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Introduction

Of the common experimental variables, pressure is by far the least used for investigating
the properties of condensed phases, such as solutions, melts, solids and their interphases.
For most scientists, the fact that we are born, live and die at approximately one
atmosphere suffices to concentrate their attention on other variables such as
composition, temperature, electric potential, etc. which often does not require an
expensive apparatus for many years associated with high-pressure studies. However,
they are scientists concerned with the systems below the sea level, in ocean seabed, in
deep geological deposits or the outer space, who must necessarily expand their research

to the thermodynamic dimension of pressure.

For centuries, the enormous potential of high-pressure could not be exploited due
to the lack of adequate experiments. Most of the principles of modern high-pressure
equipment can be traced directly to P.W. Bridgman in the first half of 20t century. The
later progress has been, in a sense, evolutionary. The attainable high pressure, and thus
the range of possible transformations and methods expanded dramatically through the
ingenious use of diamonds. That moment, almost 60 years ago, when Jamieson’s group at
the University of Chicago! and Weir’s group at the National Bureau of Standards?
independently designed a diamond-anvil cell (DAC), was beginning of more frequent
reports on high-pressure phenomena. The simple construction of the DAC, which was
gradually perfected,3 opened the way to spectacular benchmark experiments. Today’s
high-pressure research is a fusion of many disciplines from geology through chemistry
and physics to biochemistry and molecular biology. The number of reports on high-

pressure phenomena appearing in the literature makes it difficult to summarize them in
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a brief form. Thus, I will emphasize topics of interest to chemists with brief excursions

into relevant aspects of statistical physics and thermodynamics.

1.1 High-pressure chemistry

The investigation of chemical equilibria and chemical reaction rates in solution is one of
the most thoroughly established inputs of high-pressure research into modern
chemistry. It was known long ago that the equilibrium position in chemical reactions may
be shifted by the application of external pressure, both in the liquid and gaseous phase.
This redistribution in the physical and chemical balance of a given system is an
application of Le Chatelier’s principle, which will result in an overall smaller volume. This

effect can be simply summarized by#*

&), =~ (&) -y

where AV is a volume of reaction, defined by

AV = ZVproductS - ZVsubstrates (1-2)

(In equations 1.1 and 1.2 the pressures in MPa, the temperature in K, and R = 8.314 cm3 MPa K!
mol, and so AV has units of cm3mol?)

The volume of the reaction may be measured either by determining how the pressure
affects the reaction equilibrium or by determining the individual partial molar volumes
of used reagents and products.>¢ In analogy, the reaction rates in solution may be
similarly affected by the pressure according to whether the formation of transition state

leads to an increase or decrease of the activation volume AV #,

Equilibrium and kinetic parameters can be then combined in diagrams illustrating
the Gibbs free energy (G), enthalpy (H) and volume (V) changes in proceeding in the

sequence:

Substrates — Transition State -»Products
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also including intermediates when they are formed (Figure 1).

Energy l AG
(G, H) AH

Substrates \ Transition State ,  Products

o] ] 1

Volume AV

Substrates Transition State | Products
I T
Reaction Coordinate

Figure 1. Schematic comparison of energy and volume profiles. The number (1) indicates
an ‘early’ transition state, possible to achieve in fast reactions under kinetic control, and
(2) ‘late’ transition state of long equilibrated reactions.

When substrates A and B form product AB and no intermediates are produced, i.e. there
is a single-step reaction, the volume of activation, AV #, is such that the transition state is
almost halfway between reactant and product states. However, reactions are often not
following this simple reaction route, and yields in several products, where one is the
major product, which is either a more stable product, or is formed at a faster reaction
rate. Then two factors need to be taken into consideration: thermodynamic (a formation
of the stable product is favorable) and kinetic (a product which forms faster is preferred).
If there is enough energy to overcome all the reaction barriers for products, and the
reaction is in equilibrium with the most stable product, the reaction is thermodynamic-
controlled. On the other hand, if the reaction tends to produce a less stable product as a
major product, and the activation energy for this reaction pathway is smaller

corresponding to an ‘early’ transition state, the reaction can be considered as kinetically
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controlled. The ratio of products depends on the relative difference between their

activation energies.

These general assumptions indicate a simple and lucid way of describing a
reaction system under high-pressure in gaseous or liquid state, but with an exemption,
that reaction mechanism is simple and leads mainly to intrinsic changes.” Consequently,
areaction with a negative volume of activation is strongly accelerated by pressure, while
the positive volume of activation is hampered.8-11 When a chemical bond is formed, the
distance between two atoms decreases from their original van der Waals distance to the
bonding distance. This process usually decreases the volume by about 10-20 cm3 in 1
mole of a substance. Even the formation of interactions as weak as the hydrogen bond
can reduce volume by approximately 5 cm3/mole.?-11 On the other hand, a homolytic
bond cleavage has the opposite effect, of modestly increasing volume (typically 5-10
cm3/mole).-11 Significant contributions to volume originate from steric features of
molecules and thus, o-substituted benzenes occupy 3-5 cm3/mole less space than their
m or p isomers and thus the reaction where the o-substituted derivative is produced, are
more favored.’-11 The situation becomes more complex, when charged species are
produced or consumed during a reaction. The presence of ions or drastic polarity changes
of reactants strongly affect the volume occupied by the solvent molecules surrounding
the reacting system and increasing or decreasing in the solvation layer. This
phenomenon, known as electrostriction,!2 in most cases leads to a strong reduction in AV
but the quantitative evaluation of its contribution is difficult. Electrostriction depends on
the solvent environment, and is especially large in relatively non-polar solvents, where

the range of coulombic forces is larger, and the compressibilities increase.1?

The solvent effect is not only limited to electrostriction. The compressed liquid
changes its physical properties: the boiling point is increased, as well as the density and
viscosity. The electric permittivity and electric conductivity change, too. Moreover,
increased pressure leads to the elimination of all empty spaces and thus the distances
between isolated molecules decrease and the space necessary for thermally-induced

motion and collisions become more tight.13.14
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1.2 Application of high-pressure in organic synthesis

There are numerus examples of pressure-induced reactions conducted in compressed
liquid environment. The Menshutkin reaction?>16 (Figure 2a) is an example of a reaction
occurring mainly because of high-pressure, in short time and with a high yield.1” During
this coupling reaction, a tertiary amine is converted into a quaternary ammonium salt by
an alkyl halide. In the case of highly nucleophilic tertiary amines, like
1,4-diazabicyclooctane (DABCO), the substitution reaction with dichloromethane at
room temperature and normal pressure takes several hours when heated at reflux (336-
337 K),18 and pyridines does not readily react at all. However, these reactions are greatly
accelerated when compressed. The reason can be found in the exceptionally large AV,
estimated as -50 cm3 mol-1. This results from the formation of a new bond and charge-
pair generation, which leads to the electrostriction.1” To this point, several examples of

this reaction at high-pressure were shown.19-21

Interestingly, the application of high-pressure seems to be especially useful for
highly substituted reactants. A perfect example is the oximation of di-t-butylketone, not
observed at ambient pressure because of a steric hindrance.22 The Robinson annulation?23
(Figure 2b) at ambient pressure fails when the terminal methylene group is highly
substituted, but is easly achieved under high-pressure conditions.22 The similar effect of
enhanced yield for sterically crowded substrates is observed during Michael 24 and
Mannich additions.2> In Michael addition (Figure 2c) nitromethane can be attached even
to unsaturated ketone of a steroid.2627 In Mannich reaction (Figure 2d), normally limited
to formaldehyde, methylene chloride?®8 or bis(dimethyamino)methane can be
successfully used instead.2® Application of high-pressure in Henry reaction,3? during
which nitroalkanes are converted to nitroalcohols in a presence of ketones, also leads to
higher yields, on the contrary to ambient pressure, where they could be only obtained in

a limited number of special cases. One of the most spectacular demonstrations of
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pressure-promoted reaction was presented by Jurczak, in the synthesis of a 3-

dimensional covalent frameworks.31-33

R, R,
o
() L + R—X . IL.@?,,,,,
Rl/ \R3 RI/ \ R;

Ry X =halide

0 0]
H \
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)‘j\ 1 |
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Figure 2. Schematically represented exampl_es of (a) Menshutkin reaction; (b) Robinson
annulation; (c) Michael and (d) Mannich additions; and (e) Diels-Alder reaction.
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One of the most prominent types of reaction accelerated at elevated pressure is
the Diels-Alder reaction (Figure 2e). First described by Otto Diels and Kurt Alder in 1928,
quickly proved to be a powerful and widely applicable method in the synthesis of
pharmaceutical products and new materials. Starting in the nineteen-thirties,3*
numerous applications of high-pressure for the Diels-Alder reaction were found.3>-40 The
initial controversies around the reaction mechanism, according to which this highly
exothermic reaction should be hampered at high pressure were quickly dispelled. 4142 On
the example of the reaction between a conjugated diene and a substituted alkene,43-46 it
was shown that because of the simultaneous formation of two new C-C bonds, the AV can
be significantly reduced in the range between -25 to -50 cm3 mol-1, which is responsible
for observed acceleration at high pressure.#” Similar mechanistic reasoning was applied
in the understanding of cyclic reorganization of o and m bonds, such as cheletropic
reactions and pericyclic rearrangements.”4849 Despite the fact, both these reactions are
associated with much smaller AV than in regular Diels-Alders reaction, they are also
strongly favored by high-pressure conditions. This can be explained by the reduction of
space required for the thermally-induced motion and collision of molecules which leads
to the total restriction of the rotational degrees of freedom. A good example of such
reaction is the trimerization of acetonitrile to 2,4,6-trimethyl-1,3,5-triazine highly

accelerated by the pressure.>0-52

Free-radical reactions are an intriguing example of pressure-promoted reactions.
As it was already pointed out, the volume expansion should be always expected for
homolytic bond dissociations, which is also necessary for the formation of a free radical.
Several reports on the homolytic bond cleavages showed that this process requires
volume expansion of nearly AV* = +10 cm3 mol-1,65354 which clearly contradicts the
possible promotion by the high-pressure conditions. However it was confirmed that
numerous free radical reactions are pressure-sensitive. The explanation can be found in
a non-straightforward mechanism,55-57 strongly dependent on the arrangement of the
interacting molecules in the liquid state.58 Many of radical reactions promoted by the use
of light or ultrasounds generate a significant number of free radicals. This obviously can

not be expected at high-pressure. More likely, the radical reactions which are accelerated
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by pressure, occur during a self-amplifying chain of events, which progress in short-

cycles (of initiation, propagation and termination) overall leading to reduction of AV.

1.3 Application of high-pressure in inorganic
chemistry

Pressure can be also successfully applied in the inorganic chemistry. One of the most
famous pressure-promoted reaction, without any doubt, is the Haber-Bosch process.5?
This process named after its inventors, German chemists Fritz Haber and Carl Bosch,
implemented in the first decade of the 20th century, is the main industrial procedure for
the production of ammonia today.®® However, this is not the only example of pressure-
accelerated synthesis of the inorganic materials. The application of high-pressure
significantly  simplified the production of metallic nitrides®-70  and
hydrides.”1-80 At the high-pressure, these compounds can be formed by the heating of a
pure metal in a chosen gaseous atmosphere. These findings provided not only valuable
information about the physical characteristics of those materials but also have extended

our understanding of the thermodynamics and dynamics of the process.81-83

The reactivity and direction of a chemical reaction at high-pressure mostly
depend on an electron configuration of metal cations. In the context of atomic orbitals, a
general division into open and closed-shell electron configuration can be made. The
closed-shell configuration, with a filled valence shell, is very stable and thus it can be
expected that high-pressure would induce a substitution reaction. According to the best
known classification, a substitution mechanism can be either of the dissociative (D),
interchange (I) or associative (A) type (Figure 3). During the D process an intermediate
of a lower coordination number is formed, while A involves a formation of a transition
state of higher ligancy. In the I mechanism, the bond formation and bond cleavage occur
simultaneously, however more associative (Ia) or more dissociative (Ia) nature of a
process can be distinguished. Obviously, high-pressure conditions will accelerate the

process decreasing the molar volume of reactants, in contrast to a dissociatively activated
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process of positive AV*. Itis also possible to observe a ligands-exchange reaction. In this
case, as the bond breakage and formation occur at the same time, only a small effect in
AV* can be expected (slightly negative AV* for I and a slightly positive AV* for Ia). It
has to be emphasized, that this interpretation is solely based on the consideration of
intrinsic volume contributions, like changes in bond lengths or bond angles, and
corresponds mainly to symmetric chemical reactions, such as solvent exchange. For
asymmetric substitution reactions, this process is frequently accompanied by major
changes in charge distribution, dipole moment and dipole-dipole interactions, so that the

volume changes are mainly due to electrostriction effects.*

Reaction: ML, X+ Y— ML,Y + X

Mechanism: ___ ; .y
Y Y
\J
(X + ML, + V) (XML, YY)

(X-~-MLy=Y)  (Y-~-MLy--X)

N/

ML,Y + X
D I I, A

Figure 3. Schematic diagram of possible mechanisms for the ligand (Y) substitution
reaction for the complex of metal (M), substituted with a number n of ligands (L) and
interchanging group (X). For the dissociative (D) and associative (A) mechanisms the
transition states indicate the degree of bond breakage or formation, respectively. For the
associative (Ia) and dissociative (I4) interchange reactions a precursor complex in pre-
equilibrium process is formed before the interchange of X takes place.
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On the other hand, metal ions of the open-shell configuration at high-pressure are
prone to the spin-state changes or even to transfers of electrons between ions due to
instabilities and switching between partly filled valence electronic states. Such
transformations can be triggered by high-pressure effect of increasing the overlap

between adjacent electronic orbitals, leading to redox reactions.

1.4 Solid-State reactions at high pressure

In general, solid-state chemistry is the field that includes a synthesis, structure, and the
determination of properties, all focused on solid materials, particularly on molecular
crystals. Hence the scope of topochemistry strongly overlaps with solid-state physics,
mineralogy, crystallography, ceramics, metallurgy, thermodynamics, materials science,
and electronics, with a focus on the synthesis of novel materials and their
characterization. One of the most effective methods for the synthesis of materials in a
solid form is mechanosynthesis. The term ‘mechanochemistry’ following the [UPAC
definition is a chemical reaction induced by mechanical energy and is mostly used in the
contexts of the solid-state processes and reactions initiated by any type of mechanical
treatment or involving reagents, which were preliminarily activated mechanically.8* The
mechanical energy can be also applied in a form of continuous and hydrostatically
applied pressure.8> The mechanical treatment improves diffusion, generates strains and
introduces structural, electronic and ionic defects in crystals.8¢ Moreover, if the heat of
reaction is small and a considerable difference exists between the summed specific heats
of reactants and products, is possible to reach a reaction equilibrium at some fixed
temperature and pressure, which can lead to completely new products above or under

these conditions.8”

Besides the molecules themselves are strongly affected by high-pressure. The
increased overlap between electronic orbitals can eventually result in delocalization of
electrons,88 broadening of the allowed energy bands and a decrease in magnitude of the

gaps of forbidden energy between bands,89-°1 leading to large changes in the outer
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electron shells under high-pressure.2 Moreover, since the orbitals with different
quantum numbers differ in shape, size and thus in their compliance to distortions, the
compression can lead to the displacement of orbitals. This effect has consequences in a
shift of energy from the empty m* orbital to the occupied m orbital, a change in relative
energy of d orbitals in transition metal complexes as well as in a change of interaction
energy between electron donor and acceptor (either in a molecular, or in a transition
metal complex). This transformation in the solid phase at high pressure was summarized
and connected to the Ehrenfest’s classification of phase transitions by Drickamer in

1972.93

Table 1. Dirickamer’s classification of high-pressure phenomena in solid-state.”3

Class I Class II Class III Class IV
First order First order electronic electronic
transition transition transition transition
Electronic Electronic Significant change in . :

Continues with
component component volume and/or . .
.. o increasing pressure
negligible significant structure
fcc— sc bcc = hep s—>d Spin changes in
Cesium, Rubidium open shell metals
KCl, KBr, KI Iron
(ferroto and Solid-state redox
paramagnetic s—d Reactions
transformation) Cerium and other Fe3+ to Fe2+
rare earth metals
fcc - hep Diamond — white disproportionation Reactive ground
tin and states of
Lead decomposition hydrocarbons
Silicon, Germanium, reactions

InSb, GaAs etc.
(semiconductor to
metal
transformation)

electron donor-
acceptor complexes

Rare earth salts
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According to this classification, Class I covers all events with atoms, ions, or
molecular rearrangements, however with no electronic implications to their structures.
Class II refers to all phenomena associated with polymorphism leading to a drastic
change in electrical or magnetic properties. Transformations of Classes I and II are of the
most common phenomena at extremely high pressure.®3-¢ Among them high-pressure
spin transitions attract a lot of attention, due to their wide spectrum of applications.?7-102
An example, well illustrating the features of Class II transformation can be found in a
nonphotomagnetic cyano-bridged Fe2*—Nb#* coordination polymer
Fe2*(pyrazole)4]2[Nb#*(CN)s]-4H20, which under compression becomes a pressure-

induced spin-crossover photomagnet.®”

Class III consists mainly of electronic transitions, which occur discontinuously and
are accompanied by a volume discontinuity. Typical earth metals such as Ca and Sr of fcc
structure at ambient conditions, transform under compression (to 20 GPa for Ca and 3.5
GPa for Sr) to the bcc structure, surprisingly reducing their coordination number.88 It was
explained however, that due to pressure-induced mixing of 3d and 4s orbitals, Ca and Sr
acquire the character of transition metals. Decomposition and solid-state redox reactions
are less frequently reported.193 The compression above 1 GPa of H3BO3 was sufficient to
induce a phase transition, followed by a chemical decomposition into cubic HBO2z and ice-
VI (transformed into ice-VII at 2 GPa). The large drop of volume and strong structural
changes in the layered triclinic structure of H3BOs, accompanying the decomposition,
suggests that due to the high activation energy a phase composition is highly dependent
on the specific pressure-time path followed by the sample104 A pressure-induced solid-
state disproportionation was found also in a-DmaFe2+Fe3+Fore (Dma = (CH3)2NH2*, For =

HCOO-) compressed in methanol or ethanol.105

Class IV contains new ground states established over a range of pressures, co-
operative phenomena, or events involving a continuous change in the degree of
configuration interaction. To this class, also some pressure-induced reactions in solids
can be included. The examples of dimerization and polymerization are often found in the
literature, as the tendency of the unsaturated molecules to form more saturated

polymers with extended structure, and higher density can be expected.106-111
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An exceptional example of the Class IV transformation, shedding a new light on the
behavior of aromatics compounds, was recently reported.112 A gradual compression of
syn-1,6:8,13-biscarbonyl[14]annulene leads to stabilization of the one of resonant
mesomers.112 Another example is carbon disulfide, where compression to 8 GPa leads to
a strong anisotropic structural distortion and increasion of the intermolecular S---S and
C---S interactions energy which results in the polymerization.113 An organic polyiodide
salt when compressed above 10 GPa, initially adds iodines to triiodide anion till discrete
heptaiodide units are formed, which on the further compression leads topolymerized
into a 3D polyanionic network.!* Numerous examples of izomerisation115-118 or
substitution119-129 can also be found in the literature.103 The reduction of oxidation state
in iron ions has been evidenced in pressure-induced reaction leading to a series of oxides
Fe20s3, Fe304, Fe40s and FeO presently regarded as the engine of chemical transformation
in the crust of our planet.130 Interestingly, Prussian Blue, ferric ferrocyanide, along with
increasing pressure is capable for the electron transfer between iron atoms of two
oxidation states.102131132 This complicated process consists of several steps, where the
first one is a reduction of high spin Fe(III) by the electron transfer from the ligand, which
is followed by a transfer of an electron from the low spin Fe(II) ion to high spin Fe(III)
through the cyanide bridge. This results in an increase of high spin Fe(II) content at the
site coordinated to the nitrogen and leads to the production of low spin Fe(III) at the site
coordinated to the carbon.131.133 Similar effect was observed in Cs2[PdX4]-I2 (X = Cl, Br, or
[),134 where Cs2[Pd2+I4]-12 reacts to Csz[Pd**Is] at 2.5 GPal34 and a-DmaFe2+Fe3*Fors

(Dma = (CH3)2NHz*, For = HCOO-) compressed in glycerol.105
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1.5 Purpose and goals

According to the concepts of ‘green’ chemistry, modern science is focused on improving
existing, and exploring new techniques leading to sustainable synthesis of chemical
compounds.135>-137 Traditionally, new materials are produced by solvothermal and
solution-based methods. However, both these approaches require considerable amounts
of energy and generates a lot of wastes. Some of these problems can be overcome by
taking the inspiration from nature. Mankind has always dependent on mineral resources,
many of which were formed in the unique high-pressure and high-temperature
environment in Earth's crust. What is more, the energy required for compressing a
sample to a considerable pressure of about 500 MPa (5 times higher than that at the
bottom of the Mariana Trench) is a small fraction, about an order of magnitude less,
compared to the energy needed for heating the sample by about 70 K. The high-pressure
technologies clearly paved their way in the food industry, where pressure up to nearly
1000 MPa is routinely used for preserving the products, without loss of the edibles
qualities. Thus, in my work, I was interested in mimicking such extreme conditions, in

order to synthesize novel materials.

The results of the research performed within my PhD have been published in a
series of 18 papers; seven of them have been chosen for describing my main
achievements. These 7 articles, labeled R1-R7, are listed below and their copies are
included in Appendix B. Several types of transformations described in this thesis are
schematically presented on Figure 4. Some of these reactions (2, 4, 5, and 6) require the
dissolution of substrates, while reactions 1 and 3 are solid-solid transformations. I have
studied the reactivity of different systems, such as inorganic, reactions 4 and 5, the
reactions of hybrid inorganic-organic materials (1, 2, and 3), as well as the exchange
reaction of the disulfide bond (6). In my thesis, [ was focused on the general description
of the subject, | have avoided repeating the material of articles R1-R7 and I have referred

to their figures, tables, and sections.
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Figure 4. Main types of chemical reactions performed within this thesis.
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Each of my articles describes in detail the experimental and theoretical methods applied
in my research. Thus, in the following sections I will only briefly summarize the

experiments and calculations.

2.1 High-pressure apparatus

Although the diamond anvil-cell (DAC) was invented over 60 years ago, this simple device
remains to be the most efficient for generating high static pressure. Numerous different
DAC designs have been used since then.138-141 [n my work I applied mainly a Merrill-
Bassett DAC,? modified by supporting the diamonds directly on the steel discs with
conical windows. Owing to the large spectral transparency of the diamond and low
absorption of X-ray and neutrons, the DAC can be used for in-situ direct observations of
a sample and for investigation of its structure by diffraction methods as well as by
complementary UV-VIS, IR or Raman spectroscopy.142 There is a vast literature dedicated
to the DAC designs and their applications and this ingenious device has been described

only briefly in my thesis.
The simplest construction of the DAC consists of (Figure 5);

e Force-generating component — screws or an externally controlled gas
membrane;

e Two opposed diamond anvils (D) supported on discs (DS);

e A steel gasket (G).
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Figure 5. (a) A cross-section of the DAC with a solid sample, a ruby and a pressure-
transmitting medium (PTM) inside a metal gasket (G). The force on diamonds (D),
directly mounted in supporting discs (DS), is generated by tightening the screws; and (b)
single crystal of (H30)PblI3-4H20 crystallized at 0.11 GPa, a ruby sphere for pressure
calibration lie by the upper edge of the gasket.

The preparation of a high-pressure experiment starts with mounting a solid sample,
together with a pressure calibrant, inside a spark-eroded hole in a metal gasket, placed
between two diamonds. The gasket used for my experiments was made of a thin stainless
steel foil or tungsten, 0.3 mm thick, with a hole of 0.45 mm in diameter. The remaining
volume filled by a liquid, allows for transferring uniformly force generated by diamonds
and also, when it was needed, acts as a solvent. Pressure was calibrated by the ruby-
fluorescence method, which is based on the redshift of the two narrow bands (692.8 and
694.2 nm at ambient conditions) of ruby fluorescence, occurring due to the presence of
Cr3+ ions.143144 The fluorescence of the ruby chip excited with a laser of A = 532 nm, was
measured with an enhanced-resolution Photon Control spectrometer. For high-pressure
studies at elevated temperatures, an internal DAC heater was used. Due to the mounting
the heater directly on the diamonds, the temperature was transferred to the studied

sample with negligible heat losses.
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For experiments in compressed liquid phase, a high-pressure piston-and-cylinder
device was used, where pressure is generated by using a manually operated hydraulic
press. The experimental chamber was enclosed in a cylindrical steel vessel supported
mechanically by two outer steel shells and closed from below by a stopper supported on
a detachable bottom. To ensure the constant starting volume of 9.80 ml, the pressure
vessel was equipped with a neck with an overflow outlet. Both the piston and the stopper
were sealed by wedge-type brass seals and rubber or Teflon O-rings.14> All this piston-
and-cylinder experimental setup was produced at the Institute of Physical Chemistry of

the Polish Academy of Sciences in Warsaw.

2.2 “Labin a DAC”

The DAC is a versatile multi-purpose apparatus adaptable for various types of
experiments.8> However, to use it as a high-pressure reactor I had to develop a procedure,

according to which I could operate on reactants in micromolar scale.

First, each of substrate’s single-crystals, of Vsidi / Msi (Vsi, di and Msi are the grain
volume, density and molecular weight of substrate, respectively) was precisely measured
under the microscope and selected to obtain the required molarity (Figure 6). Next,
crystals were loaded into the DAC together with a small ruby sphere, filled with a solvent

and sealed. The solvent volume (Vso1) was calculated as follows:
Vsor = Vpac — [(Vsi + Vais) + Vi ],

were Vpac is the DAC chamber volume, and V' is the volume of the ruby sphere, and the

molar concertation (ci) of substrate No. i is:

¢ = (Vsi X dgi/Mg;)/Vsor.
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Figure 6. (a) Olympus MVX10 microscope used for substrates measurements before they

were loaded into the DAC; and (b-c) single-crystals of homodimeric disulphides.

The chemical and physical properties of the used solvent, are an important
element for obtaining reproducible results under the hydrostatic pressure in a DAC. The
PTM can greatly affect the reaction mechanism and thus change its outcome. Many of
common solvents, such as benzene, t-butanol, dimethyl sulfoxide or cyclohexane, quickly
solidify at elevated pressure at room temperature, as the pressure tends to increase their
melting points of about 15-20°C per 1 kbar.# The viscosity of liquid also increases
approximately twice every kilobar, which can strongly affects the reaction. Moreover, the
polarity of the solvent has an enormous influence on the electrostriction volume. For
example, in the non-polar solvents, during the reactions with ionic species, the
electrostriction effect is usually magnified. On the other hand, in the polar solvents,
usually denser than non-polar ones because of the interactions between the molecules
themselves, this effect cannot lead to a significant decrease of AV.7

Particularly important is the temperature control over during the high-pressure
reactions. In my experiments, the solid substrates, loaded into the DAC chamber, were

dissolved by increasing the temperature by an internal DAC heater. This device,
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developed in our group, can be mounted directly on the diamond allowing for an accurate
(up to 0.2°C) control over the temperature inside the chamber.

The optimization of the reaction conditions, due to the quick analysis of the crude
solid recovered from DAC, was possible by the application of a mass spectrometer using
the direct injection probe (described in section 2.4). The reaction conditions were
optimized by repeating the reaction several times for different concentrations, solvents,

pressures and temperatures.

2.3 Structural studies

X-Ray diffraction experiments at high pressure were carried out on a 4-circle KUMA KM4
and Oxford Diffraction Xcalibur Eos diffractometers with graphite-monochromated
MoKa (A = 0.71073 A) radiation and a CCD detector. The DAC was aligned with a gasket-
shadow centering procedure.146 The reflection intensities were corrected for the DAC
absorption and gasket shadowing, and the diamond-anvils reflections were

eliminated.147.148

The ambient-pressure structural experiments were performed on SuperNova CCD

diffractometer equipped with X-ray micro-source (Cu Ka=1.54178 A).

Low-temperature structural studies were performed on Xcalibur EOS CCD
diffractometer with a CryoStream attachment cooling a sample with the stream

of gaseous nitrogen down to 100 K.

For the collection and reduction of data program CrysAlisPro was used.14? The
structures were solved by using direct methods in program SHELXS and refined by full-

matrix least-squares with SHELXL!>? implemented in the OLEX2 interface.15!

