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ABSTRACT. X-ray scattering has been used to characterize the structure of glassy itraconazole
(ITZ) prepared by cooling at different rates. Faster cooling produces ITZ glasses with lower or
zero smectic order, larger inter- or intralayer spacing, more sinusoidal shape of density
modulation, and shorter intralayer (lateral) correlation. We characterize each glass by a set of
fictive temperatures Tr that describe its smectic order and intralayer order, each corresponding to
the temperature at which the chosen property is frozen in the equilibrium liquid. We find that the
Ts values are significantly higher for the amplitude of the smectic density modulation and the
regularity of lateral packing than for inter- or intralayer spacing. This indicates that the different
aspects of structure are frozen on two different timescales. These two timescales correspond to
the two relaxation modes observed by dielectric spectroscopy: the faster o mode is frozen at a
lower temperature and correlates with the freezing of inter- and intralayer spacings; the slower &
mode is frozen at a higher temperature and correlates with the freezing of smectic order. Our
finding suggests a way to selectively control structural features in glasses.



INTRODUCTION

The structure of glasses is often considered boring — it is whatever the precursor liquid structure
IS, chaotic and hard to describe. Recent work, however, has shown a glass structure can be highly
ordered, with order parameters bordering on values for crystals.! These interesting glasses are
prepared by vapor deposition? and by cooling liquid crystals (LCs) that have structural order in
the fluid state.®® The long-range order is potentially useful for optimizing charge transfer and
light emission in optoelectronic devices® and offers an possibility to characterize structural
features in glasses.

LCs are known for their ability to rapidly organize in the fluid state in response to temperature
and external fields.” This has led to the notion that thermotropic LC transitions are
thermodynamically controlled and cannot be circumvented. Recent work, however, has shown
that LC transitions can be avoided partially or completely by cooling at moderate rates, leading
to glass structures in which LC order is tunable by cooling rate.>> Given that LCs can have
multiple relaxation modes,®1° further inquiries were made to determine whether the freezing of
LC order is associated with the Kinetic arrest of a given relaxation mode. For two LCs composed
of rod-like molecules, the freezing of the smectic order has been associated with the kinetic
arrest of the end-over-end rotation;>* for a LC composed of discotic molecules, the freezing of
the columnar order has been associated with the Kinetic arrest of disc tumbling.

The structure of a glass has many aspects. While the previous work focused on the smectic or
columnar order, many other features may play an important role in the functions of glassy
materials. Take a columnar LC for example. Besides the perfection of columns, the quality of
n—m stacking is expected to influence the efficiency of charge transfer.!! For a smectic structure,
it is of interest to know not only the interlayer order but also the intralayer order. More
importantly, given the multiple relaxation modes in a LC system, it is of interest to learn whether
different aspects of structure are frozen at different temperatures.

In this study, we perform an extensive characterization
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of the glass structure of itraconazole (ITZ, Scheme 1), " ltraconazole (ITZ)
a rod-like LC mesogen, prepared at different cooling AL, o e Yo
rates. We utilize X-ray scattering to investigate several : = >

structural attributes of each glass prepared,'? including &
the amplitude, shape and period of the smectic density Lo PO IO
modulation and the spacing and correlation length of i
the intralayer (lateral) order. As a point of reference,

we investigate an analogue of ITZ, Posaconazole Scheme 1. Structures of itraconazole (IT2)
(POS, Scheme 1), which has a similar structure but and posaconazole (POS).

does not form LCs. We find that ITZ glasses prepared

by different cooling rates have very different structures with respect to smectic and lateral
packing. By comparison with the structure of the equilibrium liquid, we find the different
structural features in a glass are frozen at very different temperatures; that is, the glass has
different fictive temperatures with respect to the different structural attributes. The regularity of
smectic layers and the intralayer correlation length are frozen at a higher temperature than the

Posaconazole (POS)



interlayer and intralayer spacing. The former corresponds to the kinetic arrest of the slow
relaxation mode & (end-over-end rotation) and the latter to that of the fast relaxation mode o
(rotation about the long axis). Our finding provides guidance for the rational design for the
structure of glasses.

