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Dynamic 'H NMR Investigation of the Liquid Crystal
MBBA Confined in Porous Silica

R. Decressain
T. Mansare
C. Gors

E. Cochin

L. Carpentier

Laboratoire de Structure et Dynamique Des Materiaux Moleculaires
(LDSMM), University of Lille-1, Villeneuve d’Ascq, France

The polymorphism and molecular dynamics of the liquid crystal MBBA [N-(p-
methoxybenzylidene)-p-n-butylaniline], confined in controlled pores glasses (CPG)
porous glasses of 82, 156, and 3374 pore diameter, were investigated using 'H
nuclear magnetic resonance spectroscopy (NMR). The transition temperatures are
determined from the analysis of NMR line-shapes and spin-lattice relaxation times
(Ty). The results show that the depression of the phase-transition temperatures is
linear versus inverse pore diameter. The motion parameters of the phases were
derived from an isotropic rotational diffusion model (BPP). In the nematic and
glassy nematic phases, the results show that the confinement weakly influences
the dynamics. In the crystalline phases, the confinement results in a reduction of
the motion activation energies and an important phase diagram modification. To
interpret the experimental results with regard to the bulk characteristics properties,
a Cole—Cole distribution model was introduced. The width distribution parameter
was found to depend linearly on the inverse pore diameter in the crystalline phases.

Keywords: confined; liquid crystal; NMR

1. INTRODUCTION

The investigations of confined materials have received a considerable
amount of attention from both theoretical and experimental research-
ers [1-21]. It is now well established that materials confined in pores
can exhibit physical and chemical properties that are different from
the bulk properties. By thermal investigations, it has been observed
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that the melting and freezing phase transitions are broadened and
occur at temperatures different from those of the bulk. The difference
between the bulk and confined melting point AT}, is generally inter-
preted by the Gibbs—Thomson equation [16,17]. According to this
model, AT,, is proportional to the reverse pore diameter (d):
AT, =T, — Tn(d) = K/d, where AT}, (d) is the freezing point of crys-
tals of size d and K is a material specific constant. The value of AT},
depends on the interaction between the pore wall and the confined
material via the constant K in the Gibbs-Thomson equation. This
model, which has been successively applied in liquids confined in
spherical or cylindrical cavities, does not hold for very small pores
because surface heterogeneities and finite size effects are not taken
into account. In recent years, confined liquid crystals (LLCs) have been
extensively investigated to understand the possible disappearance of
the nematic phase when they are strongly confined. Most of the early
works concerned systems such as 5CB and 8CB, confined in spherical
or cylindrical cavities, in the temperature range corresponding to the
bulk isotropic and nematic phases [4-8,10-13]. For large pores, the
nematic state persists above the bulk melting temperature. In con-
trast, under nanometric confinement it has been shown that the orien-
tational order characteristic of the nematic phase still exists below the
crystallization temperature, leading to a quenched disorder effect
induced by the porous matrices [5—21].

In this work, we report "H NMR analysis of the liquid crystal MBBA
[N-(p-methoxybenzylidene)-p-n-butylaniline; CH3;—O0-CgH,—CH =
N-Ce¢H,—C4Hg] confined in a matrix of silica porous glasses. MBBA
is an attractive candidate for such studies owing to its well-estab-
lished phase diagram [22,23]. Calorimetric measurements have
shown that the bulk material exhibits isotropic (I), nematic (N),
crystal I (C6), and crystal II (C5) phases upon slow cooling. The
quenched effects have also been studied, and it has been shown that
a rapid cooling of the nematic phase leads to a glassy nematic liquid
crystal (GLC; C0), with a glass transition temperature Ty = 205 K.
Upon slow heating of the GLC, a succession of phases is obtained:
solid smectic-like (C1-C2) and crystalline (C3-C4). The confine-
ment effects on a bulk liquid crystal strongly depend on the length
scale of the confining material. As extrapolated from a variety of
experimental results, the behavior depends on the comparison
between the typical length scale of the porous material
(d = diameter of pores) and the nematic coherence length (&)
approximately estimated at 150 A at the N-I transition for MBBA
[24]. To study specifically confinement effects, we have used three
different confining lengths of the same porous material (CPG),
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treated to minimize surface effects and corresponding to the three
cases:d < &d > & d= &

The NMR technique has been extensively used to investigate bulk
and confined liquid crystals for many years because it provides valu-
able information on the molecular structure and dynamics by means
of spin relaxation analysis. The bulk and confined phases of MBBA
were dynamically characterized by studying the temperature depen-
dence of the 'H relaxation times. From the dynamic process probed
by NMR and confrontation to the bulk material, we have established
conclusions relative to the influence of geometrical confinement on
the polymorphism and dynamics of MBBA.

