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A cholesteryl hydrogen phthalate (CHP) and its complex salts with normal aliphatic amines
(C,-amines) are capable of forming a glassy liquid-crystalline phase, where an anisotropic organization
of their fluid mesophase is frozen in an uncrystallized solid state. Differential scanning calorimetry
(DSC) measurements were conducted for these glassy materials to examine an enthalpy relxation phe-
nomenon, occurring when they were annealed adegnately at temperatures lower than the glass transition
temperature. The enthalpy relaxation behavior, monitored as evolution of a DSC endothermic peak, was
analyzed in terms of a Kohlrausch-Williams-Watts type of stretched exponential equation, and the over-
all relaxation time T and a parameter B chracterizing the distribution of the relaxation mode were evalu-
ated. It turned out that the 7 values obtained for CHP/C,-amine salts were rather smaller than those for
CHP per se, and B became close to unity when CHP was complexed with the C-amines through ionic
interaction, the latter component employed having 12, 16, and 18 carbons. The activation energy for the
relaxation process of the CHP/C-amine samples was considerably small, compared with that in the
case of CHP alone, and tended to decrease with an increase in the carbon number of the amine compo-
nent. An attempt was also made to estimate the fragility of these samples as glass.

Keywords: Cholesterol derivative; Aliphatic amine; Complex salt; Liquid-crystalline glass; Enthalpy
relaxation
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1. INTRODUCTION

The physical aging in glassy solids, ocurruring during annealing below the glass
transition temperature Ty, is interpreted as a non-equilibrium phenomenon.
Execess thermodynamic quantities such as volume and enthalpy, usually frozen
in solids vitrified by rapid cooling below T, decrease toward the respective
equilibrium values with an elapse of time of the aging. This relaxation behavior
toward an equilibrium state is commonly referred to as volume relaxation or
enthalpy relaxation,”? which often gives rise to serious changes in the macro-
scopic properties of materials, such as mechanical and viscoelastic properties.'z‘6
Thus there have been a lot of studies on the physical aging of glass-forming
materials, from both theoretical and practical standpoints. The great majority of
the works have been concerned with organic materials represented by amorphous
polymer solids. However, the relaxation phenomena in the polymer amorphous
regions have not yet been elucidated sufficiently. The molecular weight distribu-
tion of polymers and other possible factors originating from the condensed phase
consisting of flexible chain molecules entangled mutually, would be responsible
for the difficulty of the definite characterization.

The glassy materials selected for the present study of enthalpy relaxation may
be classified into a specific kind, distinguishable from both amorphous polymer
glasses and isotropic liquid glasses. They have a relatively low molecular weight
of less than 1000 and possess a long-range order of orientation found in a lig-
uid-crystalline mesophase. In a number of phase studies for mesogenic com-
pounds, such a “liquid-crystalline glass”7 is already recognized as an anisotropic
solid phase without crystallinity, appearing occasionally in a thermal transition
scheme, or as a state in which a birefringent architecture is immobilized via
chemical crosslinking reactions or rapid quenching of a fluid mesophase. So far,
however, little attention has been paid to the physical aging and structural relaxa-
tion behavior for the liquid-crystalline glasses.

In a preceding paper,8 one of the authors (YN) reported the complex formation
and phase behavior of the binary mixtures of cholesterol derivative compounds
having a carboxyl group at their terminal end with a series of normal aliphatic
amines, C H,,,NH, (abbreviated as C, -amines). For example, cholesteryl
hydrogen phthalate (CHP) provided a stoichiometric 1:1 complex with
C,-amines (n=12 to 18) through ionic interaction between carboxylic acid and
amino groups, as formulated below:

All the complex salts examined there exhibited an enantiotropic type of ther-
motropic liquid crystallinity. At room temperature (~20°C) or lower tempera-
tures, however, they assumed a glassy state with the original mesomorphic order
preserved therein, as was also the case for CHP per se. The transition behavior is
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thus in contrast with that of most liquid crystals which prefer to crystallize upon
cooling below the melting point.

In the present paper, we describe the enthalpy relaxation in the liquid-crystal-
line glasses of CHP and CHP/C -amine salts, through differential scanning calor-
imetry (DSC) measurements for the aged samples. A particular interest may be
focused on the effect of the amino-alkyl chains, possibly serving as a flexible
spacer for the mesogenic steroid core, on the enthalpy relaxation in the ordered
molecular assemblies.