EXPERIMENTAL METHODS

Materials and Sample Preparation. Itraconazole (1TZ, 98% pure) was purchased from Alfa
Aesar (Ward Hill, MA) and posaconazole (POS, 99% pure) from BioChemPartner (Shanghai).
Both were used as received. Crystalline ITZ or POS powder was filled into a capillary tube
(Charles-supper, MA, 1.5 mm OD, 10 um wall thickness) and the tube was flame sealed. A glass
sample was prepared by melting the crystals and cooling the melt at different rates. Cooling rates
lower than 1 K/s were obtained using the DSC sample cell. Cooling rates of 1 K/s and 2 K/s were
obtained using a Linkam microscope hot/cold stage. Cooling rates of 20 K/s and 120 K/s were
obtained by plunging a sample tube preheated to 470 K into an ice-water bath or a liquid
nitrogen bath, respectively. Rate of cooling by bath was measured by performing the same
cooling procedure with a thermocouple coated with a layer of epoxy 1.5 mm thick.

X-ray Scattering. Simultaneous SAXS (Small Angle X-ray Scattering) and WAXS (Wide
Angle X-ray Scattering) measurements were performed using a synchrotron source at the 6-1D-D
beam line in the Advanced Photo Source, Argonne National Lab. The experiment setup is shown
in Scheme 2.1 Temperature was

controlled by an Oxford Cryo-system Sample in S
700. Two amorphous silicon area B \aeuum chamber e
detectors were placed at different Zl I
sample-to-detector distance with each . N /
detector covering half of the azimuthal e

angle. Each two-dimensional image was i .

. . 13 ¢ Scheme 2. Experimental setup for simultaneous synchrotron
"}tegrated u3|_ng thP: SOftV_Vare F_ITZD 0 scattering of SAXS and WAXS of ITZ glasses at 300 K.
yield a one-dimensional intensity vs g

plot, where g = 4nsin6/A. Diffraction angles were calibrated using silver behenate for SAXS and
CeO> for WAXS. The corrected intensity of coherent scattering intensity 1(q) was normalized to
obtain the atom-averaged X-ray structure factor:4
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where < f 2(q) > is the atom-averaged self-scattering power and < f (q) >? is the atom-averaged
scattering power of one molecule. The differential PDF, D(r), was obtained by a Fourier sine
transform of the function

F(q) = q(S(q) = 1); D(r) = = [["** F (q) sin(qr) dq



where gmax IS the upper bound for usable S(q) data.

X-ray scattering was also performed using the same sample with a laboratory a Cu Ko source. A
Bruker D8 Discover Diffractometer with an Instec mK2000 heater was used to measure the g
range 0.1-1 A; a Bruker D8 Venture Photon 111 four-circle diffractometer with an Oxford 700
Cryostream temperature controller was used for g = 0.35—2.8 AL, Diffraction angles were
calibrated with silver behenate or other crystals measured under the same conditions. Two-
dimensional images were integrated using the software Datasqueeze®® or DIFFRAC.EVA.

Differential Scanning Calorimetry (DSC). DSC was performed with a TA Q2000 Differential
Scanning Calorimeter. Each sample (3—5 mg) was placed in a crimped aluminum pan. A liquid
sample of ITZ was cooled at 1-20 K/min and heated at 10 K/min to study the cooling rate effect
on the glass fictive temperature Ts.