2. EXPERIMENTAL TECHNIQUE

As a porous matrix, we have used controlled porous glasses (CPGs),
purchased from CPG Inc. (Fairfield, New dJersey), of nominal pore
sizes diameter 337, 156, and 82 A, referred to as G337, G156, and
G82, respectively. This material consists of crushed glass particles
with a grain diameter of 40-75pum. The CPG matrix presents a
roughly cylindrical morphology and a narrow pore diameter distri-
bution with 5-10% departures around the average value [2]. Some
of their physical properties are given, as supported by the manufac-
turer, in Table 1. Because the surface of CPG contains hydroxyl groups
that may interact with MBBA via hydrogen bonding, the CPGs were
chemically treated using hexametyldisilazane according to a pro-
cedure described in Ref. [20]. The LC MBBA used in our experiments
was synthesized in our laboratory. The molecular length of MBBA is
L =18A. To fill the pores, the exact amount of MBBA to be used
was calculated from the specific pore volume supplied by the manufac-
turer (Table 1). The porous materials were then saturated by heating
the CPG/MBBA mixtures up to the clarification temperature, favoring

TABLE 1 Physical Properties of the Controlled Pore Glasses Used in the
Present Study Supported by the Manufacturer (CPG, Inc.)

Label d* Ad® (%) Ve s
G337 337 5.7 0.84 244.5
G156 156 5.8 0.81 90.9
G82 82 7.95 0.37 55

“Pore size (A).

bPore-size distribution (%).
“Specific pore volume (cm3/ 2).
dSpeciﬁc surface (m? /8).
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the diffusion of MBBA into the pores. The samples were transferred in
NMR tubes (5 mm) and sealed to prevent external contamination.
The 'H NMR experiments were carried out on a Bruker ASX100
spectrometer. 'H spectra were obtained by the conventional quadra-
ture fast Fourier transfrom (FFT) method and line-shape simulation
of the spectra were performed by standard methods using a computer
program. The proton Zeeman spin-lattice relaxation time 7'; was mea-
sured with an inversion-recovery pulse sequence [(7,7,7/2,Dy),], typi-
cally using 12-14 values of t and a recycle delay Dy =5 T;. At all
temperatures, the magnetization relaxation was well fitted using a
simple exponential decay with a single time constant 7'y within experi-
mental error. The temperature of the sample was controlled by a con-
ventional Bruker gas-flow system (BVT-2000) over the temperature
range 120-350K, to within +0.5K. Experiments were performed
using two different thermal procedures according to previous bulk
analysis [22,23]. The sample was first slowly cooled from the isotropic
state by lowering the temperature in 5 K intervals to study the phases
I - N — C6 — C5. In a second experiment, the sample was quenched
below T, from room temperature (INV), to reach the glassy nematic
phase (C0). CO was then investigated upon cooling from 210K to
120 K. Upon heating CO above Ty, a new crystalline phase is obtained
after an annealing of several hours at 7' = 260 K. Again, this phase
was investigated upon cooling to 120 K. An equilibration delay of
10 min was systematically used before starting the measurements.

3. RESULTS
A. Bulk Analysis

The temperature dependence of the 'H NMR relaxation times of bulk
MBBA (N-C6-C5-C0-C4) is represented in Fig. 1 [22]. Within experi-
mental errors, the results are consistent with those previously
reported in the literature [25-28]. As seen in Fig. 1, the N-C6 phase
transition is related to an important increase of T';. Upon decreasing
the temperature, a continuous 7'; variation is perceived in C6-C5,
with a shoulder observed at 7= 200K and a minimum at T'= 145 K.
In CO and C4, the shape of the relaxation curves presents a T'; minima
observed at different temperatures characterizing the solid phases.