2. EXPERIMENTAL SECTION

2.1. Original Materials and Preparation of Salts

CHP was purchased from Tokyo Kasei Kogyo Co. and purified by recrystalliza-
tion from an ethanol solution. C-amines of n=12, 16, and 18, all guaranteed rea-
gent-grade, were also obtained from Tokyo Kasei Kogyo Co. and employed
without further purification.

Preparation of complex salts of CHP with C,-amines was carried out in almost
the same manner as that reported previously.8 Each component was dissolved in
ethanol at 1 wt% at room temperature (~20°C) with continuous stirring, and then
two solutions were mixed with each other in an equimolar proportion.
CHP/C,-amine complex salts were obtained as a laminate product on a glass tray,
each cast from the corresponding mixed solution by solvent evaporation at 25°C.

2.2. Instrumentation

DSC measurements were performed with a Seiko DSC 6200. The instrument was
calibrated with an indium standard. A weighed amount of respective samples
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FIGURE 1 DSC thermograms of (a) CHP and (b) CHP/C g-amine complex salt

(4.5-5.5 mg) was sealed in an aluminum pan. Thermograms were recorded at a
scanning rate of 10°C min~! (for heating) or 20°C min~! (for cooling), unless
otherwise specified.

Annealing treatment for aging of liquid-crystalline glasses was carried out in
the DSC cell, when the time period of annealing, i.e., the aging time (t,), was
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shorter than 3 hr. In the case where a long term exceeding 3 hr was required for
the annealing, samples were aged in a thermo-regulated incubator, Torrey Pines
Scientific Model IN30.

Fourier transform infra-red (FT-IR) spectra were measured with a Jasco spectro-
photometer FI/IR-550 equipped with a diffuse reflectance instrument (DR-81).

Polarized optical microscopy was conducted with an Olympus BX60 micro-
scope equipped with a Mettler FP§2 hot-stage. Samples were usually sandwiched
between a slide and cover glass.

2.3 Aging Procedure and Enthalpy Relaxation Measurements

Mesomorphic ordered glasses of CHP and CHP/C -amine salts used for the
present relaxation study were prepared directly in the DSC apparatus, by super-
cooling from the respective liquid-crystalline state appearing in their phase tran-
sition schemes (see the next section). The liquid-crystalline glasses were aged at
a selected temeprature T, lower than T, for a certain period, and then subjected
to the measurements of enthalpy relaxation. Caution was exercised so that all the
samples had almost the same thermal history. A sequence of procedure of the
aging and measurements is summarized below:

1) Cooling the original samples at 20°C min~! to an aging temperature T,
from a mesomorphic state at a temperature Ty higher than T, by ca. 50°C,
after they were once melted,

2) Aging the galssy samples at T, in the DSC cell or thermo-regulated incu-
bator over a time period of t;

3) Quenching the aged samples to —50°C from T, at a cooling rate of 40°C
min~’;

4) Heating the frozen samples from —50°C again to Ty &= Ty+50°C at a rate
of 10°C min ™!, whereupon the enthalpy relaxation was monitored as an endo-
thermic peak emerging just after the onset of the glass transition in the DSC
thermograms.

3. RESULTS AND DISCUSSION

3.1. Basic Scheme of Thermal Transition Behavior

Figure 1a depicts DSC thermograms of CHP, obtained in usual scanning cycles.
On heating the original CHP (K" crystallized from ethanol solution, it melts at
167°C to transform solely into an isotropic liquid (I). On cooling the CHP melt,
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the isotropic liquid phase changes into a cholesteric type of liquid crystal (Mcy,)
at ~87°C. In observation of the corresponding cooling process with a polarizing
microscope, the development of a Grandjean-planar texture was noted at ca.
90°C, following the transient appearance of a focal conic texture. Upon contin-
ued cooling of the mesomorphic CHP, it is vitrified at ca. 30°C without crystal-
lizing or losing its anisotropic texture. A glassy solid (Gg¢y) retaining a
cholesteric structure is thus obtained. In the second heating scan, the ordered
glass changes again into the cholesteric fluid mesophase around 30°C and even-
tually into the isotropic liquid at 91.4°C. In additional cooling and heating
cycles, CHP shows the same enantiotropic phase behavior, &M, <Gy,

