UM

The story of resorcinol crystals and a new perspective for
stabilizing high-pressure polymorphs at ambient conditions

Historia krysztalow rezorcynolu i nowe sposoby stabilizowania
wysokocisnieniowych polimorfow w warunkach normalnych

Fatemeh Safari

A thesis presented to the Faculty of Chemistry, Adam Mickiewicz University, Poznan, in the
partial fulfilment of requirements for the degree of Doctor of Philosophy in Chemistry

Supervised by Prof. Dr. Hab. Andrzej Katrusiak

Co-supervised by Dr. Ewa Patyk-Kazmierczak

January 2022




“‘Be less curious about people and more curious about
ideas*’’

-Maria Salomea Sktodowska-Curie (1867-1934)



CRYSTAL
GROWTH
Z-DESIGN

ACSPublications

3 Most Trusted. Most Cited. Most Read.

October 2019
Volume 19
Number 10

pubs.acs.org/crystal

INTEGRATING THE
FIELDS OF CRYSTAL
ENGINEERING AND
CRYSTAL GROWTH FOR
THE SYNTHESIS

AND APPLICATIONS

OF NEW MATERIALS

www.acs.org



Acknowledgements

I would like to thank my supervisor Professor Andrzej Katrusiak for taking me on board in his
group and giving me the opportunity to work in such an interesting and multidisciplinary field.
His constant enthusiasm and encouragement have enabled me to find my feet and take pride in
my work. | would also like to thank Prof. Piotr Pawlu¢ for his support throughout these four

years of my PhD program in all steps.

In addition, I would like to acknowledge Dr. Ewa Patyk-Kazmierczak and Dr. Anna Olejniczak
for having taught me everything they know and spending many hours with me at lab. Their
friendship has been as indispensable as their knowledge and | would like to say, I’'m grateful
to have such amazing fellow labmates, thanks to which I have never felt homesick during my
Ph.D. when | was far away from my family and my county.

I would like to dedicate this thesis to my father and mother, Hossein and Homma. Thank you
for all your love, patience and sacrifice. A final thanks you to my favourite four: Hamid, Hasan,

Elahe and Ida Moszczynska who is my polish sister.

Last but not least, | am grateful for providing my scholarship to the EU European Social Fund,
Operational Program Knowledge Education Development, grant POWR.03.02.00-00-1026/16.



Table of Contents

T (oo [FTox { (o]0 F PP PRSP PPPRPP 1
1.1 Chemistry Of reSOICINOL........ccueiiiiiiiece e 1
1.2 Materials under Nigh PreSSUIE ........oiviiiei i 4

1.2.1  Diamond anvil cell and high-pressure X-ray diffraction experiments................. 5
1.2.2  Application of high-pressure techniques in pharmaceutical chemistry ............. 10
1.2.3  Hydrogen-bonded solids under high pressure...........cocooeoeiinenininisieee, 12
1.3 SCOPE OF the thESIS......eiueiieieies e 14
1.4 List of articles prepared within this thesiS...........cccccviveiiiiiiie i 16
1.5 Note on references to figures and tables ..o 16

2 Experimental MEtNOUS ........eoiiiiiiccie s 17
2.1  Sample preparation for high-pressure X-ray diffraction experiments ...................... 17
2.2 Pressure Calibration ... 18
2.3 Recovery of high-pressure polymorphs to ambient conditions.............ccccccevvrvennene. 18
2.4 X-ray diffraction eXPeriMENTS ........cccoiiiiiieieie e 19

2.4.1  High-pressure single crystal X-ray diffraction measurements..............c.ccccueuee.. 19
2.4.2  Powder X-ray diffraction Measurements ...........coovveeieererenenesesesesee e 20
2.5 Data reduction, structure solution and refinement ............ccoccevereiieneninenieieieen, 20

3 RESUILS AN QISCUSSION ...ttt ettt sttt sbe et st b e b sae e sbe et ennesbee b e 21
3.1  Transformation between resorcinol phases a and f........ccooeveveveieieienesieeee, 23
3.2 New SolIvates Of reSOICINOL .........ccoiiiiiiiiieiee e 24
3.3 Pure high-pressure polymorphs of resorcinol ............cccoovveiiieienencnneeeeee, 28
3.4 Structural model of iINternal PreSSUIE .........coveiieiiieieiee e, 32
3.5  High-pressure polymorphs under ambient conditions ...........ccccccoeevivevieenvereseennnnn, 33

0] Tod 11 5] o] SRS 35

5 BiblIOgraphy ..o 38

APPENAIX AL SUMMAIY .eeiviiiieeiiieeiteesee e sae et esae e te e sab e et e s ssaeesbeesnbeesteessteesseessbeesbeesnseesseesnses 49

Appendix B: Summary in Polish (Streszczenie w jezyku polsKim) ........ccccovvrviiinieniininnnn, 51

Appendix C: CrystallographiC data..........cccccuveiieiiiiiiie e 54

Appendix D: SCIENTITIC AITICIES ......cc.oiiiiieseseeeee e 55
(R1) Pressure-Dependent Crystallization Preference of Resorcinol Polymorphs................ 55
(R2) Pressure-Promoted Solvation of RESOICINO ..........cccoviiiiiiiiieieee e 63

(R3) High-Pressure Polymorphs Nucleated and Stabilized by Rational Doping under
AMDIENT CONAITIONS ...t e e e nteesaesreesreeneeareenneens 71



VI



1 Introduction

1.1 Chemistry of resorcinol

Resorcinol (also known as resorcin, meta-dihydroxybenzene, 1,3-dihdroxybenzene, 1,3-
benzenediol and 3-hydroxyphenol; Figure 1) is an organic compound naturally present in argan
oil (Figure 1).! Due to its antibacterial properties, resorcinol is used in cosmetic and
pharmaceutical products, for example in acne treatment.? It is also used in various organic
syntheses, including those of pharmaceutical compounds,®’ as well as in resins production.’
At ambient conditions resorcinol exists in the form of white crystallites (m.p. 384 K),® has a
bitter-sweet taste and faint, characteristic aromatic odour.” Resorcinol is highly soluble in
water, with the density of its water solution increasing approximately proportionally with the

resorcinol concentration.®

Figure 1. Structural formula of resorcinol with the atom numbers, a sample of resorcinol

powder on a watch glass, a pine-tree branch, containing resorcinol and a bottle of argan oil.
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The reactivity of resorcinol is related to the constitution of its molecule. The two hydroxyl
groups located in meta-positions of the aromatic ring reinforce each other leading to the
activation of the ortho- and para-positions (i.e. positions 2, 4, and 6 in the aromatic ring).

Meanwhile, the 5™ position in the benzene ring remains basically non-active.’

For the first time, resorcinol was synthesized in the laboratory in 1864.1%1?2 However, it took
14 years to develop the process for resorcinol manufacturing. The process reported in 1878,
based on the disulfonation of benzene and fusion of the disodium salt of benzenedisulfonic
acid,**1%js still used today in its modified form, as it offers an economical route for resorcinol
synthesis.” Although, other methods, besides disulfonation of benzene, have been developed
over the years, presently only one (based on hydroperoxidation of meta-diisopropylbenzene) is

commercially applied.’

Resorcinol is one of the first organic compounds for which polymorphism was observed, and
according to the analysis of Cambridge Structural Database (CSD), it is the first organic
compound for which the crystal structures of both polymorphs (« and ) were determined.*6:1
In 1936, Robertson reported the crystal structure of polymorph «.*® Later, in 1938 Robertson
and Ubbelohde recrystallized polymorph a at high temperature of ca. 347 K,!7 obtaining
crystals of polymorph g (having the symmetry of orthorhombic space group Pna2i, the same
as that of form «). Interestingly, the lower-temperature polymorph « is less dense than the high-
temperature polymorph g. The counterintuitive density relation of resorcinol polymorphs and
its solid-state properties have prompted a wide interest and investigations on this compound,
with numerous studies of resorcinol by neutron®® and X-ray!® diffraction, proton NMR,°

Raman and IR spectroscopies,'®?%?! reported in recent years.

Besides polymorphs « and £ of pure resorcinol, it is prone to co-crystalize with other
compounds. In total, 77 structures of mono- and multi-component crystals of resorcinol are
deposited in the CSD (version 2019.2.0). At this stage, it needs to be noted, that although
constitution of resorcinol molecule makes it considerably rigid, the rotation of its hydroxyl
groups is possible, allowing the hydrogen atoms in OH groups to assume different orientations.
As a result, resorcinol molecules can be observed in the solid state in varied conformations,
which are described by idealized descriptions: (i) anti—anti, (ii) anti-syn, and (iii) syn-syn
(Figure 2). In fact, one of the differences between « and £ polymorphs of resorcinol concerns
the orientation of hydroxyl groups, with molecules having anti—anti and anti—syn conformation

in forms o and g, respectively. Out of all 77 resorcinol-containing structures reported in CSD,
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in 25 the molecules assume conformation anti—anti, in 22 anti-syn, and in 30 syn-syn (found
exclusively in co-crystals). The conformational flexibility of hydroxyl groups plays a key role
in molecular aggregation, leading to crystallization of different solid forms of resorcinol and
its analogues, as the position of hydrogen atoms in OH groups affect the directions of the

intermolecular hydrogen bonds.

anti-anti anti-syn SYn-Syn
(a) (b) (c)

Figure 2. Different idealized conformations of resorcinol molecules: (a) anti—anti, present in

polymorph a; (b) anti-syn, present in polymorph g; (c) syn—syn, present solely in co-crystals.

The exceptional density relation of polymorphs a and f and their identical space-group type,
prompted high-pressure investigation of resorcinol crystals. The pressure-induced phase
transition between form « and f was detected at 0.5 GPa by X-ray and Raman studies.???
However, the later study by Kichanov et al. has revealed somewhat lower pressure of the a-to-
S phase transition at 0.4 GPa,'® and has confirmed that further compression of polymorph f to
5.6 GPa leads to second phase transition to form y.1%2* Interestingly, rapid increase of pressure
can suppress the a-to-f transformation, enabling phase transition from polymorph « to the
second high-pressure polymorph (named ¢) of the unknown symmetry above 3 GPa.'®?* In
2016, fifth polymorph of resorcinol, labelled &, having the symmetry of orthorhombic space
group P212:12:, was discovered at ambient pressure.?® This phase could only be obtained
concomitant with polymorph g, by cooling the melted mixture of resorcinol and tartaric acid.
In the same study Zhu et al. predicted the structure of yet another polymorph of resorcinol, of
monoclinic space-group symmetry P2;. However, so far this phase was not observed
experimentally and therefore it was not labelled by a Greek letter but is referred to as
polymorph P2 (after its postulated space group). Recently, as the part of the research presented
in this thesis, a new high-pressure polymorph of resorcinol, form ¢, was discovered and is
discussed in more detail in the Results section. Selected crystallographic information for
polymorphs of resorcinol reported prior to this work are presented in Table 1.
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Table 1. Selected crystallographic information of resorcinol polymorphs a, g, y, ¢ and P21,

discovered or postulated prior to this work.

Phase a p y & P2,
P (GPa) 0.0001 0.50 5.60 0.0001 0.0001
T (K) 298 298 298 298 298
Crystal system Orthorhombic Monoclinic
Space group Pna2, Pna2, Pnna P2,2,24 P2,
Unit-cell (A/ °):
a  10.550(3) 7.711(1) 7.3346* 17.900 9.380*
b 9.570(3) 12.611(2) 11.486(7) 10.568 5.466*
c 5.669(2) 5.379(1) 9.246(5) 5.722 5.529%*
S 90 90 90 90 89.153*
Volume(A?) 572.39(3) 523.1(2) 778.938* 1082.4 543.0%*
Density (g/cm®)  1.278 1.325 1.876 1.351 1.346
2z 4/1 4/1 8/1 8/2 4/2
Conformer anti-anti anti-syn - anti-syn anti-syn
Reference [16] [17] [19] [25] [25]

* For these cases the ESDs for the unit-cell parameters and volume were not included in the table, as they were
not reported by the authors (polymorph y) or the polymorph was not yet obtained experimentally (polymorph P21).

1.2 Materials under high pressure

The studies of materials under extreme pressure can reveal various interesting physical and
chemical phenomena. Application of high pressure in geology and mineralogy enables the
investigation of the processes taking place in the interiors of Earth and other planets.?”?® High-
pressure techniques are widely used in search of new polymorphs?®® and pseudopolymorphs
(hydrates and other solvates)*! of chemical compounds. Their new solid forms can be obtained
via recrystallization or isothermal compression. Extreme pressure is applied for investigation
of phase transitions, including pressure-induced transformation of ambient-conditions gases
and liquids into solid state,*>*2 as well as solid-solid phase transitions.3*3® Previous reports has
shown that various physical properties (e.g., magnetic®*-3and thermal properties®®) can be
affected by increased pressure. Moreover, high-pressure methods were successfully applied to
induce chemical reactions in solid state, such as polymerization*® or ionization.** Recently, the
development of computational techniques enabled charge-density studies at high pressure,

providing new information on the pressure-induced effects in solids.*>#4
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1.2.1 Diamond anvil cell and high-pressure X-ray diffraction experiments

The origin of the high-pressure research as we know it can be dated back to the beginning of
the 20" century, when Percy W. Bridgman developed a new approach to pressure-sealing,
enabling carrying out experiments up to 7,000 atm.*® Later modification of the technique,
concerning the pumping system, expanded the pressure limit up to 2 GPa, while the
development of the opposed-anvil device allowed to study solids in 5-10 GPa range.*® Findings
of Bridgman and use of diamonds for high-pressure devices***’ ultimately led to inventing the
diamond anvil cell (DAC) in 1958,%¢4° which thanks to the contribution of other researchers

over the years evolved into a versatile apparatus used today.>

The crucial elements of the DAC are two parallel diamond anvils with flat culets, mounted
on metal discs.®® An example of the DAC, a modified Merrill-Bassett DAC, is shown in
Figure 3. Different types of diamond anvils, such as brilliant cut anvils, Drukker anvils or
Boehler-Almax anvils, are used in DACs. The first type is historically the oldest, with anvils
in the first DACs being gems confiscated from smugglers and donated by custom agents.>? The
standard Drukker design®? has simplified shape and increased table surface, while the Boehler—
Almax anvil has conical crown that offers a superior mechanical stability by optimizing its
support on the precisely matching tungsten carbide backing plate.>* Depending on the pressure
limit that needs to be reached, the size and shape of diamond anvils can vary. For achieving

ultrahigh pressure, several features of diamond anvils need to be considered:*®

(i) The diamond anvil geometry. The higher-pressure limit can be reached with diamonds
with single and double bevels (compared to no bevel diamonds). Recent studies have also
shown that the limit can be increased even further for toroidal or double stage anvils.