Assuming that the motions are thermally activated, the relaxation-
rate temperature dependence can be analyzed in terms of the well-
known rotational diffusion model (BPP theory; [29,30]):

= Gl 1)

i
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FIGURE 1 Variation of T; for bulk MBBA (from Ref. [25): slow cooling experi-
ments C6-C5 (@), glassy state CO (O), and crystalline phase C4 (A). The con-
tinuous curves correspond to the best refinement carried out with a BPP model.

The dipolar relaxation constant C; is given by

9 1o 2)4h’
Cl_%(ﬂ) ré @)

where r,, is the appropriate inter proton distance and the other sym-
bols have their usual meaning.
The function g is given by

g(wv Ti) =

T 47;
5T 2|
14+ (07)” 14 2ot)
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TABLE 2 Activation Energies (E) and Inverse Frequency Factors
(t9) Deduced from NMR Analysis of the Solid Phases of Bulk MBBA

Phase 7o () E (KJ/mol)
C6-C5 (11) 15.-10° 1 15

C5 (19) 3.9.10713 9.4

Co 8.1-10712 6.26
Cc4 1.7-107 2 8.6

where o = yg B, is the Larmor frequency and the motional correlation
times t1; are assumed to follow an Arrhenius relation:

(7) = iexp ) (4)

E and 4 are respectively the activation energy and the pre-exponential
factor characteristic of the invoked motion.

In previous NMR investigations, the low-temperature minima were
attributed to the reorientation of methyl groups [25—-28]. Under such
assumption, the constant C; is given by [30]:

9 n (2 R
Ci=%0nN (47r> 6 ®)

where N is the number of protons in the molecule and n is the number
of protons contributing to the relaxation process. The distance
rm ~ 1.797 A is the intramethyl group proton—proton distance.

As displayed in Fig. 1, a good agreement between theoretical and
experimental data was obtained assuming that two relaxation pro-
cesses exits upon a slow cooling experiment (C6-C5: 71, t11), whereas
a single one is observed in the other phases. The corresponding
motional parameters are given in Table 2. In the crystalline phases
(C5, C0, C4), the activation energies of the motion-generating T mini-
mum are found in the range 9-10 KJ/mol, as generally observed for
methyl group reorientations in similar systems [25-28,30-32]. In CO,
the distribution of environments results in a smaller activation energy
(E = 6 KJ/mol).

B. Confined MBBA

Typical 'H NMR line shapes of bulk and confined MBBA (G337)
recorded during a slow cooling experiment are shown in Fig. 2. As seen
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FIGURE 2 Typical NMR spectra of bulk (a, b, ¢) and confined MBBA [G337
(d, e, )], recorded in the isotropic (a, d; T = 330 K), nematic (b, e; T = 293 K),
and solid (c, f; T = 240 K) phases.

in Fig. 2d, the isotropic G337 NMR spectrum remains broad
AVCPG33T ~ 300 Hz in comparison with the bulk one, Av®*¥ = 0.1Hz
(Fig. 2a). The line-shape is characterized by the presence of two
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components with chemical shifts corresponding approximately to the
bulk aliphatic and aromatic protons. In the nematic phase, the G337
spectral pattern (Fig. 2e) evolves to an absorption line that does not
exhibit any bulk characteristic (Fig. 2b). According to previous LC
analysis, this pattern is the one expected for a confined nematic phase
[6,7,11,12]. In the crystalline state, a single broad line with a Gaussian
and Lorentzian line-shape is observed respectively for the bulk
(Fig. 2¢) and confined (Fig. 2f) sample. A similar spectral line shape
temperature variation is observed for G156 and G82.

The temperature dependence of the 'H NMR relaxation times (74,
T5) of confined MBBA (G337, G156, and G82) is represented respect-
ively in Figs. 3-5. As seen in Fig. 2e, a composite NMR line (two-phase

T1(s), To(ms)

€]

Beig g
oot | -B--D--EI.--.E}.-.-E ..... heeeens O
T ! ! l l
3 4 5 6 ! °
1000/T ( K)

FIGURE 3 Temperature dependence of T5 ([]) and T; for MBBA confined in
G337: slow cooling experiments (®), glassy state CO (O), and after heating of
the quenched phase (A). The continuous curves correspond to the best refine-
ment carried out with a BPP model. Dotted lines (T5) are only guides for the eyes.
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FIGURE 4 Variation of Ty ([]) and Ty versus 10° /T(K) for MBBA confined in
G156: slow cooling experiments (®), glassy state CO: (O), and after heating of
the quenched phase (A). The continuous curves correspond to the best refine-
ment carried out with a BPP model. Dotted lines (T5) are only guides for the eyes.

