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High pressure effects on static dielectric permittivity of homochiral and heterochiral N-acetyl-a-methyl-ben-
zylamine (Nac-MBA) were investigated. For homochiral composition, the static permittivity increases of 178%
with pressure at T = 388 K. Interestingly, as pressure continued increasing, es drastically collapsed to reach ¢, =
3 £0.3. In the case of heterochiral composition, the static permittivity increases with pressure (in the same
magnitude order as the pure enantiomer), and reaches a constant value depending on the isothermal tempera-

ture. Thus, the size of the H-bond aggregates is highly pressure sensitive, increasing up to a level that crystal-
lization becomes unavoidable. For heterochiral composition, this process may be kinetically time consuming
since the initial heterochiral H-bond aggregates need to be surrounded by their suitable neighbors in order to
fulfilled the crystalline packing. The initial H-bond sequences are the precursors of the future crystalline
arrangement under pressure application.

1. Introduction

Hydrogen bonding plays an essential role in many biological,
chemical and physical processes. One of the most famous examples is the
role played by the H-bonding between water molecules. In absence of
this bonding, water would not possess some of its genius properties such
as its high surface tension, the ability to dissolve many other molecules
or to crystallize with gas (Clathrates) and numerous ionic compounds [1,
2]. Structurally speaking, these bonding can lead to supramolecular
architectures enhancing typical properties [3]. One of these peculiar
behaviors well known in dielectric science is the appearance of high
dielectric responses favored by supramolecular structures built from
H-bonding [4,5]. This is the case of N-acetyl-a-methylbenzylamine
(Nac-MBA) for which the dielectric response of the main process rep-
resents almost 90% of the global dielectric permittivity [6]. The main
dielectric process appears as a single exponential contribution known as
the Debye relaxation. The process is generally associated to the transi-
tory attachment/detachment of H-bond aggregates, leading to supra-
molecular structures with effective giant dipoles [4,5,7,8]. However, the
nature and the architecture of these H-bonds aggregates are not yet fully
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clarified [9-11] even though such high magnitude response is consistent
with the formation of linear H-bond molecular chains. A modification of
these H-bond architectures usually occurs upon temperature variation
[4,5,12,13], high pressure [12,14-16] or large electric field applications
[10].

A renewed interest on the influence of compression on Debye
forming liquids and especially on monohydroxy alcohol family recently
appeared in literature [14,17,18]. One critical parameter remains the
evolution under pressure of the dielectric response of the Debye relax-
ation. This evolution is usually linked to the position of the hydroxyl
group in the molecule. Whenever the OH group is positioned at the end
of the molecule, the formation of linear H-bond chains seems more
favored. Under increasing pressure the Kirkwood factor gk decreases and
the dielectric response follows the same behavior. This may suggest that
the effective dipole of the aggregate is reduced upon compression. Such
behavior is noticed for 2-ethyl-1-hexanol (2E1H) [14,16]. Nonetheless
when the OH group is sterically hindered, the formation of ring struc-
tures is mostly favored. Under increase pressure, gx increases (same as
the dielectric response of the Debye process) in such a way that the ring
structures are converted into linear H-bond chains [14,16]. This
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behavior is observed in the case of isomeric heptanols [14,16,19] and
octanols [19,20]. In some cases, such as 5-methyl-3-heptanol, the
dielectric strength increases with pressure, and reaches a saturation
value at high pressure. The stated behaviors are linked to the ability of
the liquid to form linear or ring H-bond aggregates [14,16].

The present work focuses on the case of Nac-MBA, a chiral secondary
amide. Since the Nac-MBA molecule has a single—NH and a single C= 0
group, the structures are mainly linear HB chains formed of a sequence
of the C = 0...H—N motif [6,21]. In this situation, the Debye process
originates from the transient formation/disruption of linear molecular
H-bond chains. In our previous work, it was evidenced that homochiral
arrangements (R-R or S-S or R-R-R or S-S-S) are more favorable
compared to heterochiral sequences whatever their tacticity (R-S or S-R
or R-S-R-S or S-R-S-R) [6]. Nevertheless, the following questions are
worthy to be stretched. Are these aggregates sensitive to changes in
density enhanced upon hydrostatic compression? Is there a signature of
chirality in the amorphous precursors of the future crystalline homo-
chiral or heterochiral structure? In order to tackle this issue, we per-
formed dielectric measurements under isothermal high-pressure
conditions. The analyses were carried out for homochiral and hetero-
chiral compositions of Nac-MBA system.