RESULTS

Structural Characterization by X-ray Scattering: Smectic and Lateral Packing. Figure 1
shows the structure factors S(q) of two ITZ glasses prepared by cooling at different rates: 0.08
K/s and 20 K/s, illustrating the range of structures obtainable. Both glasses were measured at 300

K using a synchrotron X-ray source. The

structure factors of the two glasses are s ]

identical for g > 5 AL, In this region — l . o
scattering is dominated by the ——— itx'if:h
intramolecular atomic correlations and our ‘ . i

—

results indicate the two glasses have the packing .

sl
same intramolecular structure, as expected. B2
The main difference between the two "
glasses is seen at low g. The slow-cooled o ITZ glasses by cooling

at 0.08 K/s and 20 K/s

glass shows sharp peaks at g; = 0.2 A and o ‘ 10
02 = 0.4 A%, whereas the fast-cooled glass (A7)
does not.® These peaks are associated with Figure 1. Structure factors of ITZ glasses at 300 K

the presence of smectic layers. The spacing prepared by cooling at 0.08 K/s (red) and 20 K/s (blue).
between the layers is given by 27/ = 30 A,

about the length of the ITZ molecule. The g2 peak corresponds to the second-order diffraction of
the layers. The broad peak at q. = 1.35 A is associated with the lateral packing of the rod-like
molecule with a spacing of ~5 A. This peak is narrower for the slow-cooled glass than for the
fast-cooled glass, indicating cooling rate not only affects smectic packing, but also lateral
packing. Along with increased smectic order, the lateral packing becomes more regular.

Figure 2 shows the fitting of the key structural features. The q: peak (Figure 2a) is fitted with
two Gaussians. The broader Gaussian arises from the excluded volume effect!® and the sharper



Gaussian (area Ay) is used as a measure of the smectic order.
The g2 peak (Figure 2b) is fitted as a sum of two Gaussians
and a linear baseline. The broader component at 0.44 A is
again attributed to the excluded volume effect and the sharp 123
component is associated with the smectic structure. The

presence of g2 peak indicates the smectic density wave is not
purely sinusoidal.®
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where A is peak area, q. is peak position, and w is peak width c A Peak 1
(full width at half maximum, FWHM). The shoulder on the

right is fitted with the same function. The Fourier sine G
transform of eq. 2 is an exponentially damped sine wave in
real space whose wavelength is 27/qL and the correlation T
length £ = 2/w (¢ is the distance by which the density wave e
amplitude decays by 1/e). To isolate the q. peak, the shoulder 075 1 125 15 175 2 225 25

. . . . .. q (A7)
to the right is also fitted with the function in eq. 2. Figure 2. Fitting of key scattering

peaks. The q: peak (a) and the g, peak
(b) are associated with smectic order.
The qu peak (c) is associated with
intralayer (lateral) packing.

o
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Smectic and Lateral-Packing Order in the Equilibrium

Liquid. Before investigating the cooling rate effects on the glass structure, we first determine the
temperature dependence of the selected structural features in the equilibrium liquid. This
information is needed later for calculating fictive temperatures. Figure 3 shows the temperature
dependence of the areas (A1 and Az) and the positions (g1 and g2) of the smectic-scattering peaks.
Results are shown near and above the DSC Tg (328 K), ensuring measurement of the equilibrium
liquid. The data were collected by accessing the temperature region both by heating a glass (open
symbols) and cooling an isotropic liquid (solid symbols); the agreement of the cooling and
heating data points indicates establishment of equilibrium. Benmore et al have reported the A;
and gz results!? and we include them in Figure 3 and find excellent agreement with our results.

Figure 3a shows the peak positions g: and g as functions of temperature. Our data indicate g2/q:
=1.999 £ 0.003, very close to the theoretical value of 2. The spacing between smectic layers is
given by L = 2r/q:1 = 4n/g2 and the calculated values are shown using the right y axis. L is
approximately 3.0 nm. During cooling, L decreases, and its temperature slope yields a thermal
expansion coefficient (TEC) a1 = 932 £ 20 ppm/K. Notice that this is a one-dimensional TEC
(along the normal of the smectic layers) and is already larger than the TEC for volumetric



expansion of typical molecular liquids (e.g.,

volumetric TEC = 750 ppm for o-terphenyl at Tm®).

