

angle between the local director at the surface and magnetic2.5 compared to the bulk, and shows a well expressed pre-
field, S(r) is the local orientational order parameter, dnd transitional increase a$y, is approached from above. In
stands for the spatial averaging over all positions in the caveontrast to the transverse spin relaxation, the spin-lattice re-
ity. In systems with uniform orientation of the surface direc- laxation rateT; ! hardly experiences any effect of the con-
tor with respect to the magnetic field, i.e., with the safige  finement. The lack of any significant difference g * be-
everywhere at the walls, the ter(8 cos 6g(r) —1) is rela-  tween the PDLC material and bulk leads to the conclusion
tively large and the spectrum is a well resolved doublet. Thehat fast local molecular reorientatiofihiey determiner; *
measurement oA v yields (S(r)) directly according to EQ. jn the MHz regime 14]) are not affected by the confinement.
(1) Such a SyStem is Cylindrical cavities oriented paralIEI tOA |arge difference in the transverse relaxation rates, how-
the magnetic field as used by Crawfeetal. [7-9]. ever, clearly indicates that, in addition to the fast local reori-
The situation is much more complex in systems where th@ntations, there exists in droplets a slower modulation of the
orientation of the director with I’eSpeCt to the magnetiC fieldquadrup0|ar interaction as We”' which is not present in the
varies along the wall. This applies for liquid crystals in pylk.
spherical cavities, porous glasses, aerogels, and liquid crys- The additional relaxation-inducing process with a fre-
tals with an embedded polymer network. Here the averagguency in the kHz range could be eitteder fluctuationsn
(3 cos Gg(r)—1) is considerably diminished by molecular the boundary layer anolecular translational displacements
translational displacements and would be zero for a comhe first possibility can be ruled out on the basis of the work
pletely isotropic distribution obg in small cavities. In fact, of ziherl and Zimer on order fluctuations in the confined
no splitting of the NMR spectrum has been observed in eiisotropic phas¢15]. They showed that, in the case of com-
ther of the above systems. plete wetting of the substrate by the nematic phase, the slow-
The hampering effect of molecular translational displaceest mode, which would provide the largest contribution to
ments has a different impact in NMR relaxomeffy8]. The 71 js associated with fluctuations in the thickness of the
nuclear spin relaxation is in fact caused by the time modulag gered layer. It is slower than the bulk modes only in a
3\%‘ of quaﬁrulpolar ir;te_racﬁon in(jjuced bﬁ’ moIecuIarI mo“?”ﬁnarrow temperature interval of akidliK above the transition
ereas the line splitting depends on the mean value of t ; - 1
residual quadrupolar interaction in the cavity, the spin reIax-gggecrj\ll\éedr%ispg?-g'éngﬁysilécthhg |(\a/)e(;gmeirr1](;3 g,é@%éslfelﬁn

ation rates depend basically on the mean-square value, whi dition, the increase i, * upon confinement is not limited

does not average out to zero. Although a relationship bet'o the intermediate vicinity of the transition. This leads to the

) onclusion that molecular translational motion shoul re-
eter has been suggested earfit?], we show how the sur- ‘Tonclusion that molecular translational motion should be re

face order parameter can be obtained directly, withou?p.o.ns'bk.a for the enhancement'_bj .That fact is not sur .
knowledge of the residence time of molecules at the surfacdising since molecular translational displacements provide

With this purpose we measured and analyzed the transver&d effective relaxation mechamsm In many heterogeneous
. ; ) . . : Systemg16—21]. The quadrupolar interaction of deuterons,
spin relaxation ratd, - of deuterons in the isotropic phase

of 2 PDLC material. averaged by fast local molecular reorientationsadslition-

Liquid crystal 4 -pentyl-4-cyanobiphenyl (5CBed,). ally modulated on a much slower time scale as a spin-

: o : bearing molecule changes its position from the isotropic re-
d_euterated_m ther position of th_e hydrocarbon _ch_am, was gion in the inside of the droplet into the ordered surface layer
dispersed in the form of spherical droplets within a two-

; = .7 and out. The angular part of the quadrupolar Hamiltonian
component epoxy polymdBostik brand. The droplets’ di- allso varies alonggthe cSrved surfacqe. P
e

ameters are bgtvx{een 500 and 600 nm. Due to the parall The contribution of molecular translational displacements
anchoring of liquid crystal molecules at the surface, the

