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ABSTRACT. We employ calorimetry, Rietveld refinement of X-ray powder diffraction,
broadband dielectric spectroscopy and molecular dynamics simulations, to investigate the phase
behavior, crystal structure, dc conductivity and dielectric response of the condensed phases of
ethanolamine (EAM), an ethane derivative with two distinct hydrogen-bonding groups. EAM is
found to exhibit, besides its stable crystal phase, a metastable crystalline phase obtained from the
supercooled liquid phase. The metastable phase can only be maintained at low temperature; upon
heating an irreversible exothermic transformation to the stable crystal structure takes place at 210
K, with a low transition enthalpy of ca. 2.4 J/g. The observed polymorphism is accompanied by
differences in the molecular conformation and degree of structural order. Each EAM molecule
participates in six H-bonds in both crystalline phases. While the stable phase is fully ordered, the
metastable phase appears to be characterized by a statistical disorder in the position of the
hydrogen atoms and thus of the intramolecular conformation and intermolecular hydrogen
bonding. Our molecular dynamics simulations suggest that such disorder is dynamic in character,
and allow analyzing the dynamic H-bonding motif of the metastable phase in terms of composition,
length and energy of the H-bonds, and molecular conformations involved. Charge conduction is
mainly ionic in both crystalline phases and exhibits the typical temperature dependence of
disordered solid electrolytes, rather than crystalline ones. Dielectric characterization indicates that,
upon crystallization of liquid EAM, a small fraction of the sample (approximately 5%) remains
amorphous, a situation similar to that reported for other H-bonded systems such as glycerol and n-

butanol.
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1. Introduction

Hydrogen bonding is responsible for a number of important effects in condensed matter. The
importance of H-bonds in liquid aqueous media is notorious, as they determine the anomalous
density behavior, solvation power, and proton transfer properties of water,> and are a fundamental
ingredient for protein folding® and molecular recognition.* Perhaps less celebrated is the fact that
hydrogen bonding is equally important also for the solid state properties of many organic
systems.>® For example, extensive hydrogen bonding is responsible for the large molecular dipole
moments of biopolymers (e.g., DNA helices), and play a fundamental role for the piezoelectricity
and ferroelectricity of order-disorder ferroelectric materials;”® the first piezoelectric material ever
to be identified was in fact a H-bonded hydrate salt.” If the H-bond network is dynamic, it can
result in a particular type of charge transport, known as proton exchange or Grotthuss mechanism,
which is for example responsible for the relatively high dec conductivity of ice as well as that of
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water and of some hydrates and water clathrates,'? and for the conductivity enhancement of

low-conductivity materials upon condensation of water vapor.!>!4
The impact of H-bond interactions is particularly important from a structural perspective. It is
known, for example, that the morphology and structure of crystals grown from aqueous or alcohol

t.15 For

solutions depend on the H-bond interaction motif within the clusters of the saturated solven
pure organic species capable of H-bonding, this highly directional interaction is a crucial factor in
determining the polymorphism of the material,'®!® to the point that it can be exploited to achieve
crystal engineering, the controlled design of molecular and supramolecular crystal structure.! This

is normally achieved using molecular recognition schemes with carefully designed molecular

constituents.



In the case of flexible hydrogen-bonding molecules, polymorphism can result from the interplay
of two factors: the existence of competing conformers of the same molecule, and their different
capability for H-bond formation. In this contribution, we analyze the effect of hydrogen bonding
and multiple molecular conformations on the crystal structure and H-bond dynamics of one of the
simplest flexible organic molecule, ethanolamine (C2H7NO), a biologically important ethane
derivative (it is the second most-abundant head group of phospholipids) which is used as feedstock
of organic and pharmaceuticals products as well as an absorber for the capture of CO2 emissions
in industrial processes and plants.?*?! Di-substituted ethane derivatives are the simplest non-rigid
molecules capable of H-bond formation, and ethanolamine in particular is the simplest molecule
that can form an intramolecular H-bond.*? In terms of possible molecular conformations,
ethanolamine (EAM) is a three-rotor molecule, where one rotation is around the C—C bond, and
two more rotational degrees of freedom correspond to the internal rotation of the -OH and —NH>
groups. For any value of the dihedral angle defined by the position of the oxygen and nitrogen
moieties (N-C—C-0), three distinct rotational states exist, leading to a total of 3> = 27 distinct
staggered EAM conformations (with 14 energetically non-equivalent configurations).?

Compared with other H-bonding molecular species, EAM is not only flexible and characterized
by a richer variety of conformations, but also, it can form extended H-bond networks with a
density of three bonds per molecule?* (for comparison, H20 can form at the most two H-bonds per
molecule). Moreover, while in systems such as water or polyalcohols all H-bonds have the same
chemical composition (O---H-O) with a proton being partially shared between two homonuclear
moieties, EAM possesses two different H-bonding groups, namely an amine group (-NH2) and a

hydroxyl group (—OH), and can therefore form a larger variety of H-bond structures.