In similar repeated DSC cycles, CHP/C -amine complex salts also present an
enantiotropic scheme, I&M&G, without showing any transition signal associated
with crystal fusion of the two contituent species. A typical example of DSC ther-
mograms is given in Figure 1b. The data were obtained for a CHP/C,g-amine sys-
tem after preheating to 130°C. A single glass transition and a mesophse (M) —
isotropic liquid (I} phase transition are clearly observed in both cooling and heating
scans. Polarized microscope observations revealed that all the salts examined pre-
ferred a molecular arrangement to orient perpendicular rather than parallel to the
surface plane of a slide glass in the liquid-crystalline state. The homeotropic char-
acter was confirmed from a conoscopic image obtained by insertion of condenser
and Bertrand lenses in the microscope; i.e., the interference figure demonstrated
explicitly that the liquid-crystalline molecular assembly has a uniaxial orientation
distribution of positive optical anisotropy. This result indicates that a smectic-like
layer structure tends to develop in the liquid-crytalline complex systems, or there
may be considerably poor periodicity if a cholesteric twisted structure is still possi-
ble, but with the helical axis parallel to the surface plane of the sample.

In conventional DSC measurements, the glass transition temperature T, of a
glassy material is evaluated from the onset point (or midpoint) of a base-line shift
appearing in a thermogram due to the discontinuity in specific heat that is caused
by passing through the transition of the material on heating. However, this evalu-
ation is often affected seriously by some kinetic effects, i.e., the value of T, is
variable depending on the scanning rate and the conditions of pretreatment of the
sample.g’10 To minimize the contribution of such factors and determine a more
accurate Ty value for the liquid-crystalline glasses prepared in this study, we
adopted a method proposed by Richardson et al.!® For this purpose, the DSC
output data of heat flow was converted into the corresponding relative enthalpy
H and a plot of H against temperature was constructed. Following that, two tan-
gential lines were drawn on both sides of the glass transition region in the H ver-
sus tempertaure curve and a value of temperature at the point of intersection was
read off as T,. As a result of the regression analysis, the T,s of unaged CHP and
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CHP/C-amine salts of n=12, 16, and 18 were estimated to be, respectively, 25.8,
10.5, 19.0, and 20.0°C. In preparation of their aged samples for examining the
enthalpy relaxation behavior, the annealing temperature T, was selected as
T,=T4-AT, where AT ranged from 2.8°C to 25.5°C (see Table I).

TABLE 1 Enthalpy relaxation data for the liquid-crystalline glasses of CHP and CHP/C-amine
complex salts

Sample Ty °C  Ty°C T T/ °C in s B Ea/kJ mol™! m
7.0 18.8 124 0.69
15.0 10.8 104 074
CHP 258 20.0 5.8 922 0.8 154 27
23.0 2.8 897 070
0.0 10.5 720 0.78
2.0 8.5 6.67 071
CHP/C,-amine 10.5 5.0 5.5 633  0.62 58 11
7.7 2.8 672 061
0.0 19.0 732 (98
5.0 14.0 6.86 092
CHP/C¢-amine 19.0 9.0 10.0 6.61 0.90 52 9
12.0 7.0 633 0.84
-5.5 25.5 771 1.00
-0.3 20.3 7.19 098
CHP/C,g-amine 20.0 45 15.5 695 091 47 8
7.0 130 680 084

3.2. Analysis of Enthalpy Relaxation of Aged Liquid-Crystaline
Glasses

The enthalpy relaxation of glassy materials is observable usually as an endother-
mic peak in their DSC thermograms just after the onset of the glass transition
when the aged samples are reheated. Figure 2 exemplifies DSC thermograms of
liquid-crystallline CHP glasses aged for different periods of time at 20.0°C. The
enthalpy AH can be evaluated from the endothermic peak area shaded in each
data. The area increases with aging time, accompanied by a systematic shift in
the peak position to the side of higher temperature.