This anomalously large o1 appears to support a Sad
structure in which the degree of interdigitation
varies with temperature.®

Figure 3b shows that with cooling, the areas of two
smectic scattering peaks, A; and Az, increase. This
is an expected result for LCs. With cooling below
the transition temperature, smectic order become
more perfect, leading to stronger scattering. A; is
directly related to the amplitude of density
modulation'® and its temperature dependence is
well described by a power law* 2°:

Ay = A1 [(Tsmyn — T)/Tsmyn]*  (3)

where Aqg is a constant, Tsmn = 347 K is the
smectic-nematic transition temperature, and x is a
constant between 0 and 1. Fitting the A; data to eq.
3 (curve in Figure 3b), we obtain x = 0.65, close to
the previous value x = 0.67 based on fewer data
points.®

Figure 3b shows that the area of the g2 peak, Az, has
a different temperature dependence from A;. The
presence of the g2 peak means that the density
modulation of the smectic layers is not perfectly
sinusoidal. We find that with cooling below Tsmn,
the ratio A2/A1 increases, from 0.2 to 0.4. This
indicates that the deviation from sinusoidal density
wave becomes greater with cooling. These
observations also appear to support a Saq structure
where the degree of interdigitation varies with
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Figure 3. Temperature dependence of (a) the
positions g: and gz and (b) the areas A; and A; of
the smectic scattering peaks in the equilibrium
state. The data were collected by accessing the
temperature region by heating a glass (open
symbols) and cooling an isotropic state (solid
symbols). Blue and red symbols correspond to the
0: and g2 peaks. We observe g2 = 203, as
expected. g and g2 have linear temperature
dependence with the TEC value indicated. The
black curve is a power-law fitting of the A; data
(eq. 3). Results from Ref. 12 (solid blue circles)
are in agreement with those from this work.

temperature. For a simple Sa structure, one might expect a density modulation that is weakly
dependent on temperature and a A>/A; ratio that is nearly constant.

To fully characterize the smectic structure, it is of interest to determine the widths of the q; and
g2 peaks and in turn, the persistence length of density modulation. While our fitting yields these
values, the peak width is mostly from the instrument resolution. Our fitting yields peak widths on
the order of 0.0066 A~whereas the instrument resolution is 0.0057 A. Thus we do not pursue

this investigation here.



Figure 4 shows the temperature evolution of the lateral-
packing peak qv in the equilibrium liquid. For reference,
results are also shown for the non-LC-forming molecule,
POS. As in Figure 3, data were collected above the DSC
Ty to facilitate equilibration and the temperature region
was accessed by both heating a glass or cooling an
isotropic liquid to demonstrate the attainment of
equilibrium.

Figure 4a shows that upon cooling, q. increases. This
means the lateral spacing between molecules, given by
2mn/qL, decreases with cooling. Notice that ITZ and POS
show very similar contraction on cooling, with TEC oL =
598 + 10 ppm /K for ITZ and oL = 605 + 10 ppm /K for
POS. This is noteworthy since in the temperature range
studied, ITZ undergoes two LC transitions at Tsmn and
Tnn, whereas POS shows no LC transitions, but this
difference leaves little impression on this aspect of
structure. In terms of lateral packing, the ITZ structure
evolves with temperature just like the POS structure. It is
also noteworthy that the a is a factor of 1.6 smaller than
az. This large difference also suggests oz is irregular and
possibly a result of temperature-dependent interdigitated
structure.