The main experimental tools that we employ are temperature-dependent X-ray powder
diffraction and broadband dielectric spectroscopy, which we complement with molecular
dynamics simulations. We find that EAM can crystallize in two different solid phases; in
particular, a metastable crystalline phase is obtained by rapidly cooling the EAM liquid. The
metastable phase displays different conformational isomers and a different H-bonding motif than
the stable solid phase,?* and likely by a statistical disorder of the H-bonds. A home-developed
software allows us to extract from our molecular dynamics simulations bond length and angles
and intermolecular interaction energies. By means of dielectric spectroscopy we observe that EAM
displays ionic conduction typical of disordered electrolytes and that crystallization from the liquid
phase is only partial, with approximately 5% of the sample that does not undergo crystallization
and remains in a supercooled liquid state. Such “frustrated” crystallization might be a consequence

of the competing H-bond schemes responsible for the polymorphism of EAM.

2. Materials and Methods

Ethanolamine (EAM) was purchased from BDH Chemicals Itd (Merck) with 99% purity, and
used as received. We characterized EAM by temperature-dependent differential scanning
calorimetry (DSC), X-ray powder diffraction (XRPD), and broadband dielectric spectroscopy
(BDS). During DSC and XRPD experiments, as detailed below, we found that EAM displays both
a stable and a metastable crystalline form (see Section 3). The metastable crystalline form was
obtained by fast-cooling (approximately at 10 K min!) the liquid below the melting point (283
K). The stable form was obtained either by slow cooling the liquid to just below the crystallization
temperature, between 260 and 270 K depending on the cooling rate, or by reheating the metastable

phase to above 230 K.



DSC measurements were carried out with two calorimeters from TA-Instruments, one (Q100)
equipped with an intracooler system operating down to 190 K, and the other (TA 2920) equipped
with a liquid nitrogen cryosystem operating down to 110 K. The heating/cooling rate was set to 10
K min'. The samples were weighed before and after the measurements with a microbalance
sensitive to 0.01 mg.

For XRPD measurements, liquid EAM was inserted into a Lindemann capillary of 0.5 mm
diameter and a similar thermal treatment was applied to obtain the stable and metastable phases.
High-resolution XRPD profiles were recorded with a vertically mounted INEL cylindrical
position-sensitive detector (CPS120). The generator voltage and current were set to 35 kV and 35
mA, and Cu Kai radiation (A = 1.54056 A) was selected with a Ge(111) monochromator. The
detector was used in transmission mode with 20 angular step of 0.029°, and each diffraction pattern
was obtained by measuring during roughly one hour.

The structure of the metastable crystalline phase obtained from the Rietveld refinement of the
XRPD data was fed into a molecular dynamics (MD) simulation software (Gromacs v5.0.2)%
where each molecule was modeled using the semi-flexible OPLS (Optimized Potentials for Liquid
Simulations) Force Field,?*?” which was shown?® to best reproduce some macroscopic properties
such as density, enthalpy of vaporization and the dielectric spectra in the time window accessible
for MD. A crystal with the metastable structure and containing 490 molecules was produced using
the symmetries obtained by the Rietveld refinement. The metastable phase was simulated during
200 picoseconds in an NVT ensemble at 7 = 100 K, in order to assess its stability and the
compatibility of the Force Field parameters employed with the experimental results. The
temperature at which the metastable phase could be maintained stable in our simulations was lower

than the one found experimentally. The home-developed software?” ANGULA was employed to



analyze the H-bond geometry and strength. For the identification of the molecules in closest
contact we determined the surface-surface distance distribution function, a probability distribution
function representing the minimum distances between each pair of molecules.

For dielectric measurements, liquid EAM was placed at room temperature inside home-made
stainless steel parallel-plate capacitors designed for measuring liquid samples in the
radiofrequency and microwave ranges. The capacitor was then loaded in a nitrogen-gas cryostat
for temperature control. Isothermal dielectric spectra were measured between 10! and 10° Hz, at
several fixed temperatures in the temperature range between 120 and 303 K (with a temperature
stability better than +0.3 K). For measurements between 10! to 5-10° Hz a Novocontrol Alpha
analyzer was employed, connected to a parallel-plate capacitor via electrical contacts; for
measurements in the range from 10° to 10° Hz, a HP4291 impedance analyzer was employed, with
the sample capacitor mounted at the end of a coaxial cable in reflectometry geometry. In both cases
the two electrode plates were kept separated by needle-like cylindrical silica spacers of 50 um
diameter.