1 " .
structure of the director field in the nematic phase is bipolar,(TD) to the deutero, * is quantitatively given by13,14
i.e., with two point defects at the poles of the sphere. A
discontinuous transition from the nematic into the isotropic
phase takes place at nearly the same temperature as in the

bulk 5CB (Ty;=~34.5°C+£0.5°C). The measurements of the

deuteron transverse and spin-lattice relaxation tifigsand whereJ,(0) is the spectral density of the quadrupolar auto-
Ty, respectively, were performed on a Bruker spectrometefre|ation function of zero order at zero Larmor frequency.
at a Larmor frequency of 58.3 MHz on cooling the samplesre gpectral densities at Larmor and the double Larmor fre-
in the isotropic phase. Transverse spin relaxation tifpe quencies have been omitted in EQ), their contributions
was measured by the qqqdrupo_lar echo pulse S€(qUeNGseing negligible for fluctuations that are much slower than
(wl2),-7-(7/2),~7-(acquisition), improved by an eight e inverse Larmor frequency. The spectral dendifp) is
step phase cycling scheme, afig by the standard pulse o, o oqseq in terms of the angular pag(r) of the quadru-
sequence. The observed relaxation processes are monoex Blar interaction for a nucleus at positionn the droplet and

hential over at least one decade and the experimental erro %/eraged over fast molecular reorientations, and in terms of
are less than 10%. P(ro,rt) [18];
0! .

The temperature dependences of the deut'e’lgfr]in the
isotropic phase of 5CBed, droplets and of the bulk
5CB-ad, are shown in Fig. 1. There is a pronounced differ- Jo(0)= E fxf f WP(ro r t)Fo(—r)*dr drodt
ence between the relaxation rates of the two samflgs. Vo Jvly, v
for the confined liquid crystal is larger for at least a factor of (©)
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with

Fo(r)= il e 3cog y—1 ! 3 cog 1
o(r)—E 5 (3cos y=1)IS(r) 5[3 cos fg(r) —1].
4
P(rq,r,t) is the conditional probability density that a mol-

ecule at positiorry at time zero migrates to in time t. In
evaluatingP(rq,r,t) we use a simple model and describe

molecular translational displacements in the droplet as ordi-

nary isotropic diffusion with coefficienD, which is re-
stricted to a spherical volumé with reflecting boundaries.
The conditional probability density for such motion was cal-
culated in the appendix of R€f18]. The local order param-
eterSat positionr, which enters into Eq4), is calculated by

minimizing Landau—de Gennes free energy for the isotropic

phase within a cavity with orienting wall4,8]. It was found
that

S(r)=Spexd —(R—r)/£], ©)

whereR—r denotes the distance from the wall ahidenotes
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FIG. 1. Temperature dependences of the deuteTgﬁ for
5CB-ad, droplets(PDLC) and the bulk sample. The bold solid line
represents the fit of Eq7) to the experimental data. It is a sum of
three contributions: T, )k (thin solid line, (T, )1 (dashed
line), andC (dotted ling. The inset represents a schematic presen-
tation of the order paramet& versus the distance from the wall
(R—r). Sis constant in the first molecular layer) whereas, for

the characteristic decay constant. The decay constant hasRa F=!o. it decays exponentially with the characteristic length

critical temperature behaviog= £,(T*/(T—T*))¥?, where

& is of the order of molecular lengtié§~0.65 nm for 5CB
andT* is the bulk supercooling limitabou 1 K belowTy;).
In deriving Eq.(5), the spherical symmetry &(r) was as-
sumed as well a§;<1 and the decay constamt much
smaller than the radiuR the droplet.

The final result for (rgl)TD is obtained by inserting Eq.
(5) into Egs.(4) and(3), usingP(rg,r,t) from Ref.[18], and
by performing the time and volume integrations. Generally

with all molecules preferentially oriented perpendicular to

at least one of the integrations should be performed numer
cally. For a special distribution of directors at the surface—

tion is not possible unless a temperature independent@rm
is added. The bold solid line in Fig. 1 is thus obtained by
fitting the expression

(T2 Hporc= (T2 Dpurt (T2 D1+ C (7)
to the experimental data. A good matching is obtained by
varying only two adjustable parameters: the surface order
Earametelso, and the temperature independent contribution
C. The values of the two fitted parameters &g=0.08
0.01 and C=130s?!, wherease?qQ/h[3(3 cosy—1)]

*

the interface—the spherical symmetry simplifies the problent=62kHz is obtained from the bulk nematic phage,

and we find

_ 27 ,(€*qQ
(T21)TD:E7T hn
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=275nm, and D=Dgexp(—E,/ksT), with Dy=2.83