Powder X-ray diffraction (XRD) measurements were performed on a Bruker AXS
D8 Advance diffractometer equipped with a Johansson monochromator (CuKal =

1.54060 A) and a silicon-stripe LynxEye detector.
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2.4 Complementary characterization method

DSC measurements were performed on a Mettler-Toledo DSC823 module in sealed
aluminum crucibles (40 pL), heated in flowing nitrogen (150 mL min™1) at a rate of
10°C min™1. TG measurements were performed on a Mettler-Toledo TGA/SDTA 851

module in sealed aluminum crucibles (40 uL), heated at a rate of 10°C min™1.

Mass spectra were recorded with a Bruker 320-MS tandem triple quadrupole
mass spectrometer using the direct injection probe (DIP-MS) method. This technique is
based on the introduction of a sample directly into the ionization chamber, followed by
their vaporization and eventual ionization by the electronic impact. Because it is often
mentioned as a fast alternative for samples that do not require gas chromatographic
separation,152 this technique has been applied as an alternative method of analyzing

crude solids directly recovered from the DAC.

The 13C NMR spectra were collected on Varian VC NMR-S 400 MHz spectrometer.
Spectra were corrected accordingly to the used solvent and processed in the MestReNova

program.

2.5 Quantum mechanical calculations

The quantum-mechanical calculations have been carried out in order to investigate the
thermodynamic behavior of the molecules, interplay between molecular conformation
and intra- or intermolecular interaction on the potential energy. The calculations on
molecular systems were performed using Gaussian software.!>3 This widely used
program, utilizes fundamental laws of quantum mechanics to predict energies, molecular
structures and spectroscopic data (NMR, IR, UV, etc). It has the ability to use DFT, semi-

empirical, perturbation and many other methods.
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3

Results

My research was aimed at understanding and applying the high-pressure
transformations in various materials, to modify their structure and properties. I
investigated both, inorganic and organic systems, either in the compressed solid and in
the liquid state. I chose the materials that represent the abovementioned fundamental
classes and were mainly studied at normal conditions, in order to describe their behavior
and possible reactivity under high-pressure, and to find and describe the mechanisms of
their responses. Accordingly, in my thesis the reactions occurring in the solid-state, such
as in closed-shell hybrid metal-organic coordination polymer: Cd(APP)2NO3-NO3 [APP =
1,4-bis(3-aminopropyl)piperazine], described in Pétrolniczak, A.; Sobczak, S.; Katrusiak,
A. Solid-State Associative Reactions and the Coordination Compression Mechanism.
Inorg. Chem. 2018, 57 (15), 8942-8950 (hereafter referred as R1) are discussed along
the reactions in an open-shell compound a-DmaFe2*Fe3+Fors (Dma = (CH3)2NHz*, For =
HCOO-). The discussion is further explored by the liquid-mediated redox reaction a-
DmaFe2*Fe3*Fors leading to the precipitation of DmasFe2+3Fe3*Fori12:CO2 crystals, stable
at the ambient conditions, published as Sobczak, S.; Katrusiak, A. Environment-
Controlled Postsynthetic Modifications of Iron Formate Frameworks. Inorg. Chem. 2019,
58 (17), 11773-11781 (R2). The topic of high-pressure reactions in compressed liquid
environment has been extended by the reactions in compressed saturated solution of
Pbl: in concentrated HI. Was included in Sobczak, S.; Fidelli, A.; Do, J.-L. Demopoulos, G.;
observation of hydronium salts of the Pblsz~ anion through high-energy isochoric
synthesis at elevated temperature and pressure. ChemRxiv - archived 2021 (R3). Next,

the aryl disulfide exchange reactions at high-pressure, have been investigated and
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described in two articles: Sobczak, S.; Drozdz, W.; Lampronti, G. I.; Belenguer, A. M. A,;
Katrusiak, A.; Stefankiewicz, A. R. Dynamic Covalent Chemistry under High-Pressure: A
New Route to Disulfide Metathesis. Chem. - A Eur. J. 2018, 24 (35), 8769-8773 (R4); and
Sobczak, S.; Ratajczyk, P.; Katrusiak, A.; Squeezing out the catalysts: the disulfide bond
exchange in aryl disulfides at high hydrostatic pressure ChemRxiv - archived 2020,
doi.org/10.26434/chemrxiv.13160996.v2 (R5). The explanation of the high-pressure
phenomena accompanying the disulfide exchange reaction, has been described in two
articles: Sobczak, S.; Katrusiak, A. Colossal Strain Release by Conformational Energy Up-
Conversion in a Compressed Molecular Crystal. J. Phys. Chem. C2017,121 (5),2539-2545
(R6) as well as Sobczak, S.; Ratajczyk, P.; Katrusiak, A.; High-pressure nucleation of low-
density polymorphs Chem. — A Eur. J. 2021, 10.1002/chem.202005121 (R7). The series

of publications R1-R7, constituting this thesis, are enclosed in Appendix B.

3.1 Pressure-induced reactions of solids

As stressed in Introduction, the behavior of the metal-containing compounds at high-
pressure strongly depends on electron configuration of the valence shell. The
substitution reactions of complexes, frequently observed and described for a liquid
environment, were also reported in the solid state.61.133.154 However mechanism of such
pressure-induced reactions was not fully understood. From many experimental and
theoretical studies, a clear perspective emerges on the factors determining the
transformations in response to the squeezing of an ambient-pressure molecular solid.
The first set of reliable rules, allowing to predict the possible reactions in compressed
solid, were constructed by Prewitt and Downs.!>> Their original concept of 9 rules of
thumb, was further broaden by Grochala et al.1>¢ This huge and thorough background
provided us with valuable information we applied in the search of the underlying

mechanism of complexes reactions at high-pressure.

Article R1 describes Cd(APP)2NO3-NOs, a closed-shell metal-based coordination

polymer with a guest counter-balancing the charge of the framework. Its structure
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possesses all structural features according to which the increase of coordination number
can be predicted: (i) the presence of a potential ligand in the close vicinity of (ii) a closed-
shell metal cation; which is (iii) coordinately unsaturated and capable of increasing its
coordination number. The synthetic procedure for Cd(APP)2NO3-NO3 as well as the
crystal structure with its topological features have been described in details in article R1.
Figure 2 in R1 shows the anomalous change in the unit-cell parameters in
Cd(APP)2NO3:NOs as a function of pressure. During the isothermal compression to 0.4
GPa a significant drop in the unit-cell volume of 80 A3 (Table 1 in R1) was observed. The
structural determinations revealed a transformation between the low-pressure phase
Cd(APP)2NO3:NOs3 and high-pressure phase Cd(APP)2(NOs)2. The strong strain caused by
the significantly reduced distance between Cd?* and NOs3- resulted in fragmentation of
the crystal sample. The formation of a new bond increases the Cd-coordination number
from 6 to 7, which is connected with systematic changes of the coordination polyhedron:
the six original Cd-N and Cd-0O bonds become somewhat longer and angles between
them decrease in order to accommodate the seventh bond (Figures 3a and b in R1). The
formation of additional Cd-0 coordination bond can be classified as associative type of

substitution mechanism.

My detailed survey of the Cambridge Structural Database!>7 revealed numerous
other examples of similar reactions leading to the increased coordination number under
high pressure in the solid-state. The analogous transformations occur also at low-
temperature, which is consistent with the rule of inverse pressure and temperature
effects?>8 (Figures 4 and 5 in R1). Moreover, all these transformations consistently
indicated a common reaction mechanism, which could be associated to the radius-ratio
rule of Gustav F. Huttig, often attributed to Goldschmidt or Pauling.15? In the structural
model the metal cation and its ligands, anions or atoms, are treated as sphere with
characteristic radii. The compression affects the system by reducing atomic radii,
however, the anions are more compressed than the cation at the center, because
electrons in anions are further away from the nucleus due to the excess of negative
charge, while the electrons in cations are strongly affected by the nucleus. Moreover, the

another sphere of the anions protects the central cation from the effect of pressure. The
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different compression of cation and anions reduces the ratio of anionic-to-cationic radii
which explains the high-pressure tendency for association reactions coupled to an
increase of a coordination number. The reduced ratio at some point of compression

favors the increased coordination number achieved by associative substitution.

A different behavior at high-pressure was expected for the open-shell metal
cations like Fe?* and Fe3* in a-DmaFe?*Fe3*Fors. Its high-pressure study has been
reported in article R2. Due to the presence of a short linker capable to mediate electron
transfers between two Fe-atoms of different oxidation states, this compound revealed
several possible transformations (Figure 1 in R2). We have found that a-
DmaFe2*Fe3*Fors does not dissolve in Daphne Oil 7474, 2-propanol and glycerol, which
are the pressure transmitting media (PTM) frequently used in high-pressure research
due to their high hydrostatic limits.160-162 [n all these three media a-DmaFe?*Fe3+Fors can
be compressed up to 1.40 GPa without inducing anomalous changes in the crystal
structure, as illustrated in Figure 3 of R2. Above this pressure point, two different
transitions occur, depending on the applied PTM. In Daphne Oil 7474 and in 2-propanol,
the a-DmaFe2*Fe3*Fors crystal transforms, above 1.40 GPa, to a new high-pressure phase
y. The full description of the a to y phase transition has been described in detailes in the
section “Compression in Oil and in Isopropanol” of article R2. It must be stressed that
this transition has a dual nature, of reconstructive and order-disorder types. The
pressure-induced bond isomerization occurs due to the change in configuration of every
sixth formate anion from anti-anti to anti-syn (Figure 5 in article R2). This reduces

volume of the voids and stops the rotations of Dma counter-cations in phase y.

The compression of a-DmaFe2*Fe3+Fors in glycerol, above 1.40 GPa, in a reversible
process induces the reduction of all Fe3+ cations, and below the critical pressure the
crystal transforms back to phase a. The transformation can be observed visually, as the
black crystals become transparent, starting from the crystal edges, and this change is
progressing toward the center of the compressed crystal (Figure 7 in R2).
Simultaneously, in the diffraction pattern new reflections appear, and the solution of this
new structure revealed compound hp-DmaFe2+Fors of the trigonal space group R3c (a

detailed description can be found in the Supporting Information to article R2 as well as
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in the section “Squeezing Dma off a-DmaFe?*Fe3+Fors in Glycerol’ in R2). The
occurrence of the reduction reaction is corroborated by the charged balance between
Dma* cations, for anions and Fe atoms, as well as by the length of Fe2*-0 bonds (Figure
2 in R2). Remarkably, this high-pressure phase of DmaFe2+Fors is identical, in all terms
of chemical, structural and physical features, with that obtained at ambient conditions
(Figure 3 in article R2). It appears that different stability regions of these phases
determined in different experiments are due to different crystal environment, e.g. the
PTM in the high-pressure experiment. The mechanism for this reversible reduction was
rationalized by the “breathing-like behavior” associated to a partial “zone-collapse”163 of
the a-DmaFe?+Fe3+Fore structure, as no new Bragg reflections other than those from hp-
DmaFe?*Fors could be found in the recorded diffraction images (Figure S1 in the
Supporting Information of R2). The more profound understanding of the reaction
reversibility requires additional data and investigations with complementary high-

pressure techniques.

3.2 Pressure-induced reactions in solutions

Some structural analogies between a-DmaFe?*Fe3+Fors and Prussian Bluel®4 justify the
assumption that the dissolution of this material can change the Fe oxidation states. At
ambient conditions, a-DmaFe?*Fe3+Fors hardly dissolves in simple alcohols, like
methanol or ethanol. Although the solubility of most substances decreases at the high
pressure,16> we found that single crystals of a-DmaFe2*Fe3*Fors can be compressed in
both these alcohols only to 1.10 GPa, above which the dissolution starts. The dissolution
process is followed by the precipitation of small green cubic crystals (Figure 8 in R2).
These new in situ grown crystals survived the pressure release and could be recovered
to the ambient conditions. The structural analysis by the X-ray diffraction revealed the
formation of DmasFe2*3Fe3+For12:CO2, analogous to Mn3*, Fe3*, Al3*, Ga3* and In3*
formates, synthesized previously at ambient conditions (Figure 8 in R2). Their crystal

structure is similar, however there are several significant chemical differences. Most
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apparent is different oxidation state of the metal center. In DmasFe2+3Fe3*Fori12:CO2, Fe2+
and Fe3* cations are in the 3:1 ratio. In the compounds reported before,1%¢ all metals are
at the (III) oxidation state. The mixed oxidation state of cations in
DmasFe2+3Fe3*For12:CO2, similarly as it was done for hp-DmaFe?*Fors, has been
established according to the charge balance of the whole network as well as to the Fe-0
bond lengths, directly corresponding to the weighted average distance of
[3Fe(1I)+Fe(Ill)]/4---O (Figure 2 in R2). Another difference is the contents of voids. In
DmasFe2+3Fe3*Fori2:CO2 the neutral CO2 molecules and Dma cations are trapped in the
framework, while in the M3+ analogues their voids are occupied by molecules HCOOH,
H20 and COz. The presence of COz in DmasFe?*3Fe3*For12:CO2 molecules is consistent
with the voids volume and with the number of electrons (e’) located inside and
determined by the SQUEEZE algorithm implemented in Platon.167 It should be stressed
that the reaction took place in the sealed DAC chamber, which is a closed system and no
other elements than C, N, O, H and Fe can be found inside. The linear conformation and
molecular dimensions of the refined CO2 molecule perfectly match the peaks in the
electron-density map. The determined C=0 bonds, as well as the 0=C=0 angle, agree with
those in the CO2 molecule and at the same time the observed dimensions are inconsistent
with those in the formate anion or the formic acid molecule. The results observed for a-
DmaFe?*Fe3+Fore clearly indicated that the liquid-mediated high-pressure reactions can
provide means to access the new forms of the materials which are unattainable by the

conventional methods.

The recent development of the solar-cell devices has inspired the extensive
studies on the existence of iodoplumbic(Il) acid. It was attempted in multiple
investigations to prove its existence, however to this point the acid composition and

stability remained controversial.168169

Goldschmidt’s classical Tolerance Factor (defined as TF = 1y + 1y /v 2(ry + %),
where ra, rv and rx represent the radii of cation, metal and halide ions, respectively) is
often used to predict the dimensionality of either hybrid or inorganic halide perovskites
system.170 The TF values between 0.8 < TF <1 favor the stable 3-dimensional (3D) AMX3

perovskite structures, while those out of this range promote structures of lower
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dimensionalities: 2D, 1D or 0D.171-173 As it is highly unlikely to observe a free form of
proton in the aqueous solution (H*) due to its extremely high charge density
(» 2-101%times that of Na*), the probable structure of iodoplumbic(Il) acid can be
supported only by the hydronium cation Hs30+*. The TF factor estimated for that
iodoplumbic(Il) acid, assuming the effective ionic radius of hydronium cation as 100
pm,174 equals 0.667. That suggests that at ambient conditions that material, supported by

the hydronium cation, will be rather unstable.

Thus, we have focused our investigations on the effect of the ball milling and high-
pressure, both using the mechanical energy, on the reaction system of Pblz dissolved in
concentrated aqueous HI, hoping that the energy introduced to the system in this way
will result in the formation of the desired product. As the result of the milling
experiments, we have obtained crystalline compound (H30)2Pbsls-6H20 (Figure 1 in
article R3). This material was reported before, yielding of the gas phase reaction of HI
with Pbl2.175> The structure of (H30)2Pbslsg:6H20 consists of trimeric chains of [Pbslg]?-
with water molecules between these chains. Nevertheless, the compression to 0.11 GPa
of this same starting system, of Pblz in concentrated Hl(aq), resulted in the formation of a
new (H30)Pbl3-4H20 salt (Figure 1 in article R3). The structure of (H30)PblI3-4H20 is built
of the polyanionic Pbls- tapes extending in one dimension, in the form of dimeric, edge-
sharing chains and of intercalated H20 and H30* molecules. The structure of
(H30)PbI3-4H20 represents the NH4CdCls-type double-chains topology, isostructural to
other one-dimensional iodoplumbate structures incorporating for example ammonium,
cesium and rubidium cations (NH4Pbls, CsPbls and RbPbI3).176-178 However, in
(H30)PbI3-4H:20 the negative charge of the framework is counterbalanced by hydronium
cations. Although the presence of heavy atoms in the structure hinders the precise
location of hydrogen atoms and makes it difficult to distinguish water molecules from
H30+* cations, it is reasonable to assume that the H30+* cations form the shortest contacts
to the iodine anions (Figure 2b in article R3). When the pressure is increased above 1.20
GPa, a new hydronium salt, (H30)Pbl3-3H20, crystallizes (Figure 1 in article R3). This new

compound is based on identical polymeric anions with the edge-sharing Pbls-octahedra,
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like those in (H30)Pbl3-4H20, but with a lower content of water between the anionic

sheets (Figure 2c in article R3).

Interestingly, the stability region favoring the existence of the hydronium salts is
clearly distinguishable (Figure 5 in article R3). Above 1.2 GPa and at temperature above
420 K, a pink-colored crystalline material (Figure 4 in article R3), different from the
colorless crystals of (H30)PblI3-4H20 and (H30)PblI3-3H20 is formed. The X-ray diffraction
measurements for this crystal at 2.05 GPa and above 320 K, revealed a new polymorph
of Pblz, hereafter denoted as the polymorph . The high-pressure 3-Pblz, unlike the well-
known 2D layered Pblz structure (a- Pblz), assumes a three-dimensional (3D) framework
of alternating six- and seven-coordinated lead cations. The opposite side of the
hydronium salts stability region is revealed by a single-crystal-to-single-crystal
transformation from (H30)PblI3-4H20 to [H30]2x[Pb1-xI2]-(2-2x)H20 (Figure 3 in article
R3), while the pressure is released to 0.1 MPa.

The successful pressure-induced reactions in the hybrid, as well as in the purely
inorganic systems, encouraged us to attempt on triggering the organic reaction. Our
interest focused on disulfide exchange reactions, which are intensely studied due to their
potential applications. However, these reactions require long equilibration times, often
combined with the use of a strong base or a reductor to induce an attack of a free thiolate
at the disulfide bond.17° Only recently some progress towards more environmental-
friendly methods has been achieved.180.181 Improved methods of green chemistry require
the exploration of new paths leading to reactions of high conversion rates, decreased
amount of used energy and minimal amounts of necessary reactants.!35-137 Qur first
attempt to induce an exchange reaction was undertaken on the two homodimeric aryl
disulfides: bis(4-chlorophenyl)disulfide and bis(2-nitrophenyl)disulfide, described in
article R4. At ambient conditions in order to obtain high yield, this reaction needs to be
conducted under mechanical grinding with a base catalyst 1,8-diazabicycloundec-7-ene
(DBU). On the contrary, the solution-based methods for this process, result in almost
perfect equilibrium between substrates and products (Figure 1 and Supporting
Information in article R4), accelerating after application of the reducing agent combined

with an excess of heat. For the high-pressure reactions, an equimolar amount of both
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homodimers were used and by strictly following the same reaction procedure we have
conducted 21 reactions in various conditions of pressure, temperature and different
solvents environments (for molarity calculations and reaction procedure see Supporting
Information in R4 and “Reaction procedure and optimization” section in R5). We found
that by changing the molar concentration of substrates we were able not only to obtain
almost 100% conversion to the heterodimeric product, subsequently grown in the form
of single-crystals (Figure 2 in R4), but also by modifying the solvent chemical character
(from polar protic to polar aprotic), we could control the polymorphic form of the

product.

In order to fully understand the mechanism of exchange reactions at high-
pressure, we have extended our original investigation to another 15 different
homodimeric aryl disulfides described in article R5. The variety of substrates, differing
in the types, positions, and chemical character of substituents (Figure 1 in R5) were
combined together to produce an overview of high-pressure reactivity, illustrated in
Figure 2 in article R5. The obtained 21 different heterodimeric products provided the
basis for understanding the pressure-induced disulfide bond exchange mechanism.
Contrary to the previously postulated mechanism of [2+2] metathesis, our high-pressure
results confirm that this reaction occurs according to the radical-mediated
mechanism.182 [n this model the high-pressure conditions allow to overcome the
energetic barrier needed to the cleavage of a disulfide bond and formation of two sulfur-
centered radicals (Scheme 1 in R5). Of course, the homolytic disulfide bond dissociation
is a process connected with the volume expansion and undoubtedly it is a rate-

determining step.

Our previous studies on one of the most basic representatives of aromatic
disulfides, di-p-tolyl disulfide described in article R6, has shown that at high-pressure
disulfides can absorb a significant amount of energy due to conformational changes. The
isothermal compression of the ambient-pressure phase a di-p-tolyl disulfide induces a
first-order transition to phase  at 1.60 GPa, which differentiates the conformers of
molecules. On the other hand, the isochoric recrystallization already at 0.45 GPa results

in the formation of a new polymorph y (Table 1 and Figure 3 in article R6). In the
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structure of polymorph v, all shortest intermolecular contacts S---H and C---C (Figure 7 in
R6) are longer compared to those in phases a and (3. This expansion of all the shortest
contacts results from the strong conformational conversion, after which the molecular
shape is better suited for closely packing in the crystal. However, this conformational
conversion requires the energy, provided when the compound is dissolved at high-
pressure. These results show, that even high-energetic barriers of conformers can be
overcome by the high-pressure treatment. It suggests that the higher potential energy
(Ep) conformers can be regarded as steps reducing the distance to the next E, barrier
required to dissociate the disulfide bond, which is necessary for the reaction to

occur.183,184

In order to investigate if the disulfide-exchange reactions at high-pressure occur
under thermodynamic or kinetic control, we performed a series of experiments on
compressed solutions, where several homodimeric systems (corresponding to the
successfully performed reactions in the DAC) were well mixed, and in the next stage,
compressed in the piston-cylinder press (details are described in the Supporting
Information in R5). The amounts of heterodimeric products traced by 13C-NMR, before
and just after the sample was compressed (all related spectra can be found also in the
Supporting Information in R5), showed that while four systems equilibrated already at
ambient conditions, in seven others the product was not formed. Moreover, the
compression accelerated the conversion to heterodimers in only one of the attempted
reactions. That result, somewhat surprising, contrasts with the calculated reaction
volume diagrams (Figure 3 in R5). According to the van der Waals volume calculations
(for details see the Supporting Information in R5), in most reactions the product is
smaller than at least one of the starting substrates. It seems reasonable to assume that
the volume reduction of -8.26 A3, calculated between the substrate and product molecule,
is not enough to compensate the reaction volume (AV°) gain, associated with the

formation of radicals.

For explaining the nature of this phenomenon, we have focused our attention on
the reactions conducted in the DAC, with a special concern for the solid form of obtained

products. Using the example of bis-3-nitrophenyl disulfide described in article R7, we
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have investigated the process of high-pressure crystallization (described within this
thesis in section 2.2 as well as in the “Experimental’ section in R7 and “Reaction
procedure and optimization” in R5). Following the same protocol as it was applied for
the crystallization of reaction products, we obtained two new polymorphs 8 and y of bis-
3-nitrophenyl disulfide (Figure 1 and Table 1 in R7). Both these new polymorphs display
characteristic features of kinetic polymorphs, such as: (i) lower symmetry; (ii) lower
density and (iii) higher number Z' of symmetry-independent molecules; as well as (iv)
higher potential energy of the conformers, compared to those obtained under dynamic-
regime. Interestingly, polymorph A, the product obtained in a high-pressure reaction in
isopropanol described in the article R4, also displays all characteristic features (i-iv) of
the kinetic polymorph. That led us to the conclusion that the nucleation occurring under
high-pressure/high-temperature conditions, is the crucial point for initiating a high-
conversion rate of the disulfide exchange reactions. As described in section “Control by
the Entropy” of article R5, the full conversion to heterodimeric disulfide originates from
an entropy-driven kinetic process (Figure 4 in R5). The system maximizes its entropy at
high-pressure and high-temperature, which is achieved when the dissolved and
conformationally differentiates substrates start to dissociate into the sulfenyl radicals.
Then the reaction follows to minimize the reaction volume, which leads to the formation
of the product. By reducing the temperature, the kinetic regime of precipitation is
imposed. The nucleation takes place in the extreme conditions for the highly excited
molecules, which can be described as the high-entropy environment, hence the high-
entropy nucleation (R4). Naturally, for equilibrium reactions, there must be some
systematic factor favoring the desired product. In this case of disulfide exchange
reactions, this is the increased dipole moments of the heterodimers, compared to the
dipoles of homodimeric substrates, that favors the nucleation of the products due to the
stronger electrostatic attraction. Once the nuclei of heterodimeric products are more
likely to be formed, the reaction equilibrium is shifted and the conversion rate increases.
This stokes up on the kinetic crystallization that preserves in the crystals the high-
entropy features and high-E, conformers nucleated at extreme conditions of high-
temperature and high-pressure environment. Moreover, due to the increased viscosity

of the solution under high-pressure, the time scale required for the kinetic crystallization
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expands compared to normal conditions. The described process provides the molecular-
level illustration of Ostwald’s rule of stages. The process of the entropy-driven
equilibrium redistribution has been described in section “Control by the Entropy” in
article R6 and nucleation leading to kinetic polymorphs in section “Discussion” of article

R7.
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4

Conclusions
=====%GC§35§?DF=====

In the series of 7 publications, I have shown how the high pressure can be used for
inducing a chemical reaction, leading to new materials. The described examples illustrate
that high pressure is an efficient stimulus activating reactions of organic, inorganic and
hybrid organic-inorganic systems, to the point that the catalysts, indispensable at
ambient conditions, are no longer needed. The detailed investigations of several reaction
systems in the solid and liquid states, by combining several analytic methods, allowed
me to better understand the observed processes and to apply this understanding in

practice. Some of the most significant results of this thesis are summarized below.

The structural changes and chemical reactions in the closed-shell metal
coordination complexes can be predicted based on the pressure dependence of the radii
of metal cation and ligands, according to the radius-ratio rule, with consideration of the
arrangement of ligands around the central cation, and the presence of other potential
ligands in the vicinity of a metal cation. High-pressure can increase the coordination

number of cations in those systems, without changing their oxidation state.

One of the unexpected results of my research was the observation of the effects of
the pressure-transmitting media on the solid-state transformations, so far connected
with the sample material only. The introduction of an open-shell metal cation
coordinated by ligands capable to mediate an electron transfer can lead to a variety of
pressure-induced transformations, depending on the liquid environment. The
compression of a-DmaFe2*Fe3*Fors resulted in three different types of transformations:

(i) order—disorder and displacive reversible phase transition (between phases a and y);
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(ii) reversible chemical reaction involving the reduction of Fe3* cations (yielding
DmaFe2+*Fors); and (iii) irreversible redox reaction with reduction of organic ligands,
leading to single-crystalline DmasFe2+3Fe3+Fori2:CO2. While the reactions involving the
closed-shell metals lead to increased coordination number and can be conducted in the
solid-state or via the liquid state, as observed for Cd(APP)2NO3-NO3 and Pbl2 dissolved in
concentrated Hlq), respectively, the high-pressure redox reactions depend on physical

and chemical properties of the liquid environment.

The example of a system extremely sensitive to the external stimuli, depending
not only on the acidity, iodine and water contents as well as the pressure and
temperature, was found in the series of structurally closely related lead halide Pbl2
polymorphs o and 3, as well as their hydronium salts. All these structures consist of the
Pbls octahedra shearing edges in common polymeric sheets (2D) and ribbons (1D) Pb-I
bonded motives, consisting of the scaffolds for all of those structures. The weakest of the
cohesion forces occur between the polyanions. In all these related structures the close
positions and short contacts of the electronegative iodine atoms lead to the high
susceptibility of the interanionic regions to the compressed environment. We have
shown that the compensation of these electrostatically unfavored close locations of
iodine atoms can be achieved by the intercalation, either by water molecules and/or by
hydronium cations that form OH---I- and OH*:-'I- hydrogen bonds. In this way, the sort [---]

contacts between polyanions are eliminated.

In the disulfide exchange reaction, we have successfully applied a novel approach,
where the effect of pressure was used instead of catalytic or reducing agents. We have
presented the explanation for the radical-mediated mechanism of this reaction at high-
pressure, by connecting it to the effects of increased entropy of the system. In this project
we have used advantages of the DAC used as a high-pressure reactor for carrying out the

synthesis, compared to the large-volume piston-cylinder press.

We have also connected high-pressure behavior of aryl disulfides, capable of
absorbing the mechanical energy of compression by exciting higher states of these

molecules. In the case study on di-p-tolyl disulfide, it was shown that disulfide molecules
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can absorb the stress energy, of about 6 kJmol-! by conformational conversion in the

compressed liquid environment.