BDS is a versatile technique that allows studying with a single experimental setup both the
charge transport and polarization dynamics of condensed matter samples.’*3! The isothermal
dielectric spectra are complex functions of frequency that can be displayed in several
representations, for example as complex relative permittivity & = ¢’ — i¢” (consisting of the
dielectric function €’(f) and the loss spectrum €”(f)) and as complex conductivity, defined in the
Novocontrol data acquisition program as ¢ = i2nfeo(er — 1) (of which the real part, 6’(f) = 2nf €0
&”(f), is the ac conductivity spectrum).*?

The low- and high-frequency permittivity spectra at a given temperature can be merged into a

single spectrum covering the whole experimentally available frequency range, by rescaling the



spectra acquired with the high-frequency spectra so as to match the values of the real or imaginary
permittivity of the spectra acquired with the low-frequency setup.®* The resulting £”(f) spectra (or
equivalently, the 6°(f) spectra) were fitted as the sum of one or two relaxation processes (depending
on the phase), each modeled as the imaginary part of a Cole-Cole function, and a background
representing the dc conductivity (cdc) contribution. The analytical expression of the Cole-Cole

equation is:**

Ag

(Bq- 1) ecc(f) = o0 + 75750

Here, Ae = & — &« is the dielectric strength (equal to the step variation of the real part of the
permittivity €”), and &, and &s are the high-frequency and low-frequency (static) limits of €’(f),
respectively. 7 is the so-called “relaxation time”, at which the dielectric loss is maximum, and the
exponent ¢, which lies in the range from 0 to 1, is related to the width of the relaxation feature in
the loss spectrum. The Cole-Cole equation is a phenomenological generalization of the Debye

function, which corresponds to the special case c =1 in Eq. 1.

3. Results and Discussion

3.1 Phase Transitions in EAM and Analysis of the Metastable and Stable Crystal Structures

The 27 conformers of EAM can be classified in two general groups as frans or gauche according
to the N—-C—C—-O dihedral angle. EAM displays different conformations in different phases, due
also to the presence of hydrogen-bonding groups (—OH and —NH2>) leading to relatively strong
intramolecular or intermolecular interactions. For example, in the gas phase where intermolecular
interactions are negligible, the stable form of EAM is a gauche conformer with an intramolecular

O-H---N bond between the two polar groups of the same molecule.?*> At room temperature, EAM

is a highly polar liquid, with relative dielectric constant & of approximately 30. The local structure



and the relative population of different conformers in liquid EAM are still debated,*®>” but the
general consensus is that the majority of EAM molecules are in (twofold degenerate) gauche
conformations and a minority are in a trans conformation, and most H-bonds are intermolecular
bonds involving N and O moieties (rather than intramolecular as in the gas phase). When EAM is
dissolved in other organic solvents, the gauche conformers are found to be energetically favored
regardless of the solvent polarity.*® Finally, in the stable solid phase, of monoclinic symmetry, the
molecules are in the more open frans conformation, with each molecule participating in six

hydrogen bonds both of the O--H-N and N---H-O types.**
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Figure 1. Calorimetry thermogram acquired by cooling liquid EAM from room temperature at a
rate of 10 K min! to 110 K, and subsequently heating the sample to room temperature. Inset:

zoom-in of the solid-solid transition observed upon heating.



Figure 1 shows the DSC thermograms acquired upon fast-cooling liquid EAM down to 110 K
and subsequently heating the sample above the melting point of the monoclinic Cc stable crystal
phase (labeled as phase I). On cooling, crystallization is observed as a sharp exothermic peak with
onset at 250 = 1 K. On heating, a second exothermal process is observed at 210 + 1 K (onset point),
as visible in the inset to Figure 1, which corresponds to an irreversible solid-solid transition
between a metastable phase II and the stable phase I, as evidenced by the observation of the melting
peak temperature at 283 K (with onset at 280 + 2 K).* According to our temperature-dependent
X-ray diffraction results (Figure 2), the low temperature phase II obtained by rapid cooling from
the liquid has its own characteristic diffraction pattern, which changes into a different pattern as

the temperature is raised across the irreversible phase transition (see below).
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Figure 2. Experimental XRPD patterns (red circles) of the stable Phase I at 250 K (a) and of the
metastable Phase Il at 100 K (b), and comparison with the results of the Rietveld refinement (black

lines) along with the difference profile (blue line) and Bragg reflections (vertical black sticks). The
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inset provides the data between 52.5 and 70° (20) at an increased y-scale (factor 17 for (a) and 13

for (b))

Table 1. Lattice parameters of the metastable and stable phases.

solid phase T/K crystal space alA b/A c/A Bl°
system group
Stable (T) 250 | monoclinic | Cec 5.0195(8) | 8.8181(16) | 8.3076(11) | 107.726(8)
Metastable (IT) | 100 | monoclinic | P2, 5.0047(18) | 7.7762(19) | 4.9312(15) | 118.638(12)