Figure 4b shows correlation length & for the lateral
packing of ITZ and POS in the equilibrium liquid. The &
value is calculated from the width of the lateral-packing
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Figure 4. Temperature dependence of (a)

the position g, and (b) the correlation

length & in the equilibrium state. The data

were collected by accessing the

temperature region by heating a glass (open
symbols) and cooling an isotropic state
(solid symbols). Data are also shown for
the non-LC-forming POS as a reference.

peak q.. Earlier in the investigation of smectic order, we made no attempt to calculate the peak
width because the observed peak width came mostly from the instrumental width. The situation
is different for the lateral-packing peak since the instrument resolution, estimated to be 0.026 A
(Figure S1), is only 5 % of the observed q. peak width. Applying correction for instrument
resolution to our data?! resulted in no significant change of the scattering pattern (Figure S2).
Thus the as-observed peak width accurately represents the intrinsic lateral correlation length. Our
data show that the & value of POS increases linearly with cooling. This behavior is known for
simple liquids; for example, & increases exponentially with packing fraction for densely packed
spheres.?? In comparison to POS, the & value of ITZ increases more rapidly with cooling. This
indicates that the transition to LC phases significantly increases the regularity of lateral packing.
For ITZ, the increase of & with cooling is not linear and appears to show jumps at the LC
transition temperatures Tni = 363 K and Tsmyn = 347 K. This further supports the view that LC

ordering leads to lateral ordering.



Cooling Rate Effects on Smectic and Lateral-Packing Order. Previous work has shown that
cooling rate has a significant effect on the smectic order (A1) in the ITZ glass. We now show that
the same holds for other aspects of structure but interestingly, they are affected differently by
cooling rate. Figure 5 shows the cooling rate effects on the structural features of the smectic
layers. ITZ glasses prepared at different cooling rates were measured at 298 K, well below Tj.
Figure 5a shows that faster cooling leads to lower g: and g2 values, indicating larger spacing
between smectic layers. This means faster cooling freezes the system at a larger layer spacing.
Figure 5b shows that faster cooling leads to lower (even zero) A; and Az values. This means
smectic order is significantly degraded (ultimately erased) by fast cooling. Figure 5¢c shows that
faster cooling leads to lower A>/A; ratio (more sinusoidal density modulation).
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Figure 5. Cooling rate effects on (a) the areas and (b)
the positions g: and g2 of two smectic peaks A; and
Az and (c) Ax/Ax. All glasses were measured at 298 K
well below Ty. Faster cooling produces ITZ glasses
with smaller A, Az, Ao/Arand lower g, g2 (larger
layer spacing).

Figure 6 shows cooling rate effects on the
structural features associated with the lateral
packing. We see from Figure 6a that faster
cooling decreases the g value (increases the
lateral spacing). The effect is sizable, on the order
of 1 %. Interestingly, the cooling rate effect on
ITZ is similar to that on POS. Figure 6b shows
the effect of cooling rate on the lateral correlation
length. Faster cooling leads to glasses with
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Figure 6. (a) Cooling rate effects on (a) the position
g. and (b) correlation length & of the lateral-packing
peak. Faster cooling produces ITZ glasses with
lower g (larger lateral spacing) and more chaotic
packing.



smaller & values (more chaotic packing).
Note that in terms of this structural
attribute, cooling rate affects ITZ more
strongly than it does POS: slow cooling
maintains high regularity of lateral
packing in ITZ, fast cooling destroys this
order. In contrast, the correlation length is
relatively short regardless of cooling rate.

Having described the range of structures
obtainable in glasses prepared by cooling
at different rates, we now consider their
fictive temperatures; that is, the
temperature of the equilibrium liquid that
has the same structure according to a
chosen metric as a glass of interest. A
commonly used fictive temperature is
defined with respect to enthalpy, Trn.2 A
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Figure 7. Measurement of the fictive temperature by heating
a glass while following a chosen structural feature and
comparison with the behavior of the equilibrium liquid. The
structural feature of interest is (a) i, (b) A1, (€) qu, and (d) &.
Results of (a) and (b) are from the same glass prepared by

glass with a fictive temperature of Trn
would have the structure of the
equilibrium liquid at the same temperature

cooling at 1 K/s. Results of (c) and (d) are from the same
glass prepared by cooling at 20 K/s.

if it is heated without structural change other than normal thermal expansion. In like manner,
fictive temperatures can be defined for the structural features studied in this work. In Figure 7,
we show how Tt is obtained for a feature of interest by heating a glass and comparison with the
equilibrium liquid. Figure 7a and Figure 7b illustrate the determination of g1 and Az in the same

glass prepared by cooling at 1 K/s. It is clear that
T+ values are significantly different in the same
structural order. Figure 7c and Figure 7d illustrate
determination of q. and & in the same glass
prepared by cooling at 20 K/s. Again, two
significantly different Tr values are observed,
indicating different aspects of structure are frozen
on two different timescales.