Finally, we have explained how the reaction equilibrium in aryl disulfide exchange
reaction is shifted toward the heterodimeric products, by the process of high-entropy
nucleation. The closed system of the DAC allowed us to investigate the high-pressure and
high-temperature recrystallization of homodimeric bis-3-nitrophenyl disulfide. As a
result, we crystallized polymorphs 8 and y of bis-3-nitrophenyl disulfide, which were
obtained under high pressure but were less dense than polymorph a obtained at ambient
conditions. At first glance, these results seemed to contradict one of the main paradigms
of thermodynamics. Generally, the high-pressure crystallizations and syntheses lead to
high-density polymorphs and products. In fact, the high-pressure techniques are aimed
at obtaining hard, high-density materials. However, such processes are performed slowly
under the dynamic regime, allowing the system to equilibrate. We found, that the high-
pressure conditions can be effectively used to expand the thermodynamic space of
temperature and concertation, where the kinetic polymorphs can be formed. At the high-
pressure, viscosity of the system is significantly increased, which affects the molecular
conformations and leaves no sufficient time for the molecules to reorient or change the
positions of their substituents, thus directing the crystallization to kinetic polymorphs.
This observation provides a rational explanation for the puzzling density relation of
polymorphs A and B of 4-chlorophenyl-2'-nitrophenyl-disulfide, from which form A was
the less-dense polymorph obtained in the pressure-induced disulfide exchange reaction.
Owing to the confined reaction space, the entropy of the system can be increased in a
controlled manner to a stage when the substrates are dissolved and the molecules are
excited into high energy conformers and rota-vibrational states leading to the
dissociation of the S-S bond. Then, by lowering the temperature, the high-entropy
nucleation and subsequent kinetic crystallization can offset the thermodynamic
equilibrium, resulting in high yields of exchanged disulfides for catalyst-free, high-

pressure reactions.

This result shows that most of the common technological difficulties and their

dangerous consequences for the environment, like purification of the products,
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considerable large heat-energy consumption, wasting the solvents, the troublesome
processes of dissolution and evaporation of solvents, often damaging the environment
etc. can be circumvented by performing reactions under high pressure in confined space.
Importantly, the pressure-induced exchange of the disulfide bond meets 7 out of 12 green

chemistry principles,18> in particular:

o The process uses less solvent, which results in a cleaner reaction profile and less

waste left after the synthesis process;

e Our reaction is designed to account for every atom because the catalyst is

eliminated, while the conversion rates and selectivity reaches 100%;

e Contact with all chemical catalysts used before to accelerate the disulfide
exchange is highly hazardous for the living organisms. Just to mention DBU (1,8-
diazabicycloundec-7-ene), which is carcinogenic and corrosive or phosphine
compounds that may cause, nausea, vomits, stomach pain, thirst, muscle pain,

difficulty breathing, etc.;

e The high-pressure method not only requires less solvent but in contrary to the
ultrasound-accelerated disulfide exchange, does not require CHCl3 or CHBr3 and

can proceed in simple alcohols, like methanol or isopropanol;

e We have significantly shortened the long reaction time required for the exchange

reactions at normal pressure, even when intensive heating is applied;

e We have shown how to apply analytical methodologies for the real-time and

ongoing high-pressure process monitoring and control;
e The closed vessel can prevent releasing any toxic gases.

Undoubtedly, reactions under elevated pressure are interesting, but they still
remain an unexplored area requiring more investigation. The few examples of different
reactions presented in this thesis illustrate some potential of pressure-induced reactions.
It has been demonstrated that new chemical compounds and new forms of materials can
be obtained by using high-pressure techniques. They can overcome some of the problems

of the traditional synthetic methods, like the generation of waste or the consumption of
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considerable amounts of energy. It appears that the new aspects of high-pressure
technique can be attractive to the industry, as these methods offer high reaction yields
and provide a more environmentally responsible manner for obtaining new materials,
frequently attained in a form of single-crystal, and thus not requiring any additional
purification. It should be stressed that the environment protection and following the
principles of green chemistry are increasingly urgent in the modern world. Undoubtedly,
the cost of energy and waste disposal can be considerably reduced by applying high-
pressure methods. Also, a smaller number of reaction steps and shorter processes,
ascribed for the pressure-induced reactions, are important for the environment.
Therefore, the high-pressure methods can provide means to achieving more efficient,
safer and more environmentally friendly chemical reactions and transformations of

various materials.
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Appendix A: Streszczenie
=====%@Qi§?§?af=====

W serii siedmiu publikacji pokazatem, w jaki sposéb wysokie ciSnienie mozna
wykorzysta¢ do indukowania i akcelerowania reakcji chemicznych, prowadzacych do
powstania nowych materiatdw. Opisane przyktady ilustruja, iz ci$nienie moze z
powodzeniem zosta¢ zastosowane do przeprowadzania reakcji w uktadach
organicznych, nieorganicznych, a takze w hybrydowych uktadach organiczno-
nieorganicznych. Co wiecej, moje badania pokazuja, iz reakcje prowadzone w warunkach
wysokiego ci$nienia moga by¢ efektywne do tego stopnia, Ze niewymagany jest w nich
katalizator. Dzieki zastosowaniu wielu metod analitycznych okreslitem mechanizmy
reakcji przebiegajacych w ciele statym oraz w fazie ciektej, co pozwolito na szczegétowe
i dogtebne zrozumienie obserwowanych proceséw. Ponizej podsumowatem niektére z

najwazniejszych wynikéw opisanych w ramach mojej rozprawy doktorskie;j.

Zmiany w strukturze zwigzkéw oraz powigzane z nimi reakcje chemiczne w
kompleksach koordynacyjnych metali o zamknietej powtoce walencyjnej daza do
wzrostu liczby koordynacyjnej jonu metalu centralnego. Opierajac sie o regute
Goldschmidta i Paulinga mozliwe staje sie zatem zaprojektowanie materiatu zdolnego do
takich przemian, co zostato opisane w artykule R1. Wykazatem, Ze zmieniajacy sie wraz
ze wzrostem ci$nienia stosunek promieni kationéw metali i ligand6éw, przy odpowiednim
rozmieszczeniu ligandéw wokét atomu centralnego oraz kationie metalu, ktéry ma
mozliwo$¢ zwiekszenia swojej liczby koordynacyjnej, z duzym prawdopodobieistwem

doprowadzi do reakcji asocjacji dodatkowego liganda.

Natomiast w materiatach w ktérych obecne s3 centra metaliczne o otwartej
powtoce walencyjnej, wraz z ligandami zdolnymi do posredniczenia w transporcie
elektronow, wzrost ci$nienia moze doprowadzi¢ do znacznie bardziej skomplikowanych
przeksztatcen, bedacych tematem artykutu R2. W zaleznoSci od ciektego sSrodowiska w
ktérym analog btekitu pruskiego a-DmaFe2+Fe3*Fors zostaje poddany dziataniu

wysokiego cisnienia, moga zosta¢ wywotane trzy odmienne procesy prowadzace do:
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odwracalnego przejscia fazowego (miedzy fazami a i y), odwracalnej redukcji wszystkich
jonow Fe3+, a takze do nieodwracalnej reakcji redoks, zwigzanej z redukcjg ligandow

mrowczanowych.

Podobng wrazliwo$¢ na warunki Srodowiskowe opisatem dla ukitadu Pblz
rozpuszczonego w stezonym kwasie HI poddanemu wplywowi wysokiego cis$nienia i
temperatury. Opisane w artykule R3 przemiany wskazuja, iz zaleznie od kwasowosci
uktadu, zawartosci jodu i wody, a takze od panujacego ci$nienia i temperatury, mozliwe
jest otrzymanie szeregu SciSle powigzanych strukturalnie polimorféw a-Pblz i B-Pblz

oraz ich soli hydroniowych.

W reakcjach wymiany dwusiarczkéw arylowych z powodzeniem zastosowatem
nowatorskie podejscie, w ktorym zamiast czynnikéw Kkatalityczno-redukujacych
wykorzystany zostat efekt wysokiego ciSnienia. Badania wstepne zamieszczone w
artykule R4, zostaly nastepnie rozwiniete i szczegdétowo opisane w artykule R5. Prace te,
pozwolity pozna¢ mechanizm indukowanej wysokim ci$nieniem reakcji wymiany
miedzy dwusiarczkami arylowymi. W ramach prac wykazatem niewatpliwe korzysci z
prowadzenia badan naukowych przy zastosowaniu komory diamentowej jako reaktora
wysokociSnieniowego, w  poréwnaniu z prasg tlok-cylinder, tradycyjnie

wykorzystywang do prowadzenia reakcji w warunkach wysokiego ci$nienienia.

W pracy R6 potaczytem zmiany strukturalne zachodzace w dwusiarczkach
arylowych poddanych dziataniu wysokiego ci$nienienia, z ich aplikacyjnym
wykorzystaniem jako skiladnikéw zmniejszajacych tarcie w smarach i olejach. Na
przyktadzie disiarczku di-p-tolylu wykazatem, ze czasteczki te mogg absorbowac energie

okoto 6 kjmol-1, poprzez konformacyjng konwersje w sSrodowisku sprezonej cieczy.

Na przykiadzie polimorféw [ i y disiarczku bis-3-nitrofenylu opisanych w
artykule R7, wyjasnitem w jaki sposob warunki wysokiego ciSnienia mozna skutecznie
wykorzysta¢ do tworzenia polimorfow kinetycznych. Polimorfy te posiadajg nizsza
gestoSC niz te otrzymane w warunkach niskiego cisnienia. Poczatkowo, zdawato sie to
przeczy¢ podstawom termodynamiki, ale w efekcie pozwolilo na opisanie nukleacji

wysokoentropowej i nastepujacej krystalizacji kinetycznej. Co wiecej, powigzanie
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obserwacji zwigzanych z procesem nukleacji w warunkach wysokiego ciSnienia i
wysokiej temperatury, z dwoma formami polimorficznych produktéw otrzymanych w
artykule R4, pozwolito wyjasni¢ jak w procesie wysokoci$nieniowego zarodkowania

krystalitow rownowaga reakcji przesuwa sie na strone produktow.

Reakcje przebiegajace z zastosowaniem wysokiego ci$nienia, cho¢ sg niezwykle
interesujace i wykazujg spory potencjatl, nadal pozostaja w duzej czeSci niezbadanym
obszarem wymagajacym wielu dalszych badan. Jednakze, przedstawione w tej rozprawie
przyktady roznych uktadoéw reakcyjnych udowadniajg, ze zastosowanie wysokiego
ciSnienia pozwala przezwyciezy¢ niektore z najczestszych problemdéw tradycyjnych
metod syntezy, takich jak powstawanie produktéw ubocznych i szkodliwych oparéw,
zuzywanie znacznych ilo$ci energii i rozpuszczalnikéw, czy stosowania katalizatoréw,
ktérych usuniecie z produktow czesto przewyzsza koszty samej reakcji. Ponadto,
dodatkowymi zaletami ptyngacymi ze stosowania tej metody sg wysoka wydajno$¢ oraz
mozliwos$¢ otrzymania monokrystalicznych form produktéw, ktére nie wymagaja

dodatkowego oczyszczania.
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Appendix B: Scientific articles
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(R1) Poétrolniczak, A.; Sobczak, S.; Katrusiak, A. Solid-State Associative Reactions
and the Coordination Compression Mechanism. Inorg. Chem. 2018, 57 (15), 8942-
8950
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ABSTRACT: Coordination polymers and metal—organic frameworks
can be modified by high pressure, according to its effects on the radii of
central and ligand atoms. The pressure reduces the ligands’ radii, and the
coordination number is usually increased. Such transformations of the
coordination quite generally conform to the inverse rule of pressure and
temperature effects, although the temperature-induced transformations
are much less frequently observed. The two-dimensional coordination
polymer Cd(APP),NO;-NO; [APP = 1,4-bis(3-aminopropyl)-
piperazine] undergoes a pressure-induced isostructural phase transition
triggered by a topochemical reaction, yielding Cd(APP),(NO;),. The
transition retains the symmetry of both phases, and their structures have

Q

Ligancy 6

Ligancy 7

been determined by X-ray diffraction for the single crystals compressed in a diamond-anvil cell. The reaction increases the Cd
coordination, from 6-fold in phase I to 7-fold in phase II, where the new Cd—O bond involves an additional nitrate anion in the

Cd coordination sphere.

B INTRODUCTION

High pressure has become an established highly efficient tool
for inducing strong structural transformations in various types
of chemical compounds.'_”' In their structures, the parameters
most susceptible to pressure are intermolecular contacts and
soft conformational rotations. Unsaturated compounds ex-
posed to the pressure exceeding 10 GPa often polymerize
randomly and yield amorphous phases, difficult for structural
characterization.”™"® Therefore, invaluable are pressure-in-
duced reactions retaining the crystalline products,'*** suitable
for determining the atomic positions by X-ray diffraction at
subsequent stages of the reaction. Such transformations of a
coordination polymer (CP)> >’ can also fine-tune its
properties and induce new functionalities, leading to their
practical applications.

It was shown recently that the postsynthetic modification
(PSM) of porous coordination polymers (PCPs)*® is an
efficient way for obtaining new modified materials. To date, the
PSM was performed in several ways, but the categories of
pressure-enforced and mechanochemical modifications belong
to the most efficient methods. Two types of pressure-induced
PSMs can be distinguished: ligand-exchange and bond-
rearrangement reactions. This transformation often involves
the breaking™ ™ and formation'”****7*****%* of new bonds
with metallic centers. Such nonoxidative and oxidative
reactions usually change the coordination number, and in
some cases, coordination complexes polymerize into
CPs.'*'>'" However, no systematic analysis generalizing
these pressure effects has been performed.

Presently, we report a pressure-controlled reaction of a CP,
where NO; anions “detached” in the voids at 0.1 MPa, above

< ACS Publications © 2018 American Chemical Society
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0.4 GPa forms a coordination bond to the Cd cation. As a
result, the coordination number of this CP is increased. To our
knowledge, this is the first pressure-induced topochemical
reaction of a CP, where the metal cation becomes coordinated
by an NO;~ anion unbonded in nearby voids at ambient
conditions. This unprecedented pressure-catalyzed associative
reaction has been rationalized by the compression of ionic radii
of ligands coordinating Cd** and those in its vicinity.

B RESULTS AND DISCUSSION

At 0.4 GPa, complex Cd(APP),NO;-NO; [APP = 1,4-bis(3-
aminopropyl)piperazine] undergoes an associative reaction,
leading to the product Cd(APP),(NO;),, as shown in Scheme
1. In this reaction, a new coordination bond is formed and the
coordination number increases from 6 to 7. This reaction
proceeds around the central cation, while the strain in its more
distant crystalline environment is absorbed by flexible APP
linkers and their displacements. Therefore, this reaction can be
classified as a solid-state phase transition, as described below.

Crystal Strain. At ambient conditions, the crystal of
hydrated Cd(APP),NO;NOj; is built of polymeric sheets
extending along the crystal plane (102), separated by water
molecules (Figures 1 and S1). In this two-dimensional
polymer, cation Cd** is 6-fold-coordinated by four amine N
atoms of four APP molecules and two O atoms of one nitrate
group. The voids between the APP struts accommodate
another NO;~ anion and two water molecules per formula
unit. The structure and properties of the Cd(APP),NO;-NO;

Received: April 4, 2018
Published: July 6, 2018

DOI: 10.1021/acs.inorgchem.8b00913
Inorg. Chem. 2018, 57, 8942—-8950
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Scheme 1. Solid—Solid Reaction of Cd(APP),NO;'NO; at
0.4 GPa, Leading to 7-Fold-Coordinated Cd** in
Cd(APP),(NO;),

i
+
N )
8o N 8-
app O 0 APP \N+
) [
APP o) APPu,,,, ._“‘“0
e g g 2=04GPa o il
APP \ \0/ APP™ | - {
- -
N
APP APP 07 SO

p=0.1 MPa

p=15GPa
Cd(APP),NO;°NO; Cd(APP),(NO,),

i

A, nitrate group jE-bcm APP &Jenl-extended APP @ Cd** cataion

Figure 1. (Left) Cation Cd** 6-fold-coordinated by four APP
molecules and one bidentate nitrate anion in Cd(APP),NO;NO,.
(Right) 7-Fold coordination in Cd(APP),(NO,), after the reaction.
Schemes of the corresponding polymeric layers are shown in the
bottom; note two APP conformers. E-bent and bent-extended,
discriminated in the legend (cf. Figure S3).

crystal strongly depend on the conformation of amine APP
struts. The shapes of two independent APP linkers are very
similar in their central parts. This central part consists of a
piperazine ring, which is relatively rigid in the chair
conformation. However, the flexible N-substituted equatorial
3-aminopropyl chains can be considerably bent or extended.

The typical structural effects of compression, i.e., shortened
intermolecular contacts, reduced voids, and distorted soft
conformational parameters, proceed monotonically in Cd-
(APP),NO;NO;2H,0 at 0.2 GPa. At 04 GPa, a strong
discontinuous anomaly in the crystal compression (Figure 2)
marks a first-order transition from the low-pressure phase I to
the high-pressure phase IIL
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At this transition, the unit-cell parameter a lengthens by ca.
4%, the parameter b shrinks by ca. 6%, and the crystal volume
is reduced by 4%, while the space-group symmetry P2,/c
remains preserved, consistent with the isostructural type of
phase transition. The strong strain caused by the transition in
the crystal sample resulted in its fragmentation into the
coexisting portions of the Cd(APP),NO;NO; and Cd-
(APP),(NO;), phases. Their superimposed diffraction pat-
terns in the recorded images were manifested as split
reflections (see the insets in Figure 2). The split reflections
occurred because of the strong strain between phases I and II,
although their space-group symmetry remained unchanged.
Because of the hysteresis of the transformation, both phases I
and II (Table 1) coexisted at 0.4 GPa, and the unit-cell
dimensions and structural model obtained at this pressure
point are the averages of both contributing compounds
Cd(APP),NO;NO; and Cd(APP),(NO,),, but not an
intermediate stage of the reaction. In some of our experiments,
particularly on small crystals, they became fully monocrystal-
line again after the phase transition above 0.5 GPa. Similar
single-crystal-to-single-crystal isostructural transitions were
previously observed also for other compounds.*>*® However,
some larger samples of Cd(APP),NO;-NO; above the
transition broke into several smaller pieces of phase II, albeit
with a very strong preferential orientation maintained during
the compression, which allowed structural studies using the
single-crystal diffraction technique. We have also observed
visually that new elongated very thin crystals grew on the
surface of the sample in phase II (cf. the Experimental
Section); however, their diffraction could not be detected in
the recorded images.

High-Pressure Association. At ambient pressure, the Cd-
coordinated octahedron is distorted, mainly because of one
bidentate nitrate ligand N10; (Figure 1). Consequently, the
corresponding edge O1—02 of the octahedron is significantly
shorter, of 2.159 A, than others, between 3.238 A (O3—N8)
and 4.103 A (N1-O1). The nitrate ligand can be either
symmetrically bidentate, asymmetrically bidentate, or un-
identate.”*® Cd cations display a strong preference for the
symmetric bidentate coordination by the nitrate ligands, which
is manifested in the exceptionally high stability of such
complexes.”

In this context, the associative reaction induced by pressure
in Cd(APP),NO;-NO; is quite surprising (Figures 3 and S3).
When hydrostatic pressure reaches 0.4 GPa, the structure
collapses because the associative reaction increases the 6-fold
Cd* coordination in phase I to the 7-fold coordination in
phase II (Scheme 1). The new Cd—0O4 bond is formed when
nitrate N20; " is pushed closer to Cd**. Thus, at the transition
point, the compressibility increases,’’ and the crystal abruptly
transforms into the more dense phase IL

The activation process of this association reaction requires
that the associating group (N20,”) be located near the
metallic center. At ambient pressure, the anion N20;™ lies in
the vicinity of the octahedrally coordinated Cd* cation. With
increased pressure, the Cd:~-O4 distance reduces from 3.884 A
at 0.1 MPa to 3.849 A at 0.25 GPa (Figure 3a). At 0.4 GPa,
this distance abruptly shortens to about 2.70 A in phase II,
which clearly marks the formation of the new coordination
bond, Cd—0O4. This associative reaction is accompanied by a
lengthening of the bond Cd—02, from 2.639 to 2.855 A, and a
somewhat smaller lengthening of Cd—O1, from 2.504 to 2.612
A. Of all four Cd—N coordination bonds, only one, Cd—N1,
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Figure 2. Relative changes of the unit-cell dimensions of crystal Cd(APP),NO,-NO;: (left) cooled at 0.1 MPa; (right) compressed in isopropyl
alcohol at 296 K. The vertical dashed line marks the reaction pressure. The insets illustrate the splitting of reflections in X-ray diffraction images due
to the coexistence of phases I and II at 0.4 GPa (cf. Figure S2). The expansion and compression strains are graphically represented in Figures S9—

S11.

Table 1. Selected Crystallographic Data of Dihydrates Cd(APP),NO;*NO; and Cd(APP),(NO;),"

phase I phase I/11 phase 11
0.0001 GPa 00001 GPa  0.20(3) GPa  0.40(3) GPa  0.70(3) GPa  090(3) GPa  1.20(3) GPa  1.50(3) GPa  2.00(3) GPa

temperature (K) 100 298 298 298 298 298 298 298 298
space group P2 /c P2,/c P2, /c P2,/c P2,/c P2,/c P2,/c P2, /c P2,/c
unit-cell parameters

a (A) 18.4776(15)  18.5224(1)  18.500(9) 19.130(2) 18.8771(14)  18.8295(6) 18.7012(11)  18.6563(9) 18.4820(11)

b (A) 12.3500(10)  12.4128(9)  12.3460(9)  11.987(4) 11.6650(17)  11.6345(9) 11.5450(15)  11.5005(12)  11.3833(12)

¢ (A) 13.3403(11)  13.4718(8)  13.4265(2)  13.126(6) 13.032(3) 13.0109(15)  12.951(3) 12.919(2) 12.815(3)

f (deg) 95.072(9) 95.580(6) 95.356(11)  95.263(19)  94.664(11) 94.543(5) 94.148(10) 94.078(7) 93.572(10)
volume (A?) 3032.3(4) 3082.7(4) 3053.3(16)  2997.1(17)  2860.2(9) 2841.4(4) 2788.8(7) 2764.8(6) 2690.8(7)
z/Z’ 4/1 4/1 4/1 4/1 4/1 4/1 4/1 4/1 4/1
D, (gem™) 1.474 1.450 1.464 1.492 1.563 1.574 1.603 1.617 1.662

“D, is calculated for the empirical formula C,,Hs,CdN;(Og (M, = 673.11), excluding the guest molecules (cf. Tables S4 and S5).

lengthens by ca. 0.1 A. All coordination bonds hardly change in
length at 0.20 GPa in phase I.

Our survey in the Cambridge Structural Database (Nov
2017 release)*' shows that the distributions of the Cd—O/N
distances in 6- and 7-fold-coordinated complexes with N and
O donors are similar. In these complexes, the average Cd—N/
O bond length is 2.4 A and the longest bonds are 2.8—2.9 A
(Figure S8). According to these data, the associative reaction at
0.4 GPa increases the coordination number from 6 to 7. The
changes of the APP conformations from 0.1 MPa to 2 GPa and
of the lengths of the Cd—N and Cd—O bonds within phases I
and II are very small (Figure S2 in SI), which testifies that the
associative reaction is the main driving force of the
transformation at 0.4 GPa.

The work contribution of the crystal compression [p dV to
0.4 GPa, when the reaction is triggered, is 1.9 k] mol™' (Figure
2), and the work performed at 0.4 GPa pAV is 7.4 k] mol™".
The summed energy of 9.3 k] mol™" is about 20 times smaller
than the energy of Cd**—N/O bonds;"* however, it does not
include the entropy and chemical potential contributions or
the significant energy changes of elongated Cd—N/O bonds.**

8944

Compressed-Coordination Effects. The changes in
coordination in compressed Cd(APP),NO;NO; can be
connected with a significant distortion of the CdN,O,
octahedron. Because of the bidentate bonds of nitrate N10;,
the coordination octahedron O1--O2 edge is significantly
shorter than the other edges NN and N--O involving
monodentate APP ligands (Figure 3). This significantly
distorts the Cd-coordination sphere and opens a gap between
O1 and N1: angle O1-Cd—N1 is close to 120° at ambient
conditions, compared to O1—Cd—O2 of less than S0°(cf.
Figure SS). At 0.4 GPa, atom O4 of nitrate N20j; is pushed
into the gap between Ol and NI. This pressure-induced
reaction can be rationalized in terms of the reduced radii of
ligand atoms. Goldschmidt and Pauling’s radius—ratio rule
connects the coordination number with the radii of the ligands
tightly arranged around the cation. It can be expected than the
anionic and atomic radii are more affected by the pressure than
the small cation at the center. In principle, the valence
electrons in anions interact weaker with the nucleus, and they
easier adjust to their environment than the outer electrons in
the cations. This reasoning is consistent with our present result
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Figure 3. (a) Distances Cd—ligand. The insets show the coordination
polyhedra in phases I (0.2 GPa) and II (2.0 GPa). The lines are for
guiding the eye only. (b) Idealized coordination polyhedra and
lengths of their edges in phases I (0.2 GPa) and II (0.75 GPa) (cf.
their pressure dependences plotted in Figures $4—S7).

that high pressure increases the coordination number in
Cd(APP),NO,;NO;. The compressed anionic radii result in
increased Ry;g,na/Reation Tatios, consistent with the radius—ratio
rule, and the number of ligands increases. Also, this reaction
affects the electronic configuration of the cation, which is the
response for its decreasing repulsion with ligands (Figure
3). 2,44—46

In the literature, there is a number of structural reports on
the pressure-induced changes of the coordination of metal
cations. We have established that for most of these
transformations the increasing pressure either increases the
number of ligands or causes their exchange. The trans-
formation of Cd(APP),NO;NO; conforms to this rule that
high pressure increases the coordination number. The
literature and our results have been compiled and are
illustrated in Figure 4.

For example, Cai et al.>* showed that in [Zn(L),(OH),],
Guest [where L is 4-(1H-naphtho[2,3-d]imidazol-1-yl)-
benzoate and Guest is water or methanol (MeOH)] in
pressure-induced phase II the tetrahedral coordination ZnO;N
changes to the S-fold-coordinated ZnO,N; Andrzejewski and
Katrusiak'® observed, along with the piezochromic phase
transition in CoClbpp, that the tetrahedral coordination
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arrows (see the text). The asterisk marks a rearrangement without the
coordination-number change, and the dotted lines indicate that the
coordination number decreases when the pressure increases.

U
)
N

CoCL)N, increases to the octahedral coordination CoCI,N,;
Lanza et al.”’ reported in [Co;(OH),btca,] a transformation
from S-fold to octahedral coordination, involving a nucleo-
philic addition of MeOH/N,N-dimethylformamide (DMF)
molecules to the Co?>* center; McKellar et al.*” described a
similar process that under hydrostatic pressure Cu-based
metal—organic framework (MOF) STAM-1 (St. Andrews
MOF-1) exchanges a water ligand at the axial metal site with
MeOH and acetonitrile (MeCN); Spencer et al.”* showed a
rearrangement of bonds in the coordination sphere of
[tmenH,][Er(HCOO),],; Allan et al."* described a unique
polymerization within [PdCl,([9]aneS;)] ([9]aneS; = 1,4,7-
trithiacyclononane), transforming a square-planar coordination
to an octahedral coordination; Gould et al.'” by compressing
[Cu(r-Asp)(H,0),] (Asp = aspartate) increased the S-fold
coordination of Cu** to 6-fold coordination. Pressure-induced
conversions of long contacts into primary bonds were observed
also in the perovskite CsHgCl, (the octahedral coordination of
Hg" becomes nearly ideal)** and in CsGeBrsy.* A pressure-
induced solid-state reaction was observed in Cs,[PdX,] ‘I, (X
= Cl, Br, or I): the redox reaction converts Cs,[Pd*'I,]'I, to
Cs,[Pd*1,] at 2.5 GPa.” A closely related reaction Au' + Au™
= 2Au" of 0.52 GPa in CsAu'Au""Cl,, containing the chains of
alternating square-planar [AuCl,]™ and linear [AuCl,]™ anions,
transforms all of the 4-fold-coordinated Au' to octahedrally
coordinated Au".®' Tidey et al.** reported for f-[PdCl,([9]-
ane$,0)] the 4-to-S-fold coordination change, coupled with
the dimeric complex formation. Bujak and Angel®® postulated
that above 1 GPa half of the Sb atoms in [Me,NHMe,NH;]-
[SbCIs] become 6-fold-coordinated and the other half retain
their initial 5-fold coordination. Prescimone et al.”* reported
the pressure-induced elimination of one of the coordinating
water molecules from half of the Cu?* cations in
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[Cu,(OH),(H,0),(tmen),](ClO,), (tmen = tetramethylethy-
lenediamine), leading to a change from S-fold pyramidal
coordination to a 6-fold distorted-octahedral coordination,
where the sixth vertex is a perchlorate O atom. To our
knowledge, the generally increased or rearranged coordination
in compressed complexes has only two exceptions, which can
be connected with competing compressed contacts, changing
conformations, and other pressure-induced effects in the
crystal structure (see the Supporting Information).'>'®

It is noteworthy that MOFs and CPs are often classified as
the intermediate comyounds between the coordination and
inorganic chemistry.” According to the IUPAC definition,
MOFs constitute a subclass of CPs with organic ligands and
voids accessible for guest molecules.”> No such pores are
present in CPs. The absence of pores in CPs is considered
disadvantageous because they cannot be used as adsorbers of
gases and other small-molecule compounds.®® The associative
reaction in Cd(APP),NO;NO; at 0.4 GPa withdraws the
NO;™ anions from the voids, but they immediately collapse
and no pores open up. However, it is possible that in other CPs
high-pressure associative reaction can widen or open pores,
which would allow the adsorption of some molecules from the
environment, and then by the release of pressure, the pores
would be closed and the guest molecules trapped inside. Such
materials are sought for separating compounds, eliminating
undesired components from air, and storing poisonous
substances.”” ¢’

Pressure-induced transformations are often compared to
those induced by lowering of the temperature, and indeed the
rule of inverse effects of temperature and pressure was
formulated (abbreviated here as the “inverse p/T rule”).”
This relationship is associated with the reduction of thermal
vibrations both at low temperature and under high pressure.”®
Compared to pressure-induced changes of the coordination
number, there are relatively few reports on the coordination
transformations resulting from temperature changes, partic-
ularly when one considers the much more frequent varied-
temperature than varied-pressure studies.