2. Material and methods
2.1. Samples

Optically pure enantiomers (S (-) and R (+)) of Nac-MBA were ob-
tained by acetylation of a-methyl-benzylamine. The synthesis and pu-
rification steps were detailed in a previous work [22]. Both S (-) and R
(+) pure enantiomers are displayed in Fig. 1. Additionally, from the pure
enantiomer, a heterochiral composition was prepared by mixing both
enantiomers in such a way to obtain an enantiomeric excess (ee) of 33%.

2.2. Broadband dielectric spectroscopy

Prior to measurements, the sample is placed in between two gold
plated electrodes mounted in a Teflon ring and sealed in order to avoid
linkage and isolate the sample from the silicone oil used as pressure
medium. The capacitor is then connected to the electric feed-through
and placed in the pressure chamber. The dielectric measurements

O

H
£ r\NH

S (-) enantiomer R (+) enantiomer

Fig. 1. Schematic representation of S (-) and R (+) Nac-MBA enantiomers.
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were performed isothermally using an Alpha-analyzer from Novocontrol
for various pressures ranging from 0.1 MPa up to 600 MPa. A schematic
illustration of the high pressure dielectric measurements is shown in
Fig. 2.

The isothermal conditions were maintained by means of liquid flow
provided by a thermostatic bath. Measurements were achieved under
isothermal and isobaric conditions for both homochiral and heterochiral
compositions. In our previous work, we illustrated that the original size
of H-bond aggregates was directly impacted by changing the annealing
temperature. We can artificially change the size of the existing aggre-
gates by modifying the annealing temperature. The size of the aggre-
gates decreases when increasing the annealing temperature [21].

The sample is initially melted at 388 K and annealed for 20 min to
ensure a complete melting. The binary phase diagram of Nac-MBA at
atmosphere pressure suggest that at 388 K, both pure enantiomer and
scalemic compositions are in the liquid state [21]. Consequently, the
isothermal conditions were chosen in the liquid and supercooled liquid
state at atmosphere pressure (333 K < T < 388 K) where crystallization
did not occur for non-pressurized samples. When necessary, the sample
is cooled down to an isothermal temperature and pressurized. An
annealing time is necessary to stabilize the temperature. In order to
estimate the random and systematic errors, the measurement is repeated
for the same temperature and the same pressure at least twice. The same
protocol is applied at selected couple (T, P) and for both enantiomeric
compositions and the evolution of the real dielectric permittivity is
analyzed under pressure condition.

3. Results and discussions

Dielectric spectroscopy on associating liquids measures the effective
dipole moment of such assemblies which can be greater or smaller
compared to the dipole moment of the single molecule depending on the
molecular structure. In dielectric theory eg is defined as the zero-
frequency limit of the real part of the frequency-dependent complex
dielectric permittivity. According to the Kirkwood approach, the
dielectric constant is directly correlated to the number of dipoles
relaxing unit N, the effective dipole moment p and the orientational
correlation factor gx [23]. According to Frohlich and Kirkwood
approach eg is given by the following equation:

& =o—Fgo— —+ € (@]
0 B

Where F is the Onsager factor, p the permanent dipole moment, N the
number of relaxing units in a volume V, kg the Boltzmann constant, T the
temperature of the system, and ¢, the highest frequency value of the real
permittivity.

The evolution of the static permittivity as function of the pressure is
evaluated for homo chiral and hetero chiral associations. In the present
paper, this parameter is used to evaluate the impact of pressure in the
reorganization of the H-bond aggregates.

Figs. 3a) b) and c) show the pressure evolution of the real dielectric
permittivity at three selected temperatures a) 343 K b) 363 K and c) 388
K for a sample presenting an homochiral composition. Fig. 3d) illustrates
the pressure evolution of the static permittivity at the selected temper-
atures for the same sample. Prior to pressure application, all the samples
were in the supercooled liquid or liquid states.

As pressure increases, the dielectric response shifts towards lower
frequencies and consequently the relaxation time increases. This
behavior is conventionally observed in glass forming liquids [13,14,16,
17,24].

At T = 343 K, the static permittivity g increases by 54% from eg=24
+ 2at P =0.1 MPa up to eg=37 + 4 at P = 180 MPa. At higher pressure,
the permittivity drastically drops to es=3 + 0.3.