(if) The bevel diameter to flat culet diameter ratio, where the larger ratio values enable
achieving higher pressure.>®%®

(iii) The bevel angles. For the single bevel diamonds, the angle in 7-8.5° range is most
common, and highest pressure can be achieved for an angle of 8.5°, while for double bevelled

anvils, the angle between 6 and 9° for the first bevel is usually considered optimal.
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Figure 3. Picture of the modified Merrill-Bassett DAC: (a) mounted on the goniometer head,
with the entry point for the X-ray incident beam marked with a yellow arrow, and the direction
of the rotation of Allen screws indicated by red circular arrows; (b) opened and prepared for

the sample loading, with gasket installed (supported on green modelling clay).

Between the diamond anvils of the DAC, a metal gasket with an opening is placed (Figure 4).
The material of the gasket depends on several parameters, such as the pressure range, nature of
the experiment, and reactivity of the sample and hydrostatic medium. For experiments under
pressure exceeding 20 GPa, with use of high temperature, the rhenium or tungsten gaskets can
be used.>">® The amorphous boron composite gaskets can be used to eliminate X-ray diffraction
peeks from the gasket for experiments up to 20 GPa, including high-temperature studies.>® The
Cu-Be gaskets can be implemented for magnetic measurements,®® while for studies of reactive
chemicals, gaskets lined with the inert metal such as gold can be used.®* For electrical
measurements with DACs, insulated gaskets covered by MgO or alumina are implemented.5?
The thickness of the gasket and the diameter of the opening can vary depending on the pressure
range of the experiment, the size of diamonds culets, sample size, and the nature of the
experiment.>® Prior to the sample loading, the gasket is pre-indented in the DAC, which allows
adjusting the thickness of the metal foil (affecting the dimensions of the chamber), strengthens

the gasket material, and improves the sealing of the chamber.*
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X-ray

Gasket Rypy Sample

Diamond

Figure 4. Schematic illustration of the DAC setup.

Two approaches for pre-indenting can be used. In the first one, the gasket is pre-indented and
then an opening is drilled in the centre of the indentation. So-prepared gasket is then re-
mounted in the DAC, keeping its initial orientation. For the second approach, the hole in the
gasket is made first, the gasket is then centred in the DAC in respect to the diamond culets and
the pre-indent is performed.> The hole in the gasket can be drilled with micro driller or spark
eroding machine (Figure 5). Its size should be optimized in respect to the culet size, with the
optimal radius of the opening being equal to, or smaller than, about half of the culet diameter.*
Too big opening can lead to contact between the diamond anvils at higher pressure and their
destruction and affects the pressure range that can be achieved. On the other hand, smaller
holes, limit the sample size. When the diameter of the opening is decided, the limitations of the
experimental techniques have to be considered as well. For example, for X-ray diffraction
experiments, the hole should not be smaller than the size of the X-ray beam.
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Figure 5. In-house made spark eroding machine used for gasket preparation.

The pressure inside the DAC is generated as a result of gasket deformation, affecting the size
of the chamber filled with the sample and pressure transmitting medium (PTM). The
deformation is caused by squeezing the gasket between diamond anvils.>® In a modified
Merrill-Bassett DAC the deformation is achieved by bringing the anvils closer together with
the use of three Allen screws.® To ensure the sample is under hydrostatic pressure, appropriate
PTM that should not support any shear, needs to be selected. It needs to be noted that the
melting line of fluids increases with pressure, eventually reaching the point when they solidify.
Usually, as a result, the pressure inside the chamber becomes inhomogeneous and differential
and shear stresses appear.®® This in turn affects the quality and accuracy of the data and can
result in appearance of ‘anomalies’ easy to misinterpret as new physical phenomena.®®
Therefore, the hydrostatic limit of the PTM is one of the properties that needs to be considered.
Moreover, depending on the nature of the studied sample and the type of the experiment, the
sample solubility in PTM, its reactivity, viscosity and the size of its molecules should be taken
into account. A number of hydrostatic medias are used for high-pressure experiments,
including both gases and liquids.%**°> Some examples of gaseous PTMs are nitrogen, helium
and neon. Different hydrostatic limits have been reported for nitrogen in the literature, varying
from approx. 3 GPa,% up to 10 or even 13 GPa, reported by Klotz et al.®® and LeSar et al.,®

respectively, with all being higher than the room temperature freezing pressure of nitrogen
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equal approx. 2.4 GPa.®* Meanwhile, at 300 K neon and helium solidifies above 4.8 and
12.1 GPa, respectively,®® however, first signs of non-hydrostaticity does not appear up to
15 GPa for neon,®® and good hydrostatic conditions can be maintained in helium up to 30-
50 GPa, depending on the studied sample.%” As the liquid PTMs, both pure compounds and
mixtures are used. Isopropanol, methanol and glycerol, with reported hydrostatic limits of
approx. 4.2,54 3.6% and 1.4 GPa,% respectively, are examples of single-component PTMs.
Using mixtures of solvents as PTMs can offer an increased hydrostatic limit compared to the
pure components (e.g. methanol:ethanol:water solution in 16:3:1 vol. ratio can be used up to
ca. 10 GPa).®* Non-polar liquid PTMs include silicon oil, Fluorinert™ and 7000 series Daphne
oils. The silicone oils of 0.65 and 37 cSt viscosity, have hydrostatic limit of approx. 0.9 GPa),%
while limits for Fluorinert™ vary depending on its type. For none of the pure Fluorinert™ FC-
40, FC-70, FC-72 and FC-75 the hydrostatic properties are preserved above 1.2 GPa,® for FC-
77 the limit is 1.5 GPa,% while the 1:1 mixture of FC-84:FC-87 maintain hydrostaticity up to
2.3 GPa.®3% Daphne oil 7373 (mixture of olefin oligomers) solidifies at 2.2 GPa’%and Daphne
oil 7474 (composed mainly of mixture of 2,2,8,8-tetraalkylsilanes and silicon oils) have
hydrostatic limit of 3.7 GPa at room temperature.®®>"* Notably, the hydrostatic limit of Daphne
7474 can be increased by heating, with the limit reaching 6.5 GPa at 100 °C.%

Compared to the routine single-crystal X-ray diffraction (SCXRD) experiment, the high-
pressure SCXRD measurements carry some limitations. One of the issues concern data
completeness, as construction of the DAC limits the access of the X-ray radiation to the sample
crystal.>®"2 This is especially notable for low-symmetry crystals. The completeness and quality
of collected data can be improved by optimizing the experimental strategy, including:

(i) Orienting the crystal in a specific manner to ensure the highest possible coverage of the
reciprocal lattice.”

(it) Merging of the data collected for several differently oriented crystals mounted in the
DAC." Usually requiring use of the synchrotron radiation of a small beam, enabling individual
data collection for the selected crystallite.*!

(iii) Use of the radiation of a short wavelength.*?

Moreover, X-ray diffraction data, collected with the use of a DAC, need to undergo
appropriate data treatment using specialistic software. The intensity of reflections should be
corrected for Lorentz—polarization effects, DAC windows absorption and shadowing of the

sample crystal by the gasket.>°
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1.2.2 Application of high-pressure techniques in pharmaceutical chemistry

One of the phenomena explored extensively in pharmaceutical industry, is polymorphism and
pseudopolymorphism of Active Pharmaceutical Ingredients (APls).” Polymorphs of the same
compound (including APIs) can differ in their physicochemical properties,’®"® which in turn
can affect their bioavailability, processability and storage.”® Some of the properties considered
during the selection of an appropriate solid form for the final drug product are the solubility
and stability. Moreover, search for new forms of APIs can be important from the intellectual
property point of view, as (depending on the region) methods for crystallization of polymorphs
and pseudopolymorphs can be patented if they meet criteria for patent eligibility (i.e. non-

obviousness, utility and novelty).”

Investigation of polymorphism of APIs focuses not only on finding the forms best suited to
be used in a drug product (i.e. being stable, soluble, and having high bioavailability), but also
to understand the polymorphic landscape of the compound.”® During manufacturing and
storage, APIs can be exposed to mechanochemical treatment,®° as well as varied temperature, !
pressure®? and humidity conditions.®® Therefore, it is advisable to learn about any possible
transformations that can occur, as they may unfavourably affect the properties of the final drug

product.848°

In this context the application of high-pressure techniques has dual use. Firstly, it can be used
as a means for the discovery of new crystal forms (polymorphs, pseudopolymorphs®’8 and
co-crystals®®), and it can be applied for the investigation of the pressure stability of the solid
forms of APIs.®® The latter is especially important, as APIs can be exposed to non-ambient
pressure at several stages of drug processing, such as milling® or compaction.®* The milling is
used to reduce the particle size to improve the dissolution rate by increasing the surface area
of solids.® During this step, the material is exposed to stress and as a result phase transitions
can occur.® One of the examples is phenylbutazone, that undergoes phase transition during the
grinding, however, this process is strongly temperature dependent.®**® Other cases reported in
the literature, concern less stable polymorphs of chloramphenicol palmitate®® and famotidine®
that have been transformed to more stable phases by grinding. The compaction takes place
during the tablet production, when pressure is applied to transform the powder into cohesive
compact.®® Previous reports has shown that compaction of a number of APIs can lead to
transformations in the solid state, such as phase transitions between polymorphs (e.g., caffeine,

sulfabenzamide and maprotiline hydrochloride), desolvation (e.g., N,N-dimethyl acetamide
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and N,N-dimethyl formamide solvates of celecoxib)!®® or amorphization and crystal
disordering (e.g., theophylline, nitrofurantoin and amlodipine besylate investigated under

compaction pressure in 100-1000 MPa range).%

The application of DAC enables study of APIs under high-pressure in a small scale. The first
APIs which have been investigated with the use of DAC!% are acetaminophen, an analgesic,
better known as paracetamol,’®® and phenacetin.’®* The experiments were carried out under
pressure of up to 4 GPa and have revealed the anisotropic distortion of the crystal structure of
the investigated crystals. In the follow-up study from 2002, two paracetamol polymorphs,
monoclinic form | of P2:/n symmetry and a metastable orthorhombic polymorph (form II,
crystallizing in Pcab space group), were investigated under high pressure.’® It was revealed
that despite the differences in their crystal structures (Figure 6), both polymorphs have very
similar bulk compressibility, however, they differ in the anisotropy of the structural distortion.
In this high-pressure study, the pressure-induced transformations between polymorphs I and Il
were also investigated, but the results were poorly reproducible and depended on the applied
experimental procedure. No phase transition from form | to 1l was observed for single crystals
up to 4 GPa, while a partial, irreversible, conversion was detected for powder sample. The
transformation from polymorph Il to | was induced by grinding, while hydrostatic compression
of the powder of form Il led to some structural changes evidenced in the powder X-ray
diffraction (PXRD) pattern. However, at that time it was not possible to reliably determine the
cause. The subsequent high-pressure studies of paracetamol have led to the discovery of its
dihydrate at 1.1 GPa®” and 1:1 methanol solvate at 0.62 GPa.®®

Until today, the large number of APIs such as amino acids, %1% ibuprofen,'® and urea.!>-
112 have been studied under high pressure, using both recrystallization'® and compression%-
198 protocols. Previous studies were aimed at finding new polymorphic,**® and
pseudopolymorphic forms,® investigating the pressure stability of APIs,*® or determining the

pressure-temperature diagrams.t
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(b)

Figure 6. Autostereogram* of the molecular packing in (a) monoclinic paracetamol (phase 1),

and (b) orthorhombic paracetamol (phase Il), both at ambient conditions, shown along [100]

and [010] directions, respectively. The OH---O hydrogen bonds are marked in cyan.

1.2.3 Hydrogen-bonded solids under high pressure

The intermolecular interactions play crucial role in Nature. They regulate many biological
processes such as molecular recognition,**5% protein folding®'” and transcription of RNA and
DNA.1!8 They govern properties of water— the most ubiquitous substance on Earth,'!° and are
important form the solid-state physic perspective, as they affect structure?® and properties of
materials.*?*1?2 Among the intermolecular interactions, hydrogen bonds are one of the most

important ones.'?3

Thy hydrogen bond is defined by IUPAC as “(...) an attractive interaction between a
hydrogen atom from a molecule or a molecular fragment X—H in which X is more
electronegative than H, and an atom or a group of atoms in the same or a different molecule,
in which there is evidence of bond formation” *** External conditions, such as pressure and
temperature, can affect hydrogen bonds in solid state.'?>*2” Pressure is known to modify the
geometry (e.g. the bond length and X—H---Y angle)*?®12 and energy**° of hydrogen bonds.
Exposure to high pressure can also lead to formation or breaking of the H-bonds (for example

during pressure-induced phase transitions).*1* Moreover, hydrogen bonds can become
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disordered™®? under pressure. A number of reports on the effects of pressure on hydrogen
bonding pattern can be found in the literature.*®3 One of the examples is the high-pressure study
of carbohydrates, which crystals are governed by O—H---O hydrogen bonds. It was observed
for (+)-sucrose,’ a-D-glucose!®* and S-b-mannose,!® that changes in molecular orientation
during pressure-induced phase transitions are accompanied by the significant rearrangement of
the O—H---O H-bonding patterns, in some cases leading to lowering the number of such
hydrogen bonds in high-pressure phase.®** Moreover, the number of weak hydrogen bonds, C—
H---O, increases and they become shorter with pressure, showing their increased role in

supporting the crystal structure.

Another example of a study of crystalline material governed by hydrogen bonds under
pressure is investigation of urea crystals, for which first compressibility measurements were
performed already in 1916 by Bridgman.* It was reported that the ambient-conditions
tetragonal phase | (space group P42,m) transforms into orthorhombic phase 11 (space group
P2,2,2,) at 0.48 GPa, and another transformation occurs at 2.8 GPa, when form I11 undergoes
phase transition to phase IV (space group P2;2,2,).}*? The most significant change in the
hydrogen bonding pattern accompany the I-to-111 phase transition, when one of the hydrogen
bonds is broken and dimensions of others change drastically. As a result, the oxygen atom of
the carbonyl group is bonded only to two neighbouring urea molecules via three N-H---O
hydrogen bonds, instead of being fourfold coordinated to three molecules (Figure 7).1%2
Interestingly, the second phase transition to phase IV leads to restoring H-bonding pattern alike
the one observed at ambient conditions, with carbonyl oxygen being involved in four hydrogen

bonds of the dimensions similar to those observed in phase | (Figure 7).

