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Abstract A deuteron NMR study of a pentylcyanobiphenil (5CB) liquid
crystal confined in controlled pore glass (CPG) matrices of different pore
diameters 2R between 7 nm and 400 nm has been performed. The
paranematic-nematic (P-N) phase transition seems to be gradual in pores
with 2R <24 nm and discontinuous in larger pores. Possible reasons for the
observed temperature shift AT and qualitative change of the phase
transition are analyzed using a simple phenomenological approach. The
theoretical analysis suggests that both surface interaction and elastic
distortions significantly influence the A T=A T(R) dependence obtained in

CPG samples.
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INTRODUCTION

Recently many studies have been devoted to the behavior of liquid crystals (LC)
confined to different porous materials! (e.q. aerogelsz's, CPG6’7, Vycor8 glass,
and other porous gla.ssesg). In such systems the typical size of a void containing
LC is below lum and different voids are in most cases strongly interconnected.
Thus finite size effects, geometrically induced randomness, defects, and surface
interactions play in general an important role.

In this work we report on a deuteron NMR lineshape study of a pentyl-
cyanobiphenil (5CB) liquid crystal confined to different controlled porous glass
(CPG) matrices. The CPG matrices®! consist of strongly interconnected voids.
The voids are strongly curved and have locally cylinder like symmetry with a
relatively small variation of the radius. The void surface is relatively smooth on

the nm scale. In our previous publica.tion7

on this subject we explained the
measured NMR-line shapes, hysteresis effects and qualitatively discussed possible
reasons for the change of the character of the paranematic-nematic (P-N) phase

transition. The paranernatic10

phase has a weak but finite degree of nematic
ordering due to the local surface ordering effect. In this work we focus on the
dependence of the P-N transition on the CPG voids’ diameter. Quantitative

estimates are made using the Landau-de Gennes approach.

EXPERIMENTAL RESULTS

We studied CPG matrices with average pore diameters 2R of 7.4 nm, 24 nm, 50
nm, 100 nm, 140 nm, 300 nm and 400 nm, and a very narrow monodispersed

pore size distribution with the width of ~10% around the average pore
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diameter.’ The immersed liquid crystal 5CB was deuterated at the gd, position.
The deuteron NMR spectra were recorded at resonance frequencies of 58.37 MHz
and 30.6 MHz. A (x/2)x-(x/2)y pulse sequence with phase cycling was used to
obtain NMR spectra in the nematic phase.

The temperature dependence of the average nematic ordering for some pore
sizes is presented in Fig.l. The degree of ordering was inferred from the
measured line shapes. Details are given in ref.(7). In the samples with R < 24nm
the P-N transition seems to be gradual and for larger radia discontinuous. In the
inset to Fig.1 the shift of the P-N phase transition is depicted as a function of R.

Data suggest that the temperature shift scales approximately as 1/R!-.

THEORETICAL CONSIDERATIONS

Free energy

In the following we analyze theoretically the influence of different mechanisms on
the character and temperature shift of the paranematic-nematic phase transition
of a LC confined to a cavity of a general shape. We use the phenomenological
continuum description where nematic ordering is expressed in terms of the
nematic director field i and the uniaxial nematic order parameter S. In this case

the free energy F is expressed ast112

F= J &% (a(T-T,)S% - bS° + 5% + § [ Kyy(div)? + Kyp(f.curlf)? + Kgg(iixeurli)? )
volume

A xSB?