To identify the structure of phase II, we carried out a Rietveld refinement of the XRPD pattern
recorded at 100 K with a long acquisition time. The lattice and the possible space groups of phase
IT were determined at 100 K by means of X-Cell software, through the module Powder Indexing
of Materials Studio,*® assuming similar density to the stable phase I. A further Pawley refinement
minimizing the weighted R-factor, Rwp, confirmed the initial indexing result and, in addition,
provided the systematic absences for the space group assessment, compatible with P2; and Z = 2.
In order to determine the structure of phase Il we built up the molecule of EAM using the geometry
proposed for the stable phase 1,>* but allowing for different positions of the H atoms of the
functional groups to be occupied with a statistical probability factor. Rietveld refinement of the
orientation and position of the molecule, together with a single overall isotropic displacement and
preferred orientation by using the March-Dollase function, provides a satisfactory solution
according to the weighted R-factors (Rp = 6.91%, Rwp = 10.17%). Final Rietveld parameters are
gathered in Table 1, and the refined pattern together with the experimental pattern is depicted in
Figure 2(b). The CIF files of the stable and metastable phase are provided as separate files. We
point out that we also carried out a refinement without statistical disorder; such refinement gave a

fully ordered structure with, however, intermolecular H-H distances that were too short to be
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compatible with the steric repulsion between the molecules. There are other organic molecules,
that similarly display a fully ordered stable crystal phase and a partially disordered metastable
crystal phase; one example is 2-adamantanone.*!*> The fact that phase 11 is disordered, while phase
I is fully ordered, and that the transition from phase II to phase I is irreversible, evidence the
monotropic behavior of the metastable phase II with respect to the stable phase I.

In order to contrast the refinement of the metastable phase, an identical procedure (without
statistical disorder) was followed for phase I, whose result is shown in Figure 2(a). Weighted
factors (Rp = 7.01% and Rwp = 10.44%) are quite similar and the refined lattice parameters (see
Table 1) are virtually the same than those previously obtained from single crystal diffraction.?*
Figure 3 depicts the structures of stable and metastable phases, seen along two different
crystallographic directions. Both crystal structures belong to the monoclinic crystal system, with
only one independent molecule in both structures (Z” = 1). In both phase I and phase II all the
molecules have a trans overall conformation with a dihedral N-C—C—O angle of 180°. The most
relevant differences between the two structures are the slightly different conformational angles and
spatial arrangement of the molecular side groups, and the existence, in the metastable phase, of a
statistical disorder for both the amine and hydroxyl groups, both with occupancy rates of 0.5.

In the stable phase all EAM molecules are in the same conformation, which can be written as
g’Tg, where the capital 7 stands for the fact that all conformers are of the general trans type while
the small g’s indicate the possible positions of the lone pair of the nitrogen atom (left g symbol)
and of the hydroxyl hydrogen (right g symbol) with respect to the C-N or C-O bond,
respectively.?” In the stable phase the angles formed by the covalent N-H bonds with respect to
the C—N bonds are 105.9° (C1-N1-H2) and 100.7° (C1-N1-H3), respectively, and the C—-O-H

angle is 117.3°. By comparison, in the metastable phase, the C—O—H angle is 105.5° for either
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possible position of the hydrogen moiety, and the C—N—H bond is 107.6°, virtually independent of
the positions of the H moiety. Different possible molecular conformations are present in the
metastable phase, which we discuss in what follows in relation to the H-bond motif of the

metastable phase II.

Figure 3. Crystal structures of the stable Phase I at 250 K (left panels) and metastable Phase II at
100 K (right panels) along ¢ (upper panels) and along b (lower panels). Dashed lines indicate the

hydrogen O---H—N (blue) and O---H-N (red) bonds.
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As reported in the literature,?* in the stable phase short O---H-N bonds (2.019 A) form zig-zag
chains within the ac plane, while weaker O---H-N and N---H-O bonds (2.266 and 2.330 A) link
each molecule in such a chain with the four closest neighbor molecules (in nearby chains). The
metastable phase II exhibits a similar bonding scheme, but with only strong O---H-N bonds and
weak N---H—O ones. The occupational disorder of the hydrogen atom (labeled as H41 and H42 in
the CIF file) within the metastable phase II shortens the H-bond (N---H—O) distance between H
and the N atoms (2.184 A and 1.888 A for H41 and H42, respectively), while within the hydrogen
bonding scheme for stable phase I such bond distance is 2.330 A. As for the former, O---H-N, the
distances between H and O atoms account for 2.266 and 2.019 A within phase I, and 2.078, 2.234
and 1.815 A (for H31, H32 and H33, respectively). In both phases, each molecule participates in
a total of 6 H-bonds, which is the maximum number of strong or moderate intermolecular bonds
that an EAM molecule can form; all H-bonds are heteronuclear, while no homonuclear bonds are
formed.

