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Abstract

This study demonstrates that the compression rate adds a new perspective to phase diagrams of
solids. A particular pressure increase rate may trigger unexpected solid-state transformations,
producing otherwise inaccessible phases. Our test case is L-Serine, characterized by a complex
high-pressure behavior with three known polymorphs. However, the critical pressure of each
transition, the ranges of co-existence of polymorphs, and the existence of an elusive fourth phase
remained open questions, here analyzed and solved using synchrotron powder X-ray diffraction at
high pressure, under controlled pressure increase rates. Two parallel paths exist and the
composition of the system depends on the pressure increase rate and the steps during the
compression. A slow and continuous compression favors phase 1V, whereas phase Il can be
observed only with a rapid and sharp compression. No direct inter-conversion occurs between
these phases. Moreover, phase III originates only from phase II, but never from phase IV. By
controlling the strategy of pressure increase, we obtained a powder of phase IV that enabled
solving its unknown structure, which resulted as a distorted superstructure of phase I with a tripled

a-axis.



Introduction

Applying pressure (P) is a method to change the thermodynamic state of a material. Depending
on the pressure range, the energy transferred to the system is capable of altering the electronic
structures of atoms or molecules and, consequently, the positions of atomic nuclei. This can result
in lattice strain, structural changes (phase transitions) or even chemical reactions. The complexity
of the potential energy surface of a crystalline material implies that one should consider the deep
entanglement of thermodynamic and kinetic factors, which may affect transformation paths and
the final products.

While reversible processes are usually implicitly assumed, more often non-equilibrium
transformations occur, meaning that the system does not follow a thermodynamic path. This holds
true when a crystal is over-cooled or over-heated or otherwise rapidly compressed or
decompressed. Kinetic effects on temperature variations are often reported since temperature
control in an experiment is usually straightforward to achieve. Instead, kinetic effects in P-induced
transformations are less predictable and the occurrence of metastable phases is often not
recognized. Hints of kinetically controlled phenomena are, for example, non-equivalent
transformations of single-crystal and powder samples, coexistence of multiple phases over
extended pressure ranges and occurrence of different forms depending on the time a sample is kept
at a selected pressure.! Noteworthy, during high-pressure (HP) experiments, the rate of the
compression is extremely important, but it is often not controlled. A temperature gradient of 100
K/h or a pressure increase rate of 10 GPa/h are equally possible with standard instrumentation.
However, while the former is not dramatic for a solid-state sample, the latter can be rather effective
and significantly alter the results of a pressure scan. Recent developments in analytical methods

allow for extremely fast HP experiments, with even higher compressing rates, and dynamic time-



resolved investigations at HP have become of high interest.'> For example, modified diamond
anvil cells (DACs), such as the dynamic DAC (dDAC), allow repetitive loadings with rates up to
500 GPa/h.*® Computer-controlled membrane DACs can be used over larger pressure ranges and
offer the possibility of rate-dependent compression and decompression.'*!!

We have become interested in these phenomena while studying pressure induced phase
transitions in magnetic coordination polymers,'? and decided to investigate in more detail how the
pressure increase rate (PIR) may affect transformations, focusing on simple molecular crystals.

The samples most affected by non-equilibrium transformations are soft materials, assembled
through weaker intermolecular interactions, such as most molecular crystals. Hydrogen bonds in
extended networks can act as springs and molecular fragments as joints and hinges, accounting for
various structural rearrangements. Sometimes the new phases, generated by these rearrangements,
may compete at the same pressure and even subtler modifications of the experimental conditions
may favor one or another.

Within soft organic crystals, a very well-studied class is that of amino acids, due to the matchless
interest in studying properties of the molecules at hearth of bio-systems (the so-called biomimetic)
and to the growing interest in amino acids as building blocks of materials with e.g. nonlinear

3 Many recent studies have dealt with

optical, piezoelectric and ferroelectric properties.
compressed amino acid solids to gain insight into the role of intermolecular interactions on phase
changes at HP.!!3"! However, time and PIR have only recently been addressed as crucial factors.?
The stereochemical flexibility of some of these molecules may easily produce kinetically stable
intermediates and indefinitely preserved metastable phases. While the free energies of various

polymorphs are typically very close, their interconversion may be associated with high energy

barriers that include nucleation and nuclei growth. The barriers of each of these stages can be very



different and have different dependences on pressure. In particular, the probability of nucleation
may also depend on the compression rate, as analogously proposed for temperature gradients.?!