A A

\ L } > N N\
Phase | Phase III Phase IV
Figure 7. Coordination of the carbonyl oxygen in urea phases I, 11l and 1V. The hydrogen

bonds are indicated by the dashed cyan lines.
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1.3 Scope of the thesis

The aim of the Ph.D. thesis was to investigate the behaviour of resorcinol crystals under
extreme pressure, and to test a method for the recovery of high-pressure polymorphs at ambient
conditions (one of the main challenges of high-pressure research). My original contribution to
knowledge includes discovery of new polymorph and pseudopolymorphs of resorcinol,
improvement of the understanding of the pressure-induced phase transitions of resorcinol and
providing new information on pressure stability of novel and previously reported crystal forms
of this compound. Moreover, | successfully crystallized high-pressure polymorphs of

imidazole and its derivatives at ambient conditions using concept of the doping pressure.

For the study of polymorphism and pseudopolymorphism of resorcinol, a series of high-
pressure experiments with the use of the DAC was performed, including isochoric and
isothermal recrystallizations. This research led to several discoveries concerning resorcinol
crystals:

Q) It was shown that polymorphs o and 8 can be compressed up to 4.0 GPa with no signs

of phase transitions.

(i) The structural features of polymorph o of resorcinol destabilizing it at high pressure

were identified.

(ili)  The differences in conformation and H-bonding patterns of polymorphs o and S were

analysed.

(iv)  Polymorph & was crystallized under high pressure and its pressure stability was

assessed.

(V) New high-pressure polymorph {'was discovered and its structure was determined.

(vi)  Three novel solvates of resorcinol: a monomethanol, monohydrate and

duotritohydrate, were crystallized under pressure. Their crystal structures were solved
and experimental conditions leading to their formation were established.

New crystal forms of resorcinol crystallized in this study were analysed in terms of packing,

H-bonding patterns and molecular conformation.

For the recovery of high-pressure polymorphs, a concept of doping pressure was tested for
resorcinol, and several chemical compounds known to have high-pressure polymorphs:
imidazole, benzimidazole, and 2-methylbenzimidazole. While milling of studied compounds
with dopants in variable weight ratios did not lead to obtaining high-pressure polymorphs at

ambient conditions, mixing followed by melting and cooling led to following results:
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(1) The ¢ polymorph of resorcinol, concomitant with form # was obtained in different
ratios when D-, L-, and DL-tartaric acid (in 15 wt % ratio), 2-methylbenzimidazole (in
15 and 25 wt % ratios), and 5,6-dimethylbenzimidazole (in 25 wt % ratio) were used
as dopants. The highest amount of ¢ polymorph (90%) was obtained for DL-tartaric
acid, and smallest (23%) for 2-methylbenzimidazole (at 15 wt % ratio).

(i) For imidazole, the high-pressure form £ concomitant with ambient-conditions phase
a, was obtained when benzimidazole and 2-methylimidazole (both at 25 wt % ratio)
were used as dopants.

(iii)  The high-pressure polymorph g of benzimidazole, was obtained in 100% yield when
2-methylbenzimidazole in 5 wt % ratio was used as a dopant. Meanwhile, the use of
2-methylbenzimidazole and 5,6-dimethylbenzimidazole in 15 wt % ratio led to
crystallization of form f and ambient-conditions form a, however, the ratio of high-
pressure polymorph was high, i.e. 95 and 87%, respectively.

(iv)  Experiments with 2-methylbenzimidazole, led to successful crystallization of high-
pressure S form when 5,6-dimethylbenzimidazole in 15 and 25 wt % ratios were used
as dopant. The resultant samples contained small amounts of the ambient-conditions
polymorph « (i.e. 23 and 18%, respectively).

The results presented in the Ph.D. thesis have been published in a series of three papers
(labelled R1-R3, included in Appendix D), and are discussed in detail in the Results section.
The findings presented in the thesis, and enclosed publications, not only provide new
information about crystal forms of resorcinol, an important organic compound of various
applications, but also allow to better understand the relationship between its polymorphs and
pseudopolymorphs under high-pressure conditions. | have also shown that the doping pressure
concept can be employed for recovery of high-pressure polymorphs at ambient conditions for
a series of selected chemical compounds, with the success rate strongly dependant on the

dopant and its ratio.
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1.4 List of articles prepared within this thesis

(R1)

F. Safari, A. Olejniczak, A. Katrusiak,

Pressure-Dependent Crystallization Preference of Resorcinol Polymorphs,
Cryst. Growth Des. 2019, 19, 5629-5635.

DOI: 10.1021/acs.cgd.9b00610

(R2)

F. Safari, A. Olejniczak, A. Katrusiak.
Pressure-Promoted Solvation of Resorcinol.
Cryst. Growth Des. 2020, 20, 3112-3118.
DOI: 10.1021/acs.cgd.9b01732

(R3)

F. Safari, A. Katrusiak.

High-Pressure Polymorphs Nucleated and Stabilized by Rational Doping under Ambient
Conditions.

J. Phys. Chem. C 2021, 42, 23501-235009.

DOI: 10.1021/acs.jpcc.1¢c07297

1.5 Note on references to figures and tables

When figures and tables included in the enclosed manuscripts are referenced, they are preceded
by the label assigned to the publication (i.e. R1, R2 or R3). For example, Figure 1 from paper
R1 is referenced as Figure R1-1.
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2 Experimental methods

2.1 Sample preparation for high-pressure X-ray diffraction
experiments

In this thesis, for all high-pressure experiments, a modified Merrill-Bassett DAC, with brilliant
cut diamonds of 680 um culet diameter, mounted on steel discs, and enabling reaching pressure
of up to 10 GPa, was used. Two types of experiments were performed: (i) isochoric
recrystallization under pressure and (ii) isothermal compression. The DAC preparation before
the sample loading was the same for both methods. A steel gasket (200 um thick), with an
opening of approx. 350 um in diameter, was placed on the lower diamond anvil and its position
was secured with the modelling clay. Gasket was then centred, ensuring central position of the
opening in respect to the diamond culets, and was pre-indented by slightly squeezing it in the
DAC. In the next step, several tiny ruby chips used for pressure measurement, were placed in

the opening of the gasket.

For the isochoric method, DAC was loaded with either solution of studied compound (in
various concentrations), or several crystals obtained at ambient conditions covered with the
saturated solution (acting also as a PTM). After achieving the desirable pressure, the single
crystals suitable for X-ray diffraction experiments were obtained by dissolving the sample by
heating and subsequent cooling of the DAC. For the experiments where only solution was
loaded in the DAC, the recrystallization stage had to be preceded by crystallization of the
sample by increasing the pressure. In isothermal method, two approaches were applied. In the
first one, a single crystal of sufficient quality and size obtained at ambient conditions was
loaded in the DAC alongside cotton fibre (used to prevent the sample crystal movement during
the experiment). It was then covered with saturated PTM, and crystal was isothermally
compressed. Alternatively, single crystal was obtained in situ in DAC via isochoric
recrystallization, by heating and cooling, and then compressed isothermally. In the second
approach, the DAC was loaded with water, methanol, MeOH:H.O (in 4:1 vol. ratio) or
MeOH:EtOH:H>O (in 16:3:1 vol. ratio) solutions of studied compound in various
concentrations, and then crystallization was induced by the pressure increase. As a result,
several crystals or polycrystalline mass were obtained and then recrystallized as one single

crystal by oscillating the pressure.
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2.2 Pressure calibration

The pressure inside the DAC was measured with ruby fluorescence method, 13" based on the
shift of R1 line. The measurement was performed with BETSA PRL microscope equipped in
Photon Control spectrophotometer affording the accuracy of 0.02 GPa (Figure 8a). The online
pressure calculator provided by Kantor'*® was used to calculate the pressure using the pressure
dependence of the ruby shift established by Dewaele et al.**®
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Figure 8. (a) BETSA PRL microscope with Photon Control spectrometer, and (b) ruby

fluorescence spectra for ambient and high pressure, shown as red and blue lines, respectively.

2.3 Recovery of high-pressure polymorphs to ambient
conditions

In order to reproduce the high-pressure polymorphs of selected chemical compounds at
ambient conditions, a rational doping by compounds with molecules larger than those of the
host was performed. Resorcinol, imidazole, benzimidazole, and 2-methylbenzimidazole were
selected as the host compounds, while L-, D- and DL-tartaric acid, as well as 2-
methylbenzimidazole, and 5,6-dimethylbenzimidazole were used as dopants. Two approaches
were applied for the experiments. In the first approach, ambient pressure phases of the host
were mixed with the dopants at 5, 15 and 25 wt % ratios by grinding, and then recrystallized
by melting and subsequent freezing of the mixture (following the procedure previously
reported by Zhu et al.?® for the mixture of a-resorcinol and tartaric acid). Both, mixtures and

reference samples, were melted on the thermal stage mounted on the microscope and then left
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for cooling to allow crystallization. In the second approach, 4.1 mg of the ambient-pressure
polymorphs of host compounds were milled with the dopants at 5, 10, 15, 20, and 25 wt %
ratios, using an MM 400 mill equipped in steel containers (Figure 9). The milling was
performed for 4h, using several steel balls and frequency of 30 Hz. Samples obtained with both
approaches, were then investigated with powder X-ray diffraction (PXRD) methods, and
qualitative and quantitative analysis of PXRD patterns was performed to establish their

polymorphic composition.

(a) (b)

Figure 9. (a) The mixer Mill MM 400 and (b) steel container alongside agate and steel balls

placed in two beakers.

2.4 X-ray diffraction experiments

2.4.1 High-pressure single crystal X-ray diffraction measurements

High-pressure X-ray diffraction experiments were performed with four-circle KUMA KM4
CCD diffractometer, with MoK, radiation source (A = 0.71073 A). The diffractometer setup
was prepared according to the requirements of the high-pressure experiments i.e. the beam stop
position, and collimator were adjusted in order to ensure sufficient space for the DAC. The
DAC was centred using gasket shadowing method.*® A specially prepared run list was used
for all experiments, to ensure collection of as complete data as possible.
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2.4.2 Powder X-ray diffraction measurements

For the powder X-ray diffraction (PXRD) measurements a Bruker D8 diffractometer operating
in the 626 geometry and equipped in a Johansson monochromator, 4 (CuKas) = 1.54060 A

radiation, and a LynxEye silicon-strip detector, was used.

2.5 Data reduction, structure solution and refinement

CrysAlis Pro'*! software was used for single-crystal X-ray data collection, the UB-matrix
determination, absorption correction and data integration. The structures were solved by direct
methods using ShelXS'#? and refined using least-squares method with ShelXL'*® (both
implemented in OLEX2%* program). Hydrogen atoms were localized at idealized positions
based on the molecular geometry and were assigned isotropic thermal parameters depending
on the equivalent displacement parameters of their carriers (1.2Ueq and 1.5Ueq for the C- and
O-atoms, respectively). For the refinement of the rotating hydroxyl groups, instruction AFIX
147 was applied for the hydrogen atoms, to allow changes in the C-C-O-H torsion angle. Where
appropriate and necessary, RIGU and ISOR restraints were used, and C—C and C-O bond
lengths were restrained to 1.54 and 1.43 A, respectively, using DFIX instruction. The O-H
bond lengths of hydroxyl groups were set at 0.82 A, and C—H bonds at 0.97 A and 0.98 A for

methylene and methine groups, respectively.
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3 Results and discussion

Polymorphism of organic compounds was discovered in 1832 by Wéhler and Liebig for
benzamide.'* The discovery of polymorphism of resorcinol by Robertson in 1936 and the
subsequent determination of the structures of polymorphs a and 5% can be classified to these
cases of scientific results, which provide a plentiful of new information, but at the same time
these results generate even more new questions. It is important that the structural
determinations of resorcinol polymorphs were the first ones in the history of the research on
polymorphism of organic compounds. Hence the expectations were high for the elucidation of
the structural background behind the occurrence of polymorphs in general. Meanwhile, it was
established that both a- and s-resorcinol despite the same orthorhombic space group type Pna2;
have quite different structures. In the 1930s, crystallographers and even organic chemists were
experts in deriving the class symmetry from crystal morphology habits. So, they knew then that
generally the symmetry of polymorphs is in most cases different. However, the case of
resorcinol determined that the space-group type can be the same — to my knowledge at these
times no other such evidence of identical space groups for polymorphs were known. Another
intriguing information about resorcinol revealed by Robertson and Ubbelohde in the 1930s was
that the conformation of molecules in polymorphs « and £ was different, anti—anti and anti—
syn respectively. In fact, term ’conformational polymorphs’ was pinned much later by
Bernstein and Hagler for 2,2,4,4',6,6'-hexanitroazobenzene.*® However, it was resorcinol that
showed for the first time that molecules can assume different conformations in crystals. That
result also indicated that molecular conformation can be flexible in crystals. In the other words,
it showed that the conformer of lowest energy is not necessarily stabilized in the crystal
structure. Another counterintuitive finding connected to resorcinol was that the density of low-
temperature phase a is lower than the density of high-temperature phase f. Presently one can
regard this result as the indication of the anomalous properties of the structures where the
cohesion forces are dominated by directional forces, such as O—H---O hydrogen bonds or an
indication about the possible kinetic polymorph. The clearly defined transition from resorcinol
a to f at 360 K on heating, with the hysteresis exceeding 100 K on cooling, strongly supported
the approach that these are thermodynamic phases of resorcinol. Thus, the polymorphs of
resorcinol for years were the flag examples of the polymorphism of molecular crystals on one

hand, while on the other hand this compound was avoided in the discussion of polymorphs due
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to its exemption from typical behaviours associated with most of polymorphs. This incited
further structural studies of resorcinol polymorphs, including one of pioneering neutron
diffraction measurements.’® Also other methods were employed for investigating the
polymorphism of resorcinol, mainly spectroscopic and theoretical studies.!®?24 In 2011,
Kichanov et al.'® reported a systematic series of high-pressure X-ray and neutron diffraction as
well as NMR solid-state spectroscopy studies on resorcinol polymorphs « and . The NMR
study revealed the a-to-4 transition at about 0.5 GPa at 300 K.1° However, in the X-ray and
neutron-diffraction experiments, the powder sample of polymorph f could be compressed to
5.6 GPa then it transformed to a phase labelled y. Its space-group symmetry was assigned as
Pnna, but the structure was not solved. The compression of phase y starts transition to
amorphous phase about 10.5 GPa.!® Meanwhile, Raman spectroscopy has revealed a phase
transition from f to a new phase ¢ at 2.5GPa. However, the space group symmetry nor the
structure of phase & were not reported.?* Thus the NMR-spectroscopy and neutron diffraction
results were significantly inconsistent. The former demonstrated the transition of phase o to
phase g at 0.5 GPa, and the latter showed an exceptional stability of both phase « and $ up to
4 GPa.