In order to determine whether the observed statistical disorder of the metastable phase I is static
or dynamic in character, and in the latter case, to study the resulting H-bond distribution, the
refined structure of the metastable crystal phase II was taken as starting point for a molecular
dynamics (MD) simulation (the stable phase is instead, as mentioned, fully ordered). The total
interaction energy of a pair of first neighbor molecules was calculated using the Force Field
employed for the MD simulations, which was shown?® to best reproduce macroscopic properties
of liquid EAM such as density and enthalpy of vaporization. We have also employed the same
Force Field to run a series of MD simulations of the stable phase I in the NVT ensemble, taking
as starting point the structure obtained for our Rietveld refinement (which as mentioned coincides

with the structure obtained in an earlier single-crystal diffraction study**). No phase transition was
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observed in these simulations, which indicates that the Force Field of Ref. jError! Marcador no
definido. is applicable also for solid EAM.

The MD trajectories obtained for the metastable phase II were analyzed with a home-developed
program (ANGULA)® to extract statistical information about the geometry and strength of
nearest-neighbor molecular interactions. Figure 4(a) shows the energy-distance maps in phase I,
calculated as a bivariate probability distribution. The position of the spots in the map gives
information about the energy of the molecular contacts, and their intensity (scale of blue) is
proportional to the number density of a particular bond. It is seen that the two types of
(heteronuclear) hydrogen bonds in the metastable phase have quite different strengths. In
particular, the two N---H~O bonds have higher contact energy of about 6.3 kJ mol™!, while the
four O---H-N bonds have lower contact energy of 3.5 to 5 kJ mol!. The latter bonds could be
subdivided in two groups with different contact energy: two O-:-H-N bonds display relatively
shorter distance and larger interaction energy (4 kJ mol '), and the other two a larger distance and

a correspondingly weaker interaction energy (3 kJ mol ™).

15



N )
E (kJ/mol)

15 1.7 1.9 21 23 2.8

180

1120

®jp-n-c-C

1-60
-120

()

180 -120  -60 0 60 120 1800

Dc-c-0-H
Figure 4. Results of MD simulations on the metastable solid phase II of EAM. (a) Statistical
contour plots (distance-energy maps) of the nearest-neighbor interaction. The most probable
values for distance and energy for two molecules are shown as colored spots. The horizontal axis
represents the shortest intermolecular distance (r) in A, while the vertical axis represents the total
energy of interaction in kJ mol!. A value of the interaction (contact) energy between —3 and —7 kJ

mol ! was taken to be an indication of the presence of a mild to strong H-bond between two
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molecules. (b) Bivariate probability distribution function of the dihedral ®c.c-o-n and ®@ip-N-c-c
angles defining the relative orientation of the hydroxyl group and of the nitrogen lone pair (Ip) of

an EAM molecule.

The fact that the contour map of Figure 4(a) is rather diffuse, instead of consisting of well definite
spots, reflects the existence of a dynamic structural disorder in the metastable phase, which is
observed in our MD simulations. The intramolecular conformations (i.e., the three dihedral angles
defining the molecular geometry) are in fact accessible for the MD trajectories, which allows
investigating if there is any conformational disorder and identifying the most probable molecular
configurations in the metastable phase II. We follow the nomenclature of Ref. 37, whereby the
symbols kLm represent the trans or gauche configuration for the orientation of the lone electron
pair of the NHz group, the backbone (N-C—-C-0), and the OH group, in this order. For gauche
orientations we distinguish between the dihedrals close to 60° (g) and those close to —60° (g”). As
it can be seen in Figure 4(b), in the metastable phase both NH2 and OH groups can be either in g
or g’ configuration. However, there is a correlation between the two possible configurations, such
that when the lone pair (Ip) on the nitrogen is in the g’ configuration, the hydroxyl group is in the
g configuration, and viceversa. From the figure we can also observe the route followed by the
molecules to change conformation: the spots located at +120° for both groups of conformers
indicate that the conformational change always takes place by a rotation which avoids the

energetically disfavored ¢ configuration.

3.2. Electric Conductivity and Dielectric Relaxations in EAM

Figure 5(a) shows the isothermal ac conductivity spectra ¢’(f) of a solid EAM sample obtained

by fast cooling from the liquid phase to 120 K. The spectra were measured upon heating every 2
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K, increasing the temperature in a stepwise fashion form 120 K to room temperature. All spectra
display a plateau-like region, corresponding to the dc value of the conductivity (cdc), which shifts
to higher frequency with increasing temperature due to the electrode polarization effect (decrease
of ¢’ at the low-frequency side of the dc plateau). The sequence of spectra highlights the presence
of two major phase changes, visible as sudden jumps in the cdc value. Such discontinuities are best
visualized in the Arrhenius plot presented in Figure 5(b), which also displays the dc conductivity
values of the stable phase at low temperature. The first phase change occurs (upon heating) in the
temperature range between 219 and 229 K, which corresponds to the range of the solid-solid
transition between the metastable and the stable phases observed by DSC (inset to Figure 1). The
other phase change visible in Figure 6 is the melting of the stable crystal phase, between ca. 277
and 281 K. Upon melting, cdc increases by roughly two orders of magnitude.