The time evolution of the enthalpy of CHP’s annealed at various temperatures
lower than Ty is illustrated in Figure 3. This result demonstrates clearly that the
physical aging of the liquid-crystalline glasses is attended by relaxation of their
enthalpy, which continues until the respective sample is equilibrated at the given
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FIGURE 2 DSC thermograms of glassy CHP samples aged for different periods of time at 20.0°C.
Arrows indicate the onset point of a base-line shift in heat flow caused by passing through the glass
transition on heating

temperature. In the figure, the enthalpy goes up rapidly with time in a relatively
early stage of the aging and eventually levels off to converge at an equilibrium
value AH.,. As the aging temperature is lowered, the AH_, becomes larger and the
enthalpy relaxes slower. Similar observations in tendency of the dependence of
AH on aging time and temperature were noted for liquid-crystalline glasses of
CHP/C,-amine salts.

To describe more quantitatively the kinetics of the enthalpy relaxation during
isothermal annealing of the glassy materials, it is useful to employ the following
Kohlrausch-Williams-Watts (KW W) type of equation with a stretched exponen-
tial term: !

AH = AH[1 - &(t)] (1)

with  ®(t) = exp[—(ta/7)"] (2)
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FIGURE 3 Time evolution of the relaxation enthalpy calculated from a DSC endothermic peak area
(see Fig. 2), for liquid-crystalline glasses of CHP that were aged at different temperatures: O, 23.0°C;
00, 20.0°C; A, 15.0°C; 0, 7.0°C

where ®(t) is the stretched exponential function containing the relaxation time T
and a non-exponential parameter P (0<B<1). The parameter [ is a measure indi-
cating the degree of distribution of the relaxation time; viz., a value of P=1
means that there occurrs just a single relaxation mode, while, in contrast, when
the width of the distribution is rather broad due to coexistence of plural relaxa-
tion modes in the aging process, the parameter assumes a much smaller value to
approach zero. The B and T can be obtained by fitting a AH vs. t, curve calculated
in terms of egs. 1 and 2 with suitable values of the parameters to the experimen-
tal data. The time evolution curves of relaxation enthalpy for CHP, illustrated in
Figure 3, were actually drawn according to the fitting procedure. Similar fitting
by using the KWW stretched exponential equation was applied to the corre-
sponding data for the cholesteryl salts with C,-amines, and the overall B and T
were determined. The result of the quantification is tabulated in Table I.

Figure 4 shows plots of the parameter 3 against the reciprocal of aging temper-
ature, constructed for the respective liquid-crystalline glasses of CHP and
CHP/C ,-amine complex salts. As can be seen from the figure and Table I, the B
values for the liquid-crystalline glasses examined here are considerably larger
than those (roughly 0.5-0.55)12 reported for many amorphous polymers. Espe-
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FIGURE 4 Plots of the parameter B against the reciprocal of aging temperature for four series of lig-
uid-crystalline glassy samples: ®, CHP; ©, CHP/C,-amine; A, CHP/C¢-amine; (1, CHP/C,g-amine

cially, it is of great interest to find that when CHP is complexed with the C-amines
of n>16 through ionic interaction, the B becomes close to unity so that the enthalpy
relaxation proceeds preferably according to a Debye type of single exponential
function. Thus it may be deduced that the presence of a higher molecular ordering
in the organic glasses results in a narrower distribution of the enthalpy relaxation
mode. In comparison between the complex salts, the B value tends to increase with
an increase in the carbon number of the amine component at almost the same aging
temperature. Concerning the temperature dependence of the parameter, it decreases
gradually with increasing aging temperature, except for the case of CHP alone pro-
viding an approximately constant [} of 0.7-0.75. It follows that the degree of distri-
bution of the relaxation time is smaller in the case where CHP is complexed with
C,-amines having a much longer carbon chain and the resulting salts are aged at
comparatively lower temperatures below Tj.

Figure 5 shows the logarithmic plots of T versus the reciprocal of absolute tem-
perature for the CHP and CHP/C -amine samples, making clear the dependence of
the enthalpy relaxation time on the aging temperature. It is evident here that the
relaxation times observed for the CHP/C -amine salts are rather shorter than those



Downloaded by [University of California, San Diego] at 02:51 16 August 2012

LIQUID-CRYSTALLINE GLASSES 37

12 F

10 |

Int/s

4 FUVEETETEE ERNTWE FRTTE P PO TY F U PR PE PR WY

3.4 3.5 3.6 3.7
10T /K

FIGURE 5 Logarithmic plots of the enthalpy relaxation time T against the reciprocal of aging temper-
ature for liquid-crystalline glasses of CHP and CHP/C -amine salts. Symbols are the same as those
used in Figure 4

for CHP per se. Furthermore, the temperature dependence is found to be repre-
sented by the Arrhenius equation for all the series of the glassy samples, as follows:

= 7-0_1 exp[—Ea/(RT)] (3)

where Ea is the activation energy for the enthalpy relaxation process in the glassy
state, and 1:0_1 and R are the pre-exponential factor and the gas constant, respec-
tively.