In 2016, Zhu et al.?> announced the discovery of a new ambient-pressure resorcinol phase ¢.
Its structure was solved basing on the X-ray powder diffraction measurements and structure-
prediction calculations. The space-group symmetry of the e-phase is P2:2:2:. Phase & was
obtained by freezing the molten mixture of resorcinol with tartaric acid. In fact, all the samples
obtained in this way were the mixtures of S- and e-resorcinol with tartaric acid in different
ratios. Most importantly, no pure e-resorcinol (i.e. without the presence of f-resorcinol) were
obtained.

A significant information about e-resorcinol was its structure. It was puzzling to us,
particularly in the context of ‘reverse’ density higher for the high-temperature phase . The
density of e-resorcinol was higher than those of phases a and g. This information motivated us
to undertake further experiments on resorcinol. We have reported our results in three papers
dedicated to this fascinating compound. These results are described in the following five

sections below.
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3.1 Transformation between resorcinol phases a and g

It appeared quite natural, according to the wide literature on resorcinol, that under high pressure
the low-density phase o would transform to the high-density phase S. However, our
experiments did not reproduce this expected scenario, in accordance to the neutron-diffraction
results reported by Kichanov et al.’® and contrary to their own NMR-spectroscopy results.*®
solid-state NMR study of resorcinol « showed its transformation to resorcinol £ at about
0.5 GPa. In our single crystal X-ray diffraction study on resorcinol a, we assumed that the
persistence of phase o can be connected to the different networks of O—H---O hydrogen bonds,
and this network of polymorphs «, without sufficient activation, can be over pressurized into
the stability region of polymorph £ (Figure R1-2). It should be noted that the sites of all
hydroxyl H atoms in polymorph o are coupled and the H-site change in any one of the hydrogen
bonds from O-H---O to O---H-O would trigger the analogous changes of all H-sites in the

structure.

Hydrogen bonds between hydroxyl groups can be considered as bistable H-bonds, similarly
as those in H2O ice In. However, inice In the O---O---O angles are close to the ideal tetrahedral
angle of 109.3°, so both sites of the H atom, O—H---O and O---H-0, are equally likely.**" It
was shown for orthoboric acid HsBOs that the H sites are coupled to the molecular orientation
and that on the H-donor site the B-O---O' angle is significantly smaller than the O---O'-B’
angle on the H-acceptor site of the H-bond.'#314° Therefore, the stability of H-bonded network
depends both on the H-sites in the O—H---O hydrogen bonds and on the molecular orientations.
The molecular orientations can be strongly changed by high pressure, and we have analysed

the changes of the H-bonds dimensions in polymorph « as a function of pressure.

Resorcinol molecules are in the anti—anti configuration in polymorph o (Z'=1) and there are
two independent hydrogen bonds: O1-H---O3 and O3-H---O1. Consequently, in all the H-
bonds the hydroxyl H-atoms is in the anti-position. We observed that at ambient conditions
angles C1-Olanti---O3'syn and C3-O3anii---O1"syn are approximately equal to 115°, and as
expected angles Olanti*--O3'syn—C3’ and O3anti*--O1"syn—C1"" are larger, of 132.5° and 117.4°,
respectively (Figure R1-8). Our high-pressure structural determinations have shown that angles
C:--Oanti—O'syn hardly depend on pressure and at 2.5 GPa they are reduced by about mere 0.3°.
In contrast, the pressure dependence of angles Olanti---O3'syn—C3" and O3anti--O1'syn—C1" is
much stronger and at 2.5 GPa they are reduced by over 12° and over 6°, respectively. This
strong reduction ‘inverts’ the C—O3anti=**O1'syn and O3anti-*O1’syn—C1’ angles, as at about
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0.3 GPa the latter angle becomes smaller than the first one. Thus, for this specific bond
0O3-H3:-:01 high pressure above 0.3 GPa destabilizes the H atoms, however the whole
H-bonded network is stabilized by the other H-bond O1-H1---O3’, for which the angular
dimensions continue to stabilize the H1 site.

It should be noted that while the destabilizing effect of angular dimensions of bond
O3-H:---O1’ increases with pressure above 0.3 GPa, the stabilizing effect of bond O1-H1---O3’
decreases (Figure R1-8) and at 2.5 GPa the destabilizing difference (between angles
C3-03anti*-*Olsyn and O3antit--O1'syn—C1’, of about 5°) approaches the stabilizing difference
(between angles C1-Olanti---O3'syn and Olanti**-O3'syn—C3anti, of about 6°). These structural

dimensions clearly indicate that the structure aims at a transformation.

At the same time the higher pressure increases the work contribution to Gibb’s energy, pAV,
where AV is the volume difference V,-Vp of polymorphs a and g, respectively. It remains
favourable for polymorph g in all pressure range investigated, to 2.5 GPa at least (Figure R1-
6). Another aspect of the pressure-induced changes is that their derivatives d(angles)/dp and
dV/dp (also dAV/6p) diminish with pressure. It indicates that the hysteresis of this strongly first-
order phase transition can extend to several GPa. Indeed, for ideal resorcinol a single crystals
they could be compressed to 2.5 GPa with no signs of deterioration of their quality (Figure R1-
3). On the other hand, the fine powder prepared for the solid-state NMR studies could be
composed of tiny grains defected on grinding, and these defects could facilitate the transition
to phase g about 0.5 GPa. In order to avoid the effect of the sample preparation and handling,
in my further studies | have chosen the method of in situ recrystallization of resorcinol under
pressure, which led to new surprising results described in articles R2 and R3. With regard to
the same space-group symmetry type of polymorphs and, | have found no apparent structural
relations between differently arranged molecules in different conformations and differently H-

bonded into different patterns (Figure R1-5).

3.2 New solvates of resorcinol

Our plan to investigate the stability regions of resorcinol phases by the method of in situ
recrystallizations, as described at the end of subsection 3.1, was initially hampered by the
formation of hydrates. Although we were primarily interested in the polymorphs of pure

resorcinol, the discovery of so-far unknown hydrates of such a thoroughly studied compound
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was interesting by itself and we attempted to understand the reason for their high-pressure

stabilization.

Formation of solvates can be advantageous in pharmaceutical and agriculture industries
because the solvation of bioactive compounds can improve their properties, such as solubility
and bioaccessibility. There are many organic compounds which preferably form anhydrate
from aqueous solutions and resorcinol behaves in this way at normal conditions. Presently,
there are 121 multicomponent structures of resorcinol with different compounds deposited in
the Cambridge Structure Database (version 1.23), but none of them is a hydrate. Therefore, the
in situ recrystallizations of resorcinol from the aqueous and methanol solutions under high
pressure appeared as a very interesting subject by itself. It is known from the literature that the
high-pressure conditions promote the formation of solvates. For example, the high-pressure
recrystallization of thiourea yields its monohydrate between 0.5 GPa and 0.7 GPa and
duotritohydrate between 0.7 and 1.0 GPa, which were unknown at ambient conditions.*>

Similar preference to form hydrates was observed for selenourea.'®

According to our experiments, the monohydrate of resorcinol, space group P212:21, can be
obtained by isothermal crystallization method at 0.80 GPa. However, after increasing pressure
to 0.93 GPa and after several hours, the thin layer of tiny crystals of resorcinol duotritohydrate,
3CsH4(OH)2-2H20, space group C2/c (Figure R2-2, Figure 10) covered the surface of the
monohydrate crystal. This was a very strange result, because in most of our in situ
crystallizations the obtained crystals had clear faces, like those of initially obtained resorcinol
monohydrate. But a slight increase of pressure produced a ‘frosted’ layer on its surface. After
several attempt to confirm these results, we observed that the monohydrate crystals are
metastable with respect to the duotritohydrate and when the ‘passivation’ layer of 3Res-2H,0
crystals is formed, it protects the monohydrate from dissolution (Figure R2-2). This passivation
layer can be easily dissolved by gentle heating and then single crystals of duotritohydrate grow
at the cost of dissolving monohydrate crystals. To our knowledge this is the first description of

such a passivation layer in organic compounds.
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Figure 10. Isothermally crystallized monohydrate CsHa(OH)2-H20 at 297 K up to 0.80 GPa
and then covered by tiny crystals of duotritohydrate 3Ce¢Ha(OH)2-2H.0 at 0.93 GPa. Then, after
releasing pressure to 0.7 GPa the monohydrate starts to dissolve while the single crystal of
duotrito grows. A ruby chip for the pressure calibration lies at the top-left quadrant of the DAC

chamber.

In the crystal structure of Res-H>O, water molecules are surrounded by resorcinol molecules
by forming hydrogen bonds to four hydroxyl groups (Figure 11). In the monohydrate structure
all the hydrogen bonds bind water and resorcinol molecules, while no water---water or

resorcinol---resorcinol bonds are present (Figures R2-5 and R2-6).

Figure 11. H-Bonded neighbors around the exactly superimposed central molecule of water in

Res-H>0 (red) and in 3Res-2H,0 (green). H-Bonds are indicated in cyan.

The crystal structure of 3Res-2H>0 strongly differ from the monohydrate, as it can be seen

in Figure R2-6. In 3Res-2H>0, there are two independent molecules of resorcinol (Z'=1+1/2)

26| Page



which are labelled A (conformer syn-syn located in general position) and B (disordered
conformer anti-anti located on an inversion centre). The water molecule lies in a general
position. Contrary to the monohydrate structure, there is one H,O---H>O hydrogen bond
besides three hydrogen bonds to resorcinol molecules A; in addition, molecule A is H-bonded
to one molecule B which in turn is H-bonded to another molecule A. The H-bonding pattern is
shown in Figure R2-6 (cf. Table R2-S3).

Several different types of disorder in resorcinol molecules were reported. For example, in

hexamine!®?

and bis(5-ferrocenylpyrimidine)'®>® co-crystallized with resorcinol, disordered
molecules are in anti-anti configuration while in co-crystal with N-phthaloyl glycine!> the
syn-syn conformer is present. In the 3Res-2H>O structure the benzene ring with its half-

occupied sites of hydroxyl group shows the disorder.

In order to find possible reasons of metastability of resorcinol monohydrate in the presence
of duotritohydrate, we compared the hydrogen-bonding networks in both these structures. One
of the O—H---O bonds in the monohydrate is much longer, of nearly 3 A (Figure R2-8), than
other hydrogen bonds in these hydrates and in pure resorcinol (between 2.65 and 2.85 A). It
appears that in the monohydrate a steric hindrance interferes with the formation of one of the
H-bonds which destabilizes the Res-H>O structure. In the presence of nucleated 3Res-2H-0,
the resorcinol and water molecules are capable of more efficient crystal packing. The
calculation of the energy of cohesion forces in resorcinol polymorphs a and g as well as in
monohydrate and duotritohydrate is consistent with the observed experimental observations
that at normal conditions resorcinol « is obtained. The monohydrate is less stable, but it is
obtained in accordance with the Oswald rule of stages. Above about 0.2 GPa the
duotritohydrate becomes most favoured and its rapid precipitation on the surface of the
monohydrate preserves this crystal from dissolving. When this passivation layer is dissolved
the unprotected monohydrate crystal is dissolved too, while the 3Res-2H>O crystal grows.

These experimental and theoretical calculations are schematically illustrated in Figure R2-10.

| performed also other high-pressure crystallizations aimed at obtaining other new solvates
of resorcinol. The isochoric recrystallization from the methanol solution yielded above 0.4 GPa
the methanol solvates, Res-CH3OH. It is isostructural with resorcinol monohydrate (cf. Table
R2-1 and Figures R2-5 and R2-7). The structural determinations at 0.49 GPa and 0.70 GPa
revealed that the crystal is built of resorcinol and methanol molecules H-bonded into ribbons
propagating along [010].
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The molecular volume is an important factor for the stability of crystals under high pressure.
As shown in Figure R2-9, the molecular volumes of both hydrates of resorcinol and of the
methanol solvate Res-CH3OH are somewhat smaller than the sums of volumes of the
stoichiometric amounts of pure resorcinol polymorph £ (stable in the investigated range of
pressure), added to the volume of solvent molecules under the appropriates pressure (Figure
R2-10).1% These calculations shown that the system of resorcinol and solvent molecules

assume the lowest volume under pressure.

3.3 Pure high-pressure polymorphs of resorcinol

While the puzzling features of resorcinol polymorphs a and £ remained unsolved, new phases
¢ and y were found under high pressure,'®2* but their structures were not solved. Soon later,
Kahr’s group® reported the structure of a new polymorph ¢. It was obtained by freezing the
molten mixture of resorcinol with tartaric acid. The discovery of polymorph ¢ could not be
reconciled with the phase diagram postulated for pure resorcinol (article R1), where only two
phases were indicated up to 1 GPa. Therefore, we have undertaken the systematic search by
isothermal and isochoric recrystallizations from different solutions of different concentrations.
The solvate crystals obtained in this way were described above in chapter 3.2 and in article R2.
The recrystallization from different solutions under pressure up to 1.0 GPa yielded resorcinol

polymorphs «, , ¢ and ¢, as well as the solvates discussed in section 3.3 (Table 2).
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Table 2. Conditions of in situ high-pressure recrystallizations of resorcinol polymorphs and

solvates performed within my project and those reported in the literature.