At T = 363 K, the static permittivity eg increases by 87% from eg=15
+ 1 at P = 0.1 MPa up to eg=28 + 3 at P = 180 MPa. At higher pressure,
the permittivity drastically drops to es=3 £ 0.3.
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Fig. 2. Schematic illustration of the high-pressure dielectric measurement.
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At T = 388 K, the static permittivity eg increases by 178% from eg=9 of crystals under pressure conditions. Fig. 4 shows a schematic repre-
+ 0.9 at P = 0.1 MPa up to es=25 + 3 at P = 250 MPa. At higher sentation of the evolution of linear H-bond chains formed by homochiral
pressure, the permittivity drastically drops to es=3 + 0.3. sequences (S-S-S-S or R-R-R-R) under increasing pressure and the

Upon compression, the static permittivity increases up to a maximum enhancement of crystalline ordering. Upon increasing pressure, the
value and suddenly drops down to ¢, = 3 £ 0.3. The increase of the dimension of the aggregates increases up to a critical size where crys-
static permittivity is related to the increase of the size of the H-bond tallization highly favorable and unavoidable.
aggregates. Likewise, the abrupt faint of the static permittivity is due to The growth kinetics of the aggregates is strongly sensitive to tem-
the rapid loss of molecular mobility directly imputed to the appearance perature since the static permittivity evolves with temperature under the
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H-bonded Crystalline structure

600 MPa

Fig. 4. Schematic illustration of the homochiral H-bonds sequences evolution under increasing pressure in the supercooled liquid (333 K < T < 388 K) precursor of

the displayed crystalline structure.

same isobaric conditions. For the same isobaric conditions, the static
permittivity stays higher at 343 K than at 363 K and 388 K. Moreover,
the drop of the static permittivity arises at higher pressure for T = 388 K
compared to T = 363 K or 343 K. These observations may suggest that
the size of H-bond aggregates seems higher at lower temperatures for the
same isobaric condition. Thus, the architecture of the aggregates formed
at low temperature are closer to the crystalline packing compared to
those formed at high temperature since they possess larger homochiral
sequences. At T = 388 K, higher pressure conditions are required to
obtain the same size of aggregates in order to enhance the crystallization
process.

The strong crystallization propensity of the pure enantiomer is not
deteriorated by pressure application since crystallization always occurs
at high pressure. One may ask about the situation for a sample when
containing both enantiomers.

Fig. 5 illustrates the pressure evolution of the real dielectric
permittivity at four selected temperatures (a) 333 K, (b) 363 K, (c) 373
K, and (d) 388 K in the available frequency range for a sample with an ee
= 33%.

The pressure evolution of the static permittivity at the four temper-
atures is resumed in Fig. 5(e). As illustrated, the static permittivity
possesses a sigmoidal shape. When pressure increases, eg slowly in-
creases and evolve toward a constant (maximum) value. At low pressure
values (< 200 MPa), the static permittivity increases when temperature
decreases. Nevertheless, this temperature dependency behavior of the
static permittivity disappears at pressure P > 200 MPa.

Under isothermal conditions, the pressure required to reach the
maximum static permittivity is temperature dependent. As the
isothermal temperature rises, the pressure at the maximum static
permittivity increases. For a given isothermal temperature T = 388 K,
the static permittivity reaches its maximum value eg = 24 + 2 at P = 400
MPa, while at T = 333 K the pressure decreases down to 150 MPa when
eg = 28 + 2 is at its maximal value. These results may suggest that

pressure increases the effective dipole moment as well as the correlation
amongst neighboring molecules. Fig. 6 displays a schematic illustration
of the increase of the linear H-bond chains formed by heterochiral se-
quences upon increasing pressure and the progressive building of the
future crystalline structure.

Moreover, upon isothermal compression the number of molecules
implicated in the formation of the H-bond aggregates seems to increase.
Such situation may structurally lead to a sample with higher density but
smaller than that of the crystal. Since the static permittivity is constant
after a certain pressure it seems obvious that the architecture and the
size of the H-bond aggregates are not modified even for much more
important compression. When the static permittivity has reached a
saturation value, the H-bond aggregates can no longer growth and the
sample stays in the metastable liquid state. These aggregates are
therefore precursors of the future crystalline structure but some ther-
modynamic and kinetic conditions may be fulfilled prior to the begin-
ning of crystallization. For example, each enantiomer must be
surrounded by its proper neighbors. Anyway, such process is lazy and
time consuming.

Fig. 7 illustrates the time dependency of the static permittivity at the
analyzed isothermal temperatures for the highest reachable pressure (P
= 600 MPa). The time evolution of the static permittivity shows a
sigmoidal shape (for T = 373 K, T = 388 K). For short annealing time, the
static permittivity stays briefly at its maximum value and slowly de-
creases down to the high frequency permittivity as the annealing time
increases. When T = 333 K the static permittivity remains always con-
stant during the isothermal measurements (300 min).