K
- 32 div(fxcurli+ii divit) + § 15(gradS)” - 5=

(5% ) +

+ [ A7 ( Wowy(i1) S%-W,w,(i) S ) . )

surface

Here a, b, ¢, T, are material constants. The elastic properties of LC are
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determined by elastic constants K, (i=11,22,33,24) and l,. The surface-LC
interaction strength is given by constants W, and W,. The orientational

dependence of the surface interaction!3

is given by dimensionless functions w, (1)
and w,(ii). We define them in such a way that in the strong anchoring regime it
holds w;=w,=1. It is to be stressed that in the expression (1) only the most

important terms are included that reproduce the main qualitative and

quantitative features observed in the samples studied 112,
10 b b §
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FIGURE 1  The effective scaled nematic order parameter s=Seff/ So as function
of temperature for 2R=7 (4), 50 (x), 100 (A), and 140 (%), obtained from the
deuteron NMR linewidth. For comparison the bulk data are also plotted (¢). In
the inset the log-log dependence of the phase temperature shift as a function of R

is shown. S, is the value of the order parameter at the nematic-isotropic

transition of the bulk LC.
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Character and shift of the P-N phase transition

We employ the following approximations: (i) "Direct” coupling between & and S
is neglected. Thus in the model we calculate the i profile and based on it
evaluate the effective order parameter S g within the sample. (ii) We assume
that in most of the sample the order parameter is constant and close to Seff' The
orientational ordering recovers to its average value on the correlation length (¢)
scale. i.e. at defect sites |grad(Sg)| =S g/¢. (iii) The S_g (i.e. temperature)
dependence of elastic constants 1is approximately expressedlz’14
Kpe=ko S grtn VS i, Ku=kiSogf, Ki=koSg? Kap=kiSyf. Here ki
(1=1,2,3,24) and l, are assumed to be temperature independent. (iv) The
confining worm-like void resembles a cylinder with radius R.

We further introduce the dimensionless coordinate system X measured in units
of R, the dimensionless operators V.=R div, Vx=R curl, V=R grad and the
scaled effective nematic order parameter s=Seff/So. Here So=b/(2c) describes
the value of the order parameter at the I-N phase transition at T=Typ in the
bulk. We introduce the dimensionless temperature t=(T-T)/ (TNI'T*)’ the
dimensionless elastic constants a; (1=22,33,24) measured in units of Ky, (T=Ty):
a=kofky, ay=ks/ky a2V =kosV/(k,S0)s agP=kp,?)/k,. The important
characteristicll lengths, expressed at T=TNI, entering the model are the
nematic correlation length ¢*=a(TNpTx)/lo, the external field correlation length
£f2= £ xSoB?/(k,S0210), and the surface extrapolation lengths d;=k,S,%/(W,So),
dy=k;S0°/(W3So”).-

Taking this into in account we express the dimensionless free energy asH10

G=s"t,-25+s"-hs. (2)

The quantities t of and h play the role of an effective temperature and an
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effective square external field:

K 2 5 2 2

tef:t+ﬁ(Ge%-a24( )G24§ +G?R€d )+t'def’ (33.)
Ko €, g €.5 6

h-lo Gf£7i'a24 G24R—2§-G1R—dl) . (3b)

The quantity t def describes the contribution of the defects. For point defect it

N
R and for line defect t def 2‘{/ Rz’

number of defects and V:Id%?. The value of bef and b is influenced by the

N
roughly holds t def © 2‘%} where Ny ¢ is the
nematic director field structure which enters the integrals Gi (i=1,2,24,e,f)
defined in eqs.(4). The separation of the R dependence in bef and h into the
explicit and implicit parts (via integrals G;) is convenient because the G; in

many cases depend weakly on R. The integrals entering egs.(3) are defined as

G, = —1\7 J ’7( (V.1) -y (. Vit +aq, (Tx Vi) ) (4a)
volume

G=¥ I 7 L @ep?, (4b)
volume

Gu=% J d*% § V.(8xVxi+d V.A) = J %% § (AxVxi+i V.R).7 (4c)
volume surface

Gi= | @, G=d [ FRw@, (1d)
surface surface

where 7 defines a local orientation of a void surface normal. The director field is
obtained as a solution of Euler-Lagrange equations for o assuming that variations
of 0 and s are decoupled. A value of the scalar effective order parameter s is then
obtained from the minimization of G, i.e. by solving the equation %%:0. The
solutions for different values of I are given in Fig.2.