The dc conductivity Arrhenius plots of both the metastable and stable solid phases exhibit a
negative curvature (sub-Arrhenius behavior) at low temperature. This negative curvature is typical
of ionic conduction in disordered phases such as polymers and plastic crystals.’!*** The observation
of ionic conductivity is an interesting finding for a crystalline phase, as not many ordered solids
behave as ionic conductors. It is interesting to note that the ionic conductivity of the stable crystal
is higher than that of the metastable one by one or two orders of magnitude depending on the
temperature, despite the presence of a dynamic disorder in the metastable phase, which should in
principle be beneficial to ion diffusion. This makes it unlikely that the charge transport in solid
EAM involves the Grotthus proton shuttling typical of water and hydrated samples;!*!4444> the

ionic conductivity of EAM should be rather ascribed to diffusion of ionic species.
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Figure 5. Isothermal ac conductivity spectra of EAM between 183 and 303 K every 4 K, measured
by increasing the temperature in steps of 2 K. The grouping of spectra in different temperature
intervals reflects the formation of different phases, as indicated. (b) Arrhenius plot of cdc for the
data shown in (a) and for analogous data acquired on the stable crystalline phase, both upon heating

to above the melting point and cooling through the crystallization transition.

In many H-bonded liquids and supercooled liquids, such as water, monoalcohols, amines and
peptides,**>* but also liquid EAM,>’ the most intense dielectric loss feature has a symmetric and

relatively narrow frequency profile, usually modeled with a Debye or Cole-Cole function (Eq. 1)
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and termed “Debye-like” relaxation, which is assigned to a cooperative dynamics of the H-bond
network dynamics accompanied by the reorientation of the constituent molecules. The isothermal
dielectric loss spectra £”(f) acquired upon heating from the metastable crystal phase are shown in
Figure 6(a), where we have merged the low-frequency loss data (a different representation of the
data shown in Figure 5(a), see Section 2) with the high frequency data measured in an independent
experiment. The high-frequency spectra at high temperature are measured on liquid EAM, and
display a relaxation peak in the microwave frequency region (between 10® and 10° Hz), commonly
referred to as “structural relaxation”, whose position is in rough agreement with previous
studies.’>>® This relaxation could be well described by a Cole-Cole function (Eq. 1) with an
exponent c only slightly lower than unity.

Surprisingly, instead of being featureless, the spectra of the solid phases exhibit three relaxation
features, a more intense one at intermediate frequency, which we label as o for reasons to be
discussed, and two less intense ones at either side of the latter. The fastest relaxation (the one at
highest frequency, labeled as () has a very low intensity and it is only observed at very low
temperatures. It may be noticed that the characteristic frequency of the main (o) loss feature is
almost unaffected by the solid-solid transition, and that it changes only slightly upon melting (see
inset to Figure 7(a)); at the same time, its intensity (dielectric strength) increases dramatically upon
melting: it is higher by more than one order of magnitude in the liquid phase (notice the logarithmic
vertical scale in Figure 6(a)). This coincidence of relaxation times suggests that the origin of this
main (o) loss is the same in the liquid and solid phases, as we discuss further below. The frequency
position and intensity of the a relaxation are also similar in the crystalline metastable and stable

phases at a given temperature (169 K in Figure 6(c)).
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The characteristic relaxation times of each loss component were extracted by fitting them as the
imaginary part of a Cole-Cole function. Concerning the slower (lower-frequency) spectral feature,
it can be observed in Figure 6(b) that its relaxation time has virtually the same dependence as the
conductivity in both crystal phases, and displays the same discontinuity as cdc at the solid-solid
transition. Hence the origin of this relaxation feature is a space-charge effect due to accumulation
of charge at sample heterogeneities such as grain boundaries, which may be expected in a
polycrystalline sample obtained by recrystallization from the supercooled liquid or by solid-solid
transformation, but whose precise origin in the EAM case will be apparent in what follows. The
correlation between the relaxation time of such charge-related loss and the dc conductivity is
known as Barton—Nakajima—Namikawa (BNN) condition;*”*® relaxations fulfilling the BNN

condition are often observed in partially conducting disordered materials and organic systems.>**

21



.
»Amm 22

“m etastable

>
S reepp e

B

‘5::: Iog(gn/Smax)
", 275K '

(a)]

EERETTT BETEERTIT BT BECETNETTT BEE R B AR TTTT BEECETTTT BT ETIT DA RETTT B AT |
10" 10° 10" 10% 10° 10* 10° 10° 107 10® 10°
f[Hz]
25—

1 T T T T T T lJDD... DDDDD

0 s 11 0,0} % (C) o o Py
. 28 13 o._ DDD... = 139 K %]
o -1 g0 m Q B = B

o 12 =
= 8 Q -0,5+
— -2 06 = o ’ .
2 e : e, . ™ L
2 -3 st o 1090 = 169 K ™y a0 T
ABSOOT - L] 3 _ B i, 0 10 10

£ -4 QO&OZOD om g = EO» 1.0 o phasell o,
87_5_ 8o ™ N e phase |
S PEF o (b) 18 . 1,50 l

Ot 7

-7+ ) .