Initial form,
concentration of
solution % *

1. Saturated in H;O
(58%) in MeOH (60%)
or EtOH (60%)

2. Pure a-Res

3. Pure a-Res

1. Saturated in H;O
(58%) in MeOH (60%)
or EtOH (60%) at 363K
2. Pure a-Res

Pure p-Res

Pure p-Res

1. HO: MeOH (1:1
vol.) solution 30%
2. H,0 solution 25%

H,O: MeOH: EtOH
(1:16:3 vol.) solution
45%-55%

H0 solution =<50%

H-0 solution =~50%

MeOH solution
~50%~30%

Obtained
polymorph

Time

required

(h)
1.2h o

Crystallization
p/T range

type,

1. Evaporation

0.1 MPa

2. Isothermal
compression

0.1 MPa-0.5 GPa,
300 K

3. Isothermal
compression,

0.1 MPa-4 GPa,

300 K

1. Crystallization of
polymorph o at
0.1MPa/363K

2. Isothermal
compression 0.5GPa/
363K

1.1h B

2.2h

Isothermal
compression of
polymorph g,
5.6GPa/296K
Isothermal
compression of
polymorph f at
2.5GPa

1. Isochoric,
0.56GPa/ 373-296K,
2. Isothermal,

0.2 GPa/296 K
Isochoric, 0.70 GPa/ 3h 4
490-296 K

N/A y

N/A 0

1.2h &

2.15h

Isothermal, 15h Res-H,O
0.8 -0.93 GPa/296 K
Isothermal,
0.55-0.93 GPa/296 K
Isochoric, 0.49 GPa/3 2h
63-296 K, Isothermal

0.7 GPa/296 K

55h 3Res-2H,0

Res-CH3;0OH

Morphology

Plates

Plates

N/A

N/A

Needles

Needles

Plates

Prisms

Plates

Reference
number

16,17,19,R1

17,23

19

24

R3

R3

R2
R2

R2

*Concentration of resorcinol in the solution is Mres/Msowution, €stimated from the size of the

resorcinol crystal and volume of the DAC chamber filled with the solvate.
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We tried to find the effect of concentration of resorcinol, temperature, pressure and different
solvent (methanol, ethanol, water and their various mixtures) on the polymorph/solvate
nucleation. Isothermal and isochoric crystallizations were performed to obtain high-quality
single crystals suitable for X-ray diffraction studies; moreover, we investigated the stability of
the obtained crystal forms by observing their decompression through a microscope. All the in
situ recrystallizations described above, allowed us to repetitively obtain any of four polymorphs

a, f, € and ¢ of pure resorcinol in the pressure region up to 1.20 GPa (Table R3-1).

We obtained the high-quality single crystals of polymorph & by both isochoric and isothermal
method between 0.20 and 0.70 GPa (Figures R3-S1, R3-S2). However, all our efforts to recover
the single crystal of polymorph & to ambient conditions failed. We observed that polymorph &
crystals crushed into small pieces below 0.20 GPa due to the strain induced by the first-order
phase transition to polymorph «, according to all PXRD study on the sample kept below
0.20 GPa in the DAC and for the powder recovered to ambient conditions. This our systematic
observation that polymorph ¢ is unstable below 0.2 GPa contrasted with the discovery of
polymorph ¢ by Zhu et al. ?® who performed their experiments at ambient pressure. The
polymorph ¢ was obtained from 50:50 methanol:water solution, thus the single crystals of
polymorph & could be compressed to about 1 GPa when water freezes off. Indeed, the crystals
crushed at higher pressure, but the in situ PXRD measurements confirmed that the tiny
fragment are still in the ¢ phase (Figures R3-S1, R3-S2).

All our recrystallizations from the resorcinol solution in the H,O:MeOH:EtOH (1:16:3 vol.)
mixture above 0.70 GPa led to the formation of a new polymorph ¢ (Figure R3-S3). It indicates
that polymorph ¢ is stable from 0.20 up to 0.70 GPa and that polymorph { is the stable phase

under still higher pressure.

This result is consistent with the molecular volume of polymorph &, smaller than those of
polymorphs « and £ up to 1.0 GPa (Table R3-1, Figure R3-3). Polymorph {is still denser than
polymorph & above 0.70 GPa, which agree with recrystallization above 0.7 GPa. The
microscopic observations and SCXRD/PXRD results are illustrated in Figures R3-3, R3-S4.

The Gibbs free energy and p-T phase diagram outlined by us, which have been based on our
recrystallization experiments, when confronted with other experimental reports on the
compression of polymorphs « and S to 5.6 GPa with no sign of transformation,*?* show that
the O—H---O hydrogen bonding networks in these crystals strongly stabilize the polymorphs

(Figure 12). In this respect, when taking into account such a wide pressure hysteresis of several
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GPa, our study agrees with the previous studies on polymorphs « and . However, the
instability of our polymorph ¢ samples at 0.2 GPa clearly required a further investigation and

explanation.
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Figure 12. Preference p/T diagram for resorcinol polymorphs and solvates showing the
conditions where these different resorcinol forms were obtained. The uniform fields of pastel
colours mark the p/T regions where polymorphs of pristine resorcinol were obtained, whereas
the hatched ovals indicate the regions where Res-H20 (red), 3Res-2H20 (blue) and Res-CH30H

(black) solvates formed.

We regard the discovery of polymorph { as a valuable additional information about
resorcinol, and particularly its structure, interactions, aggregation of molecules and their
conformational properties. This polymorph ¢ is the only centrosymmetric structure of
resorcinol (space group P2:/c) determined so far and the only resorcinol structure where
molecules are hydrogen bonded into layers, which contrasts with the 3-dimensional H-bonded
networks in other resorcinol polymorphs (Figures R3-S6, R3-S8). In polymorph { the
conformations of two independent molecules are similar to those in polymorphs £ and &: one
of torsion angles C2-C1-0O1-H and C2—C3-03-H is close to £150° and the other to about 10°
(Table R3-1). It shows that the conformation of resorcinol molecules significantly diverts from
idealized values of torsion angles C2—-C—O-H equal to 180° and 0°, described as anti and syn
conformations, respectively. On the other hand, the wvalues of torsion angles
C2-C-O-H correlate with the torsion angles C2-C—O---O’, where the prime indicates the
acceptor O-atom in the hydrogen-bonded molecule. This correlation shows that the molecular

conformation in resorcinol polymorphs strongly depends on their crystal packing. However,
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there are no easy paths for the molecules to change their arrangements and aggregation
topologies by the way of solid-solid phase transitions. This combination of the molecular
conformation, H-bonding pattern and the crystal packing is the reason of large hysteresis of
transformations between resorcinol phases, which for decades hampered the detection of

polymorphs ¢ and £

3.4 Structural model of internal pressure

The discovery of polymorph ¢ in the frozen melt of resorcinol mixed with D-tartaric acid (D-
Ta) initially appeared contradictive to our observation that polymorph ¢ is unstable below
0.2 GPa. However, we have noted that Zhu et al.?® obtained polymorph ¢ only in its mixtures
of with D-tartaric acid and with other resorcinol polymorphs, but no pure resorcinol ¢. This led
us to the conclusion that the crystallization of mixed compounds results in their doping, which
stabilizes the high-pressure polymorph at ambient conditions. Therefore, we have worked out
the model and formula for explaining how tartaric acid acting as a dopant can generate internal
strain mimicking the external compression. Under such an internal compression polymorph &
was formed. According to this model, the dopant molecules (Figures R3-6) embedded in the
host structure built of somewhat smaller molecule (Figure R3-6a), generate the internal doping
pressure (pq). In the structure where the isolated dopant molecules are on average separated by
n host molecules, the dopant-to-host molar ratio (cq) is:

ca=[(n+1)%-1] (R3-1)

Therefore, the molar ratio equal to 1:7 (14.3% dopant) can be obtained for average separation
n=1, n=2 gives a ratio of 1:26 (3.8%), n=3 gives a ratio of 1:80 (1.25%), etc. for the large
member of host molecules (n), the cq value approximates the molar concentration of the dopant
in the mixture, equal to (n+1)3. Consequently, the internal doping pressure can be determined
by Equation R3-2,

Pa=Ko-Ca-0VVo (R3-2)

In this formula, Ko is the bulk modulus describing the compression of the pure host crystal
and the doped crystal; when assuming the spherical shape and isotopic interactions of all
molecules, oV is the difference between the molecular volumes of the dopant and host
compounds 6F/=(Vq - Vo), and Vo is the molecular volume of the pure host compound, while the
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effects of mismatched directional interactions, conformational flexibility etc. are neglected,; it

is also assumed that isolated dopant molecules are embedded in the host lattice.

We found that the method of crystallization strongly affects the type of solid mixture. In other
words, the aggregation shown in Figures R3-6b and R3-6¢ is more favoured by the slow
crystallization, while the quick quenching of molten mixture causes the kinetic crystallization,
which generates the random distribution of isolated dopant molecules in the host lattice (Figure
R3-6a). The quick and kinetic quenching of the melt can also result in thin films or amorphized
portions of the dopant in the sample, which is difficult to detect by PXRD. When several types
of solidification occur in the frozen melt, the actual concentration of isolated dopant molecules
in the obtained solid solution is smaller than the ratio of mixed components. We tried to
increase the homogeneity of the dopant distribution by milling the dry samples. However, our
results of the milling experiments show that the milling alone, without melting, is very unlikely
to produce high-pressure phases. In order to obtain the required concentration of the dopant,
the host crystals in the process of milling would have to cleave along every second or third
layer. We have fully confirmed that the positive results of our melting-and-freezing
experiments could not be reproduced in our milling experiments on mixing resorcinol with

various dopants.

The dopant molecules larger than resorcinol generate local pressure in the liquid solution of
molten host and dopant. In the crystal form, the large dopant molecules exert pressure on their
environment and generate internal pressure. This internal pressure can be sufficient to induce
formation of the high-pressure polymorph (Figure R3-7). Consequently, the high-pressure

polymorph ¢ is stabilized at ambient conditions.

3.5 High-pressure polymorphs under ambient conditions

In order to confirm the concept of doping pressure we have tested the resorcinol and several
imidazole derivates, for which high-pressure phases were previously reported.*>¢-*¢According
to the molecular volume, we chose the suitable dopant compound, larger than the host
molecules. The volume of tartaric acid molecules is only approximately 5% larger than that of
resorcinol. It can be assumed that the mismatched interactions of the dopant molecules with
the crystal environment can cause additional strain. We identified the polymorphs present in
the sample by comparing the PXRD patterns and the quantities of the components were

calculated from the intensities of reflections (Figures from R3-S11 to R3-S26). For example,
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the frozen mixture of resorcinol and 15% (wt.) of DL-Ta yielded both polymorph ¢ and . The
presence of polymorph S was expected, because at 0.1 MPa its stability temperature region is
below the melting point (Tables R3-3 and R3-S6). The results of our calculations of internal
pressure according to Equation R3-2 are summarized in Table R3-3 (detailed in Tables R3-54,
R3-S5 and R3-S6). We have performed analogous experiments for imidazole, benzimidazole
and its derivatives. We chose these compounds because their high-pressure polymorphs were
found below 1 GPa.!®®*1% In the experiment of mixing benzimidazole (Bzlm) with 5%
2-methylbenzimidazole (dM-Bzlm), we obtained a 100% yield of doped Bzlm polymorph g
(the high-pressure phase). This doped s-Bzlm sample was stable for at least several months. In
case of 2-methlybenimidazole (M-Bzlm) doped with 5% 5,6-dimethibenzimidazole (dM-
BzIm), the internal pressure estimated by Equation R3-2 is lower than the pressure required for
obtaining the high-pressure phase and this result is also consistent with our experimental results
obtained at ambient conditions, because no traces of the high-pressure polymorph g of M-BzIm
were detected (Table R3-4).
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4 Conclusions

My Ph.D. thesis has shown that resorcinol certainly belongs to this group of organic
compounds which confirm McCrone’s famous statement “...that every compound has different
polymorphic forms, and that, in general, the number of forms known for that compound is
proportional to the time and money spent in research on that compound”.**® Over one and half
centuries after the first syntheses of resorcinol and intensive research on this important
compound, | have revealed yet another polymorph and solvates of resorcinol under pressure.
From the perspective of high pressure, | was able to review the properties of resorcinol and

explain its strange behaviour.

| have shown that the application of high pressure can provide access to new phases of
resorcinol, which reveal new information about this intriguing compound. Moreover, the
transformations of resorcinol phases suggested a general method of stabilizing high-pressure

polymorphs at normal conditions.

The compression of polymorph o identified several structural features which destabilize its
structure. Apart from the volume difference which favours polymorph g, high pressure
destabilizes the hydrogen bonds between hydroxyl groups by reversing the angular dimensions
(angles C-O---O’" and O--- O'-C’) on the H-donor and H-acceptor sites. The transformation
between phases a and S changes the conformation of molecules, the H-bonding network, and
the transitional symmetry (i.e. the unit-cell dimensions), but the space group type remains the

Same.

While explaining the high-pressure forms of resorcinol, | have also obtained its three new
solvates: resorcinol monohydrate Res-H>O, duotritohydrate 3Res-2H>0O, and mono-methanol
solvate Res-CH3OH. Although these high-pressure solvates are unstable at ambient conditions,
they show that hydrogen bonds O—H---O in conjunction with the molecular conformation play
an important role in the formation of the high-pressure structures. For the well-defined
geometrical dimensions of hydrogen bonds O-H---O it was possible to identify interactions
responsible for low stability of monohydrate Res-H>O. It is metastable, because its
disadvantageous molecular arrangement hampers the formation of one of hydrogen bonds
O-H---O (it is much longer that its counterparts despite the high-pressure conditions). In
contrast with the general assumption that high pressure eliminates orientational disorder of

molecules in the crystal, and despite the considerable orientational disorder of one of two
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independent resorcinol molecules, the duotritohydrate is more stable than monohydrate
Res-H20. The independent molecules in duotritohydrate (Z'=1+1/2), assume either syn-syn or
anti—anti conformation, while in the other two solvates only the syn—anti conformation is

present.