The activation energy Ea can be calculated from the slope of each straight line
drawn according to eq. 3 in Figure 5. The result of the evaluation is also listed in
Table 1. Obviously, the activation energy required for the relaxation in the
CHP/C,-amine glasses is much smaller, roughly one third, compared with that in
the case of CHP alone, and there occurs a slight decrease in the Ea value with an
increase in the carbon number of the amine component.

Figure 6 displays FI-IR spectra of CHP and CHP/Cg-amine glassy samples,
depicted on an enlarged scale for two frequency regions: C=0 stretching region



Downloaded by [University of California, San Diego] at 02:51 16 August 2012

38 MASAFUMI YOSHIO et al.

1707
carboxylic acid

dimer

CHP/Cw-amine

—

1700 1650

1800 1750

-1
Wavenumber / cm

(a) C=0 stretching frequency region

[—-—-— 1314
carboxylic acid

dimer

1253
ester

CHP

1384
carboxylate — 1260
ester

CHP/C | s-amine

ra— | i ) A L I

1400 1350 1300 1250

-1
Wavenumber / cm

(b) C-O stretching frequency region

FIGURE 6 FT-IR spectra obtained for liquid-crystalline glassy samples of CHP and CHP/C,g-amine
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FIGURE 7 Schematic representation of a model for interpreting the molecular assembly of lig-
uid-crystalline CHP and the structural change following its complexation with C-amine

(Fig. 6a) and C-O stretching region (Fig. 6b). Judging from the data given in the
top of the figures, CHP molecules are possibly dimerized in the liquid-crystalline
glassy state, to form a long conjugated system through dual intermolecular
hydrogen bonding between the carboxyl groups at their terminal ends. On the
other hand, the equimolar mixture of CHP and C,g-amine yields a complete salt
via ionic interaction between carboxyl and amino groups, as evidenced by the
emergence of a carboxylate signal at 1384 cm™! as well as by the disappearance
of C=0 and C-O stretching bands at 1707 em™! and 1314 cm™!, respectively,
indicating the absence of the acid carboxyl group (see the bottom of the figures).
The complexation was also ascertained by the disappearance of an N-H stretch-
ing band at 3333 cm'l, i.e., by the absence of isolated amine. On the basis of this
spectroscopic result and the microscopic observations mentioned already, it is
possible to depict a model scheme for interpreting the molecular assmbly of CHP
and the structural change following its complexation with C,-amine, as shown
diagrammatically in Figure 7. In the liquid-crystalline system of uncomplexed
CHP, the constituent dimer has mutually conjugated twin hydroxyterephthaloyl
groups with a bulky steroid mesogen attached to both sides. It is thus reasonable
to presume that the dimer units form a considerable rigid matrix and, accord-
ingly, the molecular motions should be rather restricted due to steric hindrance of
neighboring dimers and the orientation fluctuation should also be samli. In con-
trast, the structural unit in the CHP/C,-amine system is a cholesteryl salt with an
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amino-alkyl chain serving as a flexible tail for the mesogenic steroid core. It is
therefore plausible that the tadpole-shaped constituent has comparatively higher
molecular mobility and the local orientation fluctuation is also greater even
though a smectic ordering rather than nematic one prevails in the complex sys-
tem. This model scheme may be suitable for explanation of the result of the com-
parative study of enthalpy relaxation behavior: the values of the relaxation time
and activation energy obtained for CHP/C,-amine salts were appreciably smaller
than those for CHP per se. The significance and usefulness of such a concept of
the mesogenic complex formation through specific intermolecular interactions
(e.g., hydrogen bonding13 and ionic interaction'#) have recently been demon-
strated by Kato et al. for a variety of pairs of organic compounds with comple-
mentary functional groups. 15