system) was observed in the nematic temperature range. According to
previous analysis, we have supposed that the narrow line corresponds
to molecules in the nematic state located at the center of the pores and
the broad line to molecules close to the pores wall. This hypothesis is
supported by the fact that upon cooling, the width of the narrow line
increases and transforms into a Lorentzian line-shape, merging with
the broad-line component below the crystallization temperature. A
deconvolution procedure was used for the NMR line width determi-
nation. Because we are mainly interested in the phase transforma-
tions, we have only reported the temperature variation of the
narrow components in Figs. 3-5.
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FIGURE 5 Measured values of Ty ([]) and T; for MBBA confined in G82: slow
cooling experiments (®), glassy state CO: (O), and after heating of the
quenched phase (A). The continuous curves correspond to the best refinement
carried out with a BPP model. Dotted lines (Ts) are only guide for the eyes.

As seen in Fig. 3 for G337, Ty is almost constant in the isotropic
phase. At T~309K, an important decrease of Ts related to the
I — N phase transition is observed. Upon decreasing the temperature,
a linear variation of T’ is perceived in the nematic phase followed by a
jump related to the crystallization observed at 253 + 3 K. Considering
T1, an important difference is observed in the nematic phase, because
in G337, T, exhibits a minimum at 7~ 270 K (T,™™ = 250 ms). Gener-
ally, a Ty minimum is impossible to observe in a nematic phase, which
exists only in a narrow domain of temperature. In the solid phases, the
general T behavior is similar to the bulk, taking into account the
depression of the phase-transition temperatures. A T; shoulder is



Downloaded by [University of Haifa Library] at 09:52 22 August 2012

LC MBBA in Porous Silica 53

perceived at T~190K (TN = 380ms) and a second minimum is
observed at T~ 145K (TN = 250 ms). From the slope of the relax-
ation curves, we have obtained E = 6.5 KJ/mol and 5.9 KJ/mol, respect-
ively, for the high and low temperature motion process. In CO, a
minimum is observed at T~147K (TN =170ms). As seen in
Fig. 3, both the depth and the temperature of this minimum are differ-
ent from those observed in C5, and the existence of a glassy state in
G337 is confirmed by NMR. After a recrystallization in C4, a new
minimum is reached at T~ 156 K (TMN = 210 ms).

The temperature dependence of the proton relaxation times of
MBBA confined in G156 is represented in Fig. 4. In G156, the I-N
phase transition is detected by a T'5 jump at 7'~ 305K and a T'; mini-
mum is observed in the nematic phase at 7~266 K (TMN = 232 ms).
Upon decreasing the temperature, a T, gap related to the crystalliza-
tion is observed at T' = 245 K. In the solid phase, T'; displays a constant
value, and 7T exhibits a minimum at 7'~ 148 K (TN = 274 ms). The
disappearance of the shoulder observed for both the bulk and G337
samples suggests, in agreement with X-ray investigations, that MBBA
is unable to crystallize in C6 when the pore size becomes too small
(d < 337A) [23]. From this hypothesis, the crystal phase corresponds
to C5, and we have found E = 4.86 KJ/mol for G156. As seen in
Fig. 4, a single and different minimum is observed in CO at T~ 143K
(TN = 192 ms) and after crystallization in C4 at T~ 151K (TMN =
238 ms).

In G82 (d < &), the temperature dependence of the proton relax-
ation times appears very different, indicating a more important con-
finement effect (Fig. 5). At temperatures greater than T~ 301K, the
system is in an isotropic state, and T displays a constant value. Upon
slow cooling, a continuous temperature variation of the relaxation
times (T and T;) is observed between T'= 300K and T'= 120K. In
the nematic state, T varies almost linearly. At T'~ 220 K, a plateau
characteristic of a solid phase is reached. This behavior confirms that
for the microporous confinement, crystallization exits even if no heat
capacity peak is detected by very slow cooling calorimetry experiment
(0.1 K/min [22]). As for the other samples, there exists a first mini-
mum in the nematic phase at T~ 274 K (TN = 270 ms) and a second
minimum in the crystalline phase at 7'~ 152K (72N = 362 ms). The
depth of the solid phase minimum is substantially greater than those
measured for the same phase in the other samples. As a result, the cor-
responding activation energy becomes very small: E = 3.2 KJ/mol. In
contrast, the T'; behavior of CO is similar to those observed for the
other samples: £ = 5KJ/mol, and a single minimum is perceived
(T~138K; TMIN = 198 ms) in the range of those observed for the other
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TABLE 3 Activation Energies (E) and Inverse Frequency Factors (z()
Deduced from NMR Analysis of Confined MBBA