Our exploration of high-pressure regions of the phase diagram of pure resorcinol led us to
two high pressure polymorphs in different ranges of pressure: polymorph ¢ above 0.20 GPa
and a new polymorph "above 0.70 GPa. This result was surprising, because polymorphs o and
/5 can be compressed, without melting or dissolving the crystals, up to 4 GPa with no signs of
transitions to other forms. Moreover, polymorph ¢ was discovered by Zhu. et al. 2 in 2016 at
ambient pressure, when resorcinol was frozen of its molten mixture with tartaric acid. This
observation led us to the general method of stabilizing high pressure polymorphs at ambient
conditions by doping a compound with another one with larger molecules. This generates
internal strain around the larger dopant molecules exerted on the host compound, which is
similar in effects to the external compression. We have shown that our method is quite general
and that it can be applied to other compounds, such as imidazole and its derivates, for which
we could stabilize by the rational doping their high-pressure polymorphs under ambient
conditions. Moreover, we have devised the molecular-scale model of the structural effects of
doping and its connection to the internal strain. By using this model, we have derived equations
allowing the quantitative description of the internal strain mimicking the effect of external
pressure. The results of our experiments on doping crystals well agree with the pressure value
calculated according to our Equation R3-2. These results are quite important because they
provide a method of stabilizing the high-pressure polymorphs at normal conditions. Naturally,
these are preliminary results obtained for a selected series of organic compounds and further
studies are required. However, undoubtedly this method of rational doping proved valid for
several compounds, and it opens a new alley for obtaining new materials reaching out to the
high-pressure regions of phase diagrams. For example, new forms of active pharmaceutical
ingredients (APIs) can be sought in the search for their better performance. It can be envisaged,

that the method of rational doping will bring about new practical applications in the future.

Another conclusion of my research is that the hydrogen-bonded structures can display
exceptionally wide hysteresis. This feature can have significant consequences for the crystal
chemistry and engineering of numerous chemical compounds. It may mean that indeed,
consistently with McCrone’s statement, there are many unknown polymorphs ‘waiting’ for

their discovery. High pressure provides a convenient method for exploring the phase diagrams
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of chemical compounds and the preference diagrams of their mixtures. Undoubtedly, all these
unknown forms, very many of them, are there, with their exceptional properties, which can be

ideal for practical applications.
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Appendix A: Summary

My thesis tells The story of resorcinol crystals and a new perspective for stabilizing high-
pressure polymorphs at ambient conditions. Resorcinol is an important natural product and
chemical compound of many applications, including technological ones. Resorcinol is also
important from the point of view of the history of science, as it was the first organic compound
for which the structures of two polymorphs were determined by X-ray diffraction in the 1930s.
Actually, those historic determinations were puzzling, and they continued to be puzzling in the
most recent times, because both polymorphs have the same space-group symmetry type and
the high-temperature polymorph £ is denser than the low-temperature one («); in 2016 a still
denser polymorph & was discovered, which was even more puzzling. |1 have shown that
polymorph £ is not stable under pressure, as it was suggested, and that polymorph ¢ is the high-
pressure form of resorcinol between 0.2 and 0.7 GPa, above which still another new polymorph
{is stable. This was a surprising outcome because polymorph ¢ was discovered under ambient
pressure (0.1 MPa), but only in the mixture with tartaric acid and with polymorph . | have
obtained polymorph ¢ in its pure form (without additions), as a single crystal, and | have shown
that it is unstable below 0.2 GPa. | have also shown that resorcinol is prone to form solvates
under pressure: | have obtained two new hydrates (mono- and duotritohydrate) and the
methanol solvate. These solvates are quite intriguing by themselves, as the monohydrate and
mono-methanol solvates are isostructural, but the monohydrate is metastable with respect to
duotritohydrate, while the duotritomethanol solvate was not found. Also, the duotritohydrate
forms a passivation layer on the surface of monohydrate crystals, protecting the metastable
phase from dissolution. | established that it is characteristic to all resorcinol phases that they
transform between phases with a wide hysteresis, which hampers the investigations of
resorcinol forms. Therefore, | had to use the methods of high-pressure in situ isothermal and
isochoric recrystallizations in the diamond anvil cell for outlining the pressure/temperature
phase diagram and also the preference diagram for the solvates. | consider the discovery of the
new polymorph ¢ of resorcinol and of the solvates and their stability relations to be a significant
achievement. Particularly, polymorph { is the first layered structure of pure resorcinol and the
first centrosymmetric structure. As for the general achievements, the phase diagram of pure
resorcinol indicated that polymorph ¢ cannot exist under ambient pressure and therefore it was
somehow stabilized — | found the method of stabilizing high-pressure phases and tested it not

only for resorcinol, but also for other compounds. Thus, this new method to recover and
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stabilize high-pressure polymorphs is quite general method for other organic compounds. In
fact, my research shows that high-pressure polymorphs can be used for practical applications,
which can solve one of the big challenges of high-pressure research, i.e. overcoming the
instability of the obtained high-pressure polymorphs at ambient conditions. Some of the
puzzles connected to the polymorphism of resorcinol still remain unsolved, but certainly many
new information about the polymorphs and crystalline forms of resorcinol have been provided
in my thesis. Besides the thesis, these results have been summarized in three articles on
resorcinol published in Crystal Growth & Design and in Journal of Physical Chemistry C.

In the first article (R1), I show that the polymorphs o and 8 can be compressed up to 5.6 GPa
and that their a-to-f phase transition does not occur at 0.5 GPa. However, the hydrogen bonds
network in polymorphs a show some destabilizing effects close to 0.5 GPa, which is due to the
molecular reorientations in the compressed crystal environment. This structural feature of
hydrogen bonds OH:-O can be the reason for observations by the NMR and IR techniques of
the a-to-f phase transition reported in the literature.

Solvates of resorcinol with water and methanol have been discussed in article R2. The
monohydrate and duotritohydrate revealed a formation of the passivation layer protecting the
metastable form from dissolution. Surprisingly, the duotritohydrate, the more stable and
higher-pressure form is disordered, while the monohydrate contains geometrically
unfavourable hydrogen bond (by over 0.3 A longer than expected for OH--O bonds) in its
structure.

In article R3, two new high-pressure polymorphs ¢ and ¢ of resorcinol have been revealed.
Moreover, in this paper, we stabilized the high-pressure polymorph ¢ at ambient conditions by
doping the resorcinol sample with tartaric acid. We have explained the mechanism leading to
this stabilization by the effect of internal pressure. The range of this internal pressure induced
by doping can be calculated according to the formula based on our model. These results of
high-pressure polymorph stabilization for resorcinol have been consistent also for other well-
known compounds (imidazole and benzimidazole derivatives), for which high-pressure

polymorphs were obtained previously.
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Appendix B: Summary in Polish
(Streszczenie w jezyku polskim)

Moja praca dyplomowa opowiada Histori¢ krysztalow rezorcynolu i nowych sposobdéw
stabilizowania wysokocisnieniowych polimorfow w warunkach normalnych. Rezorcynol
jest waznym produktem naturalnym i zwigzkiem chemicznym o wielu zastosowaniach, w tym
technologicznych. Rezorcynol jest rowniez wazny z punktu widzenia historii nauki, poniewaz
byt pierwszym zwigzkiem organicznym dla ktorego w latach 30-tych XX wieku okreslono
struktury dwoch odmian polimorficznych metoda dyfrakcji rentgenowskiej. Jednakze,
uzyskane wtedy wyniki nawet do niedawna stanowity zagadke, poniewaz obie formy maja
symetri¢ tej samej grupy przestrzennej, a wysokotemperaturowa odmiana f ma wyzszg gestos$¢
niz niskotemperaturowa odmiana polimorficzna (a); w 2016 roku odkryto forme¢ ¢ 0 jeszcze
wyzszej gestosci, co byto jeszcze bardziej zagadkowe. Wykazalam, ze wbrew wczesniejszym
przypuszczeniom to nie odmiana polimorficzna f jest stabilna pod ci$nieniem, lecz faza ¢ jest
wysokocisnieniowa forma rezorcynolu w ci$nieniu w zakresie mi¢dzy 0.2 a 0.7 GPa, a powyzej
tego cisnienia stabilna jest jeszcze inna forma rezorcynolu, nowy polimorf . Byl to
zaskakujacy wynik, poniewaz odmiana polimorficzna & odkryta zostata pod ci$nieniem
atmosferycznym (0.1 MPa), jednak otrzymana zostata jedynie, gdy w probce znajdowata si¢
domieszka kwasu winowego i polimorfu . W wyniku moich badan uzyskatam form¢ ¢ w
czystej postaci (bez dodatkow) jako monokrysztat i wykazalam, Ze jest ona niestabilna ponizej
0.2 GPa. Wykazatam roéwniez, ze rezorcynol ma sktonno$¢ do tworzenia solwatow pod
ci$nieniem: uzyskalam dwa nowe hydraty (mono- i duotritohydrat) oraz solwat z metanolem.
Odkryte solwaty sa same w sobie do$¢ intrygujace, poniewaz monohydrat i solwat z metanolem
(w stosunku 1:1) sg izostrukturalne, ale monohydrat jest metastabilny w stosunku do
duotritohydratu, podczas gdy solwat duotritometanolu nie zostat znaleziony. Ponadto,
duotritohydrat tworzy warstwe pasywacyjng na powierzchni krysztaldow monohydratu, dzigki
czemu s3 one chronione przed rozpuszczeniem pomimo ich metastabilno$ci. Stwierdzitam, ze
dla wszystkich faz rezorcynolu charakterystyczne jest wystgpowanie duzej histerezy dla
przej$¢ miedzy fazami, co utrudnia ich badania. Dlatego w celu okreslenia ci$nieniowo-
temperaturowego wykresu fazowego oraz wykresu warunkow tworzenia solwatow, konieczne
byto zastosowanie metod izotermicznej i izochorycznej rekrystalizacji wysokoci$nieniowej z

zastosowaniem komory z kowadetkami diamentowymi. Uwazam, ze odkrycie nowej odmiany
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polimorficznej ¢ i solwatéw rezorcynolu, oraz wyznaczenie zakresow ich stabilnoSci sa
znaczacym osiggnieciem. W szczegolnosci odkrycie formy ¢, ktora jest pierwsza warstwowa
strukturg czystego rezorcynolu i pierwsza strukturg centrosymetryczng. W konteks$cie
og6lnych osiagnie¢, wykazatam na podstawie diagramu fazowego czystego rezorcynolu, ze
odmiana & nie moze istnie¢ pod ci$nieniem atmosferycznym w zwigzku z czym musi ona by¢
w jaki$ sposob ustabilizowana. Doprowadzito mnie to do znalezienia metody stabilizacji faz
wysokocis$nieniowych, ktéra przetestowana zostata nie tylko dla rezorcynolu, ale takze dla
innych zwigzkéw. Zatem, ta nowa metoda uzyskiwania i stabilizacji wysokoci$nieniowych
odmian polimorficznych stosowana by¢ moze dla innych zwigzkéw organicznych. Moje
badania pokazuja wigc, ze wysokocisnieniowe odmiany polimorficzne moga by¢
wykorzystane w praktyce, dzigcki rozwigzaniu jednego z wielkich wyzwan badan
wysokocisnieniowych, tj. przezwycie¢zenia niestabilnosci otrzymanych wysokoci$nieniowych
odmian polimorficznych w warunkach atmosferycznych. Niektore zagadki zwigzane z
polimorfizmem rezorcynolu wcigz pozostaja nierozwigzane, niemniej moja praca z pewnoscia
dostarcza wiele nowych informacji na temat odmian polimorficznych i form krystalicznych
tego zwigzku. Wyniki stanowigce podstawe tej dysertacji, zostaly podsumowane w trzech
artykutach naukowych na temat rezorcynolu opublikowanych w czasopismach Crystal Growth

& Design oraz w Journal of Physical Chemistry C.

W pierwszym artykule (R1) pokazuje, ze odmiany polimorficzne a i f mogg zostac §ci$nigte
do cisnienia rownego 4.0 GPa bez zajscia przejscia fazowego z formy o do f w ci$nieniu
0.5 GPa. Niemniej sie¢ wigzan wodorowych w odmianie polimorficznej a wykazuje pewne
efekty destabilizujgce w ci$nieniu bliskim 0.5 GPa, co spowodowane jest zmiang polozenia
czasteczek w $cisnietym krysztale. To z kolei moze by¢ powodem zaobserwowania przejscia

fazowego z formy « do S, opisanego w literaturze na podstawie wynikow badan NMR i IR.

Solwaty rezorcynolu z wodg 1 metanolem zostaty omowione w artykule R2. Monohydrat 1
duotritohydrat ujawnily tworzenie si¢ warstwy pasywacyjnej chronigcej forme¢ metastabilng
przed rozpuszczeniem. Co zaskakujace, duotritohydrat, bardziej stabilna forma powstajaca w
wyzszym ci$nieniu jest nieuporzadkowana, a w strukturze monohydratu wystgpuje
geometrycznie niekorzystne wigzanie wodorowe (o ponad 0.3 A dtuzsze niz by oczekiwano

dla wigzan OH:--O).

W artykule R3 przedstawitam dwie nowe wysokoci$nieniowe odmiany polimorficzne ¢ i {

rezorcynolu. Ponadto w tej publikacji pokazatam, ze wysokocisnieniowg odmiang
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polimorficzng € mozna ustabilizowa¢ w warunkach atmosferycznych poprzez domieszkowanie
probki rezorcynolu kwasem winowym. Mechanizm prowadzacy do tej stabilizacji
wyjasniliSmy efektem cisnienia wewnetrznego. Zakres tego wewngtrznego cis$nienia
wywolanego domieszkowaniem mozna obliczy¢ wedlug wzoru opartego na naszym modelu.
Wyniki stabilizacji wysokoci$nieniowej odmiany polimorficznej rezorcynolu sg zgodne z
wynikami uzyskanymi dla innych dobrze znanych zwigzkéw (pochodnych imidazolu i
benzimidazolu), ktérych wysokoci$nieniowe odmiany polimorficzne zostaly otrzymane w

przesztosci.

Achievement infographic:

Res: Resorcinol

ISOT: Isothermal
ISOC: Isochoric

IIP: ITigh pressure
AM: Ambient condition

1SOT
up to 4 GPa

atHp SOt
up to 4 GPa
Different
H,0:MeOH:EtOH
0 w solvent at HP
{-Res . oG
above 1.2GPa a-Res up to 1.0 GPa
MeOH:H,0
&-Res
b UG Res-CIH;0I up to 0.7GPa

Res.H,0 at 0.8GPa
3Res.2H,0 up to 0.93GPa

A general method
for stabilizing HP
polymorphs at AM
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Appendix C: Crystallographic

data

Selected crystallographic data of resorcinol polymorphs «, S, ¢, y and ¢ and the molecular
conformation. This table concerns only the polymorphs, for which the crystals were obtained
and the crystallographic data was determined experimentally by X-ray diffraction; for
polymorph y only the unit-cell dimensions and the space-group symmetry were proposed
basing on a powder X-ray diffraction measurement, while the full structural information was

obtained for other polymorphs a, g, ¢ and .