T T T T T 6 _2,0 1 L 1 1 1 !
4,0 4,5 5,0 55 6,0 10" 10° 10" 102 10°® 10* 10°
1000/T [K] f[HZ]

Figure 6. Dielectric loss spectra at different temperatures, acquired while warming up from the

metastable crystal phase II. Discontinuities are observed through the transitions from the

metastable to stable crystal, and upon melting of the latter phase. Inset: high-frequency loss spectra

near the melting point of the stable phase I, normalized to the intensity of the loss peak. (b)
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Arrhenius plot of the relaxation time of the prepeak (open markers) across the transition between
the metastable and stable phases and in the stable phase, and comparison with that of the dc
conductivity in the same temperature range (filled markers). (¢) Comparison between the low-
frequency loss spectra of the stable and metastable crystalline phases at 169 (main panel) and 139

K (inset).

The relaxation times t« and dielectric strength of the main loss in both crystal phases and in the
liquid are shown with in panels (a) and (b) of Figure 7, respectively. The smooth temperature
dependence of ta, which contrasts with the abrupt changes by almost displayed by both c4c and
TBNN, rules out a possible space-charge origin and points to a dipolar origin of the a relaxation (in
fact, the increment of 1o has opposite sign than that cdc at both phase changes). Structural
relaxations corresponding to molecular reorientation dynamic process are observed in liquids but

also in some disordered solids, such as plastic crystals®® or rotator phases,®!

orientationally
disordered crystals,®* and Condis crystals with dynamic conformational disorder.®* Since the a
relaxation is visible in both the metastable phase and the fully ordered stable one, it cannot be
ascribed to the dynamic H-bond disorder that we have observed in the metastable phase II. We can
also rule out an origin related to the migration of H-bond defects (missing H-bonds) such as that

46,51 a5 in the case of H20 it is observed that the relaxation

reported in liquid water and ice,
frequency for this process increases by six orders of magnitude upon crossing the melting
transition,>® while in the EAM case there is barely any change in relaxation frequency upon melting
(see inset to Figure 6(a)).

We thus conclude that the o relaxation feature observed in the low temperature EAM spectra is

not intrinsic to the crystalline phases of this material, and it is instead due to a fraction of the

sample that does not crystallize and remains in a supercooled liquid state. Looking at Figure 7(a),
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it appears that the main relaxation feature in the solid phases follows the temperature dependence
of the structural relaxation in liquid EAM, which could be expected if the former was the structural
relaxation of a supercooled liquid fraction. The dielectric strength of the a relaxation, which is
proportional to the density of relaxing units,* is significantly lower in the crystal phases than in
the liquid, consistent with the proposed scenario. The ratio of the dielectric strengths between the
low temperature crystal phases and the liquid phase at the melting point (Figure 7(b)), as extracted
directly from our fit procedure, indicates that the crystal phases contain between 3% and 7% of
supercooled liquid. In both crystal phases, the structural relaxation time of the supercooled liquid
fraction displays a small deviation from the Arrhenius behavior, exhibiting a slight curvature in
the Arrhenius plot that is typical of the structural relaxation time of kinetically strong glass forming
materials.’? The slightly lower onset melting temperature of the stable crystal phase observed in
our study might be a consequence of the heterogeneous sample morphology.

The failure of a fraction of the EAM sample to crystallize is reminiscent of the behavior of other
H-bonded liquids. In the case of glycerol, a sample recrystallized from the supercooled liquid state
was reported to undergo incomplete crystallization with a final amorphous fraction of about 1%,%*
a value smaller than that obtained here for EAM. An extreme example is that of n-butanol, where
the amorphous fraction at the end of the crystallization process is reported to be as high as 20 or
30%,% although the origin of this effect is likely different than for EAM. The relatively low value
of the amorphous fraction in EAM (this study) and glycerol®* suggests that the amorphous regions
are limited in both cases to the boundaries of crystallites that occupy almost the totality of the

sample’s volume.
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measured upon heating from the metastable crystal phase of EAM at 10 K min™!. (b) Temperature

dependence of the dielectric strength of the a relaxation in all three EAM phases.