All reports on temperature-induced associative reactions
found by us in the literature have been scrutinized in the text
below and are schematically illustrated in Figure 5. Zhang et
al.>” observed that in [AgsCl(atz),JOH-6H,0 (atz = 3-amino-
1,2,4-triazole anion) the coordination number of Ag cations is
reduced from 4 to 2 above 293 K and it increases back to 4
below 103 K. Hu and Englert(’4 showed that in [ZnCl, (bipy)],
(bipy = 4,4’-bipyridine) the Zn ligancy decreases from 6 to 4
above 360 K and it increases back below 130 K. Xie et al.*’
reported that UO,(C, 3H,,N,0,@CB6),Br, [with a pseudor-
otaxane motif C6BPCA@CB6, where C6BPCA = 1,1'-
(hexane-1,6-diyl )bis(4(carbonyl)pyridin-1-ium and CB6
cucurbit[6]uril)] transforms between the 7-coordinated form
in phase -UP and the 6-coordinated one in phase a-UP
respectively upon cooling and heating in the 170—320 K range.
Zhu et al.® recorded a remarkable reversible association of free
cations Eu** in (H,0%)Eu,s[EuNay;L(DMF)(H,0)]-(sol-
vent), [L 5,5',5"-(1,3,5-triazine-2,4,6-triyltriimino)-
triisophthalate hexaanion], below 193 K becoming
(H;07),[Eu;NaL,(DMF)(H,0),]-(solvent), with 8-coordi-
nated Eu®". Bernini et al.”” changed the Yb** coordination in
[Yb(C,H,0,), 5] between 8 and 7 by cooling it below 374 and
heating it above 403 K, respectively (Figure 5).

All of the examples listed above agree with the inverse p/T
rule. We have found only one exemption, the [(Cl)Hg(m-
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Figure S. Coordination changes in CPs, MOFs, and complexes
between the low- and high-temperature structures indicated by arrows
(full and open lines refer to the heating and cooling runs; the dotted
line marks the only exemption from the inverse p/T rule; cf. Figure
4).

Cl),(hep-H)] [hep-H = 2-(2-hydroxyethyl)pyridine] structure
reported by Mobin et al,*® where the coordination number
increases from 4 to S and the framework dimensionality
increases also when heated to 383 K. The reaction reverses
when the high-temperature compound [(CI)Hg(m-Cl),(hep-
Cl)] is cooled and kept for 3 days at 298 K.

It is apparent from Figure S that most of the structures (six
compounds) comply with the inverse p/T rule, and at present,
only one exemption supporting the direct p/T relationship is
known. These systematic changes can be connected with the
above-mentioned reduction of thermal vibrations. Indeed, it is
known that the ionic radii are often established from the crystal
structures determined at normal conditions.””~”* Conse-
quently, these experimentally determined radii incorporate
the Debye—Waller factors,”* which are both temperature- and
pressure-dependent.

Fewer cases of temperature-induced changes in the
coordination number compared to pressure-induced changes
indicate that the effects of temperature are more subtle and
susceptible to phase transformations, desorption, and other
effects.””’® This conclusion is further supported by the
considerable hysteresis of the transformations induced by
temperature, of tens of Kelvin and even over 200 K. Therefore,
the coordination changes at varied temperatures are less
predictable compared to the systematic increase of the
coordination number under high pressure, as described in
this paper.

The changes in the magnitudes of atomic displacement
parameters (ADPs) in Cd(APP),NO;-NOj, plotted in Figure
6, show that, despite the stronger reduction in the ADP
magnitudes at 100 K/0.1 MPa than those in phase IT at 296 K/
2.0 GPa, the temperature lowered at 0.1 MPa does not induce
transformations of the crystal. However, the reaction is
triggered by high pressure when the ADPs are hardly changed
from their magnitudes at 296 K/0.1 MPa. It confirms that the
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high pressure is very efficient in inducing structural trans-
formations and that the associated ADP changes play a minor
role. It is characteristic that the considerable reduction of the
ADP magnitude of the associatively bonded atom O4 is
reduced after the reduction, and no pretransitional effect can
be noted for this parameter.

Bl CONCLUSIONS

Structural changes and chemical reactions induced by pressure
in coordination complexes and polymers can be rationalized
according to relatively simple rules describing (i) the effect of
pressure on the radii of ligand atoms, (ii) the arrangement of
ligands around the central cation, and (iii) the vicinity of other
potential ligands. Rule i relies on the observation that the
pressure reduces the radii of the ligand atoms and, hence,
increases the Rcuon/Riignd ratio, which is favorable for the
coordination number increase. The changes of the ligand-atom
radii can originate from several effects, including the electronic
structure and thermal vibrations of the atoms. Rule ii is based
on the pressure effects eliminating gaps and voids around the
central cation, which, in turn, favor even distributions of
ligands and reduce the distortions of polyhedra in the
compressed structures. Rule iii states that the reacting
molecules or ions must be located in the vicinity of the
cation. Most of pressure-induced reactions in coordination
compounds reported so far conform to these rules (i—iii), as
well as to the inverse p/T rule.

These coordination-compression rules complement the
general knowledge on the microscopic changes of soft
structural parameters in compressed compounds. It can be
applied for employing the pressure techniques for obtaining
new CPs by modifying specifically designed substrates.

Bl EXPERIMENTAL SECTION

Synthesis. Single crystals of the coordination polymer Cd-
(APP),NO;:NO; were obtained using a diffusion method, similar
to those described previously (Figure 7).'”**”7~7% In our present
study, the two layers containing the substrates, 0.075 g (1 mmol) of
cadmium nitrate (Sigma-Aldrich) dissolved in S mL of MeCN and 0.1
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Figure 7. Single crystal of Cd(APP),NO;NO; isothermally com-
pressed in isopropyl alcohol in the DAC, as indicated at the top of the
photographs. Several ruby chips for the pressure calibration lie by the
left side of the crystal.

mL (0.5 mmol) of 1,4-bis(3-aminopropyl)piperazine dissolved in $
mL of xylene, were separated by the mixture of 1 mL of MeCN with 1
mL of xylene providing the diffusion environment. After 1 week, many
transparent crystals appeared, a few of which were the desired
product. Their block morphology was significantly distinct from other
mainly needle-shaped crystals.

High-Pressure Measurements. High-pressure experiments on
Cd(APP),NO;NO; were performed in a Merrill-Bassett diamond-
anvil cell (DAC),”” modified by mounting the diamond anvils directly
onto the steel supports with conical windows. The pressure in the
DAC was calibrated by the ruby-fluorescence method with a photon
control spectrometer, affording an accuracy of 0.03 GPa.*"** The
gaskets were made of a 0.3-mm-thick tungsten foil with the spark-
eroded holes 0.5 mm in diameter. Isopropyl alcohol was used as the
hydrostatic medium. The X-ray diffraction data were measured on a
KUMA4-CCD diffractometer with Mo Ka radiation (1 = 0.71073 A).
The DAC was centered by the gasket-shadow method.*® The
collected data were preliminarily reduced with the CrysAlisPro suite,
version 171.38.46.** OLEX2 was used.” The structure was solved by
direct methods with SHELXS and least-squares refined with
SHELXL.**®” The ambient-pressure structure was the starting
model for the low-temperature and high-pressure structures below
the reaction pressure. High-pressure absorption corrections were
calculated by the program REDSHABS.**™ The final crystal data are
summarized in Table 1 (cf. Tables S4 and S5) and have been
deposited in the Cambridge Structural Database as supplementary
publications CCDS 1549093, 1558178, 1558180, 1558181, 1558183,
and 1830173—1830180. These deposits can be obtained free of
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charge from www.ccdc.cam.ac.uk and from the Crystallography Open
Database (www.crystallography.net).

Low-Temperature X-ray Diffraction. The low-temperature data
were measured on an Xcalibur EOS-CCD diffractometer equipped
with a gas-flow Oxford Cryostream attachment, as a function of the
temperature between 100 and 297 K in 40 K steps. All non-H atoms
were refined with anisotropic thermal parameters. H atoms were
located in the difference Fourier map and from the molecular
geometry. Parameters U, of H atoms were set to 1.2 times U, of
their carriers.
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ABSTRACT: New, hybrid iron-formate perovskites have been
obtained in high-pressure reactions. In addition to the pressure
range, the liquid environment of the sample also regulates the
course of transformations. Formate @-DmaFe?*Fe**For, (Dma
= (CH;),NH,", For = HCOO™), when compressed in oil or in
isopropanol at 1.40 GPa, transforms to a new phase y, different
than that obtained at low-temperature (phase ). In glycerol,
phase @ can be compressed to 1.40 GPa, but then it reacts to
DmaFe**Fors, with all Fe(III) cations reduced, surrounded by
amorphous iron formate devoid of Dma cations. Another
mixed-valence framework DmasFe’*;Fe**For;,-CO, can be

Dma,Fe% Fe For,, CO,

methanol
)\ cthanol

produced from phase @ incubated in methanol and ethanol at 1.15 GPa. These pressure-induced environment-sensitive
modifications have been rationalized by the volume effects in transforming structures, their different chemical composition,
voids, ligands, and cation oxidation states switching between Fe(II), Fe(IIl), their high- and low-spin states, as well as solubility,
molecular size, and the chemical and physical properties of the pressure transmitting media. The topochemical redox paths
controlled by pressure and the liquid environment offer new highly efficient, safe, and environment-friendly reactions leading to

new advanced materials and their postsynthetic modifications.

Bl INTRODUCTION

The hybrid inorganic—organic frameworks display various
attractive properties, which depend on the cations, linkers,
their connectivity, topology, as well as the size and chemical
character of surfaces in the voids.' " In these multifunctional
materials, the manifold functionalities lead to new cross-effects
of higher order, both physical and chemical in nature.
Particularly interesting are postsynthetic modifications
(PSM) of metal—organic frameworks (MOFs)."*™*" The
PSM can be used for fabricating in situ, under specific
conditions, new materials with required properties. The PSM
solid-state transitions and reactions are often initiated by
physical stimuli. Because of the self-contained reaction space,
requiring no additional substrates, the PSM can be invaluable
for green technologies and for obtaining sophisticated
advanced materials on requested sites. These topochemical
reactions can be stimulated by light, temperature and
pressure.”' ~** The typical high-pressure effects, such as tighter
molecular packing, increased density, compressed coordination
bonds, shorter distances to the ligands, and modified crystal
field—all can destabilize material structure.**™*

Several rules were formulated for describing the pressure
effects in various compounds, including elements and minerals
by Prewitt and Downs.*” Their Rule Number 4 states that the
coordination number increases with pressure, and Rule S is
that the nonmetal atoms (usually oxygen in minerals) are
stronger compressed than cations.””"" Most recently, we
showed that these rules also describe the effects of pressure on

<7 ACS Publications  © 2019 American Chemical Society

the coordination polymers (CPs) and porous MOFs: the
increased coordination number in the high-pressure phases of
CPs originates from the stronger compression of anions
compared to central cations, and this rule can be extended to
the temperature dependence of time-averaged volumes of
central and ligand atoms.*

Hence, the inverse relationship between the pressure and
temperature effects was observed in numerous reactions and
transformations of CPs.*”® Presently, we further explore the
pressure-induced PSMs. By choosing the mixed-valence
perovskite-like iron-formate framework with dimethylamine
cations (Dma), we have introduced into the system additional
instabilities of low-spin and high-spin states, the oxidation
changes between Fe** and Fe®* cations and possible relocation,
disproportionation, and reactions involving the formate and
amine ions.

The strongly increased energy of interactions can result in
electronic transitions, spin-state changes, and even in redox
reactions. Spin crossover (SC) phenomena in transition-metal
compounds under pressure were reviewed by Drickamer et
al.>"* Since then, the SC transformations have been observed
in many complexes of divalent and trivalent iron, cobalt, nickel,
chromium, and manganese.*‘2 However, to our knowledge, no
pressure-promoted SC transformations coupled to the redox
reactions in MOFs have been reported. Here, we describe
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several high-pressure transformations involving electronic
transformations for compound [(CH;),NH,"][Fe*'Fe’"
(HCOO™),], hereafter denoted as a-DmaFe**Fe**For (Figure
1). Moreover, we have observed that the PSMs of iron
formates strongly depend on their liquid environments.

Fe?; Forg DMF
+ DMF or

+ HCOOH | ko O(CH,CO0)(H,0),
+ DMF

FeC]:;'(’H:O
+HCOOH
l}xs K
AN T=155K

+ DMF
R3c
B-DmaFez“’Fl“For6

+ HCOOH

solvothermal, 413 K

';

OY; p>1.4 GPa e
7 —
[ y isopropanol / P2 /c
) Daphne oil 1 !
5 2+ 3+
methanol / ethanolm ¥ DmaFe”Fe Ty
p>1 GPa glycerol

p >1.40 GPa

Im3

Dma,Fe% Fe’ For,, ‘CO,

~ Im3
Fe’iFor,, - 3CO,: H,O
-HCOOH

[F¢"(u-0)(HCO0),(H,0), +
Cu* (HCOO), -4H,0 +
HCOOH

solvothermal, 303 K

neon
p>7.10 GPa

P1 e

Dmake For,
+ HCOOH

solvothermal, 413 K

FeCl

Figure 1. Schematic diagram of phase transformations and reactions
of iron formates at various conditions. Double arrows mark the
reversible transformations.

B DISCUSSION

In the a-DmaFe?*Fe3"Forg framework, each Fe(III) cation is
surrounded by six octahedrally arranged Fe(II), each of which
is likewise surrounded by six Fe(III) cations. Bonds Fe(II)—O
and Fe(IIT)—O can be distinguished by their length, 2.12 and
2.01 A, respectively, as the Fe(Il) cation, is richer in one
electron and hence larger than Fe(III). We have established for
a series of iron formates the bond-length difference of about
0.1 A between Fe(II)—O and Fe(II1)—O is hardly affected by
the pressure up to 1.2 GPa. Whereas the continuous
compression reduces the Fe—O bond distance by less than
1% GPa™!, the electronic transition between Fe(II) and
Fe(III), as well as the SC transition, result in over 10% Fe—O
distance changes.

Depending on the pressure range and solvent, a-
DmaFe**Fe**Forg transforms its framework and electronic
states of the iron cations in three different ways (Figure 1).
The different ionic radii in ferric and ferrous cations make the
Fe—O distances highly responsive to the pressure changes. The
observed changes in Fe—O bond distances, illustrated for
selected iron formates in Figure 2, are the consequences of
structural strains accumulated during the monotonic com-
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Figure 2. Bonds Fe—O in iron formates compressed in different
media. The color code of highlights correspond to that in Figure 1;
triangles up, down and circles indicate the Fe(II)ys, Fe(IIT),s and
mixed, respectively. The iron oxidation state for Dma,Fe**;Fe**For,,-
CO, is the average of 3:1 of Fe(1I): Fe(III).

pression, as well as the electronic transitions and strains
generated at anomalous transformations of the crystal.

The structural features of the starting material are essential
for understanding its PSMs. The ambient-pressure hybrid
perovskite @-DmaFe*"Fe*'Fory, of trigonal space group P31c
(Table 1), is stable in different hydrostatic media nearly up to
1.40 GPa. As previously reported,””® all iron cations in a-
DmaFe”*Fe*Forg are octahedrally coordinated by formate
anions in anti—anti configuration. Every second cavity of the
framework is occupied by the Dma cation, and every other is
empty. At ambient pressure, above 155 K,*”* the Dma cation
is disordered in this way that the two methyls reside on the 3-
fold axis and around the axis, the nitrogen atom is distributed
between three equivalent sites. Below 155 K, the onset of the
ordering of Dma cations breaks the sym_met?r and transforms
the crystal to phase 8 of space group R3¢.°"”

Monotonic Compression of a-DmaFe?*Fe**Forg. The
high-pressure behavior of a-DmaFe?*Fe3*Fory by itself is quite
unique. Up to 1.0 GPa, phase a is hardly compressed along
plane (001) and then, up to 1.40 GPa, it displays the extremely
rare effect of negative area compressibility (NAC) >
(Figure 3). On approaching the phase transition at 1.40 GPa
both the NAC along plane (001) and the strong linear
compression along [001] increase; between the ambient
pressure and 1.40 GPa, parameter ¢ of the hexagonal cell is
reduced by about 1 A. Despite this strong lattice strain, the
structural changes are relatively small: the Fe---Fe distances are
compressed from 5.889 A at 0.1 MPa to 5.768 A in 1.25 GPa;
in this pressure range the O—C—O angle in formates increases
by 1.38° similarly as it was reported in compressed
DmaNiFor;, DmaCoFm@,,ﬁ7 DmaCuFor;, DmaFeFor;, and
DmaMnFc:)r3.68

The magnetic properties of a-DmaFe**Fe’*For, are
consistent with high-spin configurations of the iron cations.”’

11774 DOI: 10.1021/acs.inorgchem.9b01817
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Table 1. Selected Crystallographic Data of a-DmaFe*Fe**Forg, y-DmaFe**Fe*'Forg, and DmaFe* For;”

a-DmaFe”*Fe**Fory a-DmaFe”*Fe**Fory y-DmaFe”*Fe**Forg DmaFe”*For;
formula [(CH,),NH,"] [((:}{9)2PJ}{2’] [((:fig)zrqliz‘] [(CH;),NH,"]
[Fe¥*Fe* (HCOO™)4] [Fe**Fe** (HCOO™),] [Fe**Fe’* (HCOO™)4] [Fe”™*(HCOO),]
medium air Daphne, isopropanol Daphne, isopropanol glycerol
pressure 0.1 Mpa*® 1.40 GPa 1.50 GPa 1.40 GPa
crystal system trigonal trigonal monoclinic trigonal
space group  P3lc P31c P2,/c R3¢
a (A) 8.2512(11) 8.2737(4) 8.353(3) 8.153(7)
b (A) 14.119(3)
¢ (A) 13.846(3) 12.9287(4) 36.091(3) 21.913(3)
f (deg) 90.681(12)
V(A% 816.374(2) 766.45(5) 4256.0(18) 1262(2)
“See Tables S5—S8.
(a) (b)
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Figure 3. Changes in the unit-cell parameters of (a) a-DmaFe**Fe*"For, compressed in Daphne 7474, isopropanol, methanol, and glycerol up to
1.40 GPa and then y-DmaFe**Fe**Forg, compressed in Daphne 7474 and isopropanol; and (b) the compression of DmaFe?*For; formed above 1.40

GPa in glycerol (full symbols) and of DmaFe*'For, synthesized at ambient conditions (open symbols

).%%%% The insets graphically represent the

strain tensors of the crystals at the low-pressure limit of their stability regions.”’

The configuration of electrons in the partly filled 3d shell
affects not only the potential energy and size of the cation, but
also its reactivity. According to Hund’s rule, the electronic
configuration of maximum-multiplicity (highest-spin) is
favored. Thus, the ferrous cation Fe(II) adopts the outer
shell 3d%4s°, and it changes to 3d%4s° for the cation reduced to
ferric Fe(III). Both these cations can further differentiate into
high-spin or low-spin states. The high-spin ferric state, with five
orbitals, each containing one electron, is spherical (°A,). The
high-spin ferrous state is in an asymmetric (°T,) ground state.
On the other hand, the low-spin ferrous state is spherically
symmetric ('A,), while the low-spin ferric state (*T,) is not.
In compressed high-spin a-DmaFe**Fe*'For,, the ligand
field increases and the interelectronic repulsion (Racah
parameter) decreases.”' Thus, on one hand, the high-pressure
increases the energy of all orbitals; and on the other, the
interelectronic repulsion can be reduced by the spin-pairing
energy. The lower energy of interelectronic interactions of the
antiparallel spins, consistent with Pauling’s principle, can also
be associated with the reduction of the volume of electronic
orbitals, with the reduction of ionic and atomic radii. These
effects combine the high/low-spin transitions with the pressure

11775

stimuli. Other external stimuli, such as temperature and pH of
the solvent, can further affect the ligand field. Such combined
effects can cumulate for triggering phase transitions and
topochemical reactions.

Generally, the coordinating electronegative atoms or anions
are larger and stronger compressed than cations. Conse-
quently, high-pressure usually favors the equilibrium of smaller
anions and neutral structural units, even when achieved at the
cost of a small increase of the cations volume (Figure 4).
Moreover, the pressure can trigger a composition change
reducing the overall volume of the crystals and its environ-
ment, treated as a whole system. The volume reduction can be
achieved either by phase transitions or topochemical reactions.

For example, it was shown that high-pressure, through
chemical reactions, promotes the reduced oxidation states in
the series of oxides Fe,O,, Fe;0,, Fe,O, Fe O, Fe,O,, and
FeO.””*%”'"7 For the iron formates under this study, the
oxidation states of the Fe cations are the derivative of the
crystal structure, ligands conformation, voids and of the
compounds composition and its possible changes. Several
types of pressure-induced transformations of iron formates
reported in the literature,m_79 and our present results,

DOI: 10.1021/acs.inorgchem.9b01817
Inorg. Chem. 2019, 58, 11773-11781
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Figure 4. Monotonic and anomalous compression schematically
illustrated for a crystal (the closed thermodynamic system), where at
the transformation point, the overall volume drop of the crystal (red
line) is mainly due to the ligands, voids, and dislocated guests. A
subsystem of iron cations (green) can display a negative volume
compression, fully compensated by the larger volume compression of
the other subsystems. The dashed line marks critical pressure P_.

illustrate the interplay of various structural components and
their compressed environment.

Compression in Oil and in Isopropanol. At 1.40 GPa,
a-DmaFe**Fe*'Forg reversibly transforms to phase 7, of
monoclinic space group P2,/c (Figure 2, Table 1). In phase
7, the FeOg4 octahedra are distorted due to the Fe—O bonds
and O--O distances significantly different in the strained
structure (Figure S). However, the structural dimensions,
chemical composition and the distribution of Fe—O distances,
all are consistent with the retained oxidation state Fe**Fe®" in
phase y. The transition to phase y has the character of both
order—disorder (it halts the rotations of Dma cations) and
reconstructive (every sixth formate anion changes its
configuration from anti—anti to anti—syn) transformation.
Figure S illustrates the main features of phases « and y: the
binding conformation of HCOO™ linkers; disordered (phase
@) and ordered (phase y) Dma cations occupying every second
cage of the perovskite structure (occupied cages are marked
blue/gray; empty ones purple/yellow); and the presence of
independent cages. The anti—syn configuration considerably
reduces the volume of two-thirds of the empty cages in phase y
(Figures S and 6). In this way, 1/3 of all cages in the crystal in
phase y are empty and collapsed, while 1/6 of all cages are
empty and remain open; the remaining 1/2 of all cages is filled
by ordered Dma cations. This volume reduction effect is
absent at ambient pressure and the transition between phases a
and f (at 155 K) is purely of the order—disorder type.

Squeezing Dma off a-DmaFe?*Fe3*Fory in Glycerol. In
glycerol, @-DmaFe**Fe**For, is compressed like in Daphne oil
and isopropanol up to 1.4 GPa (Figure 3), but then several
spectacular macroscopic effects are clearly visible (Figure 7).
The black single crystal of phase a gradually changes its shape
and becomes transparent between the crystal surface and the
dark central part. This color change of the outer part and its
multigrain texture is clearly different from a-to-y phase
transition. On releasing pressure the transparent region is
reduced until the sample is fully black again. This process
could be repeated several times, after which the initial sharp
edges of the sample become first rounded and next shattered.
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a-DmaFe* Fe*'For, y-DmaFe?'Fe*'For;

Figure 5. Structural features of DmaFe**Fe*'Forg phases. (Top)
Schematic representations of the formate coordination configurations
anti—anti (marked green) and in anti—syn (blue), as well as of phase
a (left) projected down direction [100], and of phase y (right)
projected in corresponding direction [100],. The cages occupied with
Dma are colored blue and gray; the empty cages are purple and
yellow. (Bottom) Capped-sticks models of the structures projected
along the direction [001], collinear in phases @ and 7.

The X-ray diffraction measurements confirmed that in
glycerol phase @ is compressed like in Daphne oil and
isopropanol, but then a sudden transformation takes place to a
new phase (Figure S1). Only one single-crystal diffraction
pattern was present above 1.40 GPa, despite that, two different
(transparent-outer and dark-internal) phases were clearly
visible. By solving the crystal structure of the new diffraction
pattern, we found that this is DmaFe**For; (Table 1), of
trigonal space group R3c. DmaFe?*For, was synthesized before
at ambient pressure and it forms transparent crystals,”’ and it
could be an indication that the transparent-outer part of the
sample corresponds to the new compound (Figure 7). The
com}pression of DmaFe’*For; was measured by Collings et
al,”” and it is consistent with our measurements in glycerol in
all the pressure range (Figure 2). However, in our experiment,
the DmaFe*"For; crystal disappears below 1.40 GPa and a-
DmaFe*"Fe* For appears again.

It is apparent that the pressure-induced topochemical
reaction in the single crystal of a-DmaFe**Fe**For, com-
pressed in glycerol leads to at least two products, one of which
we have identified by X-ray diffraction as DmaFe**For; and
others are amorphous or in the form of fine powder, as no

DOI: 10.1021/acs.inorgchem.9b01817
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Figure 6. Compression of the unit-cell volume per one iron atom in
iron-formates with half of the cages empty (DmaFe**Fe**For, phases
a and y) and all cages filled (DmaFe**For; and DmasFe?*;Fe* For,-
CO,). Different pressure transmitting media are indicated by symbols
described in the legend.

Figure 7. Single crystal of a-DmaFe*'Fe*'Fors compressed in
glycerol. It gradually becomes transparent above 1.40 GPa (a, b).
The reverse reaction (c) after the pressure was released, as indicated
by the presence of small air bubbles. Several small ruby chips lie close
to the edge of the diamond anvil cell (DAC) chamber.

other diffraction pattern was observed. This reaction can be
described by the equation

1.40 GPa

glycerol
a-DmaFe2+Fe3+For6 — DmaFe“’For3 + X

where X can be either Fe**For; or Fe**For,-For- (For- stands
for a radical form of formate ligand).

According to Drickamer et al,,”" with increasing pressure the
energy of 3d orbitals (placed against the ligand orbitals)
lowers, at the same time increasing iron affinity for electrons.
The formate anions possessing empty 7 orbitals can bond to
the (filled) t,,(7) orbitals of the metal atom by the back-
donation of metal electrons. The reduction of iron is
accomplished at the point when the electron from a
nonbonding ligand orbital is transferred to the metal 3d
antibonding orbital. This reduction can lead either to a form of
free radical formed at a ligand site or to an electron—hole
circulating between the adjacent ligands.”'

