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1. Introduction

In an ordered crystalline phase, molecules are arranged
in a well-defined crystal lattice. Their positional and ori-
entational degrees of freedom are activated at melting.
In many compounds of non-rigid organic molecules the
process of activation of various degrees of freedom occurs
by stages of several subsequent phase transitions below
the temperature range of the isotropic phase. In some
isotropic liquids a tendency to glass formation is larger
than to crystallization [1].

At glass transition, dynamical degrees of freedom are
frozen out, leaving the molecules at random positions
and/or orientations. Signatures of glass transition de-
pend on the experimental method applied. In heat ca-
pacity measurement such a transition shows as a pro-
nounced jump of C(T) (a weak second order transition),
well below the melting point of a crystalline phase. In
the dielectric relaxation method glass transition of lig-
uid phase manifests itself by dramatic slowing down of
relaxation time 7 — it is assumed that temperature
T = T, when 7(T) = 100 s. The fact that also a su-
percooled mesophase, with partial long range order, can
be a glass-former is known since 1968 [2] for rotatory
phases and since early seventies for anisotropic liquid
crystals [3]. The observed solid state polymorphism re-
sults from an interplay of several factors such as structure
of the molecules, their interactions and dynamics. Since
the role of molecular conformations in the process of for-
mation of a particular solid phase is crucial, the studies
of various isomers should help to understand this pro-
cess. It is well known that isomers of cyanobiphenyls
exhibit different phase diagrams: substances with chiral
molecules form glass of cholesteric phase, while non-chiral
molecules exhibit a sequence of liquid crystalline phases
and a crystal state [4].

It is also valid for isomers of neohexanol, where sys-
tematic differential scanning calorimetry (DSC) studies
showed various sequences of mesophases [5]. It is worth

to note that various isomers of neohexanol have differ-
ent number of conformations. For neohexanol there are
three: trans, gauche+ and gauche-. In the IR studies de-
pendence of the strength of hydrogen bonds on localiza-
tion of the OH groups in isomeric molecules was observed
[5-7]. Additionally, at melting some thermodynamical
parameters are different for various isomers as calculated
using extended Landau theory [8].

The present paper is aimed to elucidate the complexity
of solid state polymorphism of neohexanol compound in
detail by measuring the heat capacity in adiabatic condi-
tions and the complex dielectric permittivity after well-
-defined thermal treatment of the sample, taking into
account the literature data available so far [5-20]. Re-
search into the nature of solid phases of the neohexanol
is a part of a larger project involving studies of thermody-
namic and dynamic properties of the isomeric dimethyl-
butanols [5-14] and also neoalcohols of similar chemical
structure of molecules.

Neohexanol, abbreviated as 2,2-DM-1-B, with chem-
ical formula CH3CH;C(CH3)2CH;OH, is one of the
isomers of dimethylbutanols. Their branched alcohol
molecules have globular shapes, what facilitates solid
state polymorphism with orientationally disordered crys-
tals (ODIC). On slow cooling, the glass of isotropic lig-
uid was obtained in one isomer (3,3-DM-1-B) [6, 10, 13]
and the glass of ODIC phase in two other (3,3-DM-2-B
and 2,2-DM-1-B). The 2,3-DM-2-B isomer was proved
to crystallise. The phase diagram of neohexanol is still
not clear despite the studies performed with differential
thermal analysis (DT ) (under ambient and elevated pres-
sure) [15, 16], DSC [5, 6, 17], dielectric relaxation [6, 10,
15-20], and inelastic incoherent neutron scattering [6, 7,
9, 11-13] methods. The DT results published by Chan
and Johari [18, 19] showed a crystallization at 183 K and
melting at 241 K. In DT studies of Edelmann [15, 16] five
solid phases (with additional one at higher pressure) were
found in the following phase transitions: Cyypr — Cpp
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(187.9 K), CIII’ — CH (196.4 K) CIH — CH (198.6 K),
Cn — Cp (2104 K), C; — I (250.6 K) observed on
heating, and a glass transition of disordered crystal Cyy
at T, = 157.8 K.