In this study, we focus on L-Serine (L-Ser, "(NH3)-CH(CH20H)-COO"), known for its rich HP
polymorphism. Several studies®*° have characterized the structures of L-Ser II (observed above
5.4 GPa) and L-Ser III (observed at ca. 8.0 GPa) from single-crystal X-ray diffraction (XRD).
Synchrotron diffraction experiments on powders? have shown coexistence of L-Ser I and II up to
6.3 GPa and peaks of an unknown fourth polymorph above 6.4 GPa. On the other hand, in powder
neutron diffraction experiments, neither phase coexistence nor unindexed peaks were reported.2®?’
Noteworthy, experiments were carried out with different anvil cells, different control of the
pressure increase and different compression steps.

Having this complicated puzzle in mind, we decided to carefully investigate all the phase
transitions maintaining an accurate control not only of the pressure but also of the PIR. After
rationalizing the conditions that govern the transition paths (Fig. 1), we could obtain a rather
abundant amount of L-Ser IV in powder, from which we solved its so-far unknown structure.
Periodic density functional theory was used for optimizing the crystal geometries of the solutions

from simulated annealing and therefore determining more accurate positions of H atoms.
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Figure 1. The H-bond sites and conformational changes in L-Serine at HP. L-Ser I transforms to
L-Ser II and/or IV at HP, depending on the compression protocol. II subsequently transforms to

IIT at higher pressure whereas IV remains stable up to at least 9.5 GPa.

Experimental Methods

We define the PIR as the ratio between a given pressure step (in GPa) and the time required for
(A) reaching target pressure, (B) sample equilibration and (C) rapidly collecting diffraction data.
A typical measurement consists of several consecutive cycles, ideally all at the same PIR, up to
the maximum pressure (Fig. S4). Maintaining a constant PIR requires a precisely controllable DAC
and rapid manipulation to increase the pressure. The elective instrument is a remotely controlled
gas membrane DAC. The PIR cannot be regulated with a direct feedback of the internal pressure,
but only after determining a precise correlation between the directly controlled gas pressure in the

membrane and the pressure inside the DAC (Fig. S5). Remote control of the DAC was realized by



extending the pressure line between the DAC on the diffractometer and the manually controlled
gas controller in the control room to a length of about 10 m.

Certified TraceCERT® L-Serine reference material was used throughout all experiments (Sigma
Aldrich 54763-100MG, Lot# BCBH42640V). The sample was hand-ground in an agate mortar.
Pressure medium in all runs was a 4:1 mixture of MeOH:EtOH to ensure hydrostatic conditions to
above 9.5 GPa.”®

Three different PIR dependent HP experiments and two runs, in which the pressure was raised
with a given PIR and subsequently held while repeatedly measuring the sample were performed
(Table 1). Data for the structure solution of L-Ser IV were obtained from a sample loaded into a
screw-driven Merrill-Basset DAC. The membrane DAC used for the PIR dependent experiments
was equipped with 0.5 mm diamond anvils and steel gaskets preindented to about 70 to 90 um
with a hole diameter of 0.2 mm were used. Pressure was determined from lattice parameters of
admixed quartz*’ in the 5 GPa/h run. Data for the structure solution of L-Ser IV were obtained
from a sample loaded into a screw-driven Merrill-Basset DAC equipped with 0.6 mm culets. The
steel gasket with a hole of 0.25 mm was preindented to about 90 um. Pressure was raised with
steps < 0.56(6) GPa, while keeping the PIR below 1 GPa/h, to a value of 6.64(6) GPa, as
determined from ruby fluorescence.*

Powder XRD experiments were performed at the X04SA Materials Science beamline®' at the
Swiss Light Source, Paul Scherrer Institute. The diffractometer is equipped with a Mythen II
detector, which can provide fast data collection speed. Patterns from -40 to +40 ° in 20 were
collected with a typical time of 1 minute. Radiation was monochromated to 16 keV and attenuated

using a 0.8 mm Si filter. The focused primary beam was slitted to about 100 by 100 pm?.