It is plausible that above 1.40 GPa on the crystal surface of
a-DmaFe**Fe**Forg all cages in framework collapse and the
Dma cations are extruded toward the crystal center, where they
fill in the empty (every second) cages, simultaneously with the
reduction of adjacent cations Fe(IIl) to Fe(II). This
mechanism implies that at the sample center, the single crystal
of DmaFe*'For; is surrounded by the transition zone of

unidentified phase X, deprived of all Dma (most likely either
Fe**For, or Fe**For,-For-), which may further transform into
the Fe’*For, framework, where each For anion coordinates
three Fe(II) cations. Such a structure of the collapsed Fe**For,
framework at ambient conditions was determined by Wang et
al®' Despite these strong changes in the structure and in
properties, we observed that the reaction is reversible (Figure
7). It implies that the transforming regions are capable of
transporting the Dma cations, resulting in the reconstruction of
the original phase a-DmaFe**Fe’*For, on the release of
pressure.

Irreversible CO,-Templated Reaction in MeOH and
EtOH. We detected no signs of anomalous behavior for a-
DmaFe**Fe**For, compressed in methanol and ethanol to
about 1.10 GPa. However, at 1.15 GPa, the crystal slowly
dissolved and small cubic prisms precipitated (Figure 8). We

a 1.08GPa

b 1.15-GPa

c 1.15.GPa

Figure 8. Chemical reaction of a-DmaFe**Fe**For, compressed in
methanol: (left) the DAC chamber with one single crystal of phase a
and a ruby chip for pressure calibration on its left edge, after
increasing pressure to 1.08 GPa at 296 K; (middle) after 2 days of
gradually increasing pressure to 1.15 GPa; and (right) incubated for
another 5 days, the chamber filled by many small crystals of
DmajFe**;Fe**For,,-CO, (green in the transmitting light).

recovered them to ambient pressure and established by X-ray
diffraction that they are formed of DmasFe**;Fe*Fory,-CO,.
Their cubic symmetry of space group Im3, and the structure
(Table 2) are analogous to a group of metal M(III) formates of

Table 2. New Iron Formate Obtained under High-Pressure
(this work, see Table S9) Compared to the Analogous
Crz?'stal Synthesized in Hydrothermal Conditions by Tian et
al.”

Fe* ,(HCOO),,:3C0,-H,0-

formula DmajFe*;Fe**For,,-CO, HCOOH
synthesis 0.9-1.2 GPa 269 K for hydrothermal 423 K for 24 h*
120 h
cryst. cubic cubic
system
space group Im3 Im3
a (A) 12.0752(4) 11.7697(11)
V (A%) 1760.68(10) 1630.4(3)
YAVA 8/0.166667 8/0.166667
D, (gem™) 1723 1.861

general formula [M?*"(HCOO7);-3/4C0,-1/4H,0-
1/4HCOOH], where M = Mn, Fe, Al, Ga, and In.*** They
adopt the ReO;-type structure, built of FeO4 octahedra sharing
formate anions at the vertices. The neutral CO, molecules and
Dma cations trapped in the cages equilibrate the 3:1 ratio of
Fe’ and Fe®* cations (Figure 9).

It appears that the main reason for the different effect of
methanol and ethanol is that they better dissolve a-
DmaFe**Fe**Fory than isopropanol, Daphne oil, and glycerol.

DOI: 10.1021/acs.inorgchem.9b01817
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Figure 9. Cubic structure of Dma;Fe?*;Fe**For,,-CO, with Dma and
CO, caged in the 3-dimensional framework. Two types of cages, one
of site symmetry mmm and the other m3, result in highly disordered
Dma and CO,, respectively. The Dma H-atoms are omitted for
clarity.

Consequently, phase a dissolves and some formates decom-
pose to CO, and H,. This reaction involves an electron
transfer from the formate nonbonding level to the metal d,
orbitals, according to

4(x-Dma\l'~"e”Fe”For6 + 2For + 2Dma
1.15 GPa
CH,0H

C,H,OH
——— 2DmayFe,""Fe**For,-CO, + H,

The crystal structure of DmasFe?*;Fe**For,,-CO, is similar to
that of DmaFe?*For; in this respect that all cages are filled.
However, in DmasFe**;Fe**For,,-CO,, every fourth cage are
filled with the neutral CO, molecule. It is known that many
formate salts of the general formula MFor(H,0), are prone to
decarboxylation. For example, hydrated nickel formate
decarboxylases at about 473 K, yielding the fine powder of
pure metallic nickel.** Moreover, the catalytic effect of
Fe(BF,),-6H,0 for the dehydrogenation of formic acid is
highly efficient.**

Environment effects on a-DmaFe**Fe?*For,. Our
experiments have revealed that a-DmaFe**Fe**Forg is highly
sensitive to the liquid medium used for the compression.
Clearly, three different transformations of a-DmaFe**Fe* Forg
can be discriminated for the sample compressed in (a) Daphne
oil 7474 and isopropanol, (b) glycerol, and (c) methanol and
ethanol. These liquids are different in several respects, and it
appears that their most significant properties are molecular
volume, viscosity, and the hydrostatic limit.**~** The liquids
also differ in the types of intermolecular interactions with the
walls of cages and the crystal; surfaces. All these prog_erties
affect the penetration of molecules into the framework.” The
highly viscous Daphne 7474 and isopropanol consist of large
molecules, unlikely to penetrate the a-DmaFe’*Fe**Forg
structure. It appears that glycerol is similar, but it is much
more hydrophilic in interactions. Finally, small molecules of
methanol and ethanol can penetrate the pores and, in this way,
affect the compression.

72| Page

B CONCLUSIONS

When exposed to different external stimuli, the hybrid iron-
formate perovskite a-DmaFe*'Fe*'For, displays a variety of
transformations. Different phase transitions are induced by
temperature and pressure. However, the most striking different
chemical reactions are caused by the pressure in conjugation
with different surrounding liquids. Three different types of
transformations have been observed: classical order—disorder
and displacive reversible thermodynamic transitions (between
phases @, 5, and 7); reversible chemical reaction (yielding
DmaFe**For; and Fe®*For,); as well as irreversible reaction
leading to DmasFe**;Fe* For,,-CO, involving reduction of
formates. The physical and chemical effects leading to these
transformations include the work term of the Gibbs free energy
(0G/ap) involving the volume changes between low/high-spin
electron configurations, disorder and onsets of ordering of
Dma cations, changes in oxidation state of iron, disproportio-
nation of charges, configuration of coordination bonds,
pressure-increased catalyst effect of iron, molecular size of
liquid pressure transmitting media, their dissolving properties,
etc. All these effects can be applied for planning the PSMs.
Most importantly, this study on a-DmaFe?*Fe* For, and its
PSM products has revealed a variety of transformations and
reactions that broaden the general understanding about the
chemistry in extreme conditions, and in particular, the subtle
effects most relevant to soft and highly sensitive hybrid metal—
organic perovskites.

B EXPERIMENTAL SECTION

Synthesis of a-DmaFe?*Fe**Fors. Black single crystal of a-
DmaFe?*Fe’*For, was synthesized according to the procedure
reported by Zhao et al.’” One gram of the FeCl;-6H,O crystals
were dissolved in a mixture of DMF and 88% formic acid and heated
at 140 °C for several days in an autoclave.”” After that, black crystals
of DmaFe?*Fe**For, were mechanically separated, washed, and dried.
The Dma cations caged in the formate framework come from the
hydrolysis of DMF used as the solvent for the reaction.

Synthesis of Dmas;Fe?*;Fe*For,,*CO,. DmasFe**;Fe**For,,-
CO, was synthesized from a-DmaFe**Fe*'For, compressed to 1.15
GPa in methanol or ethanol. During 5 days, the phase a crystal
gradually dissolved and the reaction yielded small green cubic crystals
(Figure S4). Single-crystal X-ray measurements were performed on a
SuperNova diffractometer with a microfocus source (Cu Ka =
1.54178 A) revealed that the new product is Dma,Fe’*;Fe* For,,-
CO, (detailed structural data from ambient and low-temperature
structural measurements are located in Table S9). Crystallographic
Information Files (including low-temperature measurements) have
been deposited in the Cambridge Structural Database (CCDC, www.
ccde.cam.ac.uk) with numbers CCDC 1893002—1893006.

High-Pressure Structural Measurements. A black trigonal
single crystal of the a-DmaFe’'Fe*'For; has been mounted in a
Merrill-Bassett diamond anvil cell (DAC) chamber,” then filled with
isopropanol, Daphne 7474 oil, glycerol, methanol, and ethanol and
isothermally compressed. The pressure inside the DAC was calibrated
by the ruby-fluorescence method.”"””> The gaskets of 0.3 mm stainless
steel foil with spark-eroded holes 0.5 mm in diameter were used. The
DAC was centered by the gasket-shadow method.” The compression
of crystals was measured by single-crystal X-ray diffraction on Xcalibur
Eos-CCD and Kuma Eos-CCD 4-circle diffractometers (Mo Ka =
0.71073 A). The optimum diffractometer settings for measuring the
reflection intensities were applied.” Crystallographic data were
collected and preliminarily reduced with the CrysAlisPro, version
1.171.33.” The structure was solved by direct methods in program
Shelxs and refined with Shelxl using the Olex2 suite.”*””* The final
crystal data are summarized in Tables 1 and 2 (see Tables S5—S8)
and obtained Crystallographic Information Files have been deposited

DOI: 10.1021/acs.inorgchem.9b01817
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in the CCDC with numbers 1892942—1892949, 1892963 (for a-
DmaFe’*Fe**Forg), 1892964—1892966 (for y-DmaFe**Fe*'Forg),
and 1892970—1892973 (for DmaFe®'Fory). The high-pressure
experiments were repeated several times each to eliminate possible
other reasons of different transitions and reactions.
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Abstract: High-pressure and -temperature crystallization and
X-ray diffraction crystallography have revealed hydronium
salts of the proposed but never demonstrated iodoplumbic
acid HPbls. Depending on the pressure range, the reaction of
Pbl2 and aqueous concentrated hydriodic acid under isochoric
conditions in a diamond anvil cell (DAC) held between 0.11
and 1.20 GPa produces two hydrated hydronium salts with
compositions [HzO][Pbls]-nH20 (n = 3, 4). Comprised of
polymeric one-dimensional Pbls~ anions, these hydronium
salts represent the so far best match for the elusive HPbIs
progenitor of hybrid lead perovskites. We also reveal a new
three-dimensional polymorph of lead iodide (Pblz), so far
known only as a layered structure.

The emergence of photovoltaic lead halide perovskites of the
general formula APbls (where A = alkaline metal, ammonium
or organoammonium cation)l'! and composed of polymeric
Pbls- anions, such as NH4Pbls @ [CH3NHs]Pbls-8 or
CsPbl3,®-"1 conducted via traditionall'? as well as
unconventional methods,['*-'9] has inspired extensive studies
on the existence of iodoplumbic(ll) acid. The proposed
iodoplumbic acid HPbls is anticipated to be the simplest
member of this class of compounds and the formally fully
inorganic progenitor of hybrid as well as inorganic lead(ll)
perovskites. Whereas iodoplumbic acid was first proposed as
a solid-state precursor for the synthesis of hybrid perovskites
in 2015 by Zhao et al 'l the existence of an acid with
composition HPbls has remained controversial. The proposed
HPbls material, which results from precipitation of solutions
containing Pblz and HI from N,N-dimethylformamide (DMF),
as shown by several groups, including Kanatzidis and
Hillebrecht,['8.1°] proved to be the dimethylammonium hybrid
perovskite precursor [N(CHs)2H2]Pbls. Moreover, in another
study Daub and Hillebrecht demonstrated that, while HPbls is
not accessible from the DMF solutions, the direct reaction of
Pbl2 with concentrated (57% by weight) aqueous hydroiodic
acid (HI) can produce two forms of hydrated iodoplumbic
acids.["® One exhibits the composition [H3Olax[Pb1«l2] * (2—
2x)H20 (1) (x ~ 0.23), and is based on two-dimensional (2-D)
anionic Cdl>-type sheets with approximate composition
[Pbalg?]n. The second one exhibits the composition
(H30)2Pbsls-6H20 (2) (Figure 1),

Daub & Hillebrecht, 2018 and this work
(a)[H30],,[Pb,J;]-(2-2x)H,0 (1) (b)[H 0],[Pbslg]- 6H,0 (2)

o X\ Add
\ Add

this work

e 'l Ge %

(c) [H;0][Pbl;]- 4H,0 (3)

350 KA0M 146GPa

Figure 1. Four forms of hydrated iodoplumbic acid obtained in the
reaction of Pbl, with concentrated HI aqueous solution: (a)
[H3O]ax[Pb1xl2]* (2-2x)H.0 (compound 1); (b) (H;0),Pbsls:6H,0 (2);'¥
and those synthesized under high-p high-T: (c) (H;O)Pbl;-4H,0 (3)
and (d) (HsO)Pbls-3H,0 (4). The proposed sites of H;O* cations are
marked in orange. Photographs show crystals 3 and 4 in situ grown
under pressure.
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and is based on one-dimensional (1-D) polyanionic tapes of
[Pbsls?]n. Compound 2 was reported to be the first product of
either crystallization of Pbl2 from concentrated aqueous Hl, or
of the gas-solid reaction between Pblz and HI vapors. Upon
standing in air, 2 quickly transforms into 1. Anions in both 1
and 2 are separated by layers of water molecules containing
hydronium ions. Overall, these prior studies indicate that an
inorganic acid based on the Pbls anion does not exist, and
that the only accessible forms of iodoplumbic acid are
hydronium salts of the Pbals? anion.

We now show that the crystallization of Pbl> from
concentrated aqueous HI provides, at pressure above 0.11
GPa, access to hydronium salts of 1-D polyanions with
composition Pbls. Based on the chemical composition of the
anion, and the absence of any ammonium or metal cations,
the herein reported structures are the so far closest match for
the elusive HPbls.

With HPbls apparently inaccessible by solution
techniques, our study has focused on less conventional
reaction environments based on introduction of mechanical
energy in the form of either ball milling (mechanochemistry) or
by high-pressure chemistry. Our first exploration of reactivity
between Pblz and concentrated aqueous hydroiodic acid
Hl(aq) was done mechanochemically, by milling of the two
components in the stoichiometric ratio of Pblz/HI = 1.5:1
(corresponding to the 3:8 stoichiometric ratio of Pb to I,
respectively). Milling produced a bright yellow powder that,
upon powder X-ray diffraction (PXRD) analysis, was found to
match the previously reported 1 (Figure S4 in ESI). Increasing
the amount of HI(aq) for the milling stoichiometric reaction of
Pbl2/HI= 1:3 leads to the formation of compound 2 in a pure
form (Figure S5 in ESI). Consistent with previous report, [18]
upon standing in air 2 slowly transforms to 1 and,
subsequently, to solid orange Pbl2. Having established that
both reported hydrated iodoplumbic acids (1 and 2) are also
accessible mechanochemically, but no new phases have
been observed by milling, we turned to investigate the
Pbl2/HI(aq) system under elevated pressures.

A different approach to introduce mechanical energy to
a reaction system is high-pressure chemistry in a diamond
anvil cell (DAC), where the application of force to the
chemical-reaction system is in the form of static, hydrostatic
pressure, allows for otherwise inaccessible thermodynamic
coordinates.?l As a reactor, the DAC represents an almost
perfect closed system confining the reaction to the volume of
~0.02 mm? between two diamond culets and a steel gasket.?"
The introduction of energy to the chemical reaction in the DAC
is achieved by compression, typically leading to the formation
of new products.22]

For each of the high-pressure reactions, a saturated
solution of Pbl2 in Hl(aq) was loaded in the DAC, and
isothermally compressed. At 0.11 GPa, a polycrystalline mass
precipitated that, upon subsequent recrystallization by cycles
of gentle heating and cooling, led to a colorless, prism-shaped
crystal suitable for structure determination by single-crystal X-
ray diffraction (SCXRD). Structural analysis revealed for the
crystal at 0.5 GPa a structure of formula (H3O)Pbl3-4H20 (3),
comprising 1-D anionic Pbls” tapes composed of edge-sharing
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Pbls-octahedra running along the crystallographic b-axis
(Figure 1). Crystallographic parameters for 3 are distinct from
those of previously reported('® 1 or 2 (Figure 1, Table 1). The
Pbls octahedra in the polyanion are slightly distorted,
exhibiting four different lengths of Pb—| bonds around each
metal ion: 3.046(2), 3.174(6) (twice), 3.250(6) (twice), and
3.3663(19) A.

Table 1. Selected crystallographic data for compounds 1-4 and 8-Pbl,
The structure of 1 was measured at ambient conditions on a crystal
recovered from the DAC.

Compound 10! 21t 3 4 B-Pblz
P 0.1 MPa 0.1 MPa 0.5 GPa 2.63GPa 2.05GPa
T 300 K 300 K 300K 300 K 320 K
Space group  C2/m Pbam 12im P2i/m C2/m
a(A) 7.8946(10)  10.033(3) 16.205(2) 9.57(3)  14.06(4)
4.4560(12
b (A) 4.5598(3) 30.126(7) 4.5170(1) 4.513(3)
17.184(14
c(A) 11.1985(18)  4.5610(10) 12.98(11) 10.540(6)
B(°) 118.023(19) - 111.50(4) 95.9(6) 93.08(12)
1170.3(10
V (A3) 355.859 1378.66(6) 558(5) 654.9(17)
Deaic (glem®)  4.638 4.290 3.666 3.883 7.013
Z|Z 4/0.5 2/0.25 4/0.5 2/0.5 2/0.25

B The herein determined structure is analogous that previously
reported [H3O]o[Pbi1_«2] (2-2x)H20 (x=0.23), but with x = 0.20.

The polymeric anions are counterbalanced by
hydronium cations. Although the presence of heavy atoms in
3 hinders the location of hydrogen atoms and distinguishing
water molecules from H3O* cations, the latter ones are likely
to form the shortest contacts with the lead-based anions. The
anions are separated by tapes of hydrogen-bonded water
molecules (Figure 2) O-H---O hydrogen-bonded into an
extended honeycomb-like structure, O---O distances of
2.63(4) A, 268(6) A, 2.79(7) A, periodically interrupted by
short contacts with the iodoplumbate(ll) anions. These
contacts are consistent with O-H---| hydrogen bonding of
3.2(2) A, which is significantly shorter than the O---I non-
bonding distance of about 3.5 A expected from the van der
Waals radii of O (1.50 A) and | (2.04 A) atoms.?% In addition
to oxygen atoms in these extended hydrogen-bonded nets of
water molecules, the structure of 3 also exhibits 1-D arrays of
oxygen atoms that are located between pairs of Pbls™ anions
(Figure 2b). The anionic framework of 3 is analogous to that
in NH4CdCl3,24 NHzPbls,?% CsPbls?%! and RbPbl3.72
Consequently, 3 can be seen as the acidic, hydronium-based
analogue of these perovskite solids.



[H:0L,.[Pb,1,]- (2-2x)H,0 (1) [HzO'l[Pb'x]' 4H,0 (3) [H:0][Pbl.]- 3H,0 (4)

Figure 2. Crystal structures of (a) 1; (b) 3; and (c) 4 viewed
perpendicular to the honeycomb water networks, with the longer
O---O distances shown lighter. The oxygen atom sites suggested for
H;O* ions are shown in orange.

While increasing the pressure up to 1.20 GPa does not
affect the crystals of 3, releasing the pressure to 0.1 MPa
quickly leads to their transformation into 1 (Figure 3). The
transformation takes place in a single-crystal-to-single-crystal
(SCSC) manner, as shown by X-ray diffraction on the crystal
recovered from the DAC (see ESI), which revealed a clear
matrix relationship between the lattices for the starting crystal
of HsOPbls-4H20 (3) and the daughter phase 1:

-1/3 0 1/3\ /a3 a,

2/3 0 1/3/\¢c3 €
where a1, b1, ¢1 and as, bs, ¢3 are sets of unit-cell parameters
for 1 and 3, respectively (Table 1).

Figure 3. A crystal of 3: as grown in the DAC (a) and (b) then

recovered to ambient conditions and transformed to 1, on a nylon loop.

Crystal axes are indicated.

The quality of the crystal recovered to 0.1 MPa permitted
the SCXRD measurement of lattice dimensions and structure
refinement, which revealed monoclinic symmetry (Table 1,
also Sl). Itis highly pseudo-symmetric (see the Sl) and similar
to the trigonal structure previously reported for 1.9 The two
determinations of this layered structure of [H3O]2x[Pb1xl2] - (2—
2x)H20 are consistent, except for somewhat lower x value
resulting from our SCXRD measurement (0.20 compared to
0.23). The difference, we believe, indicates the possibility of 1
to adopt a wide range of compositions. The highly topotactic
transformation from 3 to 1 requires a transition from 1-D to 2-
D polyanions, in which some of the water and HI molecules
leave the structure, probably by diffusion, while the edge-

sharing connectivity of Pble octahedra is preserved in both
materials.

Above 1.2 GPa and at temperature above 420 K we
obtained a pink-colored crystalline material (Figure 4a),
different from 3. Subsequent SCXRD was conducted at 320 K
and above 2.05 GPa, revealing a high-pressure polymorph of
Pblz2, herein termed B-Pbl.. The B-Pbl. displays a reverse
solubility, as we observed the growth of B-Pblz crystals on
increasing the temperature, and their dissolution on cooling of
the DAC. This new form of 3-Pbl: crystallizes in the monoclinic
space group C2/m with unit-cell parameters a =14.10(3) A, b
=4.4548(9) A, ¢ = 10.610(5) A, and f = 92.89(11)° and it has
a 3-D framework of alternating six- and seven- coordinated
Pb?* cations bridged by iodide ions (Table 1, Figure 4d,e, also
see ESI). In this respect, it contrasts with the well-known 2-D
layered structure with six-coordinated Pb?* cations in a-Pbl>.
To the best of our knowledge, this is the first observation of
polymorphism in Pblz. The formation of B-Pbl2 is consistent
with higher pressure leading to increased coordination
numbers due to stronger compression of anions than
cations.[2%]

We obtained a yet another crystalline phase by two
different methods, either by recrystallizing 3 above 1.2 GPa or
by a spontaneous recrystallization of 3-Pblz crystals in the
DAC below 350 K (Fig 3a-c). Below 1.2 GPa, at 320 K, pink
B-Pbl2 dissolves and colorless needle-like crystals of another
new phase (4) appear. Recrystallization by mild temperature
oscillation produced a diffraction-quality single crystal of 4,
revealing another structure based on Pbls polyanions (Table
1). Compound 4 was found to exhibit the formula
(HsO)Pbls-3H20 , based on identical polymeric anions with
edge-sharing Pbls-octahedra, as those in 3, but with a lower
content of water of crystallization (Figure 3). The lower content
of water in 4 compared to 3 is consistent with shorter |---I
contacts at higher pressure. In this case also, four distinct
lengths of Pb—| bonds are present in the anions: 2.81(4),
3.186(12) (twice), 3.232(11) (twice), and 3.34(4) A. In 4,
oxygen atoms of water molecules form ribbons (about 10 A
wide). Within the ribbons shorter hydrogen bonds [O---O
distances of 2.73(9) A] are arranged into three 1-D zigzag
chains, interconnected by weaker bonds [O---O distance of
3.1(2) A] into a strongly distorted honeycomb motif. The
ribbons separate the adjacent pairs of Pbls~ polyanions .
Additionally, there are also oxygen atoms not involved in any
O---O contacts commensurate with hydrogen bonds, but they
are each close to three iodine atoms of Pblz~ anions, with O---|
distances of 3.187(12) (twice), 3.232(11) (twice), 2.80(4)
(once) and 3.33(4) (once) A at (at 2.63 GPa, 300 K).
According to the criterion of close vicinity to the anions, it is
tempting to identify these oxygen atoms as belonging to
hydronium species, although the location of protons by X-ray
diffraction currently is not possible.
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(b) 320K / 1.2

(c) B-Pbl,

6-coordinated Pb?*

7-coordinated Pb**

Figure 4. Pink single crystals of B-Pbl, at 1.2 GPa and: (a) 420K and
(b) 320 K covered by a bundle of needle crystals of 3. Views of the -
Pbl,.structure: (c) six- and seven-coordinated Pb?* cations and (d) the
3-dimensional network viewed along the crystallographic b-axis.

The series of structures of a- and B-forms of Pblz, as well
as its hydronium derivatives 1 — 4 exhibit polymeric Pb-l
bonded 2D sheets or 1D ribbons, with a common motif of
edge-sharing Pbls octahedra (cf. Figs. 1 and 2). They are by
far and large the least compressed bonds constituting the
scaffolds of the structures (Table 1), as clearly indicated by
the structural relations between the members of this series of
analogues, i.e. see the matrix relation between 1 and 3. The
cohesion forces between the polyanions are considerably
weaker due to the contacts of the electronegative iodine
atoms. These || contacts are most affected by high pressure.
They are also most sensitive to the temperature and to the
sample environment. The Pbl2 polymorphs and compounds 1
— 4 display stability regions mapped in the preference p-T
diagram in Figure 5. The low-pressure end-member of this
series is a-Pblz of clearly layer structure of 2D-sheets. The
high-pressure end-member is 8-Pblz2, where the Pb?* cations
become 7-coordinated and the additional Pb—I bonds bind the
sheets into a 3D network. In structures 1 — 4 the vicinity of
electronegative iodine atoms is filled by water and hydronium
units that form OH--I- and OH*--I- hydrogen bonds and
compensate the electrostatically unfavored close locations of
13- atoms. The presence of four such compounds revealed for
the pressure region up to 2.63 GPa is consistent with the high-
sensitivity of the system to the external stimuli.
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a-Pbl,
(H30).,Pbyl+(2-2X)H,0 (1) [l (H;0)Pbl-3H,0 (4)

Z (H30),Pb;lg-6H,0 (2) B 5-Pbl,

Figure 5. The p/T preference diagram of Pbl, and Hi(aq) system, with
their end members of 2D-polymorph a-Pbl, and 3D-polymorph B-Pbl..
Hydronium salt 1 and 2 were obtained by milling and vapor deposition,
whereas 1, 3, 4 and B-Pbl, through high-pressure synthesis in the
DAC.

It is reasonable to expect that in the highly acidic environment
of Hl(aq), ionic pairs HsO*/I" are intercalated, too. Their
presence between the (Pbl2), layers have the consequences
consistent with the observed transformations between a-Pbl2
— 1 -4 — B-Pbl2 compounds, where the increasing presence
of acidic protons leads to the incorporation of the
counteranions into the (Pbls)n. It is characteristic that we
observed a desorption of water molecule above 1.2 GPa,
because pressure above 1 GPa often destabilizes
hydrates.®%31 |t is plausible that an analogues mechanism
reduces the contents of intercalated water molecules and
hydronium cations for the crystals in the environment of Hl(aq),
which leads to the B-Pbl> polymorph as the end member of
the series on the high-pressure side.

In summary, high-energy isochoric syntheses in a DAC
revealed the existence of two new hydrated iodoplumbic acid
solids, based on one-dimensional polyanions of composition
Pbls~. The anion composition makes the herein observed high-
pressure hydronium salts the so far best match to the elusive
iodoplumbic acid HPbls, which is of fundamental importance
as the progenitor of the highly popular class of hybrid
perovskite materials. High-energy crystallization in the DAC
also gave rise to the so far first known polymorph of Pbl2 which,
unlike the commonly known form based on 2-dimensional
sheets, presents an unprecedented Pblz structure based on
Pb-I polyhedra connected into a three-dimensional structure.
This work highlights the potential of crystallization from the
high-energy environment as a simple and straightforward
means to discover new phases, even in systems that have
been extensively studied, over a long time. The herein
observed hydrated iodoplumbic acids and a new form of Pblz,
together with previously reported structures, represent a
closely related family of structures, in which the electrostatic
repulsion between electronegative atoms is reduced by the
intercalation of water molecules and hydronium cations, and
is overcome completely at high pressure (>2 GPa) and



temperature (>350K), when a new 3D polymorph B-Pbl2
appears.

Keywords: high-pressure chemistry * led halide perovskites
* iodoplumbic acid « lead(ll) iodide polymorphism «
mechanochemistry

(]
(2]
(3]

(4]
(3]
(6]
(71
(8]

(9]

(10]

(1]

(12]

(13]

(14]

[15]

[16]

[17]
(18]
(19]

(20]
(21]

Y. Zheng, H. Sato, P. Wu, H. J. Jeon, R. Matsuda, S.
Kitagawa, Nat. Commun. 2017, 8, 100.

L.-Q. Fan, J.-H. Wu, Acta Crystallogr. Sect. E 2007,
63, 1189-i189.