Dworkin’s DSC measurement showed a glass transition
at 147 K, a spontaneous crystallization anomaly at 180 K,
and melting at 224.5 K (onset value) [17]. In our DSC
measurements [5] a previously nonobserved phase tran-
sition anomaly at about 235 K was found (see Fig. 1):
when the sample was cooled down to 150 K from 300 K
at —10 K/min, a broad peak of complex crystallization
was detected at 212 K (the peak position value), while on
heating an endothermic transition at 234.7 K and melting
at Ty, = 251 K were registered [5]. However, the sample
abruptly cooled down to 100 K, and then heated, crys-
tallised at 180 K and melted at 235.5 K. Dielectric studies
did not show a consistent picture of phase sequence ei-
ther. Dielectric relaxations o and [ were detected for
liquid and plastic crystal phases, respectively, by Chan
and Johari [18, 19] in the frequency range between 100 Hz
and 10° Hz.
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Fig. 1. DSC thermograms of 2,2-DM-1-B obtained

with the scanning rate of 10 K/min [5]: on heating af-
ter fast cooling of the sample (top part), and on cooling
(bottom curve) and heating (upper curve) in bottom
part. T and 7. refer to two crystallization processes.

A glass transition at 163 K was mentioned by
Dannhauser and co-workers [20]. They studied dielectric
relaxation in liquid phase to about 240 K and in rotatory
phase down to 200 K. Edelmann [15, 16] observed a di-
electric relaxation in the liquid phase supercooled down
to 213 K, at which point it turned into crystal. The
latter then melted between 243 K and 253 K. Neutron
powder diffraction experiment [9] allowed us to differenti-
ate between phases: for ordered phase named C'3 several
Bragg reflections were observed and for glass of ODIC
phase, denoted as C2, no reflections were found. How-
ever, no structure identification was possible, as neutron
diffraction on a hydrogen-rich molecular crystal becomes
obscured by a very large incoherent background. X-ray
diffraction was not successful, either. Glass of C2 ob-

tained on fast cooling was identified also by non-Debye
behavior of density of states at about 30 cm ™!, forming
the so-called boson peak. On heating, after transition of
this glass to phase C2, the well-ordered crystalline phase
C3 and then again C2 were obtained. Reorientations of
molecules in phase C'2 were evidenced by observation of
the broadening of the peak of elastic scattering [9].

2. Experimental

2.1. Calorimetric measurements

The 2,2-DM-1-B compound was synthesized in the In-
stitute of Pharmacology, PAS, Krakéw. The heat ca-
pacity Cp(T) of 2,2-DM-1-B was measured by means
of a home-made high-accuracy adiabatic calorimeter at
the Division of Condensed Matter Physics, IFJ PAN in
Krakow. The liquid sample of 5.5279 g (54.1024 mmol)
was enclosed in the cylindrical calorimeter cell made of
gold-plated copper. Temperature dependence of heat
capacity was measured on heating using the adiabatic
regime (so-called intermittent heating method or point
method) in the temperature range from liquid nitrogen
temperature to 300 K, in several runs after slow and fast
cooling of the sample.

In order to achieve good accuracy of the measured ther-
mal effects the heat exchange between the cell and the
environment has to be diminished. The sample container
was hung on a silk thread inside a pair of coaxial thermal
shields equipped with heaters and enclosed in a vacuum-
-tight steel vessel evacuated down to ca. 10~° mbar. The
system was housed in a liquid nitrogen cryostat. The
temperature was measured with the accuracy of 10 uK
using a platinum thermometer. In addition, to ensure
adiabatic conditions, several two-point thermocouples lo-
cated between the cell and the thermal shields were used
to control heat exchange in the system. The on-line com-
puter with the dedicated software [21] was used to control
parameters of the experiment and to acquire the data.

In this adiabatic mode the temperature of the sample
cell is kept constant under adiabatic condition through
strict control of temperature of both the inner and the
outer adiabatic shields. The temperature of the sample
cell is constantly measured and when it reaches equilib-
rium, a well-defined portion of energy is introduced to
the system by means of electric current applied for con-
stant period of time to the heater located in the core of
the cell.

Following the heating period, the temperature of the
sample cell varies due to temperature gradient in the sys-
tem of sample cell and adiabatic shields. This temper-
ature gradient originates from a continuous flow of the
introduced energy, being distributed within the sample
volume, and the heat exchange between sample cell and
thermal shields. However, after certain period of time
such temperature variation, owing to the first source (in-
troduced heat), will disappear while the second one, re-
lated to non-ideal adiabatic conditions, will become sta-
ble (assuming constant temperatures of the inner and the
outer adiabatic shields). Thus, the relation between the
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temperature of the sample cell and time will become lin-
ear. This feature can be utilized to determine whether
the sample has already reached the thermal equilibrium.
Namely, if the variation of the sample cell temperature
measured after the heating period becomes sufficiently
small (e.g. 0.001 K/min), the system can be regarded as
having reached thermal equilibrium. Then a next heat
pulse can be applied to the sample.