Figure 8 shows the fictive temperatures of the
glasses prepared at different cooling rates. The
features used for characterizing structure include:
J1, g2, A1, qu, and &. In addition, the common
measure for fictive temperature, enthalpy H, is
also used. It is noteworthy that the Tr values fall
into two groups. At each cooling rate, the glass
prepared has high Tr values for some structural
features (A1 and &) while low Tt values for others
(g1, 92, i, and H). That is, some aspects of
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two timescales are involved in cooling rate effects.



structure are frozen at a higher temperature than others. The features frozen at a higher
temperature include smectic order (A1) and regularity of lateral packing (&). These correspond to
structural order that requires a large number of molecules to build and presumably their
cooperative rearrangement. The features frozen at a lower temperature include enthalpy and the
spacings between molecules captured by qi, 0z, and g.. This seems sensible since molecular
spacings are easily adjusted through nearest-neighbor reorganization, without cooperative
rearrangements. That the enthalpy Tr falls in the same group can be justified by the fact that
enthalpy is determined by the nearest-neighbor interactions.

In Figure 8 is also plotted the two relaxation timescales of ITZ observed by dielectric
spectroscopy (DS).8 The slower mode (5) is assigned to the end-over-end rotation of the rod-like
molecule, while the faster mode (o) is associated with rotation about the long axis and precession
of the long axis about the electric field vector.® These timescales are plotted in Figure 8 using the
relation

TR,=C (4)

where C = 1.5 is obtained by the best fit with the Tr vs Rc data.?* The physical meaning of eq. 4 is
that for a system with a single relaxation time t, kinetic arrest is expected to occur when the
cooling rate is C/t. This value of C is slightly different from C = 0.4 determined by comparison
with the T4 onset during cooling (not Tr).

Figure 8 shows that the two Tr values are approximately given by the condition (eq. 4) under
which the a and 6 relaxation modes undergo kinetic arrest. Smectic order and lateral-packing
order are frozen when the 6 mode undergoes kinetic arrest; enthalpy and molecular spacings are
frozen when the a mode undergoes kinetic arrest. Previous work has reached the conclusion that
smectic order A; is controlled by the end-over-end rotation.>* Here we expand that conclusion to
include the regularity of lateral packing. Furthermore we show that the other measures of
structure are frozen at a much lower temperature, the Tq of the o relaxation mode.

DISCUSSION

This work has characterized the structural evolution in the equilibrium liquid state of ITZ
(Figures 3 and 4) and the cooling rate effect on the structure of ITZ glasses (Figures 5 and 6). We
find that the apparent thermal expansion coefficient for the smectic layer spacing is significantly
larger than that for the lateral structure. An ITZ glass prepared at a given cooling rate is
characterized by two fictive temperatures (Figure 8), the higher one for the smectic order and the
regularity of lateral packing and the lower one for enthalpy, smectic layer spacing, and lateral
spacing.

Anisotropic Thermal Expansion of ITZ and Possible Existence of Interdigitation

According to the traditional view, a smectic LC has long-range, crystal-like order in the direction
perpendicular to the layers, while molecular packing within the layer is random and liquid-like.



This view is consistent with the sharp smectic scattering peak g: and the broad lateral scattering
peak gr. Following this view, one might expect smaller thermal expansion of the smectic layer
spacing relative to the lateral spacing, a1 < ar. This expectation appears consistent with some
LCs.? For ITZ, however, we observe the opposite effect: a1 = 932 + 20 ppm/K and o, = 598 +
10 ppm/K. Furthermore, the a1 value is surprisingly large relative to the typical volumetric
expansion of molecular liquids. For example, av = 750 ppm/K for o-terphenyl, implying a linear
expansion coefficient of 250 ppm/K, which is significantly smaller than o:. Though ITZ’s ar
value is also rather large in this comparison, it is similar to the value for POS (605 £ 10 ppm /K)
and thus is unrelated to LC order.