As mentioned above, in addition to the BNN and o relaxations a third, weak relaxation feature
(B) is present at lower temperature (Figure 6(a,c)), where the amorphous EAM fraction is close to
the glass transition. The fact that this relaxation is observed (at basically the same characteristic
frequency, see Figure 7(a) and the inset to Figure 6(c)) in both crystal phases, and that it has a
shorter characteristic time than the a relaxation indicates that it corresponds to a secondary
relaxation of the EAM glass former, likely associated with conformational interconversion
dynamics. Instead, no characteristic relaxation feature is observed in the metastable phase that
could correspond to the dynamic statistical disorder of the H-bonding groups discussed in Section
3.1. It could be that the associated change in polarization is too weak to be detected, or else that
such H-bond dynamics is too fast to be observed in our experimental window. Indeed, our MD
simulations suggest that the dipole-dipole correlation decay time in the metastable crystal phase is
smaller than 107° s at 100 K, and due to thermal activation it is expected to be even shorter at the
lowest temperatures reachable with our setup (120 K).

The vitrification temperature of the a relaxation, defined as the temperature at which the
relaxation times reaches 100 s, were found to be ca. 146 and 145 K for the amorphous fraction of
the stable and metastable crystal phases of EAM, respectively. The inset to Figure 7(a) displays a
low-temperature scanning calorimetry thermogram acquired on heating the metastable phase. A
very subtle step-like increase in the heat flow (and thus an increase in specific heat), similar to that
signaling the glass transition of supercooled liquids, is observed at about 140 K, which coincides
roughly with the vitrification temperature of the a relaxation, confirming our interpretation. We

therefore conclude that the temperature of 140-145 K is a good estimate for the glass transition
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temperature (7g) of liquid EAM. A homogeneous glass state of EAM cannot be reached, at least
at our cooling rate, because EAM crystallizes (for the most part) well before Ty is reached; only
small liquid domains survive amidst the crystallites, and the 7 under such confinement condition
is likely slightly different than it would be in a homogeneous bulk supercooled liquid. A similar
situation occurs for water, another liquid with very high H-bond density and which cannot be
supercooled by more than 40 K without crystallizing, and whose glass transition can only be
observed by film deposition on low-temperature substrates or under nanoconfinement.

In strongly associating H-bonding systems such as liquid EAM, the structural relaxation must

46,4852 hence the structural o relaxation is

involve the breaking and formation of H-—bonds;
associated with the H-bond network dynamics. As visible in the inset to Figure 6(a), the
characteristic frequency of the o relaxation in the bulk liquid near the melting point is slightly
lower than in the amorphous fraction surrounding the crystallites of the stable crystal phase. A
similar slight difference in relaxation time is observed between the stable and metastable crystal
phases (see Figures 6(c) and 7(a)). These differences show that the Debye-like relaxation of H—
bonded liquids depends in a nontrivial way on the sample’s heterogeneities. In particular, the fact
that the a dynamics is faster under confinement than in the bulk liquid is contrary to what might
be expected for a reorientational relaxation in the presence of strong interfacial interactions with
fully ordered crystalline domains. Further studies in controlled geometries would be needed to
investigate in more detail interfacial effects on the Debye-like H-bond rearrangement dynamics.

4. Conclusions.

To summarize, X-ray diffraction, scanning calorimetry, broadband dielectric spectroscopy and

molecular dynamics characterization of ethanolamine shows that this strongly associating

molecule displays structural polymorphism, with the existence of a metastable monoclinic crystal
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phase besides the stable crystalline phase reported in earlier studies,* and with an only partial
crystallization that leads to the presence of a minority supercooled liquid phase in both crystal
phases. While slow cooling from the liquid results in the formation of the stable crystal phase, the
metastable one is obtained by fast cooling the liquid at a rate of 10 K min! to below the
crystallization temperature of the stable crystal phase. The metastable phase appears to be
characterized by a dynamic statistical disorder of the orientation of the H-bonding moieties. By
heating to above ca. 210 K, the metastable crystal phase transforms irreversibly into the
thermodynamically stable phase, which then melts between 277 and 281 K. The temperature
dependence of the dc conductivity of both solid phases exhibits super-Arrhenius dependence,
which is more typical of disordered systems than crystalline ion conductors, and likely corresponds
to the diffusion of ionic charge carriers. Dielectric results indicate that a small fraction (ca. 5%) of
the sample remains in the supercooled liquid state upon (partial) crystallization. The persistence
of the liquid fraction at low temperatures allows estimating the glass transition temperature of
liquid EAM, which is found to be around 145 K. Near the melting point, the structural relaxation

dynamic is faster in the amorphous fraction of the (semi)crystalline material than in the bulk liquid.

ASSOCIATED CONTENT

Supporting Information. CIFs files for the Rietveld refinement of the powder XRD data of the
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SYNOPSIS

A simple ethane derivative, ethanolamine, is found to exhibit a metastable crystal phase that can
be obtained from the supercooled liquid phase. The crystallization is frustrated, with 5% of the
sample remaining amorphous also after transformation to the stable crystal phase. The metastable

phase appears to be characterized by a dynamic statistical disorder of the H-bonding groups.
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