To investigate the phase situation on cooling the sam-
ple as well as on heating, the instrument was operated
in a pseudo-DT regime (the so-called “drift method”).
Time evolution of temperature 7' along with the rate
of temperature changes, d7'/d¢, were registered during
continuous cooling or heating of the sample by means of
keeping the inner thermal shields at the temperature be-
low or above that of the sample cell, respectively. Such a
regime of measurement enabled us to perform a faster, as
compared to adiabatic mode, but only qualitative obser-
vation of spontaneous thermal effects in the sample and
to estimate the phase transition temperatures.

2.2. Dielectric measurements

The dielectric measurements of the complex electric
permittivity, *(v) = &'(v) — ie”(v), were performed
in the frequency range from 0.03 Hz to 1 MHz using
the Solartron—Schlumberger frequency response analyzer
FR 1260 with the Novocontrol Spectrometer. The &’
and ¢’ values were measured with accuracy better than
1% and 2%, respectively. Measurements covered the tem-
perature range from 123 K to 300 K. The measurement
run for each temperature was started at the higher fre-
quency side and lasted for about 10 min. The sample was
kept between two brass disc-shaped electrodes. The di-
ameter of the cell was 30 mm while the distance between
the electrodes was 0.10 mm. Separation between the elec-
trodes was maintained by PTFE spacers. Measurements
were performed at 2-10 K intervals on slow cooling of the
sample and also on heating in two experimental regimes,
i.e., after slow and after fast cooling. The temperature of
the sample was controlled using Novocontrol Quatro sys-
tem with a liquid nitrogen cryostat and measured with
the accuracy of 0.1 K.

2.3. Purity determination

The molar purity of the neohexanol used was found to
be 99.67%. It was calculated using the van’t Hoff law [22]:
Rthriple E (1)
AIT[fus F7
from the so-called melting fraction experiment performed
by adiabatic calorimetry (see Fig. 2). The fully melted
state corresponds to F' = 1. Tiyple is the triple point
temperature, Toq is the experimental equilibrium tem-
perature of the fusion in the melted fraction F' of the
substance, R is the gas constant, x means molar fraction
of impurity and AHy,s is the calculated molar enthalpy
of fusion [22]. The triple point temperature of 233.19 K
was obtained by extrapolation of the slope of T'(1/F’) to
the value of 1/F = 0.
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Fig. 2. Equilibrium temperature in the melt of neo-

hexanol vs. inverse of the melted fraction F. The linear
part of the T'(1/F’) plot indicates that the impurity does
form an eutectic system with the substance. Error bars
were calculated by standard deviation.

3. Results
3.1. Phase transitions in neohexanol
The temperature dependence of heat capacity C,(T")
of neohexanol measured in adiabatic mode on heating of
quenched (empty circles) and of slowly cooled (filled cir-
cles) sample from the liquid phase down to 100 K are
presented in Fig. 3. All the C,(T) values were registered
in equilibrium conditions. In temperature range between
100 K and 180 K the C,(T") depends on the way of cool-
ing of the sample. Above 180 K the same sequence of
three phase transitions was found. On slow cooling of
the sample, a crystal phase, labelled C'3 was obtained, as
reported in our previous paper [5].
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Fig. 3. Heat capacity Cp of neohexanol vs. tempera-

ture measured for heating after slow (filled circles) and
fast (open circles) cooling of the sample. Inset shows
free energy vs. temperature for 2,2-DM-1-B, estimated
basing on Cp(T) measurements performed after slow
cooling.