Polymorph a s y & ¢

Pressure (GPa) | 0.80(2) 0.91(2) 5.60 0.25(2) 0.70(2)

Space group Pna2, Pna2; Pnna P21212; P2./c

Unitcell a (A) | 10.2830(19) 7.5918(6) 7.3346 17.876(5) 10.6348(8)
b 9.1431(7) 12.629(15) 11.486(7) 10.464(6) 9.5004(16)
c 5.5953(3) 5.3029(14) 9.246(5) 5.7045(16) 10.873(2)

B(°) 90 90 90 90 114.713(15)

Volume (A3) 526.06(11) 508.4(6) 778.938 1067.0(8) 997.9 (3)

217’ 4/1 4/1 8/1 8/2 8/2

Dy (g/cm?) 1.390 1.439 - 1.371 1.446

Conformer* anti-anti anti-syn - anti-syn anti-syn

Reference R1 R1 19 R3 R3

*The hydroxyl-group conformation is associated with torsion angles C2-C1-O1-H and C2-C3-03-H3.
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Appendix D: Scientific articles

(R1) Pressure-Dependent Crystallization Preference of Resorcinol

Polymorphs

F. Safari, A. Olejniczak, A. Katrusiak,
Cryst. Growth Des. 2019, 19, 5629-5635.
DOI: 10.1021/acs.cgd.9b00610
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ABSTRACT: Polymorph a of resorcinol, at ambient pressure stable to 365 K
when it transforms to polymorph f, is exceptionally resistant to high pressure.
The crystals of polymorph a can be compressed to over 4 GPa without
transforming to the f# phase. We have performed high-pressure recrystallization
of resorcinol aqueous and methanol solutions, and they yielded polymorph a
below 0.5 GPa and polymorph f# above this pressure. Our single-crystal X-ray
diffraction studies on resorcinol polymorphs in a diamond-anvil cell reveal the
structural origins of the phase transition. The high pressure changes the
angular dimensions of bistable hydrogen bonds OH:--O, which destabilizes the
H-atoms and the structure of polymorph @ above 0.5 GPa, consistent with the
calorimetric and NMR results. The high-temperature, high-pressure poly-
morph /} achieves the more dense packing through the changed conformation

® Polymorph «

v
v
-
-

of one of the hydroxyl groups and the considerable twisting of the hydrogen bonds necessary for the formation of additional C—
H--z bonds. The large temperature and pressure hysteresis of the polymorphs @ and f are connected with the different

topologies of their O—H:--O networks.

B INTRODUCTION

Resorcinol, an intermediate often used in chemical practice
and a pharmaceutical agent, was one of the first organic
compounds for which the phenomenon of polymorphism was
described and the first organic compound for which the
structures of both polymorphs were determined in 1938 by
Robertson and Ubbelohde."” Until today, the resorcinol
crystals belong to the best known examples of polymorphs.’
However, despite numerous studies of resorcinol by X-ray
diffraction,” NMR,” Raman and IR spectroscopy,” and by other
methods, there are still unresolved issues regarding the low-
temperature phase a, stable below 365 K, and high-
temperature polymorph f3, stable from 365 K to the melting
point at 383 K." For example, it is intriguing that these two
significantly different polymorphs a and f crystallize in the
same orthorhombic space group Pna2;,. Moreover, it is
counterintuitive that the lower-temperature polymorph « is
less dense than the high-temperature § phase.” These and
other aspects of the resorcinol properties have prompted
renewed interest and frequent studies on this generally applied
chemical agent.T Besides, resorcinol can be considered a model
structure representing a large group of similar natural and
synthetic compounds often applied in laboratory practice and
chemical technologies. For example, the crystals of natural
product orcinol (3,5-dihydrotoluene) is known in two
polymorphic forms, too, and like resorcinol it is prone to
form various cocrystalline compounds.®

Despite the simple molecular structure, resorcinol can exist
in several conformations, described as anti—anti, anti—syn, and
syn—syn depending on the hydroxyl proton position with

v ACS Publications  © 2019 American Chemical Society
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respect to atom C2 in molecular fragment HO—C—-C—-C—-OH
(Figure 1). Phases @ and f# differ in the conformation and

anti-anti

anti-syn syn-syn
Figure 1. Resorcinol molecules in conformations anti—anti and anti—
syn as present in polymorphs a and f# (this study) and conformation
syn—syn (as present in the cocrystal of resorcinol with 1,2-bis(4-
pyridyl)ethane(4,4"-bipyeth)."!

hence can be described as conformational polymorphs.” The
conformational transformations of resorcinol and its analogous
are considered the key molecular property responsible for the
polymorphism and extensive cocrystallization of these
compounds.” Presently there are 77 resorcinol single- and
multicomponent crystals deposited in the Cambridge Struc-
tural Database (CSD), of which in 25 compounds the
molecule assumes conformation anti—anti and in 22
compounds conformation anti—syn; all 30 resorcinol molecules
present in conformation syn—syn have been found exclusively
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in cocrystals. Most importantly, in the crystals of resorcinol, its
cocrystals, and analogues, the molecular conformation (of
hydroxyl groups) is coupled to the directions of intermolecular
H-bonds. Consequently, the molecular conformation and the
framework of H-bonded molecules are coupled. It was shown
for the groups of 1,3-cyclohexane derivatives as well as for the
OH--O bonded ferroelectrics, so-called KH,PO, (often
abbreviated KDP) type ferroelectrics,”'” that the molecular
conformation and the configuration of H-bonds in aggregates
affect the proton dynamics and phase transitions.

The large density difference between resorcinol polymorphs
a and f# prompted the assumption that high pressure would
compress the low-density a phase into the f# phase, despite
enormous structural differences between their structures.”'”
Raman studies revealed that at room temperature the a-to-f
phase transition occurs at 0.50 GPa,'* but when the pressure
was increased in large steps, phase a persisted until 1.0 GPa,
and then the mixture of coexisting phases @ and S was
observed until 2.5 GPa.'” This result is consistent with the
NMR measurements of spin—lattice relaxation times in the
temperature range 280—380 K and pressure up to 800 MPa,
revealing the @-to-f# phase transition at 0.4 GPa.” However, the
compression of the powdered samples of resorcinol in
polymorphs a and £ did not cause their transition up to 4.0
and 5.0 GPa, respectively.'” Besides, new high-pressure phases
of resorcinol were reported: phase y was observed by X-ray
powder diffraction above 5.0 GPa;* phase & was detected by
Raman spectroscopy above 2.5 GPa;'’ and also the
orthorhombic ¢ polymorph of space group P2,2,2, was
found."” The P—T phase diagram of resorcinol is outlined in
Figure 2 (Table S1). However, to our knowledge, no direct
evidence of the a-to-f# phase transformation at 0.50 GPa was
ever observed for single crystals. Also no reverse fi-to-a phase
transition has been observed neither by us nor reported in the
literature.
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Figure 2. P—T diagram of resorcinol phases (labeled by Greek letters)
according to this study and references.”'* Note the changed abscissa—
axis scale behind the break. The unexplored territories are left white.
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B EXPERIMENTAL SECTION

Single crystals of a-resorcinol were prepared by slowly evaporating the
methanol and toluene solutions at ambient pressure and room
temperature. The f polymorph was obtained by performing the
crystallization above 365 K, both at ambient and elevated pressure.
Single crystals of polymorph f# were stored for weeks at normal
conditions with no signs of their transformation.

The ambient and high-pressure single-crystal X-ray diffraction data
were measured with a four-circle KUMA X-ray diffractometer with
graphite monochromated Mo Ka radiation. Previously described
procedures were applied for the crystal centering and data
collection;'® the UB-matrix determination and data reduction were
performed with program CrysAlisPro15."” The structures were
refined by full-matrix least-squares on F* using the program Shelx-T
incorporated in Olex2.'*"”

The structures of polymorphs @ and f# were determined at ambient
conditions (296 K/0.1 MPa), and then they were applied as the
starting models for the refinements of the high-pressure structures.
The ambient-pressure structures determined by us were the references
for the analysis of changes induced by pressure in polymorphs « and
p. The high-pressure experiments were performed in a Merrill—
Bassett diamond anvil cell (DAC), modified by mounting the
diamond anvils directly on the steel backing plates. Pressure was
calibrated with a Photon Control spectrometer by the ruby-
fluorescence method with a precision of 0.03 GPa, and the calibration
was performed before and after the diffraction measurement.”’

Two types of high-pressure experiments were performed. In one
series, the sample crystal was mounted inside the DAC chamber, and
Daphne oil 74.74”' was used as a pressure-transmitting medium; a
cotton fiber fixed the sample position in order to eliminate any strains
while increasing pressure. We also applied the EtOH solution of
resorcinol, saturated in order to prevent the dissolution of the a-
resorcinol sample, as the hydrostatic fluid. In another series, aimed at
investigating the stability of the a and f phases as a function of
pressure, we grew single crystals in situ in the DAC chamber of
resorcinol of methanol/water solutions. This method of crystalliza-
tion, by increasing pressure in isothermal conditions close to the room
temperature, was aimed at observing the preference for the formation
of polymorphs @ and f as a function of pressure. The isothermal
compression usually led to the nucleation of several grains, after which
by oscillating pressure we could select one of them for growing the
single-crystal sample (Figure 3). Then its polymorphic form was
verified by X-ray diffraction. The concentration of the starting

Figure 3. Single crystals of resorcinol grown of ethanol solution in the
DAC chamber: (a) polymorph a isothermally (at 296 K) nucleated at
0.25 GPa (left), then isothermally compressed to 0.40 GPa (middle)
and 0.50 GPa (right); as well as (b) polymorph f nucleated at
isochoric conditions at 396 K after which temperature and pressure
stabilized at 296 K/0.91 GPa (right). Small ruby chips for pressure
calibration lie at the center (a) and bottom (b) of the DAC chambers.
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Table 1. Selected Crystal Data of Resorcinol & and f at 296 K*

polymorph a
pressure (GPa) 0.0001
space group Pna2,
unit cell: a (A) 10.5496(7)
b 9.5704(7)
¢ 5.6693(5)
volume (A%) 572.39(8)
z/Z' 4/1
D, (g/em?) 1278
Ay =1, =1y (°) 17.12
Ans=n,—ny (°) 226

a p p
0.52 0.0001 0.50
Pna2, Pna2, Pna2,
10.345(4) 7.9269(3) 7.7108(15)
9.271(3) 12.6126(5) 12.611(5)
5.6111(10) 5.5206(2) 5.379(5)
538.1(3) 551.94(4) 523.1(7)
4/1 4/1 4/1
1.359 1.325 1398
13.4 5.89 7.4
-18 1.99 1.02

“The Ay, is the difference between angles 01--03'-C3' (3,) and C1—01--03' (34) in H-bond O1-H1---03'; and Ay is the analogous difference
1,—14 for O3—H3---O1" (subscripts a and d denote the H-acceptor and H-donor sites).

solution was adjusted in a way that the nucleation occurred at various
points of the pressure range 0.2—1.0 GPa (the lower the
concentration, the higher the pressure was required for the nucleation
to occur). Alternatively, when we aimed at the f phase, the
recrystallization was performed in isochoric conditions; the sample
could be heated above the phase transition temperature at 360 K, and
then the temperature was gradually cooled down to room temper-
ature.

The crystal data were determined at 0.12, 0.40, 0.52, 0.80, 1.04, 2.0,
and 2.5 GPa (in Daphne oil as the hydrostatic medium) for
polymorph « and at 0.50 and 091 GPa for polymorph f. Our
diffraction data showed that the a-phase is monotonically compressed
up to 2.5 GPa (Figures 3 and S1), and no phase transitions were
detected. The crystal data of resorcinol polymorphs in high pressure
are listed in Tables S2 and S3 in Supporting Information.

B DISCUSSION

The crystallographic data of resorcinol polymorphs @ and f at
the normal conditions and high-pressure are summarized in
Table 1 (cf. Tables S1—S3 in the Supporting Information).
The isothermal recrystallizations of resorcinol polymorph & of
the methanol/water solutions below 0.5 GPa confirm that it is
stable in this pressure range (Figure S2). However, above 0.5
GPa both polymorphs a and f were obtained. These results of
isothermal crystallizations suggest that polymorph f# becomes
favored above 0.5 GPa. The formation of polymorph f is
consistent with the reports on the a-to-# transformation on
increasing pressure above 0.5 GPa.”®'" The nucleation of
polymorph a along with /# above 0.5 GPa is in accordance with
the Ostwald rule, which allows the formation of the metastable
polymorphs when the substance is crystallized from the melt or
solution.

The nucleation of both polymorphs above 0.5 GPa, in the
stability region of polymorph f, is also an indication that their
structures are significantly different and cannot easily transform
between themselves. Owing to the significantly different
molecular conformation (Figure 1), different crystal packing,
molecular orientation (Figure 4), and H-bonding networks
(Figure S), polymorph f can be cooled down to room
temperature, nearly 100 K below the temperature of the a-to-f#
transformation. Likewise, polymorph a can persist to about 4.0
GPa, about 3.5 GPa over the pressure-induced a-to-ff
transformation.

The three-dimensional H-bonding network in polymorph a
(Figure S) incorporates two types of polar helices running
along the crystal [z] direction: C,* (8) between hydroxyl
groups, where all O—H projections on the [z] axis are directed
downward, and C,;* (24) involving the molecular ring atoms,
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Figure 4. Resorcinol molecules with their rings exactly overlaid (gray)
and their H-bonded neighbors in polymorphs « (red) and # (blue).”!
The H-bonds are indicated in cyan.

where all O—H projections on the [z] axis are directed
downward, too. The C,* (8) helix is smaller, and its one full
turn consists of eight atoms, so its thread can be encoded as [-
HO--HO-+-HO--HO-], while the C,* (24) helix is larger in
diameter and can be encoded as [--OCCCO:+-HOCCCOH:--
OCCCO--HOCCCOH:-],. The pitch of both the helices is
exactly the same and equal to the unit-cell parameter c. It is
also characteristic that each full turn of both helices involves
four resorcinol molecules.