The drop of permittivity at both 373 K and 388 K is hypothetically
linked to the loss of molecular mobility associated to crystallization of
the supercooled liquid. Under these isobaric and isothermal conditions,
crystallization appears much more rapidly at 388 K than 373 K. The
static permittivity stays constant at 333 K even for long annealing time
(300 min). Therefore, no crystallization can be noticed at that
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temperature. For crystallization to appear, the growth of the nuclei must
occur. The nucleation and growth processes depend on both tempera-
ture and pressure conditions. The H-bond aggregates formed at all the
analyzed temperatures can be considered as initial “nuclei’’. Conse-
quently, nucleation takes place at 333 K, 373 K and 388 K while crystal
growth seems to take place above 333 K. The crystalline structure is built
by infinite H-bond molecular chains made of alternated enantiomers
with opposite chirality [25]. Crystallization seems to be time consuming
and lazy at low temperature, but facilitated at elevated temperature
since molecular mobility becomes high enough. In these conditions, the
alternated opposite enantiomers can easily form infinite H-bond mo-
lecular chains upon crystal packing.

When comparing the pressure evolution of the static permittivity at
both heterochiral and homochiral compositions, it is obvious that
crystallization can easily take place in the latter composition since each
enantiomer is directly surrounded by the suitable neighbors (crystalli-
zation can be delayed at the heterochiral composition due to the pres-
ence of both opposite enantiomers). Thus, linear H-bond aggregates can
easily be formed without supplementary kinetic constraints. Pressuri-
zation therefore enhances crystallization of the supercooled liquid by
promoting the edification of large size H-bond aggregates closely packed
with strong similarities regarding the crystalline packing. The crystal-
lization under pressure of the heterochiral system leaded to heterochiral
arrangement in the crystalline structure. At atmospheric pressure, the
homochiral crystals are slightly denser (1.14 g/cm®) compared to their
heterochiral counterpart (1.12 g/cm3). Under high pressure conditions,
one can imagine that the volume cell of heterochiral crystals should
reduce and evolve towards the density of the homochiral crystals. Collet
and coworkers suggested that the occurrence of stable homochiral sys-
tems (conglomerates) may increase upon high pressure crystallization of
chiral molecules [26]. Mandelic acid for which the homochiral crystals
are 2.3% more denser than the heterochiral crystals (racemic com-
pound) at ambient pressure was predicted to evolve towards stable
homochiral crystals (conglomerate) at 1200 MPa [26]. For the case of
Nac-MBA system, no conversion of the heterochiral arrangements to-
ward homochiral ones was observed under high pressure application in
the supercooled liquid state. From our previous work [21], we suggested
that Nac-MBA could be classified as an H-bond liquid like system, since
the liquid is made of a large variety of H-Bond aggregates ranging from
isolated molecule to very large clusters made of 20 molecules. Even
though, the most probable aggregates are made of 2, 3 or 4 molecules,
there is a strong predisposition in the supercooled or liquid states to
build homochiral or heterochiral arrangements independently of pres-
sure application. Through a volume reduction effect, high pressure
brings the aggregates closer to each other as well as the isolated mole-
cules. One can assume a decrease of the distance between aggregate-
s/aggregates, aggregates/isolated molecules, isolated

Journal of Non-Crystalline Solids 640 (2024) 123111

molecules/isolated molecules. In heterochiral composition, the static
disorder of the aggregates in the liquid or supercooled liquid highly
slows down the crystallization kinetics in comparison to an homochiral
composition. It is therefore energetically more favorable to build het-
erochiral entities than to destroy them and rebuild homochiral ar-
rangements. This may explain why under pressure crystallization, the
heterochiral composition evolves towards heterochiral crystalline
arrangement.

4. Conclusion

Pressure application on heterochiral and homochiral compositions of
Nac-MBA system seems to increase the size of the existing linear H-bond
aggregates in as much as the static permittivity increases with pressure
in both compositions before the occurrence of crystallization. The ag-
gregates formed at a heterochiral composition rapidly reach the same
constant and maximum size at different pressure and temperature con-
ditions. The lower the investigated temperature, the lower the pressure
will be required to reach the maximum size of these aggregates. This
saturation behavior may be linked to the fact that the aggregates are
formed by alternated opposite enantiomers. Actually, the counter en-
antiomers act like an impurity of the same chemical nature that may
disturb the establishment of bigger size H-bond molecular chains.
However, compression promotes closely packed linear H-bond aggre-
gate structure and enhances crystallization. These H-bond aggregates
are therefore precursors of the future crystalline packing (infinite H-
bond molecular chains made of opposite enantiomers). The same
conclusion can be made for homochiral composition since crystalliza-
tion is preceded by a strong increase of the H-bond aggregates size upon
compression. Pressurization accelerates crystallization of the homo-
chiral supercooled liquid (in comparison to the heterochiral one), for-
asmuch as the liquid contain molecules of the same chirality. This
situation may promote the establishment of infinite H-bond molecular
chains made of identical enantiomers. Therefore, the future crystalline
structure is strongly sensitive to the homochiral and heterochiral H-
bond sequences existing in the supercooled liquid state.
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