Anomalies (observed on heating) at Tp = 194.9 K
and 77 = 209.2 K are solid-solid transitions, while
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the last one at T,,; = 233.6 K is related to melt-
ing of phase denoted here as C, and found in our
DSC measurements (see Fig. 1) [5]. We detected
the following phase sequence: C3 (194.5 K) — (2
(209.2 K) — C (233.6 K) — sIL, where sIL means
supercooled isotropic phase. No further anomaly was
observed till room temperature despite several trials to
find melting at about 250 K. The enthalpy and en-
tropy gained at the phase transitions C3 — (C2;
C2 — (C and C — sIL were estimated to be
AH = 5772.6 J/mol; AS = 29.6 J/(mol K); AH =
2689.1 J/mol; AS = 128 J/(mol K) and AH =
4415 J/mol; AS = 17.9 J/(mol K), respectively. The
largest changes of enthalpy and entropy values were ob-
served for the C3 — (2 transition which points to
activation of rotational motions in the ODIC C2 phase.
The entropy change at melting of phase C is smaller
than 21 J/(mol K). According to the Timmermans cri-
terion [23] it means that during melting of phase C only
translational degrees of freedom become active. In the
C2 — ( transition the entropy change is the small-
est and it most likely corresponds to the difference be-
tween structures of the C2 and C' ODIC phases. Inset
in Fig. 3 shows the Gibbs free energy vs. T calculated
from experimental data of the specific heat (filled circles).
Choosing the reference state at 0 K required extrapo-
lating the temperature dependence of the specific heat
to this point. Cubic polynomial C,(T) = BT + CT?
was fitted in the whole temperature range of the crys-
talline C'3 phase. The heat capacity below 100 K was
approximated by C,(crystal) = 2.343287 + 0.000017°
and C)(glass) = 3.15587 +8.82 x 1071773, where the T3
term represents the Debye contribution.

Fast cooling of the sample leads to C,(T") values much
higher than those for C'3 phase observed on heating up
to 146 K as shown in Fig. 3 (open circles). In view
of our earlier neutron measurements the corresponding
phase was identified as supercooled disordered crystal
C2 [9]. Careful examination of the data in this tempera-
ture range reveals two anomalies, which can be ascribed
to subsequent glass transitions at Ty ~ 123 K (AC, =
19 J/(mol K)) and at Terr =~ 137 K (much smaller AC),
value). During further heating above 146 K, several spon-
taneous transformations to metastable phases occurred
(in Fig. 3 there are no C,(T) experimental points up
to 180 K due to the lack of the thermodynamic equilib-
rium). Such metastable thermodynamic states were also
detected by the earlier DT studies [15, 16]. At 180 K
a stabilisation to the ordered phase C3 was observed.
During cooling this phase down to 120 K no extra phase
transition was detected. The values of the phase transi-
tion temperatures observed above 180 K were very close
to those obtained during experimental runs performed
after cooling the sample with various rates.

Also, the C,(T) anomaly observed on melting of
phase C', and corresponding to the activation of transla-
tional motions, did not depend on the cooling rate. How-
ever, in phase C3 observed after a series of metastable

transitions for rapidly cooled sample the C,(T") values (o)
were slightly lower than those registered after slow cool-
ing (). Moreover, the magnitudes of the thermal effects
were sensitive to the regime of the measurement applied.
The intensity of anomaly of C,,(T) at about 195 K, as-
cribed to the phase transition C3 — (2, was bigger
when measured after fast cooling of the sample than af-
ter a slower one. The opposite behavior was registered
for the intensity of anomaly at 209.2 K, ascribed to the
C2 — ( transition. These effects mean that the pure
phase C'3 was created at 180 K on heating only for a sam-
ple cooled rapidly just before the heating run. Temper-
atures of all phase transitions found in our calorimetric
measurements are collected in Table I.

TABLE I

Details of various phase transitions obtained by adia-
batic calorimetry (AC), the drift method, dielectric spec-
troscopy (DS) and inelastic incoherent neutron scattering
(IINS) methods.

Experimental

Phase transition Transition details

method
On slow cooling
I1L-C1 251 K DS
sIL-C1 226.6 K drift
sIL-C 223.2 K
sC1-C2 199 K
(sC2 + sC)-C3 183.4 K
IL-Cl+4C 212 K DSC [3]
on f?SLtfg;’h“g 181 K drift
On heating
two glass 123 K (after fast cooling) AC
transitions AC, =19 J/(K mol)
137 K (near 140 K) AC (DS)
sC2-C3 (after fast cooling)
in several 146-180 K AC
non-equilibrium (153-183 K) DS
transformations below 200 K IINS [4]
C3-C2 195 K AC
AH = 5772.6, AS = 29.6
about 210 K TINS [4]
c2-C 209.2 K AC
AH =2689.1, AS =12.8
c3-C 188213 K DS
C—sIL 233.6 K (233 K) AC (DS)
AH = 4415, AS =17.9
235.5 K (after fast cooling) DSC [3]
AH = 847, AS = 3.6
C1-1L 250.8 K DSC [3]
AH = 585.5, AS = 2.3
near 251 K DS