Diffraction data were treated with TOPAS Academic V5.2 For the 5 GPa/h dataset, Le Bail
refined lattice parameters of each L-Serine polymorph were parameterized® to an equation of
state. Once they are known (Table S1), pressure can be directly determined from L-Serine lattice
parameters (Table S2, Figs. S1, S2, S3). Site coordinates for Rietveld quantification (Figs. S7 and
S8) were taken from literature (L-Ser I: CCDC 249277;%* L-Ser II: CCDC 889408;'° L-Ser III:
CCDC 624342%6). Peaks of the new L-Ser IV could be indexed from a dataset at 6.64(6) GPa in
space group P212121 with a = 16.09873(5), b = 8.42773(2) A, ¢ = 8.04459(7), V = 1091.46(2) A>.
Starting from a threefold superstructure of L-Ser I, the structure of L-Ser IV was solved by
simulated annealing.** The preliminary structure solution was used as starting model for periodic
DFT calculations using full electron 6-31G(d,p) basis set with CRYSTAL09.** The final structure
(RBragg = 10.2 %, Fig. S9, Tables S3 and S4, CCDC 1412832) was repeatedly obtained in simulated
annealing runs by using molecular geometries from the converged DFT calculation.

The topological analysis of hydrogen bonds was performed with ToposPro V5.0.1.0.% The H-
bond network was obtained by selecting D-H--A interactions simultaneously fulfilling the
requirements: H-+A <2.5 A, D-~A < 3.5 A and DHA angle > 120°. The underlying net for all L-
Serine polymorphs (Fig. 2) was obtained by applying the standard simplification method with the
ADS module. The simplified molecular skeletons (Fig. 3) were obtained by selecting the Ca
carbon as central atom and replacing the three main functional groups with a single “atom” at the

position of their center of mass.



Table 1. Overview of HP data collections on L-Serine.

Run GPa/h Steps/GPa min/Step Pmax [GPa]
1 GPa/h 1 3 20 932(2)
5 GPa/h 5 4 3 9.46(2)
10 GPa/h 10 2 3 9.39(2)
Held at 5.5 5 n/a 19x5+17x30 5.50(2)
Held at 6.3 1 n/a 4x6+13x30 6.30(2)
L-Ser IV <1 >2 >30 6.64(6)
Results

Crystal structures. At ambient conditions, the molecules in L-Ser I are linked through a 3D
hydrogen bond network. The -NH3 and —COO groups form robust head-to-tail chains via NH---O
hydrogen bonds, which are additionally stabilized by OH---OH hydrogen bonds between the side
—CH20H groups of the neighboring chains (Fig. 1-I). At HP, the side chains rotate to form
—OH--O=C- hydrogen bonds with the —COO groups in L-Ser II (Fig. 1-II) and subsequently
additional bifurcated NH---O hydrogen bonds in L-Ser III (Fig. 1-III). Table 2 summarizes the
main intermolecular connections of the different species.

With respect to the previously known HP phase II, L-Ser IV provides an alternative way to
reduce the molar volume of phase I. As in the L-Ser I — II transition, the side chains rotate, but
only two out of three OH--*OH bonds break in favor of OH--OOC interactions, resulting in a
tripling of the a-axis (Fig. 1-IV). In particular, the hydroxyl group, which has an anticlinal (-)
conformation in L-Ser I, is synperiplanar, synclinal (+) and synclinal (+) in the three symmetry
independent molecules of L-Ser IV, respectively. The conformations of OH also affect the -NH3
groups. New NH--OH interactions result from the torsion of one of the three -NH3 groups. The
conversion of L-Ser I into IV increases the number of short intermolecular interactions per
molecule, in keeping with the higher density of this structure. While in L-Ser I, each molecule

forms eight H-bonds with eight different neighboring molecules, two thirds of the molecules are



participating in nine H-bonds in L-Ser IV. This arrangement also differs from that of L-Ser III,
which has ten hydrogen bonds per molecule. In L-Ser IV, pairs of adjacent molecules are
connected by one or two H-bonds, while, in all other known polymorphs, pairs of neighboring
molecules are connected by only one H-bond. Although L-Ser II is always denser than I (and even
denser than IV) at each pressure point in the investigated range, it is still assembled through only
one hydrogen bond per pair of molecules.

The underlying net,*® representing each molecule as a node and each H-bond as an edge (Fig. 2)
is a way to reduce the structural information and appreciate similarities and differences among the
phases. L-Ser I is a uninodal 8-connected net, corresponding to the hex topological type.>” L-Ser
IT corresponds to the same underlying net, the only difference lying in the type of interaction
(OH---OH vs. OH--O0C, as shown in Fig. 2). For L-Ser III, instead, the uninodal underlying net
is 10-connected, corresponding to the tcg topological type.*® By applying the same criteria, L-Ser
IV can be described as a 2-nodal net, where the nodes (corresponding to three crystallographically

independent molecules) have coordination number 7, 6 and 7 respectively, corresponding to an

unprecedented topological type.