The large a1 value of ITZ indicates a rapid contraction of the smectic layer spacing with cooling.
This is surprising given that IR measurements indicate that the molecules become more parallel
to each other with cooling.® For a simple smectic structure (Sa) in which the layer spacing is the
monolayer thickness, one would expect an increase of layer spacing, not a decrease. We
speculate that the large a1 value of ITZ is a result of layer interdigitation. If the layers
interpenetrate, the apparent layer spacing is a function of the monolayer thickness and the degree
of interdigitation. In this model, the large a1 value stems from a change of the degree of
interdigitation with temperature. Interdigitation has been observed for many LCs accounting for
the larger layer spacing L than the molecular length 1.1%2627 For a series of LCs with L/l > 1.7,
Madhusudana et al. observed rapid contraction of layer spacing with cooling with a1 >1500
ppm/K*® and attributed the effect to a change of interdigitation with temperature. For ITZ, | = 25
A based on its crystal structure (two polymorphs with root name TEHZIP in the CSD) and its
monolayer thickness is | cos 6, where is the average angle of the molecule relative to the
smectic-layer normal. From S = <3/2 cos?0— 1/2> = 0.7, we obtain 8= 26° and | cos =22 A
for the monolayer thickness. This thickness is much small

than the apparent layer thickness from scattering L = 30 a
A, implying a need for interdigitation in forming smectic
layers. We speculate that cooling leads to a greater degree

of interdigitation and to a large oz value.

— | C direction

Figure 9 shows a possible model for the smectic layer. b L=%0A

This layer contains two sublayers of molecules offset = Observed

from each other so that the total layer thickness is L = 30 S

A. The angle between the molecule’s long axis and the f%,

LC director is 26°, be consistent with S = 0.7.8 The g Jtimulated

molecules are arranged anti-parallel to agree with the 2

crystal structure. The offset between the molecules is - A
chosen to be 4 A, the same as that between adjacent 0.1 02 03 0.4 0.5
molecules in crystals. This structure yields a diffraction q (A

pattern in close agreement with the observed pattern Figure 9. (a) Amolecular model for offset
(Figure 9b). The proposed model is reasonably stable as :;yzer_ Tbo)lgﬂifatgg?;:fr':%f ?hiir;e;;'ecl
changing the offset would change the relative intensities is consistent with the observed X-ray
of the two diffraction peaks to deviate from the diffraction pattern for a glass prepared by

experimental result. We find that A2/A; is very sensitive cooling at 0.08 K/s.



to the degree of interdigitation (molecular offset). By changing the offset, it is possible to
reproduce the diffraction patterns of glasses prepared at other cooling rates.

Structures of Glasses Created by Multiple Kinetic Arrest. A key result of this work is that it
IS possible to create glasses in which structural features are frozen at very different temperatures.
Stated in terms of fictive temperatures, the same glass can have multiple fictive temperatures
with respect to different structural features. For an ITZ glass prepared by cooling at a given rate,
the smectic order and the lateral-packing regularity correspond to a higher-temperature liquid
than its enthalpy and inter- and intralayer spacing. For a glass quenched at 100 K/s, the two
fictive temperatures above differ by 20 K. This is the reason why some aspects of structure can
be altered by cooling rate to a greater extent than others. The ability to selectively alter some
aspects of structure is intrinsic to glass formation as a system in equilibrium, by definition, is
characterized by a single temperature.