Sample Phase 70 (8) Ea (KJ/mol) r; (A)
G337 NEMATIC 8.0.10713 15.7 1.84
C6-C5 (11) 32.107 1 10.3 2.35
C5 (13) 3.7-10712 6.6 1.87
Co 1.1.10°4 5.5 1.75
Cc4 1.1-107 4 5.82 1.80
G156 NEMATIC 6.1.-10713 16.5 1.85
C5 (19) 1.8.10° 1 4.86 1.88
Co 1.3.10°% 5.16 1.78
C4 9.2.10712 5.88 1.84
G82 NEMATIC 6.2.10° 13 16.9 1.88
C5 (19) 8.14-107 11 3.2 2.00
Co 1.26-10 1 5.0 1.79

confined and bulk samples. Upon heating CO, a radically different
behavior is observed in G82 because T was found, within experi-
mental errors, identical to the results obtained under a slow cooling
experiment. We concluded that in G82, the same crystalline phase is
reached under a slow cooling experiment and upon heating the sample
from CO.

The best fits obtained using Eq. (1), assuming a composite motion
with two processes in G337 [71 (C6) and 777 (C5)] and a single corre-
lation time related to end-group motions in the other phases, are
represented as solid lines in Figs. 3-5. The corresponding parameters
are given in Table 3.

4. DISCUSSION

A phase diagram for the transition temperatures versus inverse
pore-size diameter, obtained by NMR and DSC (from Ref. [23]), is
presented in Fig. 6. From a comparison of the results, there is experi-
mental evidence that the confinement induced a decrease of the
transition temperatures. This behavior, which is consistent with many
experimental analyses of confined LCs, is the one expected when finite
size effects prevail [33]. Moreover, a linear variation (with different
slopes) of the depression, versus inverse pore diameter, is observed
for all the phase transitions investigated. As a result, the existence
range of the nematic domain increases when the pore size is reduced.
According to our results, for d < 60A, no crystallization of MBBA
would be observed upon cooling.
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FIGURE 6 Comparison of the phase-transition temperatures obtained by
DSC (Tx1 (A), Tnes (@), Tg (H); from Ref. [23]), and NMR (O) for bulk and
confined MBBA.

From our NMR investigation, we have concluded that a nematic
phase still exists in G82 unlike no thermal event observed by DSC
[23]. As seen in Fig. 6, the G82 phase-transition temperatures deduced
from NMR are fully consistent with the linear prediction obtained
from the Gibbs-Thomson equation. In G82, which corresponds
roughly to 4 molecular diameters, the relation (d = 82A < ¢ =150A)
implies the existence of both important size and surface effects. Conse-
quently, the installation of a nematic local order seems difficult to
understand. A possible explanation is that the phase transition
determined by NMR corresponds to bulk-like orientational ordering
in porous region, like interpore channels, of a size larger than the
mean pore size given by the manufacturer. The role played by the pore
geometry in the confined material appears crucial and the CPG
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samples, which are characterized by a distribution of orientation, are
not the ideal material to get insight into this problem.

In a nematic phase, it is well-known that the proton spin-lattice
relaxation results from the modulation of dipolar interactions and is
expressed as the sum of three mechanisms [34-36]:

o (1) () e (70) ®

Ty Ti)sp \Ti)opr \Ti/gr
Ty Dgp corresponds to translational self-diffusion, (Ty Hopr to nematic
order director fluctuations, and (T Dz to rotational reorientations.
According to field-cycling analysis, translational self-diffusion is the
dominant mechanism of relaxation in the MHz regime, whereas the
other contributions are effective in the low-frequency regime [34-36].
From NMR investigation, it has been shown that the SD mechanism
gives a T7 minimum proportional to the static field according to the
relation [37]:

Tlgm =4.0-10710s? (7)