Table 2. The main H-bonding interactions in all L-Serine polymorphs: on the left side I is

compared with II and III, on the right a superstructure of I is compared with I'V.

I I 1 Polymorph 1 (Superstructure) v
Interaction a b c a b c
D A A | Donor (D) Acceptor(A) | D A D A D A|D A D A D A
3 313 3|13 3 NH COO 333 3 3 3|12 3 3 2 3 3
11 OH OH 1 1 1 1 1 1f1 1
1 12 2 OH COO 1 2 1
NH OH 2 1 1
8 8 10 Intermolecular HBs 8 8 8 8 9 9
8 8 10 H-bonded molecules 8 8 8 7 6 7
hex | hex teg Underlying net hex New binodal 7,6,7-c net
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The correlation between L-Ser IV and I is better visualized using an intermediate degree of
simplification (Fig. 3): each molecule is represented by the three main functional groups conjoined
at the Ca. In this way, it appears more evident that the L-Ser IV H-bond network contains motifs

already present in the network of L-Ser I with different extent of deformation and is completed by

additional bonds.
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Figure 2. The nets produced by polymorphs I, II, IIT and IV constructed with each molecule as a

node and each H-bond as an edge. Viewed along a.
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Figure 3. The nets produced by polymorphs I, IT and IV. Each molecule is simplified by a skeleton

representing the three main functional groups. Viewed along b.
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Sample composition. The volume per molecule vs. pressure and relative phase occurrences are
plotted in Fig. 4 for each PIR (enlarged in Fig. S1). Figures S2-S3 and Tables S1-S2 contain
additional information..

In our experiments, the pressure range, in which L-Ser I is identified extends from room pressure
up to 8.80(2) GPa, which is a significantly larger range than so far reported (i.e. 0-6.3 GPa®®). In
contrast, onset of L-Ser II occurs between 5.17(2) and 5.43(2) GPa and L-Ser III between 8.02(2)
and 8.27(2) GPa as previously reported.!®>*~2” The new phase L-Ser IV is first observed at 5.71(2)
GPa, i.e. 0.7 GPa lower than previously reported,?> and remains stable up to the highest pressure

reached in our experiments. After decompression, all HP polymorphs transform back to L-Ser I.
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Figure 4. Molecular volume vs. pressure of the three PIR dependent experiments. Phase
abundance is proportional to symbol size and line thickness. For each phase, dashed lines indicate

the extrapolation to zero amount.
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From Fig. 4, it is evident that the range of coexistence depends on the PIR. Interestingly, with
PIR =5 GPa/h all four polymorphs were unambiguously identified at 8.27(2) GPa (Fig. 5). A high
PIR accelerates the transformation of L-Ser I, which is completed below 8 GPa at PIR=10 GPa/h
whereas it is still observed at 8.80(2) GPa with PIR=1 GPa/h. This is extremely surprising, because
one normally expects that a faster compression results in a larger range of metastability of the
parent phase. Equally important is the fact that with PIR = 1 GPa/h L-Ser II does not appear and
phase III is not formed. This unambiguously demonstrates that L-Ser III can only form from L-Ser

II.
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Figure 5. Le Bail refinement of all four L-Serine polymorphs observed simultaneously at 8.27(2)

GPa using PIR =5 GPa/h.

In Fig. 6, we report the semi-quantitative Rietveld results of volumetric composition as function
of time for each PIR isochronal experiment (therefore time is linearly proportional to pressure).
This shows that, if it forms, phase II reaches a significant volume at a pressure below the onset of
IV. However, with PIR = 1 GPa/h, no trace of Il is observed and only IV forms, without changing

its pressure onset. This observation was very important to prepare a sample consisting mainly of
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L-Ser IV at 6.64(6) GPa, thus useful for solving the structure. The occurrence of small traces of
phase II inspired another set of experiments: isochronal up to a given pressure, then maintained
for long time (8-9 hours). With PIR = 1 GPa/h up to 6.30(2) GPa (Fig. 6), L-Ser IV is observed
starting from 5.82(2) GPa, in keeping with the previous 1 GPa/h run. However, after interrupting
the compression, a small volume fraction of L-Ser II is quantified (ca. 6 %). Afterwards, L-Ser [V
still increases, whereas L-Ser II remains constant. The transformation is however not complete,
because ca. 20 % of L-Ser I remains. With PIR =5 GPa/h up to 5.50(2) GPa (Fig. 6), L-Ser II is
first observed, again as in the isochronal experiment, whereas L-Ser IV is observed three minutes
later but without further increase of the pressure. L-Ser II and IV continue to form with a rather
constant ratio of 1:3 without reaching a stationary state within 8 hours of the experiment. This
indicates that the overall rate of formation at this pressure is extremely low for both II and IV.
Above this pressure accumulation of IV is always faster whereas II is almost prevented from