The fact that smectic order and lateral correlation length are frozen at the same temperature
argues these two aspects of structure are coupled. The increase of smectic order is accompanied
by the more parallel alignment of the rod-like molecules (i.e., increase of orientational order).® It
makes sense that this leads to more regular packing in the lateral direction. This viewpoint is
supported by the simultaneous rise of smectic order (Figure 3b) and lateral-packing order (Figure
4b) as the equilibrium liquid enters the smectic phase. The smectic order emerges from zero,
while the lateral-packing order increases relative to the non-LC system POS as reference. The
lateral correlation length of POS increases linearly with cooling, while the value of ITZ shows
jumps at the LC transition temperatures, supporting the simultaneous development of smectic
and lateral-packing order. We note that this conclusion is somewhat contradictory to the
traditional view that a smectic LC is ordered only with respect to the repeating layers and
disordered within the layers. We find that interlayer order and intralayer order grow together.

In contrast to smectic and lateral order, this work has shown that the glass structure gauged by
enthalpy, smectic layer spacing, and lateral spacing are frozen together at a lower temperature.
This result echoes the previous report that for a discotic LC, columnar order is frozen at a higher
temperature than inter-columnar spacing.® These results are sensible since the distance between
molecules is easily altered at the level of the nearest neighbors, through local vibrations and
thermal expansion, without rearranging molecules over long distances. As a structure indicator,
enthalpy is more sensitive to the nearest neighbors than to the longer-range structure and this is
perhaps why we find enthalpy in the same group with intermolecular spacings in its response to
cooling rate.

It is intriguing that the two timescales for kinetic arrest correspond to the two relaxation modes
observed by DS. The interpretation of these relaxation modes as fast rotation about the long axis
(o) and slow rotation end-over-end (8) is consistent with the picture proposed above. Between
the two processes, the 3 mode has a larger activation volume in the sense that molecules in the
log jam must be shoved around for an end-over-end rotation, whereas the oo mode requires less
coordination with the neighbors and should have a smaller activation volume. It makes sense that



the state of the log jam is frozen at a higher temperature than the axial rotation of the logs. This
interpretation is consistent with the literature on glass aging, which indicates that volume
relaxation correlate with the a process.?® In the case of 1TZ, TMDSC shows that enthalpy
relaxation correlates with a mode.®

CONCLUSIONS

In this study, we characterized structural features in both smectic and lateral packing in ITZ liquids
and glasses prepared by different cooling rates through synchrotron scattering and local X-ray
scattering, and determined the cooling rate effects on structural features frozen in glasses for the
first time. We find these glasses have very different glass structures, with faster cooling leading to
lower smectic order, less regular lateral packing, and larger inter- and intralayer spacing. These
different structures can be characterized by two fictive temperatures, the higher one related to the
smectic and lateral-packing order and the lower one to molecular spacings and enthalpy. The
difference between the two fictive temperatures is as large as 20 K. Our results indicate that the
interlayer and intralayer order in a smectic structure rise and fall together as part of liquid
crystallinity, whereas the structural features associated with the nearest-neighbor structure can
actively evolve when the LC framework is frozen. At each cooling rate, the two fictive
temperatures correspond to the glass transition temperatures for the two relaxation modes of 1TZ
observed by DS. The slower 8 mode (end-over-end rotation) corresponds to the freezing of smectic
and lateral-packing order. The faster a mode (axial rotation) corresponds to the freezing of smectic
and lateral-packing order.

Our results indicate that the different aspects of glass structure can be manipulated independently.
This is an ability intrinsic to glass formation when multiple relaxation modes exist. For these
systems, multiple kinetic arrests can be engineered to target selected structural features. Apart from
the anisotropy of molecular shape, multiple relaxation modes can arise from the presence of slow
and fast components in a mixture. Application of this principle could lead to glasses with tailor-
made properties for applications in organic electronics and pharmaceutics. Future progress in this
area will benefit from the determination of the range over which the fictive temperatures can differ
in the same glass and how the fictive temperatures evolve during glass aging. Since two timescales
are involved in glass preparation, it is of interest to determine whether the same two timescales
control glass aging.
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