For h<hc=0.5 the P-N transition (I-N for h=0) is discontinuous and

becomes gradual for h > he. In the regime h<h¢ the phase transition takes place
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at (tor)pr=1+h. The corresponding actual dimensionless transition temperature

t related to t ¢ by eq.(3a) has at the transition point the following value:

k £2 62 1 2 52 2 2
tpp = I tyor + i( Geﬁ—2+(;fg?+(au( ) +a,,2)) G“F-GZR%Z-+ G,Rf—dl). )

1.8 T T T T
16
1.4

1.2

0.8
0.6
0.4

0.2

FIGURE 2 The average scaled nematic order parameter s as function of t ¢ for
different values of h. For h<h.=0.5 the P-N transition is discontinuous and

gradual for h > h.

In the undistorted bulk the transition takes place at tpp=1. If h>0 and h<h
then the remaining terms in eq.(5) describe the shift AT of the transition
temperature. The shift AT due to elastic distortion in fi is proportional to 1/R?
in case that the integrals Ge weakly depend on R. This holds true if the

structure within a cavity is scale invariant which is often realized in the strong
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anchoring regime and negligible external field influence. On the other hand the
shift due to variations in S at defects is proportional to 1/R® for point defects
and 1/R? for line defects. The elastic distortions due to the bulk elastic constants
depress the transition temperature. On the other hand the saddle splay elastic

16

term*” can provide shift in either direction depending on the sign of this
constant. The external field contribution increases tpr- This term depends on R
only via the integral Gy At least in the strong anchoring regime the surface
interaction terms scale as 1/R. The W, contribution enhances while W,
depresses tp-

The shift in the transition temperature becomes significant (comparable to 1)
when the typical lengths of the system (R, d;, d,, ff) are close to €. For most
director structures the integrals G, (i=1,2,24,e,f) typically range between 1 and
100. Characteristic lengths are typically of the order ¢ ~0.01uym, d, and d, vary
from 0.01um to l1um, & from 0.1um to 1pm.

The character of the transition is in this picture controlled by the field h,
defined in eq.(3b). The transition becomes gradual for h > h¢ = 0.5, which can be
triggered 'either by the external field contribution, the saddle splay elastic
constant K,, providing G24k24(1)>0 or the W, surface interaction contribution if
g=gor R=~¢or Rd, ~ &%

In order to test the validity of the approach we calculate the effective value of
s for a spherical droplet having the radial director field in two different ways: (i)
using the procedure described above (s=s;) and (ii) taking into account s(r)
variation and performing the average over the droplet ( s=s2=—1\7Js(§c’)d3)€ ). The
relative departure As/s as a function of R is shown in Fig.3 (As=s;-s,,
s={s;+s5,)/2). The results indicate that the above approximation works quite well

down to the limit R/¢=1.
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Model nematic structures
To illustrate the effect of various director structures on tpp and h we chose some
structures for which analytic solutions are known and mimic to some extent

17

possible scenaria encountered in CPG. These structures*’ are the homogeneous

(H), the escaped radial (ER), and the escaped radial with point defects (ERPD)
which are conventionally realized in long cylinders. They are schematically
shown in Fig.4. With the ERPD structure we simulate the influence of the
concentration of defects on the phase transition. These appear in the real samples
at the intersection of voids. A more detailed discussion of possible director fields

in CPG samples is given in ref.7.

1.8 | I BN S S S AR Sa—

16— . -
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FIGURE 3 The relative departure As/s as function of R. In the inset the radial

director structure is plotted schematically. As=s,-s,, s=(s;+s,)/2
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To evaluate integrals (4) for these structures we parametrize the director field
as fi=sing €,+cosd €,. Here &, and €, denote unit vectors along the cylinder axis
and perpendicular to it. We further set ay;=1 (the a,, elastic term does not
influence these structures), assume strong anchoring regime and neglect the
external field contribution. In the H structure, which is realized in the case of
planar anchoring or very weak homeotropic a.nchoring”, #=0 everywhere. The
ER (eq.(6a)) and ERPD (eq.(6b)) director profiles, that can be realized for the

homeotropic anchoring, are given by
=2 ataﬁ(p), (6a)

(6b)

6= atan(m) ,
where p=1 at the cylinder surface and L is the average distance between
neighboring point defects lying on the cylinder axis. The relation (6a) is exact in
the strong anchoring regime. The ansatz17 (6b) works well for L/R<4 and strong
anchoring.