J. Burschka, N. Pellet, S. J. Moon, R. Humphry-
Baker, P. Gao, M. K. Nazeeruddin, M. Gratzel,
Nature 2013, 499, 316-319.

N. J. Jeon, J. H. Noh, Y. C. Kim, W. S. Yang, S. Ryu,
S. Il Seok, Nat. Mater. 2014, 13, 897-903.

H. Z. Sheng Huang, Peng Huang, Lei Wang, Junbo
Han, Yu Chen, Adv. Mater. 2019, 37 , 1903830.

M. Szafranski, A. Katrusiak, J. Phys. Chem. Lett.
2016, 7, 3458-3466.

M. Szafranski, A. Katrusiak, J. Phys. Chem. Lett.
2017, 8, 2496-2506.

M. Shirayama, H. Kadowaki, T. Miyadera, T. Sugita,
M. Tamakoshi, M. Kato, T. Fujiseki, D. Murata, S.
Hara, T. N. Murakami, S. Fujimoto, M. Chikamatsu,
H. Fujiwara, Phys. Rev. Appl. 2016, 5, 1-25.

D. Prochowicz, R. Runjhun, M. M. Tavakoli, P.
Yadav, M. Saski, A. Q. Alanazi, D. J. Kubicki, Z.
Kaszkur, S. M. Zakeeruddin, J. Lewinski, M. Gratzel,
Chem. Mater. 2019, 31, 1620-1627.

Y. Wang, M. Ibrahim Dar, L. K. Ono, T. Zhang, M.
Kan, Y. Li, L. Zhang, X. Wang, Y. Yang, X. Gao, Y.
Qi, M. Gratzel, Y. Zhao, Science, 2019, 365, 591—
595.

W. Ahmad, J. Khan, G. Niu, J. Tang, Sol. RRL 2017,
1, 1-9.

T. Baikie, Y. Fang, J. M. Kadro, M. Schreyer, F. Wei,
S. G. Mhaisalkar, M. Graetzel, T. J. White, J. Mater.
Chem. A 2013, 1, 5628-5641.

D. Prochowicz, M. Franckevicius, A. M. Cieslak, S.
M. Zakeeruddin, M. Gratzel, J. Lewinski, J. Mater.
Chem. A 2015, 3, 20772-20777.

D. Prochowicz, P. Yadav, M. Saliba, M. Saski, S. M.
Zakeeruddin, J. Lewinski, M. Gratzel, Sustain.
Energy Fuels 2017, 1, 689-693.

W. Huang, J. S. Manser, S. Sadhu, P. V. Kamat, S.
Ptasinska, J. Phys. Chem. Lett. 2016, 7, 5068-5073.
Y. Zong, Y. Zhou, M. Ju, H. F. Garces, A. R. Krause,
F. Ji, G. Cui, X. C. Zeng, N. P. Padture, S. Pang,
Angew. Chem. Int. Ed. 2016, 55, 14723-14727.

F. Wang, H. Yu, H. Xu, N. Zhao, Adv. Funct. Mater.
2015, 25, 1120-1126.

W. Ke, |. Spanopoulos, C. C. Stoumpos, M. G.
Kanatzidis, Nat. Commun. 2018, 9:4785.

M. Daub, H. Hillebrecht, Zeit. Anorg. Allg. Chemie
2018, 644, 1393-1400.

A. Katrusiak, Acta Cryst. 2019, B75, 918-926.

A. Katrusiak, in Int. Tables Crystallogr. (2019). Vol.

(22]

(23]
(24]

[25]
[26]
[27]
[28]
[29]
[30]

(31]

H., 2019, pp. 156-173.

S. Sobczak, A. Katrusiak, /norg. Chem. 2019, 58,
11773-11781.

S. Alvarez, Dalt. Trans. 2013, 42, 8617-8636.

H. Brasseur, L. Pauling, J. Am. Chem. Soc. 1938,
60, 2886—2890.

D. Bedlivy, K. Mereiter, Acta Cryst. 1980, B36, 782—
785.

C. K. Mgller, Nature 1958, 182, 1436—-1436.

H. J. Haupt, F. Huber, C. Kriger, H. Preut, D.
Thierbach, Zeit. Anorg. Allg. Chemie 1977, 436,
229-236.

D. M. Trots, S. V. Myagkota, J. Phys. Chem. Solids
2008, 69, 2520-2526.

A. Pétrolniczak, S. Sobczak, A. Katrusiak, /norg.
Chem. 2018, 57, 8942—-8950.

H. Tomkowiak, A. Olejniczak, A. Katrusiak, Cryst.
Growth Des. 2013, 13, 121-125.

F. Safari, A. Olejniczak, A. Katrusiak, Cryst. Growth
Des. 2020, 20, 3112-3118.

81| Page



(R4) Sobczak, S.; Drozdz, W.; Lampronti, G. I.; Belenguer, A. M. A,; Katrusiak, A,;
Stefankiewicz, A. R. Dynamic Covalent Chemistry under High-Pressure: A New
Route to Disulfide Metathesis. Chem. - A Eur. J. 2018, 24 (35), 8769-8773

82| Page



@‘* ChemPubSoc
el Europe

.
B
B

l High-Pressure Chemistry

DOI: 10.1002/chem.201801740

CHEMISTRY

A European Journal
Communication
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to Disulfide Metathesis
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Andrzej Katrusiak,*™ and Artur R. Stefankiewicz* "

Abstract: This work describes, for the first time, the appli-
cation of combined pressure and temperature stimuli in
disulfide metathesis reactions. In the system studied,
above a pressure of 0.2 GPa, equimolar amounts of sym-
metric disulfides bis 4-chlorophenyl disulfide [(4-CIPhS),]
and bis 2-nitrophenyl disulfide [(2-NO,PhS),] react to give
the heterodimeric product 4-CI-PhSSPh-2-NO.. In contrast
to experiments conducted in solution at atmospheric
pressure or in mechanochemical experiments under ball-
mill grinding conditions, there is no necessity to use a
base or thiolate anion as a catalyst for the exchange reac-
tion under investigated conditions. Single-crystal and
powder X-ray diffraction revealed also that, despite the
high-pressure conditions of this reaction, the heterodimer-
ic-disulfide product unexpectedly crystallizes into the low-
density polymorph A. This counterintuitive result contrasts
with the high-pressure stability of the higher-density poly-
morph B, confirmed by its compression up to 2.8 GPa with
no signs of a phase transition. D

There is ongoing demand for the development of stimuli-re-
sponsive materials, and a great deal of work has been dedicat-
ed to the generation of molecular and supramolecular systems
that can be crafted into functional smart materials."’ Investiga-
tion of stimuli-responsive molecular behavior can facilitate
better understanding of biological systems but also accelerate
the development of artificial “intelligent” materials capable of
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reversible structural, electronic, and chemical modification in
response to an external stimulus, such as temperature, pH, or
light.? In this context, the emergence of dynamic covalent
chemistry (DCC) has substantially influenced chemical synthe-
sis, with the concept relying on the formation/breakage of re-
versible covalent bonds in response to the external environ-
ment.”) Among various dynamic covalent bonds, those of di-
sulfides are important due to their pivotal roles in biology, for
example in stabilization of the secondary structures of pro-
teins.” Although disulfides are relatively stable, the kinetics of
their production, reduction, isomerization, and interconversion
reactions are highly pH-sensitive, commonly attaining maxi-
mum rates in the pH range 7-9. In biological systems, many di-
sulfide exchange processes are controlled and catalyzed by
delicate enzyme machineries, providing elegant examples of
one form of DCC. In the usual solution state, thiol/disulfide ex-
change involves nucleophilic displacement (S,2) of the thiolate
anion from the disulfide (cleavage of the original S-S bond),
through attack by another thiolate anion and, finally, protona-
tion of the liberated thiolate moiety.”) Another exchange
mechanism involving homolytic cleavage to give radicals, fol-
lowed by the recombination of the disulfide bond, is also pos-
sible.’®

The reversibility of disulfide bonds has been exploited in the
construction of many complex functional architectures, for ex-
ample, macrocycles, catenanes, knots, cages, and self-replicat-
ing systems.”” The synthesis of functional disulfide molecular
systems displays great sensitivity to external stimuli (physical
or chemical), which can significantly alter the position of the
reaction equilibrium.® The most widely used chemical stimuli
involve the use of template molecules or pH.”” The Ramstrom
group showed that disulfide exchange is possible by applica-
tion of phosphine,"” whereas the group of Pittelkow discov-
ered exchange between diselenides and disulfides at neutral
pH."" On the other hand, Alfonso et al. showed the effect of
DMSO on the thiol-disulfide exchange."? Physical stimuli in-
clude, light, temperature, ultrasound, or pressure and, though
the first three have been previously employed,”® to the best
of our knowledge, no investigation into exchange of disulfides
under high-pressure conditions has been published.

The application of pressure as a variable in chemical studies
can lead to the discovery of new materials with unique proper-
ties and can provide an efficient means of modifying the struc-
ture of crystals."* Within a relatively low pressure range of a
few GPa the volume of molecular crystals can be compressed
by as much as 80% and molecular conformations and intermo-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lecular interactions can be markedly changed. Consequently,
pressure has been used for generating new polymorphs,"*
new solvates,'® and new reaction pathways when activation
volumes differ.”"” In particular, diamond-anvil cell high-pressure
experiments have been employed in the transformations of in-
tramolecular contacts,"® formation of new coordinate
bonds,"” or conformational conversions in disulfide com-
pounds.?” This indicates that exchange reactions of weakly
bound species could be triggered by the application of pres-
sure only, leading to a new, unexplored, catalyst-free, high-
pressure DCC field.

Here, we report a new approach to the disulfide-exchange
reaction, in which high pressure was used as a physical stimu-
lus in the reconfiguration process within DCC. We have shown
that, above the pressure of 0.2 GPa equimolar amounts of sym-
metric disulfide homodimers, [(4-CIPhS),] and [(2-NO,PhS),],
react in the absence of base catalyst to give the heterodimeric
product 4-CI-PhSSPh-2-NO.. To the best of our knowledge, this
is the first example where high pressure imposed at a mildly
elevated temperature has been used to promote a disulfide ex-
change reaction under non-basic and non-reducing conditions.
The use of the diamond-anvil cell (DAC) chamber in the con-
ducted experiments made it possible not only to work under
high pressure conditions but also to control the temperature
of the reaction, which proved to be necessary to dissolve the
reaction substrates.

The formation of heterodimeric product 4-CI-PhSSPh-2-NO,
was investigated by means of four distinct synthetic methodol-
ogies (Figure 1). In general, the metathesis of aromatic disul-
fides is not spontaneous and requires a base catalyst (DBU,
1,8-diazabicycloundec-7-ene was used in the present studies).
In solution state, the reaction between equimolar amounts of
two homodimers [(4-CIPhS),] and [(2-NO,PhS),], in the pres-
ence of base (DBU) led to a mixture of the initial substrates
and the heterodimeric product 4-CI-PhSSPh-2-NO, in the statis-
tical 1:1:2 ratio (Figure 1a).?" The same reaction was further
explored under liquid-assisted grinding (LAG) and neat grind-
ing (NG) conditions (Figure 1b and c). It has been shown that

a) SOLUTION c—( Vs b) BALL MILL LAG
S

o, ~
s
5 O ')
SO_CI O:N
o POLYMORPH B

DBU S,

DBU
k MeCN
NO CATALYST + ON DBU
0.2GPa NO SOIVENT
i s

1PA
c) BALL MILL NG

d) HIGH PRESSURE
c’_O_s‘s —@ cn—@—s\s _@

oN O:N
POLYMORPH A POLYMORPH A

Figure 1. Generation of disulfide structures via four different synthetic meth-
odologies: a) in solution; b) under liquid-assisted grinding (LAG) conditions;
¢) under neat grinding (NG) conditions; d) under high-pressure conditions.
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in the solid suspension in slurry at 0.1 MPa/300 K and in the
solid state under milling conditions, the thermodynamic equi-
librium DCC shown below in Equation (1):

(4-CI-PhS), + (2-NO,PhS), = 2 (4-CI-PhSSPh-2-NO,) (1)

lies very much to the right, with the mole fraction often ex-
ceeding 95% of heterodimer in the reported experiments.?"%!
The results that we present here suggest that this holds also at
high pressure. Due to experimental constraints, we were not
able to determine for certain whether this reaction achieved
thermodynamic equilibrium DCC composition in the solid pre-
cipitate in any of the experiments presented. However, the fact
that the homodimers react to give the heterodimer shows that
under high pressure conditions such thermodynamic equilibri-
um DCC composition can, in principle, be achieved even in the
absence of a catalyst.

Mechanochemistry using manual or ball-mill grinding equip-
ment is emerging as an attractive and sustainable synthetic
tool.”? LAG, a technique which consists of grinding solid mate-
rials in the presence of a few drops of solvent, has dramatically
broadened the applications of mechanochemistry;?¥ LAG
often accelerates reaction kinetics and indeed sometimes
yields different outcomes to NG techniques.”"? We extensive-
ly investigated the exchange reaction of two homodimers
under LAG and NG conditions, which resulted in the genera-
tion of two different polymorphs of the heterodimeric product
4-CI-PhSSPh-2-NO,, namely, low density polymorph A (CSD re-
fcode FUQLIMO1, space group P2,/n) and high density poly-
morph B (CSD refcode FUQLIM, space group P-1). The former
was generated under ball-mill NG conditions, whereas poly-
morph B was formed under ball-mill LAG conditions where a
few drops of MeCN (>23 pL per 200 mg) were added to the
powder.?"?* The reaction yield is 50% in solution, whereas it is
over 97% under mechanochemical conditions. These studies
have also demonstrated a thermodynamic control of the prod-
uct distribution: the relative stabilities of the two polymorphs
have been shown to be affected by crystal surface solvation
coupled with the nanosize nature of the milled powder. These
thermodynamic concepts are general and apply to all sys-
temns. 2!

For the purpose of investigating the disulfide exchange reac-
tion under high pressure conditions several solvents were
tested, of which 2-propanol (IPA) proved to give the best re-
sults both in terms of single-crystal quality of the product and
reaction yield quantification, as explained below (Figure 2 and
the Supporting Information, section 4.2). Because of the small
quantities of substrates contained in the DAC chamber, we
used the methods of powder and single-crystal diffraction for
identifying the products recovered after the reactions. In a typ-
ical experiment, an equimolar mixture of homodimers [(4-
CIPhS),] and [(2-NO,PhS),] was added at room temperature to
an appropriate solvent and loaded into a DAC chamber at ap-
propriate concentrations, where disulfide exchange under
high-pressure conditions was investigated (Figure 2a, for de-
tailed experimental procedures, see chapter 4 in the Support-
ing Information). The lowest pressure at which reaction be-
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Figure 2. The DAC high-pressure chamber in three stages of the disulfide-ex-
change reaction: (a) mixture of crystals of both homodimers ([(4-CIPhS),]
and [(2-NO,PhS),], encircled in green and blue, respectively) and a ruby chip
for pressure calibration (encircled red) in IPA at 0.2 GPa/296 K; (b) reaction
mixture at 330 K showing completely dissolved [(4-CIPhS),]; (c) crystals of
generated heterodimer 4-CI-PhSSPh-2-NO, (encircled yellow) at 0.1 MPa/
296 K (an air bubble testifies to the released pressure); photos from taken in
experiment No. 3 (Supporting Information, section 4.2.3).

tween two homodimers occurred was 0.2 GPa. The solubility of
both homodimers, ([(2-NO,PhS),] being generally significantly
less soluble than [(4-CIPhS),]), under these conditions was
found to be several times lower than that under ambient con-
ditions. Initially, the reaction mixture was heated to 330 K caus-
ing dissolution of homodimer [(4-CIPhS),] (Figure 2b), whereas
the second component [(2-NO,PhS),] dissolved at 349 K. The
reaction mixture thus prepared was heated at 323K for 5h
after which it was gradually cooled to room temperature and
the pressure was released to 0.1 MPa. This led to precipitation
of a crystalline material (Figure 2c), which was recovered from
the DAC and characterized by single-crystal X-ray diffraction
measurements. The unit-cell dimensions and space-group sym-
metry unequivocally showed the exclusive formation of the
heterodimeric disulfide product 4-CI-PhSSPh-2-NO,. Further-
more, the product was obtained solely in the form of low den-
sity polymorph A. In order to eliminate the possibility of the
presence of any ingredients acting as the catalyst promoting
the heterodimer, all high-pressure reactions were repeated on
super-clean substrates and consistent results have been ob-
tained.

The high-pressure synthesis experiments were performed at
various pressures (from 0.18 to 0.85 GPa), temperatures (from
296 to 495K, increased till almost all of the substrates were
dissolved) and in three different solvents: 2-propanol (IPA),
methanol, and acetonitrile. Experiments carried out under vari-
ous reaction conditions were aimed at investigating their
effect on the form of the product obtained as well as genera-
tion of the best quality material possible for X-ray analysis. We
established that the solvent used for the high-pressure reac-
tions significantly affects the final form of the product. When
IPA was employed the product precipitated in the form of
single crystals of heterodimer 4-CI-PhSSPh-2-NO, solely as poly-
morph A (see the Supporting Information, section 4.2). On the
other hand, the reaction in acetonitrile yielded only very small
crystals of 4-CI-PhSSPh-2-NO,, however in this case, a mixture
of both polymorphs A and B were identified in a series of
single-crystal diffraction measurements. Unfortunately, despite
a number of attempts (various reaction conditions were tested,
namely distinct concentrations, pressures, temperatures, and
incubation times) to grow single crystals from the material
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generated in the reaction in methanol, only fine powders were
obtained (see the Supporting Information, section 4.3).

To confirm the results obtained by means of single-crystal X-
ray crystallography, an additional experiment was performed in
which we collected the polycrystalline material obtained in the
DAC chamber with IPA as a solvent and gathered it with im-
mersion oil on a nylon loop. A 1D powder pattern (see Fig-
ure S22a in the Supporting Information) was obtained by inte-
grating the frames collected over 26. A Rietveld refinement
performed on this pattern after a background subtraction (see
Figure S22b) showed that the polycrystalline material was pre-
dominantly polymorph A. The so obtained PXRD pattern is
also here compared to those of polymorph A (blue) and B
(red) (Figure 3). It is clear that polymorph B does not match
the experimental pattern.

a) polymorph B

b) polymorph A (isolated)

|

Figure 3. X-ray diffraction patterns of heterodimer 4-Cl-PhSSPh-2-NO, a) in
the form of polymorph B (marked as red); b) in the form of polymorph A

(marked as blue) superimposed with the data obtained from the material
collected from the experiment at high pressure (marked as orange).

VAR

30 40

I

2
20 angle (°)

To further characterize the nature of the reactions, we inves-
tigated the possibility of phase transition between low-density
polymorph A and high-density polymorph B of heterodimer 4-
CI-PhSSPh-2-NO, under high pressure conditions. For the high-
pressure in situ experiments, crystals of heterodimer 4-Cl-
PhSSPh-2-NO, in the polymorph B form were used. We em-
ployed a Merrill-Bassett DAC, modified by mounting the dia-
mond anvil directly on steel supports with conical windows.?®
The gaskets were made of steel foil, 0.3 mm thick, with spark-
eroded 0.4 mm holes. Pressure was calibrated by the R1 ruby-
line shift, measured by a photon control spectrometer afford-
ing 0.02 GPa accuracy.”” The structure of polymorph B was re-
fined starting from its ambient-pressure structure®® by full-
matrix least squares fitting with SHELXL;?® the Olex2 interface
was used.”® The unit-cell parameters of polymorph B de-
creased monotonically up to 2.8 GPa (Figure 4, see the Sup-
porting Information for details) and no phase transitions were
observed.

Heterodimeric polymorphs A and B display a significant den-
sity difference of 1.554 and 1.619 gcm > at 0.1 MPa (cf. Sup-
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polymorph B -

Figure 4. Heterodimer in polymorph B with indicated changes of torsion
angles between 0.1 MPa and 2.8 GPa.

porting Information Table S4, see also ref. [28]), respectively,
suggesting that polymorph B should be more stable at high
pressure than polymorph A.®"” In terms of the average com-
pression of molecular crystals, this difference of 0.020 gcm 3 is
usually generated by about 0.15 GPa. Nonetheless, despite the
high-pressure conditions, we obtained the heterodimer in the
form of low-density polymorph A. In addition, our experimen-
tal data show that polymorph B does not convert into poly-
morph A at high pressure. Therefore, it is plausible that the re-
action product nucleated in the form of low-density poly-
morph A, in accordance with Ostwald’s rule of stages and de-
spite that it is in the metastable state under the high-pressure
conditions.

At the present stage of the study, two explanations of these
results are possible. In the first scenario, at 150 MPa and above
400 K polymorph A becomes more stable than polymorph B.
Under these conditions, the heterodimer product precipitates
in the form of the more stable polymorph A. When the tem-
perature is lowered at isochoric conditions polymorph B be-
comes more stable, but the heterodimer crystals continue to
grow in the form of nucleated form A, in the absence of any
seeds of polymorph B. Consequently, despite the high-pressure
preference of polymorph B at 20°C, polymorph A is obtained
instead.

Alternatively, polymorph B is more stable than polymorph A
throughout the high-pressure high-temperature range. Then
the nucleation of the low-density polymorph A occurs accord-
ing to Ostwald's rule of stages.”” Polymorph A has been
shown to be more stable than polymorph B when the crystal
size is in the range of tens of nm at ambient pressure.?*
When the DAC is cooled, the crystals grow in this nucleated
form in isochoric conditions down to room temperature and
the heterodimer product is recovered in the form of the meta-
stable polymorph A.

We have successfully applied a new approach to disulfide
exchange reactions by using the effect of pressure instead of
catalytic/reducing agents. Particular conditions of pressure and
temperature allow an equimolar mixture of the symmetrical di-
sulfides [(4-CIPhS),] and [(2-NO,PhS),] to react to form exclu-
sively the heterodimer 4-CI-PhSSPh-2-NO, in the absence of
any base catalyst in a range of solvents. The purchased homo-
dimers were purified by recrystallization (see the Supporting
Information, section 1.1) for the experiments here discussed.
Therefore, we exclude that the phenomena observed could
possibly be explained by some contaminant acting as a cata-
lyst at high temperature and/or pressure. The absence of a cat-
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alyst is remarkable, as it proves that the reaction proceeds
under the influence of physical stimuli only. Therefore, the ex-
perimental results here presented show that supercritical or
close to supercritical conditions are particularly attractive as
they provide alternative catalyst-free high-pressure and high-
temperature routes for DCC processes requiring a catalytic
agent.
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ABSTRACT: High pressure is capable of eliminating the catalysts or stimuli, such as reducing agents, strong bases, ultraviolet light,
or ultrasound, required by equilibrium reactions of disulfide bond exchange at normal conditions. The exchange of aryl disulfides in
the absence of catalysts or other stimuli has been systematically studied. The effects of pressure in the range between 100 and 400
MPa, accessible in large-scale technological installations, have been tested for promoting exchange reactions between various
homodimeric aryl disulfides. For the optimized conditions, 100% yields of the heterodimer in pure single-crystal form were obtained.
The reactions were performed in a diamond-anvil cell, as well as in a hydraulic piston-and-cylinder press, and the products were
characterized by X-ray diffraction. mass spectrometry and nuclear magnetic resonance (NMR) spectroscopy. A prominent role of
high-entropy states, not attainable under ambient conditions, as well as the high-entropy nucleation, kinetic crystallization and other
effects associated with the high-pressure environment, is apparent. These entropy-driven reactions represent an efficient,

environmentally friendly, one-pot method for obtaining pure crystalline heterodimeric disulfides.

INTRODUCTION

High-pressure methods constantly gain interest due to
practical applications in various fields of science and
industry."? For example, the high-pressure food preservation
is the least damaging for the products and therefore it
witnesses a steady grows in the market worth billions of
dollars.>* The successful applications of pressure methods
in food, polymers, petrochemical, fertilizers and other
processes prompts further research in other fields, too.! The
apparent advantages of high-pressure technologies are low-
energy consumption, confined space of the process, reducing
the emissions, amounts of needed solvents etc.. whereas
disadvantages are connected with variable costs (labor, area,
energy. utilities, maintenance and others) as well as the
capital invested in the high-pressure equipment. However,
these expenses gradually reduce as the demand and market
for pressure technologies grows. But most importantly, the
profits of high-pressure processed materials can far exceed
these disadvantages.>® In this report we have investigated
the possibilities emerging from the high-pressure
environments for the aryl disulfide exchange reactions.

Aryl disulfides have versatile applications owing to
the properties of the C—S bond. These compounds have
found use in the coatings of metal surfaces. anticorrosive
agents, paints, oils, and lubricants’™ as well as in active
pharmaceutical ingredients (e.g.. lansoprazole. sulindac,
esomeprazole, and quetiapine) used to treat cancer.
inflammation, asthma, Alzheimer’s disease, Parkinson’s
disease, HIV-AIDS and other diseases.!*! Reversible
exchange of disulfide bonds underlies living functions,
contributing to the stability of the native conformations of
proteins.'”'® The sensitivity of disulfide metathesis to

environmental stimuli has been employed in dynamic
covalent chemistry (DCC).'""22 In contrast to traditional
organic synthesis performed under the kinetic regime, DCC
involves thermodynamic control of reactions, which results
in the spontancous elimination of less stable products.
Conversely, in kinetically controlled reactions, the form of
substrates and catalysts. as well as reaction conditions, must
be carefully chosen to favor the target products over the
substrates and possible intermediates.!” In most reversible
disulfide systems, the exchange reactions proceed by
nucleophilic attack of a free thiolate at the disulfide bond and
often require long equilibration times. even in the presence
of catalysts. which limits their applications.?> Some
significant progress toward cleaner and more efficient
methods of disulfide metathesis has only recently been
reported.>*?* A Bronsted base-free method requiring a
phosphine to facilitate the reaction was described by
mechanochemistry for high-conversion disulfide metathesis
in the presence of 1.8-diazabicyclo[5.4.0Jundec-7-ene. 32
Pittelkow’s group found that diselenides spontancously
exchange in water and can be used to catalyze disulfide
exchange.?”’ Fritze and Delius showed that ultrasound
supports the exchange of disulfides in CH;CL?» Most
recently. we have shown that high pressure can promote the
metathesis between homodimeric bis(4-
chloroophenyl)disulfide with bis(2-nitrophenyl)disulfide
without any catalyst or reducing agents, obtaining the
heterodimeric product in several solvents.?’

Presently, we have explored the mechanism of
pressure-induced disulfide metathesis. For this purpose, we
performed 35 reactions in a diamond-anvil cell (DAC)
between 15 homodimeric disulfides that differ in the
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Figure 1. Aryl disulfides investigated under high pressure. The
color code indicates the (blue) ortho-. (red) meta-; and (green)
para-substituents.

character, size and position of their substituents. The effects
of strongly electron-withdrawing groups (EWGs) COOH
and NO,, electron-donating groups (EDGs) NH,, OCHs,
CH;, and OH, and halogens displaying dual positive-
mesomeric and negative-induction features (Cl, Br and F)
were studied and compared. Reactions were conducted in
three different solvents: polar protic isopropanol and
methanol, as well as polar aprotic acetonitrile. These
solvents remain liquid within the range of our high-pressure
experiments and secure hydrostatic conditions.’**! Due to
their low freezing pressure, nonpolar solvents were not
considered for these experiments. Under pressure and
without catalyst, we obtained 21 different heterodimeric aryl
disulfides. In six cases, after optimizing the reaction
conditions, the products precipitated as single crystals, and
their structures could be determined by X-ray diffraction.
The formation of 15 other products was confirmed by mass
spectrometry. Our results reveal the role of high-pressure
reactions and their advantages for DCC.

RESULTS AND DISCUSSION

It was established that high pressure increases the rate of
reaction, allowing the process to run at lower
temperatures.’>35 Among the most prominent reactions
accelerated by high pressure are Diels-Alder reactions, 1.3-
dipolar cycloadditions, [2+2] cycloadditions, sigmatropic
rearrangements and radical polymerizations. Although the

(i)

IPA, MeOH, MeCN
12.9-55.6 10 puL,

substrates
0.086-4.106 M

0.1- 0.4 GPa 323-400K

impact of pressure on the reaction equilibrium is intuitive, it
must be considered on several levels. At the molecular scale,
when new bonds are formed, the reaction is accelerated by
pressure due to reduced intermolecular distances and
molecular volume. The reverse reaction, homolytic bond
cleavage. increases the volume and shifts the equilibrium
toward the reactants.’® Compression, however, does not
affect only the molecules themselves but changes all
thermodynamic properties of the reaction system.