AC), in J/(mol K); AH in J/mol; AS in J/(mol K)

3.2. Dynamics of neohezanol molecules

The dielectric spectra registered on slow cooling of the
sample down to 203 K with the rate of about 1 K/min
give the evidence of crystallization of the liquid phase
in the temperature range between 253 K and 243 K to
a rotatory phase. This phase is denoted here as C'1, be-
cause on subsequent heating, it melted to the liquid phase
IL between 243 K and 251 K, as is shown in Fig. 4. The
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Fig. 4. Dielectric dispersion (left) and loss (right) data
for 2,2-DM-1-B observed on slow heating, showing two
relaxation processes: “4” in crystal C1 at 211 K (o),
215 K (A), 223 K (%), 235 K (V) and 243 K (*) and “5”
in the liquid at 251 K (0) and 263 K (o). At 247 K (+)
and 249 K (x) melting occurred. The solid lines are the
Havriliak—Negami fits.
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Fig. 5. Temperature dependence of the relaxation

rates lg(77!/s™!) for 2,2-DM-1-B for three regimes of
measurements: on heating after fast cooling (squares),
on slow cooling (circles) and heating (triangles). The
dashed lines are the literature data from [19, 20] and
crosses from [17, 18]. The vertical dotted lines show the
approximated temperatures of phase transitions.

C1 < [IL transition, not observed in adiabatic calorime-
try, is well illustrated by changes of relaxation time 7(7")
(see Fig. 5). In order to describe the relaxation pro-
cess in C'1 and IL phases, the Havriliak—Negami formula
[24, 25]:

(V) = oo + Ac/[1+ (iwr) )P + /(v —1p), (2
was fitted to the data (see solid lines in Fig. 4). The
relaxation time 7 = (1/2)mvmax(T), where vpax is
the frequency at the maximum of the absorption curve
and correlation parameters « and S fulfill the relation
0<(l—a),f(l—a)<1. For fl—a)=(1—-a)=1
the process is of the Debye type. The values of & and 1—
can be regarded as a measure of the local and long range
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Fig. 6. Dielectric absorption curves loge’ (logv) for
the fast relaxation process “1” and slower relaxation pro-
cess “2” for 2,2-DM-1-B in the temperature range from
153 K to 173 K observed on heating after fast cooling.
Meaning of symbols: 153 K (0), 155 K (o), 157 K (),
163 K (v), 173 K (0). The solid lines are the Havriliak—
Negami fits.
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Fig. 7. Dielectric loss data for 2,2-DM-1-B showing
process “1”7 at 173 K (m), process “3” for 188 K (),
193 K (x), 198 K (4), 203 K (A) and 208 K (0) and
process “4” at 213 K (o). At 183 K (A) no dynamics is
visible. The solid lines are the Havriliak—Negami fits.

correlations for the relaxation process observed [24]. Re-
laxation times obtained in the fitting procedure are col-
lected in Table II.

Interestingly, in dielectric measurements performed
during heating of a sample, which had been first cooled
rapidly to 123 K, up to room temperature, five re-
laxation processes were found. First the process “1”
of a very small dielectric increment was detected. At
153 K, a much stronger relaxation process “2” appeared
at lower frequency side. Both processes coexist up to
173 K (Fig. 6), i.e., in the ODIC phase C2, but inten-
sities of both absorption maxima were decreasing with
the temperature growth. At 183 K, rotational motions
of molecules stopped (see filled triangles in Fig. 7) as
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100 10°

Fig. 8. Dielectric dispersion (left) and loss (right) data
for 2,2-DM-1-B observed on heating after fast cooling,
showing two relaxations processes: “4” at 213 K (o),
218 K (0), 223 K (m) and 233 K (V) and “5” at 238 K (4),
243 K (%), 248 K (0), 253 K (e) and 258 K (4). The
solid lines are the Havriliak—-Negami fits.

Relaxation time 7 for 2,2-DM-1-B. 7 in 107 ¢ s.

spontaneous crystallization of the ordered crystal C3 oc-
curred. On further heating, in the temperature range
188-208 K, a new process “3” of a very small dielectric
absorption was observed, growing within the frequency
range of 102-10° Hz (see Fig. 7). Then, a phase transi-
tion to crystal C' was observed as a dramatic growth of
absorption showing a new slower relaxation process “4”
(Ae’ = 0.5 at 208 K and Ae’ = 7.5 at 213 K). At about
Tm1 (above 223 K) process “4” transformed to a faster
process denoted as “5”, which accompanied melting of
the rotational phase C (see Fig. 8).