According to Angell,'6 glassy materials as well as viscous liquids can be clas-
sified for convenience into two categories: i) strong glasses and ii) fragile ones.
In the former case, a relation of the relaxation time v versus Ty/T can be
expressed by the Arrhenius form, where Ty/T is the inverse of a reduced aging
temperature. In contrast to this, the fragile glasses show the corresponding rela-
tion deviated from the Arrhenius type of equation. It is suggested that such
strong liquids and glasses form a kind of network architecture with developing
chemical bonds or interactions as junctions or entanglements and the structure is
usually less sensitive to temperature variation. On the other hand, fragile liquids
and glasses are solely made up via the van der Waals force and their local sturcu-
ture is much affected by changing temperature. The fragility, m, of glassy materi-
als is generally defined in the following fashion; a larger m denoting higher
fragility.

m = dlog 7/d(T/T)|r=T, 4)

An attempt was made to estimate this parameter representing the fragility as
glass for liquid-crystalline CHP and CHP/C-amine salts. Tg-based temperature
dependence of the enthalpy relaxation time for the liquid-crystalline glasses is
shown in Figure 8, compiling the so-called Angell plots with ordinary logarithm
of 1 as ordinate. All the samples give a linear relation and therefore fall under the
category of strong glasses defined above. Values of the fragility parameter esti-
mated from the slope of each Angell plot are listed in Table I. As demonstrated
here explicitly, the salt formation of the cholesteryl ester CHP gives rise to appre-
ciable lowering of the fragility. It can therefore be reasonably presumed that the
normal aliphatic amines serving as a long tail for the individual mesogenic ster-
oid core act as a diluent solvent for the system of molecular assemly to enhance
the cooperative micro-Brownian motions at temepratures near the glass transi-
tion region. This would allow the glassy materials to be less fragile.
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FIGURE 8 Plots of log T against the inverse of Ty-reduced aging temperature (a ratio in the absolute
unit K), constructed for four series of liquid-crystalline glassy samples: ®, CHP; o, CHP/C,,-amine;
A, CHP/Cg-amine; L], CHP/Cg-amine. The slope of each line, obtained by the least square fitting,
gives a fragility parameter, m

As is already described, the distribution of the relaxation time in the glassy
CHP is wider than that in the CHP/C -amine salts. The above observation of a
comparatively higher fragility for the uncomplexed CHP is in accordance with a
general trend suggested by Béhmer: 17 the distribution in the relaxation process is
wider as the relevant material becomes more fragile. This suggestion was, how-
ever, made for the enthalpy relaxation phenomena of amorphous glasses.

4. CONCLUSION

A comparative study of enthalpy relaxation phenomena was accomplished for
the liquid-crystalline glasses obtained for an ionic cholesteryl derivative CHP
and its complex salts with normal aliphatic amines (C,-amines). The relaxation
behavior could be analyzed satisfactorily in terms of a KWW type of stretched
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exponential function. The results are summarized in Table 1. Of particular signif-
icance are the following points: 1) The parameter [ characterizing the distribu-
tion of the relaxation mode became close to unity when CHP was complexed
with C,-amines through ionic interaction; however, even the B values obtained
for the uncomplexed CHP glasses were larger than those for conventional amor-
phous polymer materials; 2) The values of relaxation time (t) and activation
energy (Ea) obtained for CHP/C,-amine salts were rather smaller than those for
CHP per se; 3) The parameter m representing the degree of fragility of glassy
materials was comparatively smaller in the complex salt system, and the value
tended to decrease with an increase in the carbon number of the amine component.

FT-IR measurements revealed that, when CHP was incorporated with
C,-amine in an equimolar proportion, a change in intermolecular interaction took
place, from the hydrogen-bonding dimerization of carboxylic acid groups to the
ionic complexation between carboxyl and amino groups. At the same time, this
interaction change would be attended by transformation of the molecular
arrangement in the liquid-crystalline phase, as was modeled in Figure 7. In the
complexed CHP/C-amine system, the normal amino-alkyl chains attached as a
flexible tail to the mesogenic steroid core can be assumed to fill the role of dilu-
ent solvent for the whole system of molecular assembly. This results in the prev-
alence of higher molecular mobility and greater orientational fluctuation, in spite
of the development of a higher mesomorphic ordering, compared with the case in
the system of CHP alone, which would be responsible for the observations of the
difference in enthalpy relaxation behavior between the two systems.
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