Under pressure, the void spaces and distances
between molecules are reduced, as is the space necessary for
thermally induced motion and collisions. Additionally, the
physical properties of the liquid environment are altered,
resulting in a higher boiling point, increased density.
viscosity and reduced solubility of most compounds.

Reaction procedure and optimization

We performed a series of high-pressure reactions in a DAC
used as the high-pressure reactor. The DAC was modified
by mounting the diamonds directly on the steel supports.?’
All reactions were conducted according to the same
procedure (Figure 2). Two homodimeric substrates in the
form of a single crystal were inspected through a
microscope, and grains of equal I';d,/ Mj; (I'y;, d; and Mj; are
the grain volume, density and molecular weight of the
substrate, respectively) were selected to obtain a 1:1 molar
ratio. Then, the grains were loaded into the DAC chamber,
together with small ruby spheres for pressure calibration.’®3
Next., the DAC chamber was filled with a solvent, scaled and
compressed. The solvent volume (1) is:

Vsot = Vpac — [(Vsi + Vsii) + Vi ],

where Vpac is the DAC chamber volume, V, is the volume
of the ruby sphere, and the molar concentration (¢;) of
substrates is

ci= (Vg X dsi/Ms)/Vsal

Then, the DAC was heated until both reactants dissolved.
Depending on the experiment—the substrates, their
concentration, the solvent and pressure—the dissolution
required increasing the temperature from 323 K to 400 K.

(iv)

products

Figure 2. Schematic illustration of the high-pressure reaction procedure: (i) single-crystal measurements: (ii) loading the DAC chamber with
two homodimeric substrates. together with ruby spheres, and filling the remaining volume with the solvent, 2-propanol (IPA), methanol
(MeOH) or acetonitrile (MeCN). where the DAC consists of two parallel diamonds (D) supported by steel disks (DSs) and a squeezed metal
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gasket (G): (iii) compression and heating of the DAC reactor until the substrates dissolve: and (iv) recovery and analysis of the solid

precipitate.

After dissolving the substrates. the DAC was cooled. and
when the DAC chamber was unsealed. the solvent
evaporated. The crude solid precipitate was analyzed by
direct insertion probe—mass spectrometry (DIP-MS) and X-
ray diffraction. DIP-MS does not require gas
chromatographic  separation. which ecliminates the
possibility of the reverse reaction in the analyzed product.
High temperatures used for sample ionization in the DIP-MS
technique could be responsible for the fragmentation of
product/substrate molecules in the analyzed the sample:
therefore, DIP-MS was used mainly for quick yield
evaluation. The conditions were optimized by varying the
concentrations, solvents, pressures and temperatures. For 6
out of 21 reactions (Section 3 in the Supporting Information
[SI]). the yields approached 100%. and the products
precipitated in the form of single crystals of sufficiently high
quality for X-ray structural study. The crystals of the
heterodimeric products were recovered from the DAC
chamber and analyzed on a SuperNova (Rigaku Oxford
Diffraction) diffractometer equipped with a microfocus X-
ray tube, detailed crystallographic data are summarized in
Table S39, in Section 7 of the SI. To establish the reaction

13- 12
L 13)
12 1PA
5-13 | 1312
(i)
P
\ 1PA
5-10 ()
= (8
' (7)
; 39
(6)
>
(5) 1PA IPA
510 513
4
PA | TPA PA
(3) MeOH | MeOH MeCN
39 | 310 313
(2)
(4]

2 @ ) (8 (7) (9 ((10) (11) (12) (13) (14) (15

Figure 3. Compilation of all high-pressure reactions presently
investigated: the numbers in brackets label to the substrates in
Figure 1. Yellow represents the high-yield heterodimer products
characterized by X-ray diffraction: blue represents products
detected by DIP-MS spectra: and red represents no heterodimer
traces. Crosses indicate that no reactions were performed. The
solvents are indicated: MeOH. methanol: IPA. 2-propanol. and
MeCN. acetonitrile. The insets show heterodimers obtained in the
form of single crystals.

equilibria in the solution for successfully exchanged systems
(11/14. 3/14, 9/13. 4/13. 4/12. 4/9. 4/7, 1/2, 10/12, 3/9 and
3/10, see Figure 1), at ambient and high pressure. we
collected carbon nuclear magnetic resonance (*C-NMR)
spectra of homodimeric mixtures in 2-propanol-d8 and
CD;CN before and after compression to 0.4 GPa. for the
experimental procedure and spectra, see Section 1.2.1 and
Section 5 of the SI. respectively. Interestingly. the solubility
of 3,12 and 5 in 2-propanol-d8 and CD;CN under ambient
conditions was extremely poor (spectra 5.1.4 and 5.1.10 of
Section 5 in the SI).

Additionally. the effect of high temperature on the
homodimeric mixture during its slow heating to 673 K was
investigated by thermogravimetry—differential scanning
calorimetry (TG-DSC). No thermal effects associated with
chemical reactions were detected (Section 6.1 in the SI). The
influence of anisotropic pressure on the mixtures of solid
homodimers with and without a few drops (4-5 pL) of 2-
isopropanol (IPA). investigated by powder X-ray
diffraction, showed no traces of heterodimeric products
(Section 6.2 in the SI).

High-pressure chemistry

Control over high-pressure reactions, as under ambient
conditions. can be achieved by two different basic
approaches. In a kinetically controlled reaction, differences
between the volume of activation AV * (which, according to
transition state theory. is a difference between the partial
molar volumes of the transition state and the sums of the
partial volumes of the reactants at the same temperature and
pressure) leading to different product molecules must be
achieved. Alteration of AV * can be achieved ecither by a
pressure-induced change in the reaction mechanism or by
the difference between the volumes of the transition
structures within the same. or at least similar. mechanism. In
a thermodynamically controlled reaction, the reaction rate
increases when the reaction volume AV® decreases.
Recently. it was shown both theoretically and
experimentally that instead of being proposed to occur
before [2 + 2] metathesis, S—S reversible bond cleavage and
formation is a radical-mediated process (Scheme 1).40-#

Scheme 1. Mechanisms of [2+1] radical-mediated disulfide

exchange
“‘O C

S—S

" A

\\ j : /
O s

91| Page



According to this mechanism, the reaction initiates
when sulfenyl radicals are formed (step 1). Bond
dissociation is a process associated with volume expansion,
and at high pressure, it is a rate-determining step that could
possibly even lead to reaction inhibition. Thus, it is apparent
that at high pressure. this process does not resemble the
ultraviolet (UV) or ultrasound generation of radicals but
rather a chain reaction where positive feedback leads to a
self-amplifying chain of events.

The formation of sulfenyl radicals strongly depends
on the S-S bond energy. Theoretical studies on disulfide-
based polymers connect the S—S length with bond energy in
an inverse correlation.*® Our survey of the molecular
structures of homodimeric aryl disulfides reported in this
work and those deposited in the Cambridge Structural
Database (CSD Version 5.41, ConQuest Version 2.05,
Figure S1) shows that the substitution of an EDG in the
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para- or ortho-position or an EWG in the ortho-position, as
well as the presence of a heteroatom in the aromatic ring.
results in longer S-S distances. It appears that substitution
by an EDG adds electron density to a conjugated m-system
via resonance or inductive effects. This increase in electron
density into the antibonding oss® bond. followed by
elongation of the S—S bond. lowers its dissociation energy.
Similarly, the ortho-position EWG, due to the resonance
effect. creates an electron-deficient (6+) region at the S atom
and weakens the S—S bond. In contrast, the para-substituted
EWG had the opposite effect. shortening the S—S bond. At
high pressures. the energy necessary for bond dissociation
can be achieved at lower temperatures, as shown for 9.4 Its
recrystallization at 0.45 GPa results in S-S bond elongation
from 2.024 A under ambient conditions to 2.058 A,
accompanied by a phase transition.*> Once free radicals are
generated. they attack other homodimers and produce new
free radicals (step 2). along with a product molecule (step 3).
At this stage. reverse recombination is also possible.
However, at high pressure. the reverse reaction can only

(c) NIPHSS
240+ .
o ’]‘L{v’; 123847 P9 | 1265 [v=-12278
12 1 - ~t, 14-12
131 ] [0V 2727k e —
LE X XY XX R
& - - c % cozvuL
present work 200] IDAHIE 149
(D NIPHSS
s 3 -
————— wosask JJE XX e
3 230 P t

.
IAV: 1035 4%,
220 ﬂ"x‘x

g
present work

S

present work present work
(i) ODNPDS e
AV=-653A" . ,O- _________ AV=-649A°
<oy e © i 2 ] calculated
o e IAV =14754° i gtk
FXN i 2
g 210 =) 4
“ present work ot Al
DADPDS - £ o
)
.. calculated

XIWNAS
1]

r mol.
/ﬂﬂ'ﬁ‘ 10+ [AV =9.16 A%, 2

ENANEMo* 77

< ¥ PHENSS calculated
calculated 3 ~ mol.
b st eof (0)_ IPIXUB
ﬁ) 220 \‘ « ® S
load el R 1913 %
----- Lo2213 L a0 AV=1244 4313 AV =+7.19 A°

AV =+483 A% 1
200- J&‘

IDAHIE

Figure 4. Van der Waals volumes profile calculated for the exchange reaction. Compound labels refer to Figures 1 and 3. The structures
were determined in this work or retrieved from the CSD (where six-letter refcodes are given). For reactions 3/4. 1/2. 4/13, 4/9 and 9/13.
the molecular conformation of the product molecules has been calculated in Gaussian16 with the B3LYP/6-311+ G (2d. 2p) level of theory4
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occur if the formation of the product leads to a negligible
reduction in AV, The reaction terminates when two different
radical species react with each other to form a heterodimeric
adduct (step 4).

To resolve whether the pressure reactions in the
DAC chamber (conducted in the solid-solute-solid
sequence, cf. section: Reaction procedure and optimization)
proceed under thermodynamic or kinetic regime. i.c., the
reactions are generally characterized by negative AV° or
there is some kinetic aspect involved., we compared the
results with the pressure effect on compressed mixtures of
homodimers dissolved in 2-propanol-d8 and CD;CN. For
equilibrium reactions with large negative A4V°, the
application of high pressure would lead to a significant yield
increase. This relationship comes from the fact that a small
change in free Gibbs energy (AG) leads to a logarithmically
amplified change in the equilibrium position. according to

AG = dInK /dpT = — AV°/RT,

where R is the gas constant, 7'is the temperature and K is the
equilibrium constant.

A kinetic study was performed for 11 different
systems, corresponding to reactions successfully conducted
inthe DAC. Homodimers were first dissolved in 2-propanol-
d8 and CD;CN and then mixed, and after 12 h under ambient
conditions, their PC-NMR spectra were collected. In seven
systems (11/14, 3/14, 10/12, 3/9, 3/10 and 4/12), no product
was observed, while in five other reactions (4/9, 4/7, 1/2,
9/13 and 4/13), an equilibrium was established below 50%
conversion to the product. In reactions 10/12 and 3/10, due
to the extremely poor solubility of the substrates,
compression  experiments  were not  performed.
Subsequently. four systems. 11/14, 3/14, 3/9, and 4/12. were
compressed isothermally at 0.4 GPa, and their spectra were
collected within 0.5 h after the pressure was released.
Surprisingly, compression of the dissolved homodimers in
reactions 11/14, 3/14, 3/9. and 4/12 still did not result in the
formation of the heterodimeric product (cf. the SI). The
amount of formed product for 11/14, 3/14, 9/13, 4/13 and
3/9 was additionally confirmed by DIP-MS (Section 5.5 of
the SI). Surprisingly. four systems, 1/2, 4/9, 4/13, and 9/13
(with positive AV® values of +2.23 A3, +4.69 A%, +4.83 A3
and +7.19 A3, respectively, Figure 4), were mixtures
equilibrated with an approx. 1:1 product-to-substrate ratio
under ambient conditions, while in 3/9, 11/14 and 3/14 with
negative AV° values. no products, even after compression,
were generated. It is apparent that compression of 1/2, 4/9,
4/13. 9/13 would not. and indeed did not. result in reaction
acceleration. On the other hand, the compression mixtures
of 3/9. 11/14 and 3/14 should lead to reaction initiation:
however, the “C-NMR spectra did not show any trace
amounts of homodimers. Most likely, the reduction in AV°
of approximately -8 A? is not enough to compensate for the
AV° gained while radicals are formed: thus, these reactions
are inhibited.

We have connected these results with the intrinsic
volume profiles of the reactions (Figure 4) based on the van
der Waals models of the substrate and product molecules.
Owing to the significantly different volumes of substituents
R; in the substrates (Figure 1), the molecular volume of the
heterodimer is close to the intermediate of the volumes of
homodimers. Subtle departures from the mean value (AV )
are mainly due to the S-S bond length changes (AL),
according to the approximate formula AV, = 18.3AL [A%].
The S-S length change of 0.07 A, e.g.. between 2.01 and
2.07 A, corresponds to AV, = 1.0 A3, comparable to the
accuracy of our volume calculations. The molecular
conformation is yet another variable capable of stimulating
heterodimer formation at high pressure.***” The
intermolecular interactions can considerably change soft
conformational parameters and may be relevant for
improving the reactivity of disulfides.?®*® It was suggested
for free radical polymerization of ethylene that the formation
of various supramolecular intermediate forms can be unique
for high-pressure conditions and thus essential for increasing
the conversion rate to the product form.* In all the
heterodimeric disulfides, the C—S—S-C torsional angles are
within +(85° + 3°). The value of this torsion angle is
dominated by 3p lone pairs on the two S atoms. which
minimize their mutual overlap and repulsion integrals for the
orthogonal position.*

High-entropy nucleation

The synthesis of heterodimers (AB) from homodimers (A,
and B,) can be achieved. even with 100% yield. in the
entropy-driven Kkinetic process. The process consists of
several stages. schematically depicted in Figure 5. Initially,
the system entropy () is maximized and then the nucleation
and kinetic crystallization of the heterodimer induce non-
equilibrium conditions in the solution due to the deficiency
of the heterodimer, which promotes its production.

n

S

2A B, BA]
B, A22A°
AB: B

Tl
2A BiAB A
B, B Az A
A,B: B,

time

Figure 5. Schematic illustration of the entropy-driven
synthesis of heterodimers AB from homodimers A, and B,
dissolved in solvent (gray dashes). The stages of the process
(red numbers) are described in the text. The open and closed
systems have been indicated by the dashed and solid edges of
boxes, respectively. 5
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High pressure plays an essential role, allowing the
entropy to increase beyond that attainable at atmospheric
pressure. Thus, at stage 1, this system consisting of
equimolar amounts of homodimers A, and B, and some
solvent (F) is closed in a DAC chamber. The chamber is
sealed and pressurized to approximately 200 MPa (2000
bar). These conditions add the compression work component
to the Gibbs free energy ((7), and most homodimers A, and
B, remain in the crystalline state. The solubility usually
decreases with increasing pressure, so apart from the work
contribution (pI"), the entropy (S) decreases due to a smaller
portion of the crystals dissolved at stage 2 than at stage 1. In
stage 3. the sample is heated until stage 4, when crystals A,
and B, dissolve. At this point, the system assumes the
maximum entropy when molecules A,, B, and F are
randomly mixed. At this stage, the dimers still increase the
entropy through their conformational variation. According
to experiments and theoretical calculations, under
mechanical stress the S-S distance significantly increases,
facilitating bond cleavage: additionally, the disulfide
conformation affects the micro-environment around the
molecules, as they become more ‘open’ to be attacked by
sulfenyl radicals.?®#4% Then, the entropy can be further
increased at still higher temperatures when the homodimers
start to dissociate into radicals at stage 5. The increased
number of radicals intensifies the chain reactions, leading to
heterodimer AB, whereas some recombinations occur in A,
and B, when the product and substrate are both comparable
involume. Upon lowering the temperature, the system (stage
6) tends to reduce the entropy, while the ratio between the
homo- and heterodimers depends on the equilibrium in the
solution under the given thermodynamic conditions. For the
exchange reaction A,+B,=2AB the equilibrium constant
K = x/(1 — x), of the hetero- and homodimers ratio, is the
function of one variable x . which is the fraction of reacted
homodimers. Constant K generally depends on the
thermodynamic conditions, which in our experiments
include temperature, pressure, solvent type and concertation.
In particular, the saturation of reactants strongly depends on
the solvent, temperature and pressure. It is apparent that the
solubility of AB. compared to that of A, and B,, is important
for nucleation and its further crystallization. It is reasonable
to assume that relative to that of homodimers, the polarity of
heterodimeric molecules significantly increases, which in
turn increases the electrostatic cohesion forces and reduces
the crystal solubility. This interdependence offers an
effective control on the precipitation of the product, leading
to a non-equilibrium state occurring at stage 7. During this
process a significant reduction in entropy is achieved by the
nucleation and subsequent kinetic crystallization of the
product. Consequently, the product concentration in the
solution drops by dx, to (x — dx), and the ratio of
heterodimers to homodimers ratio drops too, which offsets
the equilibrium by dK = —dx/(1 — x). as indicated on
Figure 6. This kinetic crystallization of AB results in a
deficiency of the product in the solution again and fuels the
synthesis of heterodimers. At the final stage 8. at 296 K,
most of the homodimers have reacted into the heterodimer,
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present in the solid form of one or more crystal grains, while
there are still small amounts of A,, B, and AB dimers (hence
low entropy. S) remaining dissolved in solution. At this stage
the solubility of the compounds is reduced, due to the low-
temperature and high-pressure conditions. However, there is
still the same volume of the solvent inside the sealed DAC
chamber. The complete reaction of homodimers requires
that the DAC chamber be unsecaled and all solvent
evaporates. Then the heterodimer crystallizes further and its
100% yield can be obtained.

steps
100F 1,2,3,4.5,6 step 8

 —

high-pressure
high-temperature

50

molar fractions (%)

L nucleation, step 7

time

Figure 6. The time dependence of the molar ratios of
homodimersXa, (blue) and Xp,(green) and the heterodimeric
product Xap corresponding to the equilibrium constant
K= x/(1 — x) equal to 0.2.

In the presented process the high-pressure
conditions have been used as an efficient method of sealing
the system in order to dissolve and excite the reactants by
increasing temperature. For a closed system, the entropy can
be increased to the required level (stage 5) of strongly mixed
molecules and radicals. After stage 7. the confining role of
the DAC chamber is continued. irrespective of the pressure
value, which can be kept high or released.

CONCLUSIONS

Disulfide exchange reactions have been systematically
investigated for a series of representative, and in some cases
unique, aryl disulfides with distinct chemical features in
different environments and under extreme conditions of high
pressure and high temperature. These results provide
microscopic insight into noncatalytic disulfide exchange
reactions. The application of high pressure extends the
thermodynamic conditions to high temperatures not
attainable in open systems. Owing to the confined reaction
space, the entropy of the system can be increased in a
controlled manner to a stage when the substrates are
dissolved at high concentrations and well mixed and in
which their molecules are excited into high %, conformers
and high vibrational states and are at least partly dissociated.
Then, by lowering the temperature, the high-entropy

6



nucleation and subsequent kinetic crystallization can offset
the thermodynamic equilibrium, resulting in high yields of
exchanged disulfides for catalyst-free. ambient-pressure
reactions. The comprehensive experiments performed to
characterize the substrates and products, involving DIP-MS,
NMR spectroscopy, TG-DSC. single-crystal and powder X-
ray diffraction, and theoretical calculations. corroborate this
mechanism and the understanding of the disulfide exchange
reactions. The application of high pressure is essential for
high-entropy effects (including excited conformational
states and S-S bond cleavage). nucleation and subsequent
kinetic crystallization, which are the key elements leading to
noncatalytic disulfide exchange. These results indicate that
such high-pressure techniques are most suited for tailoring
one-pot, high-yield reaction systems leading to high-quality
single crystalline products. Notably. the pressure of
approximately 0.2 GPa proved sufficient for sealing the
reaction space, which technologically is readily accessible in
various types of equipment, for example. in the lower range
of operation of many piston-and-cylinder devices and in
many autoclaves. At the same time, these high-entropy
methods eliminate the need for a catalyst, which apart from
environmental issues. including further purification of the
obtained product. makes these approaches financially
competitive.
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ABSTRACT: External stimuli trigger conformational up-
conversion in the molecules of di-p-tolyl disulfide
(CH;—C¢H,—S—),, compensating the stress and absorbing
its energy. These mechanochemical transformations explain at
the molecular level the lubricating performance of di-p-tolyl
disulfide and suggest new applications for storing energy. High
pressure induces the conversion either in the solid state, as a
phase transition, or at the nucleation stage on the solution-solid
interphase as a detour of crystallization preference. The

discontinuous transition at 1.6 GPa reduces the symmetry of

ambient-pressure monoclinic phase @ (space group P2,) to
triclinic phase /3 (space group P1). The recrystallizations above

compression
P>1.6 GPa

- g
recrystalliz o
2>0.45(;@[4

0.45 GPa yield a new polymorph y (space group P2,/c), most spectacular in the conformational up-conversion absorbing

6 kJmol ™.

B INTRODUCTION

Disulfides for decades have been applied as additives in
lubricants,' significantly increasing their bearing properties
under extreme loads. Allum and Forbes” demonstrated that the
high-pressure performance of organic disulfides increases from
phenyl, across n-butyl, s-butyl, and t-butyl to benzyl. The

phase a
phase f molecule A
phase § molecule B
phase y

Figure 1. (a) The molecule of di-p-tolyl disulfide (p-Tol,S,) with soft
torsion angles indicated by red, blue, and green lines drawn along the
involved tether bonds; (b) the conformers present in phases @, f§ (two
symmetry-independent molecules present in phase f are labeled with
letters A and B), and y superimposed on one of the tolyl rings
minimizing the differences of the other ring position.

W ACS Publications  © 2017 American Chemical Society 2539

antiwear properties of organic disulfides increase from n-butyl,
allyl, and benzyl to phenyl,’ suggesting that the load-bearing
properties are associated with conformational changes and also
that they depend on the strength of the S—S bonds. All these
features at the macroscopic and microscopic levels are relevant
to the technical applications of organic disulfides. The molecule
of di-p-tolyl disulfide is prototypic for a large group of diphenyl
disulfides. Their common features are the exceptional
conformational flexibility of the C—S—S—C bridge between
the phenyls and low melting temperature. Of diphenyl-disulfide
derivatives studied by X-ray diffraction and deposited in the
Cambridge Structural Database (CSD Version 5.37,* ConQuest
Version 1.18,” Figure S1 in the Supporting Information), there
are 44 crystals with half of the molecule in the asymmetric unit
(Z’ = 1/2), 122 structures with one independent molecule (Z’
= 1), § structures with 1.5 molecules independent (Z’ = 1.5),
10 structures with Z’' = 2, and 1 structure with Z' = 4 (Table
S1). There are no molecules with symmetry C, while 45
molecules are C,-symmetric and 147 asymmetric. Thus, in all
these crystals, a conformational chirality of individual molecules
is associated with the torsion angles around tether bonds C—
S—S—C. This can be connected to a considerable part of the
deposited noncentrosymmetric crystal structures (7%). The
distribution of flexible torsion angles C—C—S—S and S—S—C—
C as a function of angle C—S—S—C suggests that the
asymmetric conformation of diphenyl-sulfide is energetically
favored (Figure 1, Figure S2).
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It is well-known that high pressure strongly affects molecular
arrangement in crystals, as demonstrated by obtaining new
polymorphs of several common compounds,®™"" active
pharmacgutlcal mgredlents, e exploswes,l ferroelec-
trics,”* ™ relaxors,” > > and other types

2,23

? semiconductors,”*
of materials.”®™*" Apart from new forms induced by
compressing solid compounds, also other neat polymorphs
and solvates were obtained by in-situ high-pressure recrystal-
lizations at varied temperatures and of different solutions.
Finally, new compounds can be synthesized at extreme
conditions.”~*" The mechanisms of high-pressure crystalliza-
tion and reactions involve the compressed molecular environ-
ments and new types of intermolecular interactions as well as
the changes in the molecular structure, such as conformational
transformations. High pressure efficiently reduces the volume
of organic compounds and often modifies conformation of
molecules,” which adjust to the steric hindrances, o
aggregation type,”’ and mtermolecular interactions in a
confined volume of compressed crystal.”' However, the energy
partition of these transformations is not fully understood.
Presently, we have investigated the effect of pressure on
conformational properties of di-p-totyl disulfide (p-Tol,S,,
Figure 1) and its molecular aggregation in the crystalline state.

Bl EXPERIMENTAL SECTION

High-pressure experiments of p-Tol,S, have been performed in
a Merrill-Bassett diamond-anvil cell (DAC), modified by
mounting the dlamond anvils directly on the steel supports
with conical windows.>” Pressure i in the DAC was calibrated by
the ruby-fluorescence method®® with a photon control
spectrometer of enhanced resolution, affording the accuracy
of 0.02 GPa. The gaskets of 0.3 mm tungsten foil with spark-
eroded holes 0.4 mm in diameter were used. High-pressure
experiments were carried out in two different ways (Figure 2).

0.1 mn?

phase a

0.1 mm

phae Y

Figure 2. Single crystals of di-p-tolyl disulfide recrystallized in situ in
isochoric conditions from the isopropanol solution: (a) phase a at 0.15
GPa; (b) phase 7 at 0.45 GPa (cf. Figures S4 and S5). Several small
ruby chips are scattered in the chamber for pressure calibration.

Initially, the isothermal compression of a single crystal of p-
Tol,S, was measured in the DAC in glycerin as the hydrostatic
medium.>* Glycerin was used in order to avoid dissolution of
the sample, so the crystals grown at ambient conditions could
be compressed. The ambient-pressure phase @ was compressed
monotonically to 1.6 GPa, when a transition to a new phase f
took place. The transition did not significantly affect the quality
of the crystal sample, and the compression of phase f was
studied to 2.8 GPa. On releasing pressure, the f phase of p-
Tol,S, transformed back to phase a below 1.6 GPa. In another
series of experiments, we explored the thermodynamic
landscape of p-Tol,S, by recrystallizing it in situ in the DAC
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at elevated pressure. In these experiments, methanol, ethanol,
and isopropanol were used as the solvents and hydrostatic
fluids for isochoric crystallizations. The best quality single
crystals could be grown from the isopropanol solutions. The
DAC chamber was loaded with a few crystal grains of p-Tol,S,
and was filled up with the solvent, and after sealing the DAC
and generating the required pressure, the whole DAC was
heated by a heat gun until all the p-Tol,S, sample inside
dissolved. Then, the DAC was slowly cooled while the progress
in the single-crystal growth was controlled through a micro-
scope (Figures 54 S5). Above 0.45 GPa, the isochoric
recrystallizations™ yielded a new phase, labeled y (Figure 2).
Their crystal symmetry and structure were determined by X-ray
diffraction. We attempted to recover the samples in phase y
from the DAC; however, they all failed, suggesting that phase y
is unstable at ambient pressure.

The X-ray diffraction data were measured on a KUMA4-
CCD diffractometer (MoKa radiation from a sealed tube). The
DAC was centered by the gasket-shadow method.”® The data
were collected and were preliminarily reduced with the
CrysAlisPro suite version 1.171.33.°” The structures were
solved by direct methods (Shelxs) and were refined with
SHELXL;*®*? the Olex2 interface was used.”” H-Atoms were
located from molecular geometry at the ideal positions, with
Ui equal to 1.2 U, of their carriers. The final crystal data are
summarized in Table 1 (cf. Table S1) and have been deposited
in the Cambridge Structural Database (CCDC, www.ccdc.cam.
ac.uk) as supplementary publications with reference numbers
CCDS 1509319—-1509333; these deposits can be obtained free
of charge from the CCDC and Crystallography Open Database
(COD, www.crystallography.net).

To calculate the potential energy (E,) of pTolZS2 con-
formers, we have applied several levels of theory®' which have
been described in the Supporting Information (Figure S6). The
atomic coordinates determined by the diffraction measure-
ments were used as the starting models. Full optimizations,
except soft torsion angles 7/7,/7, fixed at the values present in
phases a/f/y, were performed. For all the quantum mechanical
calculations, the program Gaussian09e was applied.”

B DISCUSSION

The ambient-pressure phase a of p-Tol,S, is monotonically
compressed to P_ at 1.6 GPa, when the crystal discontinuously
transforms to a new high-pressure phase f. The phase
transition is clearly marked by the molecular-volume drop
8V, of —2.5 A%, as well as by a slight lengthening of the unit-
cell parameter g, strong lengthening of b, and strong shortening
of ¢ (Figure 3). The transition proceeds between monoclinic
phase a and triclinic phase f, with the unit-cell shape
approximately preserved (as described earlier). Above P,
angles a and y divert by about 5° from 90° and angle
increases by 2.3° (Figure S3), so these shear strains of the
crystal considerably contribute to the volume drop at the phase
transition. It is remarkable that the relatively large samples
transformed to phase f in one piece, without splitting of
reflection, allowing the continuation of single-crystal diffracto-
metric measurements. This could be a sign of purely
enantiomorphic crystals of phases a and f and also of the
strain-compensating role of conformational transformations of
molecules.