The results of the fits of Eq. (2) to the dispersion and
absorption data in phases C2, C, and IL are shown in
Figs. 6-8. For the phase C2 the absorption &” of pro-
cess “17, in the log v scale has a half-width W = 3.4, i.e.
much larger than Wp = 1.14, typical for a relaxation of
the Debye type [26, 27]. The best-fit values of correla-
tion parameters (1 — «) and 8 for motions responsible
for relaxation “2” do not exceed 0.4. This means a large
deviation from the Debye relaxation.

TABLE II

7 on slow cooling 7 on heating after slow cooling 7 on heating after rapid cooling
T [K] | Relaxations “4” and “5” | T |K| | Relaxations “4” and “5” | T [K| | Relaxation “2” | Relaxation “1”
211 78.28 203 258.71 123 111546.66
213 60.15 213 62.01 133 15867.54
215 43.57 223 16.61 143 491.54
223 15.97 233 153 2942493.22 30.76
231 5.46 243 155 1718412.15 16.97
233 3.49 253 157 1034693.79 11.12
235 3.49 263 163 228651.56 2.39
243 1.21 173 0.36
247 0.72
249 0.28 213 48.06
251 0.08 218 24.60
253 0.06 223 12.91
233 2.71
238 0.2
243 0.11
248 0.06
253 0.03

The absorption curves of the relaxation processes “4”
and “5” are symmetric in the log v scale and the values of
half-width W are close to Wp, which means that there
is no distribution of the relaxation times. The examples
of the best-fit values of the parameters are as follows:
(1-a) =098 8=1,7=(129+1.3) x 1076 s for
the relaxation “4” in the ODIC phase C at 223 K and
(1—a)=083 3=1,7=(01140.01) x 107¢ s for
relaxation “5” in the liquid phase at 243 K.

Figure 5 presents the temperature dependence of the
relaxation rate data, log7=1(1/T), collected for various

relaxation processes observed: for those registered on
slow cooling and heating by triangles and circles, re-
spectively, while for relaxation processes “1” to “5” by
squares. Lack of the points in the temperature range of
173 K to 213 K means that up to 188 K motions of the
molecules are stopped in the ordered crystalline phase C'3
and then no equilibrium phase was established (the non-
-equilibrium process “3” is not presented) till 213 K. One
can see that the data obtained during heating of slowly
cooled (triangles) and rapidly cooled (squares) samples
do not match, meaning that the phase diagram detected
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in each regime of dielectric measurements is different.
Moreover, it is worthwhile to say that the rate of the mo-
tions detected in ODIC phase C'1, which melts at about
250 K, is equal to the reorientation rate in the ODIC
phase C melting at about 235 K. In both phases the re-
laxation is identified as process “4” and is of one order
of magnitude slower than process “5” in the liquid phase.
The processes “1”7 and “2” in supercooled phase C2 are
of theArrhenius type with similar activation energies of
(12.6540.2) kJ/mol. The activation energy of process “4”
in phase C equal to (14.21£0.1) kJ/mol is similar to that
of the process “2” observed in the phase C2.

4. Discussion

Adiabatic calorimetry measurements showed a
monotropic system of phases in neohexanol with the
phase diagram depending on the rate of cooling of the
sample. This was confirmed by the dielectric spec-
troscopy. However, full consistency of the results of both
methods was not achieved. In dielectric measurements on
slow cooling and heating of the substance the reversible
phase transition was detected: IL (=~ 251 K) «~ C1
and no supercooling of the liquid phase was registered.
No phase transition was detected down to 203 K, but
one should keep in mind that in both phases the rates
of motions (see Fig. 9) and dielectric permittivities
(compare data for phase C1 in Fig. 5 and for phase C' in
Figs. 8 and 10) are similar.
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Fig. 9. The drift d7'/dt vs. t observed on slow cooling.

Solid line shows the time dependence of temperature.