growing.
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Discussion
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This study demonstrates the enormous importance of the compression path in typical HP

experiments on solids. Measurements carried out using different PIRs on L-Serine show that the

compression rate may increase the probability of nucleation of a new phase and its growth rate or

otherwise inhibit its formation, eventually modifying the composition of the sample.

We can analyze the observations in terms of pressure and of PIR:

a)

b)

Pressure: L-Ser IV is never observed below 5.4 GPa. It cannot be established from these
experiments, whether the reason is thermodynamic (IV being still less stable than I in this
pressure range) or kinetic. On the other hand, L-Ser II basically stops forming (or it is
strongly inhibited) above 6 GPa, whereas transformation of I into IV is observed up to 8.8
GPa. L-Ser Il can form only from L-Ser II above 8 GPa, therefore there are two,
independent, thermodynamic paths above 6 GPa.

Pressure increase rate: a rapid compression enables formation of phase 11, at least within the
pressure range defined above. Instead, a slow compression hampers the formation of L-Ser
I1. It is therefore obvious that PIR affects the probability of nucleation of the phases and not
only the ranges of metastability of phase I. In particular, a high PIR accelerates the
consumption of phase I, therefore reducing the hysteresis, at variance from what normally

expected if the PIR would not affect the kinetic of the transformation.

Previous HP single-crystal XRD experiments have never produced L-Ser IV?*** and HP powder

diffraction experiments® 27 have shown II as dominant phase. These results are only apparently in

contradiction with the above conclusions. In fact, in single-crystal experiments it is sensible to

assume that the first phase which nucleates will transform the entire crystal. Because single-crystal

experiments are mostly performed with screw-driven DACs, the control on the compression rate
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can be much poorer and the actually applied PIR rather high. In the synchrotron powder

1.5 measured a step at 5.3 GPa, a pressure at which phase IV is still

experiments, Boldyreva et a
hampered. During the experiment, the system remained at this pressure enough time to produce a
rather large amount of phase I, whereas only upon further compression phase IV could form, from
the residual amount of L-Ser I and was therefore the minor product. This confirms that below 5.5
GPa, L-Ser IV does not reach significant volume to be seen in diffraction. Moggach et al.?®,

instead, carried out a neutron experiment at 5.2 GPa, and the sample was maintained at this

pressure for long time. Therefore, only phase II was eventually observed.

Conclusions

In this study, we have carefully examined the kinetic control in solid-state transformations of L-
Serine at HP. We have clearly demonstrated that the occurrence of the phase most commonly
observed above 5 GPa, L-Ser 11, is actually due to a particularly high compression rate. As this
study has enabled us to define the ideal conditions to prepare preferentially L-Ser IV, we could
collect good powder XRD patterns of this phase and solve its so far unknown structure.

The series of experiments reported in this paper and in the previous literature differ in many
details such as particle size, amount of material loaded, radiation type and exposure, etc.
Nevertheless, all of them confirm the major conclusions drawn in the current study that the
formation of L-Ser II and L-Ser IV mainly depends on how rapidly the material is compressed and
at which pressure the compression is interrupted for the measurement.

The PIR therefore seems to play a dominant role and many complex phase diagrams or
discordant observations between sets of experiments might in fact be caused by uncontrolled rates

of compressions. Unfortunately, in many experimental studies the PIR is not monitored or anyway
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hardly ever reported in publications. Therefore, this crucial information may not be available to
those scientists who try to reproduce previously obtained forms.

Examples of polymorphism arising from differing rates of compression of liquids have been
reported recently.?® The effect of the compression rate on the solid-state phase transitions has also

%1011 and ice.> 34 The case study

been described, but for very few systems, such as pure elements
polymorphism of L-serine described in this work illustrates the importance of systematic and
detailed studies of the kinetic effects in pressure-induced phase transitions in a wide range of
various systems. The PIR adds a very important new perspective to PT phase diagrams normally
analyzed. In particular, it may allow production of otherwise inaccessible phases. More studies on

other polymorphic systems may enable in the future to elaborate models and reach more

comprehensive conclusions on the role of the PIR.
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