This relation is consistent with the experimental minimum observed in
the nematic phase of the confined samples; for example, at 100 MHz in
G337, we have found T$% = 0.251s ~ TE’;}[’IN ~ 0.256s. As seen in
Figs. 3-5, taking advantage of the occurrence of minima in the nematic
phase, the experimental data are well described by assuming a BPP
model for the description of this mechanism [Eq. (1)]. As a result, E
was found to increase from 13 KdJ/mol (bulk) to 15.7-16.9 KJ/mol for
the confined samples. However, only a weak variation of the correlation
times is observed when the degree of confinement increases; at
T =293K, we found: tgssn=5-10"s, tqise = 5.3-107 1%, and
T(Gs2) = 6.3 .10~ %5 using the parameters of Table 3.

As for the bulk, a glassy state is reached when MBBA is confined in
CPG. Again, a linear decrease of T}, as a function of the inverse pore
diameter, has been observed by calorimetry (Fig. 6 [23]). However, as
seen in Fig. 6, the extent of the depression is smaller (AT,
(max) ~ 10 K) than for the other phase transition. This small negative
shift is fully consistent with the small enhancement of the dynamics
observed at a given temperature by NMR: E = 5.5-5KdJ/mol and at
T =190K: 7 = 3.5-3-10 %5, respectively, in G337 and in G82 (Table
3). A possible interpretation of this variation is provided by the concept
of cooperativity length ({) and the Adam—Gibbs model [15,16,38]. From
a qualitative point of view, and assuming that the cooperativity length
increases with decreasing temperature, a shift of T, to the lower
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temperatures is expected in restricted geometries when d < 2{ [15,16].
For a quantitative estimation, we have used the method described in
Ref. [16] where it is shown that the extrapolated value corresponding
to AT, = 0 gives approximately (/2. Using the same model, we have
measured { <25nm for MBBA. For comparison, the { at T, reported
in the literature are of few nanometers for glass-forming liquids
[15,16].

When the crystallization of confined MBBA occurs, the relaxation
curves were well described using the BPP model [Eq. (1)]. As seen in
Table 3, an important decrease of the activation energies is observed
when the pore size decreases. In G337, the residence time of the bulk
molecular motion (z5) is enhanced by almost one decade; at T'= 250 K,
we have obtained gy = 2- 1019, Tgssn = 4+ 10~%s. This motion is
then strongly sensitive to the confinement effect, and for d < 337A
this contribution completely disappears. Consequently there exist
more important dynamics variations in the solid phases upon increas-
ing the confinement. According to this result, it was not possible to use
the NMR dynamical parameters to identify, by comparison with the
bulk analysis, the different phases of confined MBBA. Considering
the low-temperature motion, it is difficult to explain the large disper-
sion in the activation energies of Table 3, because the barrier hinder-
ing methyl rotation is supposed to be of intramolecular origin and
must be therefore relatively independent of the phase considered.
For example, the shallow 77 minimum in G82 gives rise to an acti-
vation energy lower than values generally admitted for the same
motion in similar compounds. These considerations suggest a complex
dynamical behavior resulting from the co-existence of poorly crystal-
lized and amorphous regions, with this effect being more pronounced
in G82. In G337, this hypothesis is fully consistent with the strong dif-
ference observed in Figs. 1c and 1f, the latter indicating the existence
of different dynamical populations. This situation is quite likely to
occur because the pore structure gives rise to several environments
related, for example, to molecules that are located close to the pore
surface and to molecules located at the center of the pores. The mole-
cules located close to the pore surface are in a different state, giving
rise to different motional parameters. As a result, the description of
the molecular motion with a BPP model and a single correlation time
leads to some unrealistic parameters. In this case, another method to
describe the relaxation-rate temperature dependence consists in intro-
ducing a distribution of correlation times. In the following, we have
used a Cole—Cole distribution, characterized by its symmetrical shape
with respect to the 77 minimum as it is observed in Figs. 3-5.
The Cole—Cole distribution is defined by [39,40]
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1
cosh(f-z) 4+ cos(f - m)]’

(8)

Occ = %Sin(ﬁ : TC)
where f (0 < f<1) is the distribution width, f = 1 is the limit of a sin-
gle correlation time, f = 0 is an infinitely broad distribution, and the
variable z = In (t/tax), Where Ty, is the correlation time correspond-
ing to the maximum of Oq¢ [40].