Contrary to that on heating after fast cooling,
the phase diagram seems to be the following: C2
(~ 183 K) —» C3(188+213K) —» C (=233 K) — sIL.
It seems that in the temperature range from 188 K till
about 208 K kinetics of growth of the rotatory phase C2,
as observed by calorimetry, was too slow for C3 — C2
transition to appear. Due to a short time of dielectric
measurement at each temperature, thermodynamic con-
ditions became appropriate for activation of rotational
motions only above 208 K, when growth of phase C oc-
curred.
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Fig. 10. The real part of the dielectric permittivity

Ing’ vs. temperature observed for heating after fast cool-
ing at 23 Hz (squares) and 133 Hz (circles) and dur-
ing slow cooling and heating at 1500 Hz (crosses) and
7 x 10° Hz (asterisks). The vertical dotted lines show
the approximated temperatures of phase transitions.

As an illustration of the phase sequence detected in
both regimes of the experiment the temperature depen-
dence of real part of electric permittivity is presented in
Fig. 9. The activation of molecular motions at about
T, = 213 K is shown by a jump of the Ine&’(T) measured
on heating after fast cooling (circles and squares were
registered at phase C' and above Ty,; at liquid phase).
The frequencies used were low enough for reorienting
molecules to follow the changes of electric field, i.e. to
contribute to the orientational polarization measured.
On slow cooling/heating one can see a smooth change
of &'(T) for frequency 1.5 x 103 Hz (crosses), low enough
to see a relaxational feature of electric polarization in
ODIC phase C1, while for frequency 7 x 10° Hz (stars)
a sharp drop/jump at about Ty, = 251 K appears due to
the crystallization/melting of phase C1.

In this context it is worth noting that the crys-
talline phase C'1, which melted at higher temperature Ty,
[5, 15-20], seems to be evidenced in the measurement per-
formed using the drift calorimetric method: during slow
cooling of the sample with the rate of —1 K/min four
thermodynamic anomalies were registered during time
evolution of the drift d7'/dt (see circles in Fig. 9). Simul-
taneously observed evolution of temperature T'(t) down
to 120 K (solid line) allowed us to determine the follow-
ing values of transition temperatures for the mentioned
anomalies: 226.6, 223.2, 199, and 183.4 K. They can be
ascribed to the following phase transitions: sIL — C1,
sIL — C,Cl — (C2and sC2+ sC — (3 (see
broadening in the anomaly at 183.4 K).

In comparison with the transition temperatures mea-
sured by point calorimetric method one can see a signifi-
cant supercooling of the liquid (sIL) and rotatory phases
(sC2, sC). But when the sample was cooled faster (with
-5 K/min) to 100 K, then only a crystallization of phase
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C2 was registered on dT'/d¢t vs. ¢ curve at about 180 K.

One can assume that the dielectric relaxations “1”
and “2” observed up to 180 K can be related to molecular
dynamics in the supercooled ODIC phase C2. It seems
that the weak process “1”, observed also by Johari [19],
can be regarded as the so-called S-relaxation and related
to local motions, while the main relaxation “2” as the
structural a-relaxation connected with reorientations of
the whole molecules [28, 29]. The temperature 140 K,
at which molecular relaxation time of the process “2” is
equal to 100 s, can be treated as the glass transition
temperature [1, 28, 30]. This temperature is close to Ty
detected by the adiabatic calorimetry method.

The glass transition in the ODIC phase of neohex-
anol was registered also by Chan and Johari in dielectric
measurements, by Edelmann in DT measurement and
by Dworkin in DSC experiment but at higher temper-
atures. In fact in the drift changes when the sample
cooled rapidly to 90 K was heated very slowly in a regu-
lar way (see Fig. 11, T'(t) given by a solid line), two glass
transition anomalies were visible. In the point method
glass-like anomalies manifest themselves by crossing of
the “envelope” of the dT'/dt vs. t (dotted line in Fig. 11)
with a zero effective drift line (broken line in Fig. 11) or,
in other words, by change of the sign of the dT'/dt from
positive to negative. In this way at temperatures near
Te1 = 123 K and T,p = 137 K glass-like anomalies were
detected.
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Fig. 11. The spontaneous drift d7'/dt vs. t (dotted

line) for neohexanol in the temperature range of two
glass transitions in response to the regular step-by-step
heating 7T'(t) (solid line). Broken line corresponds to
zero effective drift.

The zero effective drift line was measured earlier for the
phase C3 during similar heating, when no phase transi-
tion was found up to about 195 K. Thus, the drift method
shows that on fast cooling, the phase C2 becomes su-
percooled, and then vitrified. One can assume that on
cooling reorientations of whole molecules are frozen-in
at higher temperature while at lower one local motions
stop. The huge heat capacity hump accompanying glass

transition is related to the formation/destruction of the
hydrogen bonds between molecules.