The recrystallizations below 0.45 GPa of phase a yielded
parallelepiped crystals, clearly different from elongated plates of
phase y grown above 0.45 GPa (Figure 2, recrystallization

DO 10.1021/acs.jpcc.6b11030
J. Phys. Chem. C 2017, 121, 25392545



The Journal of Physical Chemistry C

Table 1. Selected Crystal Data of di-p-Tolyl Disulfide (p-Tol,S,) Polymorphs @, f, and 7 at the Pressure Limits of Their Stability

Regions and at 2.8 GPa

phase a a B p Y Y
pressure 0.1 MPa 1.52 GPa 1.72 GPa 2.8 GPa 045 MPa 2.8 GPa
crystal system monoclinic monoclinic triclinic triclinic monoclinic monoclinic
space group P2, P2, P1 P1 P2,/c P2,/c
a (A) 7.59270(11) 7.3193(19) 7.3057(5) 7.1934(6) 1526(2) 14.09(6)
b (A) 5.71318(10) 5.4277(18) 5.5093(12) 5.4685(3) 5.9620(4) 5.7029(14)
¢ (A) 14.7220(2) 14.37(3) 14.038 (8) 13.814(4) 14.615(10) 14.18(2)
a (deg) 90 90 95.14(3) 95.915(14) 90 90
B (deg) 94.7615(13) 94.93(8) 97.23(2) 98.142(17) 115.56(14) 114.8(4)
7 (deg) 90 90 85.358(14) 84.699(6) 90 90
volume (A?) 636.414(17) 568.6(13) 556.9(3) 533.39(15) 1099(2) 1035(6)
z/z 2/1 2/1 2/2 2/2 4/1 4/1

(a) . . s (b) :
1.05 1 phase a phase f3 105 | phase phase y ¥
1.00 4 1.00 +
»n
5]
zh !
< 095 4 I 0.95 4
=
)
3]
5
=090 1 F0.90
)
[
0.85 0.85
0.80 . . ot . . 0.80 . , . . .
0.0 0.5 1.0 1.5 2.0 25 30 0.0 0.5 1.0 1.5 2.0 25 3.0
Pressure (GPa) Pressure (GPa)

Figure 3. Compression of the unit-cell parameters in p-Tol,S, phases: (a) in phases a and f related to the unit-cell parameters of phase a at 0.1
MPa: a,, b, and c,; as well as (b) in phases a and y related to 2a,, b,, and c,. The vertical dotted line in a marks critical pressure P, of solid—solid
phase transition between phases a and f and in b it marks pressure P, reversing the crystallization preference between phases @ and y. The
magnitudes of corresponding discontinuous molecular volume changes oV are indicated in plot a.

details are shown in Figures $4 and S5). The unit cell of phase y
is surprisingly similar to those of phases a and f (except for the
doubling of parameter a,, cf. Figures 3 and 4), despite that
molecules assume significantly different conformations. This
correlation of the unit-cell dimensions is due to analogous
interactions of tolyl rings, and it is discussed further later.

In phase @, there is one independent molecule (Z’ = 1), and
its conformation is asymmetric, with C—C—S—S angles 7, and
7, significantly different, of 2° and —22°, respectively (Figure
5). Their values and the difference (r, — 7,) of about 24° are
hardly affected by the pressure within phase a up to P_ at 1.6
GPa. Above P_ in phase f3, the symmetry of p-Tol,S, is reduced
to space group P1, and the independent part of the structure
doubles and contains two molecules (Z’ = 2) denoted by letters
A and B (Figures 1 and 4 and Figure S7). The difference (7, —
7,) is reduced to nearly 0° in molecule B, which becomes nearly
symmetric with respect to the 2-fold axis (pseudo-C,)
perpendicular to the S—S bond. In molecule A, the (7, — 7,)
difference increases to over 60°, indicating a considerably more
asymmetric conformer than that in phase . Thus, the onset of
structural phase transformation at 1.6 GPa discriminates the
molecules into two distinct conformers in phase . According
to our theoretical calculations, conformers A and B present in

254

phase # have their potential energy (E,) higher than that in
ambient phase @ by 2 and 0.5 kJmol ™, respectively (Figure 6).

The differentiation of molecular shape in two conformers at
P_ improves their crystal packing®* (Figure 4) by adjusting the
strains of intermolecular interactions to short contacts
hampering the compression of the structure. In centrosym-
metric phase y, the molecules in one conformation can pack
even denser (Table 1, Figure 3). Figure 7 shows that in phase
all short intermolecular contacts are compressed, except the
initial lengthening of the shortest H---H contact to about 0.5
GPa. The strongest compression occurs for the H-~-H and S---H
contacts, although the transition to phase /3 at P, reverses these
trends to about 2.2 GPa and also slows down the compression
of other contacts.

The formation of phase y clearly releases the shortest
contacts. The most significant elongation is observed for
distances S-H and C--C. The elimination of these short
contacts in the compressed phase y is achieved at the cost of
conformational up-conversion. Above 1.5 GPa, the compres-
sion of contacts H---H and S---H is much weaker, and these
contacts are fewer and much longer compared to those in
phases @ and . These structural dimensions are consistent with
the stability of phase y above 045 GPa and with its

DOL: 10.1021/acs.jpcc.6b11030
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Figure 4. Crystal structure of p-Tol,S, in phases a (top), # (middle),
and 7 (bottom). Capital letters A and B label independent molecules
in phase /. Similar row and pair motifs of p-tolyl-sulfide moieties are

highlighted.

compression stronger than that of phases a and . However,
the formation of phase y stable above 0.45 GPa requires the
sample recrystallization. Slmﬂarly, the formation of high-

pressure phases of imidazole® and of 1,4-diazabicyclo[2.2.2]-

octane hydrobromide monohydrate®® required recrystallization,
and therefore they were called “hidden phases”. The formation
of phase y of p-Tol,S, requires that molecules assume a
considerably different conformation energetically disadvantaged
by about 6.0 kjmol™" compared to that in phase @ and similarly
by about 6.0 and 5.5 kJmol™" compared to molecules A and B
in phase f, respectively (Figure 7). It is characteristic that
despite considerable differences in torsion angles 7, 7,, and 7,
the dihedral angle between tolyl rings in one molecule remains
within the 70—90° range. This dihedral angle is equal to 86.56°
in phase @, to 89.44° in phase f, to 73.39° in molecules A and
B, and to 80.99° in phase y.

The high E; value of the y-phase conformer indicates that the
main energetic gain of phase y is in the intermolecular
interactions. The formation of phase y requires considerable
rearrangements of molecules (compared to phases a and f3).
For these reasons, it is likely that phase y can be accessed only
through the recrystallization, when at the liquid—solid
interphase the molecules adjust their conformation to the
energetic wells associated with the most efficient packing.

The molecular aggregation in phase y is distinct from those
in phases a and f in that the toluene rings are differently
arranged into rows, as illustrated in Figure 4. It is a common
feature of all three p-Tol,S, phases that the rows of rings along
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$1-82—C11), 7, (C3—C4—S1-S2), and 7, (C12—C11-S2—S1), as
well as the analogous primed values referring to molecule B, plotted vs
pressure for experimentally determined p-Tol,S, structures of phases
a, f, and y. The vertical dashed lines indicate the phase transition
between phases a and f# at P, = 1.6 GPa and the change of preferential
crystallization between phases  and y at P, = 0.45 GPa. The regions of
7 changes in p-Tol,S, phases a, f# and y are highlighed in gray, green
and red, respectively. The legend of symbols used for the 7 angles is
presented on the white background (cf. Figure 1). The dotted lines
joining the points are for guiding the eye only.
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Figure 6. Potential energy changes (AE,) calculated by Gaussian (cf.
Experimental Section) for the isolated molecule in its conformation
experimentally determined in the p-Tol,S, structures of phases @, f3,
and 7. Two independent conformers A and B, present in phase f3, were
each treated separately in the calculations.

the direction [100] are due to CH---z bonds, analogues to the
motifs described as aHa for toluene polymorphs. In this
notation, the first letter describes the H atom location in the
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Figure 7. Intermolecular contacts H--H, H:-C, H:-S, C::C, and C:-S shorter than the sum of van der Waals radii of interacting atoms in
experimentally determined structures of p-Tol,S, in (a) phases a and /3 as well as in (b) phases @ and y. The horizontal dashed lines mark the sums
of van der Waals radii according to Bondi,”* while the vertical dashed lines indicate the critical P, and preference P, pressure separating the phases.
The short contacts of the same type (H--H, H---C, H--:S, C--C, and C---S) are highlighted in different colors for guiding the eye. See Figure S12 for

the magnified versions of these plots.

tolyl ring (a-orto, f-meta, and y-para, with respect to the
methyl substituent, and m for the methyl H atoms), and the last
letter indicates the location of the interacting C atom in the
other molecule (here m indicated the methyl-substituted arene
C-atom).”” In p-Tol,S, phases a and f, these rows are
separated by detached pairs of rings interacting approximately
along the direction [001] by motif aHam, (with approximately
equal intermolecular distances from H12 to C11 and C12). In
toluene phase I the interactions of aHa and aHm motifs
combine molecules into a 2-dimensional pattern.”’

In p-Tol,S, phase , all toluene rings are arranged into rows
along [100], according to motifs aHa and fHm.”” The rows
along direction [x], common for all phases, are responsible for
a similar length of the unit-cells dimensions 2a,, 2a; and a,
(corresponding to quadrupoled CH--7 distance of ca. 3.2 A);
parameters b correspond to the phenyl ring dimension along its
plane and perpendicular to C—C bonds (ca. 5.5 A); and similar
dimensions of parameters ¢ in phases @, f3, and y result in the
molecular-volume (V,,) constrain.

It is remarkable that the work contribution to the Gibbs’
energy calculated as /V(p)dP between ambient pressure and
the smallest pressure of phase y is equal to 6.6 kJmol™", which
agrees well with the conformational energy of molecules in this
phase (Figure 6). It is consistent with a small contribution of
intermolecular interactions and relatively long intermolecular
distances at 0.45 GPa. The work contribution to Gibbs’ energy
of phases a and # compressed between 0.1 MPa and 1.72 GPa
is 18 kJmol™!, which is mainly associated with compressed
interactions, and only about 1§ kJmol™ comes from the
conformational conversion. Figure 8 illustrates the thermody-
namic relations between the p-Tol,S, phases. Phase a is
thermodynamically stable at ambient pressure, but above 0.45
GPa, it becomes metastable with respect to phase y. At 1.6 GPa,
phase f# becomes more stable than phase @, and the a—f phase
transition occurs. Phase y, the stable phase above 0.45 GPa,

2543

G4

i phase
i transition

! preferentional
1 crystallization

0.45 GPa 1.6 GPa

>

P

Figure 8. Schematically shown relations between free Gibbs’ energy
(G) of phases a, f3, and y as a function of pressure for p-Tol,S,.

requires high-pressure recrystallization to be formed; up to 2.8
GPa, it was not formed by a solid—solid transformation.

Bl CONCLUSIONS

It has been shown that the interplay of conformational
transformation of p-Tol,S, molecules and their interactions
control the thermodynamic stability of this compound. There is
an apparent conformation—volume relation for the crystal, as
the molecules absorb the stress of compressed intermolecular
contacts. Much stronger conformational conversion in the
liquid or at the liquid—solid interface can be connected with the
lubricating properties of p-Tol,S,. The molecules can absorb
and store considerable amounts of energy, of about 6 kjmol ™",
and possibly even more in the liquid state, which reduces the
thermal effect of friction. The up-conversion between con-
formers efficiently relaxes the strain. It appears that the
conformational and energetic response of p-Tol,S, molecules to
the pressure stimuli can now be applied for smart liquid and

DOLI: 10.1021/acs.jpcc.6b11030
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solid materials and can be further optimized for analogousés'ég

as well as new types of conformationally flexible compounds.
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® High-pressure Nucleation of Low-Density Polymorphs**
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Abstract: New polymorphs 3 and y of bis-3-nitrophenyl
disulphide, crystallized above 0.3 GPa, are less dense than
the ambient-pressure polymorph a. This counterintuitive
density relation results from the high-entropy nucleation
and subsequent kinetic crystallization. The work per-
formed by pressure compensates the high entropy and
temperature product, substantiated in varied conformers
and increased chemical potential. Pressure-increased vis-
cosity promotes the kinetic polymorphs, in accordance
with empirical Ostwald's rule of stages. It contrasts to me-
chanochemical techniques, favouring high-density poly-

morphs.
J

The rational control over polymorphic forms of organic com-
pounds is one of the challenges of materials sciences, modern
chemistry, and related technologies." Apart from the environ-
ment (solvent, pressure, temperature, composition, evapora-
tion rate, etc.) also the intrinsic features (intra- and intermolec-
ular interactions of conformers, mesmeric forms, tautomers,
solvates etc.) need to be taken into account for designing the
robust process aimed at the desired specific polymorph.?**
Such precise technologies are applied for obtaining required
forms of pharmaceuticals, pesticides, food, plastics, dyes and
various other products. Despite a considerable progress in the
crystal-structure prediction,”'” in most cases the experimental
screening provides the most reliable information about poly-
morphs of compounds. Generally, the crystal form results from
the initial aggregation of molecules, either primary or secon-
dary nucleation, and from the time-dependent crystal growth,
either dynamic or kinetic.">*™ The dynamic crystallizations
proceed slowly, in the nearly equilibrated systems, whereas the
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kinetic crystallizations take place off the thermodynamic equi-
librium, for example in quickly cooled molten or dissolved
compounds. The dynamic and kinetic crystallizations often
lead to different polymorphs. Some compounds, irrespective
of thermodynamic conditions of their nucleation, have been
obtained in only one crystalline form, for example naphthalene
and CS,.">"¥ An interesting example of high-pressure crystalli-
zation controlled by the seeds obtained at normal conditions
for promoting the growth of low-density polymorphs was de-
scribed for chlorpropamide;'“ a reverse approach of control-
ling the ambient-pressure crystallization by the seeds obtained
in the 0.4-0.8 GPa range was demonstrated for GABA monohy-
drate.”

Presently we report a simple method of high-entropy nucle-
ation, capable of generating new polymorphs, in this case
study on bis-3-nitrophenyl disulphide (3-NO,-PhS),, shown on
Fig. 1. The thermodynamic conditions of such a nucleation
process are extended by subjecting a compound (or its solu-
tion) to high-pressure. It increases the range of accessible tem-
perature beyond the ambient-pressure boiling point of the
compound (or the solvent), where strongly excited states of
rota-vibrations, high-energy conformations, tautomers or other
forms not accessible at normal conditions are activated.

The family of biphenyl disulphides is important due to their
applications as drugs,"® sensors,"® lubricants,"” polymers;'&2"
source of PhS substituents in organic reactions”>?* and precur-
sors for supramolecular systems.?*?* Recently we showed that
di-p-tolyl disulphide (4-CH,-PhS), absorbs the energy of com-
pression by phase transitions and conformational transforma-
tions.””” We also observed that exchange reaction between
aryl homodimeric disulphides can be achieved at high-pressure
without an addition of catalyst. Particularly the reaction be-
tween bis-4-chlorophenyl disulphide (4-CI-PhS), and bis-2-ni-
trophenyl disulphide (2-NO,-PhS), yields a low-density poly-
morph A of 4-CI-PhSSPh-2-NO, at high-pressure conditions (re-
fcode ROVWUX),”® whereas the catalyst-promoted ball mill
liquid-assisted grinding (LAG) at ambient pressure leads to the
high-density polymorph (FUQLIM).?*=% The 3-NO, analogue, of
those disulphides is known, and commercially available in
the centrosymmetric form of monoclinic space group C2/c,
with molecules located on the 2-fold axes (FUGQUT, hereafter
referred to as polymorph «).®" Our systematic study on (3-
NO,-PhS), combines the effects of primary nucleation with dy-
namic and kinetic crystallization attainable and conveniently
controlled under high pressure. We found that the high-entro-
py nucleation yields two new polymorphs, labelled f and v,
both of lower density as compared to that of polymorph a
obtained at the ambient conditions. The counterintuitive
result sheds new light on empirical Ostwald’s rule of stages
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and Wallach's rule relating the densities of enantiomers and
racemates.

The protocol for obtaining kinetic polymorphs 3 and vy re-
sulting from the high-pressure nucleation, described in detail
in Supporting Information, was developed in the course of reit-
erated experiments for different solvents and concentrations.
The diamond anvil cell (DAC) chamber was loaded with con-
trolled amounts of a-(3-NO,-PhS), and a solvent. After sealing
the DAC, the sample was compressed, and heated until all
crystals dissolved. The high-temperature high-pressure nuclea-
tion in the DAC was followed by its cooling and opening,
aimed at growing the crystals. The quality and size of the crys-
tals recovered from the DAC chamber (of about 0.02 mm? in
volume) were just sufficient for the single-crystal X-ray diffrac-
tion experiments, solution and refinement of the structures, al-
though due to the small size of the samples the reflections
were weak, which affected the range of 26 angle for observed
reflections and the accuracy of refined parameters (see the
Supporting Information).

Well known are the structural features usually valid for the
polymorphs obtained under kinetic regime: (i) their symmetry
is lower;®? (ii) their Z number is higher;®3?3 and (iii) they are
less dense, when compared to the dynamic-regime poly-
morphs.® It is also characteristic of conformational poly-
morphs that (iv) the kinetic polymorphs are built of conformers
of the potential energy (E,) higher than those of the dynamic
polymorphs. 23637

Both polymorphs 3 and vy of (3-NO,-PhS), could be textbook
examples of kinetic polymorphs, with all their characteristic
features (i-iv). Both forms crystallize in the chiral space group
P2,, which is a subgroup of space group C2/c, and their density
is significantly lower than that of polymorph « (Table 1). It is
remarkable that the structures of both polymorphs $ and y are
composed of layers displaying a pseudo-symmetry involving
local inversion centres and glide planes perpendicular to [y]. In
polymorph f§ the pseudo-inversion lies at [0.195, 0.13, 0.24]; in
polymorph vy the pseudo-inversion is at [0.38, 0.11, 0.23] and
the pseudo-glide planes are perpendicular to [y] and parallel to
the layers (cf. Figure S4 in Supporting Information).

As illustrated in Figure 1, the disulphide molecules are con-
formationally flexible and their ‘soft’ torsion angles about
bonds S-S (1) and C-S (t, and T;) can be modified by momen-
tary environment changes in the liquid and by crystal field in

Table 1. Selected crystal data of (3-NO,-PhS) polymorphs «, f§ and y at
ambient conditions (296 K, 0.1 MPa).

Polymorph o B v

space group C2/c P2, P2,
alA 13.6731(9) 8.1262(17) 8.1069(10)

unit cell b A 8.9078(6) 26.952(4) 22.406(3)
c[A] 12.4539(8) 12.6335(19) 14.7478(16)
B(©) 120.070(1) 105.214(19) 94.087(12)

V(A3 1312.70(15) 2669.9(8) 2672.0(6)

zZ/Iz 4/0.5 8/4 8/4

v/z 328.18 333.74 334.01

D, (g/cm’) 1573 1534 1.533
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Phase a 4] AE, (Kmol!)
Phase B Molecule A =
Molecule B 3 L
Molecule C
2 F i
Phasey Molecule A .," =
Molecule B 1 ..
Molecule ( ',‘____--"'
opt. @ B Y

Figure 1. Conformers in (3-NO,-PhS), (a) polymorph « with torsion angles T,
T, and T; indicated; (b) all molecules of polymorphs «, §, and y superim-
posed on the C1-S1-S1’ fragment; (c) these rotational enantiomers adjusted
to torsion angle T positive in order to visualise the presence of low- E, and
high-E, conformers. The plot shows the E, differences and bars indicate their
average values.

the solid state. The Z' number is 0.5 in dynamic polymorph «,
hence its torsion angles t, and T, are identical, while in kinetic
polymorphs 3 and y the Z' number is 4. In polymorph f four
independent conformers, labelled A, B, C and D, are located at
general positions, in pseudo-centrosymmetric relations be-
tween conformers A to C, and B to D. This relation is most
prominent for torsion angles t, T, and t; (Table 2). Similar
pseudo-symmetry relations are also apparent in the structure
of polymorph .

The (3-NO,-PhS), molecule has two favoured conformations.
In the low-E, (LE) conformer angels 1, T, and t; are close to
90°, 0° and 0°, whereas in the high-E, (HE) conformer these
angels are close to 907, 0° and 1657, respectively. Polymorph «
is built of LE conformers (Figure 1 and Table 2), in polymorph 3
there are equal numbers of LE and HE conformers; in
polymorph vy only HE conformers are present. The average
conformational energies of polymorph «, 3, and y are 1.18,
1.57 and 3.42 kJmol ™' (referred to the fully optimized low-
energy conformer) as shown in the inset in Figure 1. Poly-
morphs § and vy (Figure 2) contain equal numbers of rotational
enantiomers and in this respect they are conformational kryp-
toracemates.”*®
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Table 2. Torsion angles T, T, and 1, (Figure 1) in conformers present in (3-
NO,-PhS), polymorphs a (half molecule independent), § and y (4 inde-
pendent molecules labelled A, B, C and D), as well as their potential
energy AE, related to the fully optimized isolated conformer. LE denotes
low E, and HE high E, conformers.

Torsion angle T[] . [ [ AE, [KJmol™'] E, state
optimized mol. 84.78 413 413 0 LE
phase a 97.63 —8.55 —8.55 1.18 LE
phase f A —88.07 —-2232 12.06 0.67 LE

B 87.08 —-1.24 171.13 2.28 HE
C 91.21 1430 21.27 0.97 LE
D —87.01 146 —169.62 235 HE
phase y A —8477 530 —16245 2.98 HE
B 91.05 8.26 163.13 295 HE
€ 89.39 16.49 165.05 3.29 HE
D —91.05 -—-2265 -—165.42 4.06 HE

Figure 2. Structure of (3-NO,-PhS), polymorphs (a) «; (b) f3; and (c) y. Capital
letters A, B, C and D label independent conformers in polymorphs y and f.

Apart from the molecular conformation, the crystal structure
and packing motifs in polymorph a of (3-NO,-PhS), strongly
differ from those in isomers (2-NO,-PhS), (ODNPDS)* and (4-
NO,-PhS), (NIPHSS).*” In their crystals, molecules are linked
into chains by C—H--O hydrogen bond, absent in a-(3-NO,-
PhS),, where sheets are formed through m-m stacking of aro-
matic rings.®"“"’ On the other hand, in (3-NO,-PhS), poly-
morphs [} and vy various types of intermolecular contacts (Fig-
ure S2) and cohesion forces are present, such as CH-O, m-x
stacking and S--S.

It is apparent that the conditions of nucleation affect the hi-
erarchy of interactions in the crystal structure. It was demon-
strated that the intermolecular hydrogen bonds are strongly
modified under pressure,“** when they have to compromise
with the increased role of close packing. Most importantly, am-
bient-pressure molecular crystals easily sublimate, melt and
evaporate, but under high-pressure the temperature of the
system can be increased to higher values, which increases the
kinetic energy of molecular motion. According to Boltzmann'’s
statistics for the ideal gas, the average kinetic energy of its

Chem. Eur. J. 2021,27,1-6 www.chemeurj.org

molecules increases linearly with temperature and is equal kgT/
2 (kg is Boltzmann's constant) per each degree of freedom. This
rough assessment, when applied to molecules of (3-NO,-PhS),,
shows that high temperature can easily destabilize their inter-
actions (mainly C—H--O, Figure S2) and excite the conformers
to the HE states, then observed in polymorphs 3 and y. The in-
creased E, values of conformers in these high-T/p polymorphs
(Table 2) increase their chemical potential, compared to that of
polymorph a4

Thus, the internal energies (U) of polymorphs B and y are
higher compared to that of polymorph a. This U-energy rela-
tion is essential for the most surprising high average volume
of molecules in polymorphs § and v, as their crystal fields sta-
bilize the HE conformers (Tables 1 and 2). At first glance, this
result seems to contradict numerous high-pressure crystalliza-
tions and syntheses leading to high-density polymorphs. In
fact, high-pressure techniques are generally aimed at obtaining
hard, high-density forms of crystals.””” However, such crystalli-
zations are performed slowly under the dynamic regime, allow-
ing the system to equilibrate. All characteristic features (i-iv) of
kinetic polymorphs can be rationalized in terms of the thermo-
dynamic conditions of the crystallization process: (i) the low
symmetry is a consequence of the conformational and orienta-
tional variety consistent with the high entropy of the system
at high-temperature, which is also connected with (ii) the high
Z number; the high T also explains the high E, states of excit-
ed molecules (compared to lower E, conformer in the dynamic
polymorph a). The quick crystallization leaves no sufficient
time for the molecules to reorient or change the positions of
substituents. Finally, the low density (iii) despite the high-pres-
sure conditions can be attributed to: (a) higher internal energy,
in part associated with the HE conformers and the cohesion
forces partly used for their stabilization; (b) higher compressi-
bility of the low-density polymorphs than that of the high-den-
sity polymorph, hence their density difference diminishes with
pressure; (c) the nucleation taking place at high temperature
implies high entropy and strong rota-vibrations requiring an
additional space; and (d) the high-temperature nucleation di-
rects the crystallization leaving no space for other polymorphs,
particularly that the crystallization is the fastest close to the
melting curve.

It is convenient to heat sample under pressure, which in-
creases the freezing point and hence moves the nucleation to
the high-entropy region. Furthermore, under high-pressure the
viscosity of the solution or melt significantly increases,*® which
hampers the rigid-molecule motions and internal reorienta-
tions of molecular moieties. These effects of viscosity are thus
consistent with varied conformations and high Z' number.
Moreover, the increased viscosity expands the time scale for
the kinetic crystallization. In other words, the kinetic process at
high-pressure is considerably slower than at 0.1 MPa. This ‘ex-
tended’ kinematic regime increases the likelihood of the nucle-
ation of kinetic polymorphs. Then the growth of their seeds is
favourably continued on lowering the temperature, which re-
duces the concertation of the solution to below the saturation
and prevents the nucleation of other polymorphs, even when
the process is slowed down to the dynamic regime.
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Interestingly, all our attempts to obtain the kinetic poly-
morphs 3 and y by mechanochemical methods, liquid-assisted
grinding (LAG) with acetonitrile and isopropanol, as well as
neat ball milling, failed (cf. Supporting Information). This con-
trasts with the successful production of heterodimeric low-
density polymorph A of 4-CI-PhSSPh-2-NO, during the neat
grinding.?®?? Later, we obtained this polymorph by high-en-
tropy nucleation, too.””

To conclude, the high-pressure crystallization of low-density
polymorphs § and y of (3-NO,-PhS), reveals the background of
this counterintuitive phenomenon. The increased pressure ex-
pands the thermodynamic space of temperature and concerta-
tion, where high-entropy nucleation is the source of kinetic
polymorphs. The molecular-level mechanism of Ostwald’s rule
of stages appears as a natural consequence of the kinetic ef-
fects fueled by the considerably increased accessible tempera-
ture range under high pressure. Noteworthy, (3-NO,-PhS), low-
density polymorphs 3 and y are non-centrosymmetric, unlike
the centrosymmetric polymorph a. Centrosymmetric crystals
are usually more dense than non-centrosymmetric ones, but
rare exceptions from this rule*>*® can be regarded as an indi-
cation that more experimental results and studies are needed
for the rigorous description of the crystallization process,
which still today is often considered to be more ‘art’ than ‘sci-
ence’"

Supporting Information

Detailed experimental data including protocol for obtaining
high-pressure nucleated polymorphs, single-crystals of poly-
morphs 3 and vy, the shortest intermolecular contacts plotted
for all polymorphic forms, A, B, C and D conformers present in
form B and y together with their pseudo-symmetry relations,
as well as the results of ball-mill experiments can be found in
Supporting Information. Deposition Number(s) 2040892 and
2040891 contain(s) the supplementary crystallographic data
for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum  Karlsruhe  Access  Structures  service
www.ccdc.cam.ac.uk/structures.
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quent crystallization performed under
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density than the ambient-pressure poly-
morphs.

Chem. Eur. J. 2021, 27,1-6 www.chemeurj.org 6

112 | Page

© 2021 The Authors. Published by Wiley-VCH GmbH