X 10 °m?s andE,/kg=4050 K [21]. It should be stressed
that only atemperature independent, $easonably explains
the experimental results. Though our data yield the magni-
tude ofSy, they provide no means of distinguishing between
the details of the surface alignment, i.e., whether it is uni-
form planar, random planar, or homeotropic. As the fitted
value of Sy depends to some extent on these details, we
estimate that the error in determinig could be larger than
the deviation in the fit and might amount to about 30%. We
have also applied the approach described above to determine
Sy in cylindrical geometry, i.e., for 5CBed, in Anopore

HerEjz denotes the Spherical Bessel function of second Ord%embranesl where the surface order parameter is known

and B, denotes thesth zero of the first derivative of,. The

from NMR spectrd8,9]. A preliminary analysis shows good

resulting relaxation rate is a weighted sum of a discrete set ofgreementwithin 30%) between both methods.

times 74= R2/(,8§D) related to the topologically restricted

The necessity to include a temperature independent con-

diffusion process. It should be mentioned that parallel surtribution C ad hocin Eq.(7) arises from the simplicity of our

face anchoring of molecules, which is, in view of the bipolar

description related t¢i) molecular translational diffusion in

structure in th_e nematic phase,. more probgble for our systefme cavity, and(ii) the order-parameter profil&q. (5)]. In
than the radial one, would give approximately the sameeal droplets, a slowing down of molecular translational dif-

(Tz_l)TD for bipolar surface orientation and randomly ori-
ented droplets in the sample.

The comparison of experimental data for 5@, drop-
lets with theory[Eg. (6)] shows that an adequate interpreta-

fusion occurs in the first molecular layer at the boundary
[22]. Besides, taking into account the finite length of the
molecules, a more realistic order-parameter profile is found
to be constant over a distantg from the wall[7-9], and
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only then starts to decrease exponentially with the decajace coupling constant ard is the disorienting ong€2?], the
constant (inset in Fig. 2. The thicknes$, of the layer with  minimization of the free energy vyieldsS,=G/(U
constant order parameter is roughly one molecular length- \[aL(T—T*)), wherea and L are material parameters
and does not change with temperature up to about 20 Ka=0.13x 10° I/nPK and L=1.7x 10 **J/m for 5CB [11].
aboveTy [7-9]. The exchange of molecules between thisp temperature independe8y indicates that the disorienting
first molecular layer and the rest of the cavity leads t0 agyrface coupling constanU dominates over the term
temperature independent contribution to the relaxation ratm. This imposes limits on the surface coupling
T, ", which can be interpreted as the te@in Eq. (7). s constants in our systemtU should be larger than 5
value is rather large in view of the slowing down of transla- v 1 -3 /42 and, consequentlyG<4x 104 J/m?. Obvi-
tional diffusion at the wall. In the total relaxation rate, the ously, S, is determined by short-range interactions at the
temperature independent ter@ prevails far aboveTy, interface.
whereas the relative importance of {*)1p, arising from In summary, we have shown that NMR relaxometry pro-
the diffusion of molecules to and from the region of thick- ides a way to determine the magnitude and temperature
nessg, increases with decreasing temperature. It is roughly,ehavior of the surface order parameter in confined liquid
proportional tog%:(T—T*) ", as long ag<R. crystals.S, is determined from that part of the deutefbp*
_The value of the surface order parameSgr~0.08, ob- ¢ results from the modulation of quadrupolar interaction
tained from the fit, is temperature independent in the wholg g ,sed by molecular diffusion to and from the region with
range betweell ~Ty +0.2K andT~Ty+15K. Itis much  gyponentially decaying order parameter. With this approach
smaller than the threshold valu& (~0.27 for 5CB and, = g assumptions concerning the residence time of molecules
therefore, characteristic of a noncomplete, i.e., partial orienz; the surface are necessary &ds, apart from the constant
tational wetting. The orienting effect of the polymer surfacec exiracted as the only fitted parameter. Our results repre-

in a PDLC material is thus relatively weak; the surface hassent quantitative determination of the surface order param-
an ordering effect at temperatures where bulk is isotropic butier in a PDLC material.

a disordering effect in the nematic phase. If the standard

Landau—de Gennes free energy density is complemented by This work was supported by the Ministry of Science and
two terms that describe the surface free energy density,Technology of SloveniaGrant No. J1-7470and by the
(—GS(r)+3US(r))8(r—R), whereG is the orienting sur-  U.S.-Slovenia NSF under Grant No. 9815313.
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