Rich and complicated polymorphism of solid state was
found only for 2,2-DM-1-B isomer. The computer den-
sity functional theory (DFT) modeling of the 2,2-DM-1-B
molecules reveals three rotational conformations (¢rans-
, gauche+ and gauche—). This results in different en-
ergy minima for various hydrogen bond molecular clus-
ters [6, 7]. It may cause free energy surface to have many
local minima, making the ordered phase C3 difficult to
stabilize. The formation of branched and chain aggre-
gates via hydrogen bonding is found widely in crystals
(ordered and disordered), with favorable tetramer clus-
ters [6, 7, 31].

5. Conclusions

Polymorphism of solid state of 2,2-dimethylbutan-1-ol
was studied in the temperature range from 100 K to
260 K using adiabatic calorimetry and from 123 K to
290 K using dielectric spectroscopy. A monotropic sys-
tem of phases was found. Apart from an ordered crys-
tal C3, two ODIC phases C2 and C of 2,2-DM-1-B were
identified using adiabatic calorimetry. No glass of liquid
phase was detected. Phase C'2 was easily supercooled and
vitrified in two subsequent glass transitions. On heat-
ing, small anomalies were traced at T, = 123 K and at
Tenn = 137 K. Next, metastable phase C2 transformed,
through metastable crystalline phases detected also by
the earlier DT studies [15, 16], to the stable crystal C3
at 180 K. Then, C3 — (2 transition, associated with
the largest thermal effect, C2 — C transition and melt-
ing of phase C at Ty,; = 234.5 K were detected.

On heating of the sample cooled rapidly to 123 K,
a very weak f-relaxation process ascribed to local dynam-
ics, and an intensive, slower a-relaxation process related
to reorientations of the whole molecules was identified
by dielectric spectroscopy in the supercooled C2 crys-
talline. Both relaxation processes are of theArrhenius
type and of the similar activation energy equal to about
12 kJ/(mol K). Above 183 K, spontaneous crystallization
of the phase C'3 was observed. Above 208 K, a growth of
the ODIC phase C and its melting at T},; were detected.
Contrary to that, on slow cooling, at about 73, = 251 K
crystallization of the new ODIC phase C1 occurred. On
heating, the phase C'1 cooled down to 203 K, melted at
the same T}, temperature, which corroborated the earlier
results of the DT method. Dynamics in the C'1 and C
phases, melting in different temperatures, is character-
ized by the same relaxation rates and the same temper-
ature dependence. Relaxation observed in these phases
is of one order of magnitude slower than the process de-
tected in the liquid phase. Intensities of the dielectric
absorption related to reorientations of whole molecules
(a-process) in the liquid and in three ODIC phases are
of the same order of magnitude. The intensity of di-
electric absorption for S-relaxation connected with local
dynamics is of two orders of magnitude smaller. One can
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regard freezing of two-scale dynamics identified in phase
C?2 as the mechanism of two glass transitions detected in
calorimetry measurements.

The details of the phase diagram obtained for neohex-
anol were sensitive not only to the rate of cooling of the
sample but also to the volume of the sample which was
different in the two methods used. The phase C1 and
its melting were not observed in adiabatic calorimetric
experiment despite many efforts. Tendency to glass for-
mation was not found only for the crystalline phase C2.
Most of the organic liquids belong to the class of frag-
ile glass formers, whose common feature is the deviation
of the a-relaxation from the Arrhenius temperature de-
pendence [1]. On the contrary in the ODIC phase C2 of
neohexanol the Arrhenius behaviour was found. A slower
adaptation of the dipolar molecules to the temperature
changes may be caused by the ordering of centres of
reorienting molecules in the crystal lattice. Slow soft-
ening is typical for the so-called strong glass formers.
The same response to temperature changes was found
in the orthorhombic crystal-like phase E in some liquid
crystals [32]. The temperature dependence of dynam-
ics above T, (as well as the excess of density of vibra-
tional states in glass) is determined by the details of the
free energy surface of the metastable glass-forming ther-
modynamic phase measured by the fragility parameter
m = % [24]. In case of the ODIC phase C2 of
neohexanol a crystal-like ordering of molecules results in
m = 16, meaning a smaller complexity of the surface
of free energy than in fragile glass-forming liquids with
m > 16. But the unified theory of fragile/strong pattern
of temperature behaviour of dynamics in soft matter is
still expected [33].
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