To account for a Cole—Cole correlation time distribution, the NMR
rate expression [Eq. (1)] is used with [40]

(wr)’ sin(Bn/2)
(1 + (01)*F + 2(w1)” cos(pn/2)

(207)! sin(pn/2) ©)
20(1 + (207)% + 2(207)F cos(pr/2) )

gcc(w7faﬁ) = (
w

The experimental data were then fitted with this model by start-
ing the fits with the bulk parameters. The best fit corresponding
parameters are given in Table 4. The calculated curves (not repre-
sented in Figs. 3-5 for clarity) are superimposed with those obtained
by the BPP model. As seen in Table 4, the best-fitted curves were
obtained with the bulk activation energies. The parameters 7y and
f depend on the phase and pores diameter. Although we have con-
sidered only a single frequency relaxation measurement, this model
allows an interesting comparison between the bulk and confined
dynamical parameters. To compare the results, in Fig. 7 we have
represented 0q¢ for each investigated phases (at T'= 150 K), together
with the distribution parameter f versus inverse pore radius 1/d. In
CO, p varies linearly from 0.98 to 0.87 when the confinement

TABLE 4 NMR Fitted Parameters of Confined MBBA Obtained Using a
Cole—Cole Relaxation Time Distribution

Sample Phase 70 (8) Ea (KJ/mol) T3 A) p
G337 c5 43.10°1 9.4 1.75 0.76
Co 6.0-10712 6.26 1.73 0.98
Cc4 1.2-10712 8.6 1.70 0.80
G156 C5 43.10718 9.4 1.70 0.6
Co 49.10° 12 6.26 1.73 0.90
C4 1.2-10712 8.6 1.71 0.72
G82 c5 7.0-10713 9.4 1.70 0.45

Co 45.10712 6.26 1.73 0.87
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FIGURE 7 Plot of the Cole—Cole distribution of correlation times at 150 K for
the: a) quenched samples (C0), b) heating of CO (C4), and ¢) slow cooling
experiment (C5) of MBBA confined in G337 (dotted line), G156 (dashed lines),
and G82 (solid lines). The inset represents the variation of the distribution

parameter f at T = 150K as a function of the inverse pores diameter for C5
(@), C0O (O), and C4 (A).
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increases, revealing a relatively narrow distribution. In the crystal-
line phases, more significant variations of  are observed (f varies
from 0.8 to 0.45). Moreover, as seen in Fig. 7, we have observed a
linear dependence of f and different slopes depending of the investi-
gated phase. Upon a slow cooling experiment (C5), the § parameters
related to the different pore size are aligned. Then we concluded that
a slow cooling experiment leads to a crystallization in C5 inde-
pendent of the pore size. The same [ parameter is obtained upon
heating a G82 quenched sample (C0). We concluded that in G82,
MBBA crystallizes in C5 upon heating instead of C4—C3 as observed
for the other pore sizes. As a consequence, the phase diagram of con-
fined MBBA is different from the bulk, particularly when d <82A.
Because we have found that f depends on the phase investigated,
the distribution is not determined only by geometrical considerations.
However, these results need to be confirmed by complementary NMR
investigation at different frequencies and by other techniques such
as dielectric relaxation.

5. CONCLUSION

The spatial confinement has a strong influence on the polymorphism
and dynamics of MBBA. In CPG we have shown that the temperatures
of the phase transitions are linearly depressed when the confinement
increases and that above d~60A, a crystallization of MBBA is
expected under a slow cooling experiment. For the largest pores, the
bulk phase diagram is still valid. In contrast, when the pore size
becomes smaller, important modifications are observed, and our
results revealed in G82 that the same phases are reached under a slow
cooling from room temperature and upon heating a quenched sample.
In the nematic phase, the confinement, by depressing the crystalliza-
tion temperature, allows us to determine the molecular motion
parameters relative to a mechanism attributed to self-diffusion. This
motion was found to be weakly influenced by the confinement. In
the solid phases, a reduction of the activation energies occurred when
the pore size was decreased. To account for this behavior, we have
introduced a distribution of correlation times, and we have found a
linear variation of the distribution parameter versus inverse pore
diameter in the crystalline phase. The glassy state of confined MBBA
appears less dynamically altered than in the other solid phases.
Because a confined sample can be quenched more easily, the confine-
ment offers a new method to get an insight into the dynamical
parameters of quenched LCs.
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