For these structures the integrals G, defined by eqs. (4) have simple forms so
that the effective field h and the transition temperatures for h <h¢ can be

written as:

2
tpr(8) = 1+ (- g +Rd ), () = 2 (Ta)

& E

‘2
et @M G

2 2
h(ER) = a,,{") % + ——,213‘ ; (b
. 2 2 2 2k
tpp(ERPD)= 1'*[ (3 +8 973 ‘08(R) 5 % +...) }i— - %%; + 5 Rd; + (324( )+a24 )) RZ ]ﬁ»
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h(ERPD) = h(ER). (7¢)

In (7c) only the leading terms of the L/R expansion are taken into account. The
tpy and h dependence on R for different structures and typical values of

material constants is shown in Fig.5.
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FIGURE 4 Schematic presentation of the H, ER and ERPD structure. In the H
structure the director field is along the cylinder axis. In the ER structure i tends
to be oriented radially at the cylinder surface and gradually escapes along the
cylinder axis close to the center of the cylinder. The ERPD structure consists of

partially escaped domains with alternating radial and hyperbolic point defects.

CONCLUSIONS

We have studied both experimentally and theoretically the temperature shift
AT and the character of the P-N phase transition of the 5CB nematic liquid
crystal confined to various CPG host matrices. Different CPG matrices are
characterized by the average void radius R. The deuterium NMR absorption
spectra reveal that in matrices with 2R <24 nm the transition seems to be
gradual whereas it becomes discontinuous for matrices with 2R > 50 nm. The

phase transition temperature shift AT scales approximately as 1/R'.
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FIGURE 5 Dependence of tpp (full line) and h (dashed line) on R for the H,
ER and ERPD structure. In the case of ERPD structure cases of L/R=0.3 and
L/R=3 are shown. The material constants are chosen: (a) d;=d,=0.1um,
a24(1)=a24(2)=1, (b) d,=d;=0.1um, a24(1)=az4(2)=0, (c) d,=0.01xm, d,=0.1um,
a24(1)=a74(2)=0, (d) d;=0.1pm, d,=0.01pm, 324(1)=a24(2)=0. In all cases k,/1,=1,

1/§f=0. For cases b, ¢, d the h(R) dependence is the same for all the structures.

A theoretical analysis based on the Landau-de Gennes picture reveals that the
AT due to elastic distortions in 0 in most cases approximately scales as 1/R?
and due to variations in S as 1/R® for point defects and 1/R? for line defects.
The bulk elastic terms decrease AT while the saddle splay contribution can

cither increase or decrease it depending on the sign of K,,. The surface
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interaction contributions scale as 1/R. The shift of transition temperature can
become apparent when the relevant characteristic distances (d,, d,, & or R)
becomes comparable to ¢.

Note that the cases demonstrated in Fig.5 only roughly mimic possible
scenaria encountered in a real sample. Most of the structures analyzed
correspond to the situation of strong homeotropic anchoring. However for small
radia the bulk elasticity forces the system to arrange like in the case of planar
anchoring (i.e., the geometry of the surface becomes dominant). This transition
takes place when R/d, or R/d, are in the range between 1 to 10. But this
transition can not relax most of the defects in the director field which are the
consequence of randomly interconnected worm-like voids. The ERPD structure
was chosen to empbasize the effect of concentration of defects on the phase
behavior which 1s in our case only weakly influenced by the anchoring strength.
On the other hand the K,, contribution strongly depends on anchoring

conditions.
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