The H-bonding network in polymorph f incorporates two
types of helices, too (Figure 5b): helix C,* (12) involves two
molecules per one full turn, and each of the molecules acts as
the H-acceptor and H-donor (the hydroxyl group in the syn
conformation), and helix C,® (20) involves two molecules and
four hydroxyl groups from four neighboring molecules. The
C,* (12) helix can be encoded as

[-*OCCCOHsyn*OCCCOHsyn*+ |,
while the C,® (20) helix as
[--OCCCOHani+*OHsyn»*OHansir»*OCCCOHamss+»OHgyme+ OHamtr++ ]

Apart from this topological difference between the H-
bonded networks, there is a considerable difference in the
crystals polarity because in polymorph a all projections of
hydroxyl groups OH on the [z] axis are directed downward,
whereas in polymorph f the projections on the [z] axis of
groups OH,, are directed upward and of groups OH,,
downward. The polarity of polymorphs @ and f# can be also
considered in terms of the polarization of the conformers. The
dipole moment (u) of conformer anti—anti in polymorph a is

DOI: 10.1021/acs.cqd. 9000610
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Figure 5. Auto-stereographic projections of (a) polymorph a at 0.52(2) GPa; and (b) polymorph f# at 0.50(2) GPa. The H-bonds are indicated by

the cyan lines.

3.08 D (debye = 3.336 x 107*° C:m), compared to 1.57 D of
molecule anti—syn in polymorph f; the dipole moment of the
syn—syn conformer is 2.07 D.”*”** More recent calculations
give the u projections (on the molecular axis passing through
atoms C2 and CS) equal to —227, 0.06, and 2.37 D,
respectively. According to these data, polymorph « is much
more polar than polymorph f. The arrangement of polar
molecules and groups has its consequences for the
intermolecular interactions: the energy of electrostatic
interactions for the parallel arrangement of dipoles is less
favored than the antiparallel arrangement. The increased
pressure reduces the intermolecular distance, and the
interactions between parallel repelling dipoles can favor their
conversion to the antiparallel attracting arrangement. These
electrostatic interactions can contribute to the larger molecular
volume of polymorph a compared to polymorph f.

It is also exceptional that in the low-temperature/low-
pressure polymorph @ the molecules assume the anti—anti
conformation, by about 0.83 kJ mol™" less favored than the
lowest-energy conformation anti—syn, present in polymorph
.2 In most compounds, the less favored conformation is
“forced” in the high-pressure phases, although the exceptions
similar to that of resorcinol are known, too.”® Thus there are
two structural features of polymorph & that are energetically
unfavorable compared to polymorph f: electrostatic inter-
actions between dipoles close to parallel and the anti—anti
conformation. In the compressed crystal, the dipoles are
moved closer and their repelling increases, which can be
considered as one of destabilizing factors contributing to the a-
to-f} transformation.

Polymorph «a is clearly more strongly compressible than
polymorph f in the initial range of pressure between 0.1 MPa
and 2.0 GPa, but then their compression becomes approx-
imately equal, and the V,, difference of about AV, = 1 A3
persists in the higher pressure range (Figure 6). It shows that
the less efficient crystal packing of molecules in polymorph a
(at 0.1 MPa 22.1% of void space accessible by spheres 0.5 A in
radius, compared to 15.2% in polymorph f3) is a destabilizing
factor of polymorph a, associated with the work energy
difference pAV,, of about 1.2 kJ-mol™ at 0.5 GPa; 2.0 kJ-mol™
at 1.0 GPa, and 4.0 kJ-mol™" at 4.0 GPa.

It can be noted that the linear compression of polymorphs a
and /} is significantly different in all pressure range and that
there is no indication that the compression becomes more
similar in the region of 0.5 GPa or at still higher pressure (see
Figures S2 and S4). Direction [y], most compressed in
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Figure 6. Molecular volume (V,, = V/Z) of resorcinol polymorphs a
and f4, plotted as a function of pressure up to 4 GPa. Triangles and
circles represent our and Kichanov’s et al.” results. The inset shows
the molecular volume difference AV, between the polymorphs (see
Figure S5).

polymorph a, is the least compressed direction of polymorph
f; and the polar direction [z] is the hardest direction of
polymorph @, and it is the softest direction of polymorph /.
The linear compression of the polymorphs further illustrates
their significant differences, which are not reduced with
pressure. This type of lattice strain rules out the isostructural
relations between these polymorphs, despite the same space
group symbol (Figure 6).

The pressure dependence of the lattice parameters
demonstrates that the compression mechanism in both
polymorphs relies on distortion of the H-bonded networks
due to the shortening of H:--O distances and bending of the
OH---O angles of the H-bonds. In polymorph a, the distances
in independent hydrogen bonds O1-H1,,,,;- 03 o (symmetry
code: x — 0.5, 1.5 — y, z) and O3—H3,,;~-O1%, (symmetry
code: 1.5 — x, y — 0.5, z — 0.5) are nearly identical, and they
are compressed at very similar rates (Figure 7, Tables S5 and
$8). The H-bond C—0O--O' angles on the H-donor site (in
polymorph @ associated with the anti direction: C1—01,,;-

DOI: 10.1021/acs.cqd 9000610
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Figure 7. Pressure dependence of hydrogen-bond distances OH---O
and O--O and in resorcinol polymorphs a (full circles) and f# (empty
circles); also the short distances H2---C2 (green) and H2:-C1 (pink)
in f-resorcinol have been indicated. Dimensions of hydrogen bonds
O1H1-+O3 are marked in blue, and those of O3H3:--O1 are marked
in red; the symmetry codes are in the text.

03, and C3-03,,,~-01%,) are very consistent (both of
about 115.5°), and they are hardly pressure-dependent (Figure
8). The O--O'-C' angles on the H-acceptor site (in
polymorph a they are associated with the syn direction:
O1l,44-03'y,—C3" and 03,,4--01",—C1 ), as expected, are
larger than the H-donor C—O--O' angles;” "> however, their

130
< 125
[0}
o
g o
s 120 Ofanti--O3'syn-C3' ]
C? - » C3-0O3anti---O1 "syn
O 1M5§¥ = |
! ~a. z
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Figure 8. Pressure dependence of hydrogen-bond angles C—0O---O on
the H-donor side (full symbols and full lines) and on the H-acceptor
side (open symbols and dashed lines) in polymorph a. The
dimensions for hydrogen bond O1H1---O3' are marked in blue, and
those for O3H3---013" are in red (cf. Table S6).
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values are significantly different (Figure 8). Most importantly,
H-acceptor angle Ol,,,;-03',—C3), of 132.75(14)° at 0.1
GPa, is much larger than H-donor angles C1-01,,; -03' -
and C3-03,,,-0O1",,, both around. 115°, which is strongly
preferential for the hydroxyl H-atoms location in the anti sites.
At 0.1 MPa, the other H-acceptor angle 03,,,-O1" —Clii is
117.24(12), and therefore it favors the anti H- 51te, too.
However, both the H-acceptor angles are reduced by the
increasing pressure, and at about 0.4 GPa the H-acceptor angle
03,,:01"  —C1" becomes smaller than its H-donor counter-
part C3—03,,,-O1" , (Figure 8). This interconversion locally
destabilizes the H-site, although the H-bonding network of
polymorph « is strongly stabilized by the substantial difference
between H-donor and H-acceptor sides in bond C1-Ol—
Hl,,,,,,---OS',g,,—CS‘. Pressure strongly reduces this difference,
from 17.12° at 0.1 MPa to 5.91° at 2.50 GPa, and it can be
extrapolated that at about 2.5 GPa this difference will become
smaller than that of the H-destabilizing effect of bond C3—
03—H3a,,,,-~~-0l“sy,,—Cl" (Figure 8). Thus, in that pressure
range both the anti H-sites are destabilized, and the syn sites
are favored for the geometrical reasons (Figure S6, Table $10).
Theoretically, the relocation of H-atoms (either through the
OH rotations or H-transfers) is possible; however, it would
drastically change the electrostatic interactions in the crystal.

It is plausible that O3—H3 rotates first, and then the
avalanche of the structural reconstructions follows, involving
the H-bonds breaking, molecular shifts, and reorientations as
well as the formation of the new H-bonding network of the
phase.

It can be noted that in polymorph f the distortions of the H-
bonds from directions syn and anti on their H-acceptor side are
very strong. In phase @, in both H-bonds the torsion angles
C2—C—0-+0" (where unprimed atoms are on the H-donor
side and the primed one on the H-acceptor side) are close to
180° corresponding to the anti configuration and torsion
angles O--+0'—C'—C2’ are close to 20° and 50°, which can be
still classified as the syn configuration. In phase f, in hydrogen
bond Cl—Q1—H1‘,,,,,--~-O3is),,‘—C3i (symmetry code: 1.5 — x, y
+ 0.5, z + 0.5) the torsion angles C2—C—0-0" and O--O'—
C’'—C2’ correspond to the anti and syn configurations (Figure
86), but in bond C3—03—H3,,-01"~C1" (symmetry code:
1—x, 1=y, z—0.5) the torsion angle 0:-0'=Ci-C2% on the
acceptor side is close to 90° and cannot be classified as syn or
anti. Thus, these configuration descriptors cannot be applied
for the H-acceptor side in bond C3—03-H3,- Olnsso—Cl“
in phase /3, and the actual value of the torsion angle 03--01"—
C1"—C2" has been specified in their stead (Figure S6, Table
§10). This is an important structural feature of phase f because
these torsion angles of H-bonds O—H:-O (Figure S7) allow
that new hydrogen bonds C—H-:-xr are formed, as indicated by
short intermolecular contacts C2—H2---C6" of 2.58 A and C2—
H2---CS" of 2.63 A. In phase f3, the H-donor C—0---O angles
are smaller than H-acceptor angles O--O1-C, at 0.1 MPa
117.79(12)° versus 119.78(2)° for H-bond O1-H1,,,~ 03'—
C3' and 113.69(4)° versus 119.58(5)° in H-bond O3-H3,,
O1"=C1%, respectively. These angles are hardly prcssurc
dependent in the investigated pressure range, as illustrated in
Figure 8 (cf. Figure S8), so these magnitudes of pressure do
not destabilize the f phase. It can be also noted that in both
polymorphs the pressure reduces the inclination of molecules
to the polar axis [z]. This reduced inclination is consistent with
the increased polarity of crystals, which corresponds to the
increased intermolecular electrostatic interactions of molecules

DOI: 10.1021/acs.cqd. 9200610
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in the crystal structures. It is characteristic that the trans-
formation from polymorph @ to polymorph f# considerably
increases the inclination angle (Figure 9), and simultaneously
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Figure 9. Inclination of the molecular axis C5--C2 to the crystal axis

[z], plotted as a function of pressure for resorcinol polymorphs a
(red) and f (blue).

the dipole moments of the anti—anti molecule (2.67 D) are
reduced in the anti—syn molecule (1.42 D). Consequently, the
polarity of the crystal is reduced and so are the electrostatic
interactions in the structure of polymorph f.

B CONCLUSIONS

Our study on resorcinol identified several pressure-induced
structural features destabilizing polymorph . The volume
difference favoring the a-to-f# transformation at high pressure
has been confirmed. This more compact molecular packing in
polymorph f# leads to the formation of hydrogen bonds C—
H--m, absent in polymorph a. However, the formation of
bonds C—H:-7 requires that the H-bonds are twisted off the
planes of favored planar configurations anti and syn. It is
apparent that the hydrogen-bonds network in polymorph « is
destabilized by the reversal of C—0O--O angles for bonds
03,,,,,,.1-1---01"_‘).,, and a gradual reduction of the difference in
C—0--0 angles on the H-donor and acceptor sides for bond
01‘,,,,,.H-~-03‘Sy,,‘ Thus, it is plausible that high pressure
destabilizes the positions of the hydroxyl H-atoms and that a
similar effect can be the reason for the temperature-induced
transformations.

The lack of correlations in the lattice dimensions between
polymorphs @ and f rules out their isostructural relation. The
symmetry elements of space groups involve the unit trans-
lations, and these are considerably different for these
polymorphs. Besides, these two structures are distinguishable
by the different H-bonding networks and conformations of the
hydroxyl hydrogen atoms.
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ABSTRACT: Under ambient conditions resorcinol (Res), C;H,(OH),,
favorably crystallizes from methanol and aqueous solutions as the anhydrate,
in the form of polymorph a at room temperature. Anhydrous polymorph f
can be obtained above 360 K. However, above 0.80 GPa the monohydrate
Res'H,0O is formed from the aqueous solution. The monohydrate is less
stable than the duotritohydrate 3Res-2H,0, which nucleates later. The latter
forms a tight passivation layer on the surface of monohydrate crystals and
protects them from dissolution. Between 0.20 and 1.0 GPa the
duotritohydrate is more favored than the previously reported Res
polymorphs a and f. From a methanol solution above 0.40 GPa the
methanol monosolvate Res:CH;OH precipitates. In Res-H,O resorcinol
molecules assume the syn-syn conformation, and in 3Res-2H,0 independent
syn-syn and anti-anti conformers are present. The anti-anti molecule is orientationally disordered, despite the fact that usually the
disorder requires extra space, while the high pressure suppresses the volume. In all three new solvates, the solvent molecules mediate
the H bonding between the hydroxyl groups. The formation of solvates can be rationalized by the low potential energy of syn-syn
conformers as well as the volume gain of the solvates in comparison to the summed volumes of the pure resorcinol crystal and
stoichiometric amounts of the solvent. The strong preference of the analogous orcinol (S-methylresorcinol) for the monohydrate
formation under normal conditions is unchanged under high pressure.

B INTRODUCTION increase in their volume, in comparison to the volumes of the
exact amount of the pure host compound crystallized separately
and with the solvent present in the form of either a ]iquid or solid
depending on the thermodynamic conditions;"™'" also the
formation of new types of intermolecular bonds plays an
important role.'”"

The reverse effect of pressure favoring the crystallization of
separate compounds has also been observed, but less frequently.
For example, the isochoric crystallization of thiourea from an
aqueous solution above 1.0 GPa yields the pure thiourea and ice
VI, the methane hydrate, strongly preferred by pressure,
decomposes above 8.0 GPa,'” and Y,(C,0,);10H,0 under-
goes a partial dehydration at 1 GPa, forming monoclinic
Y,(C,0,)5:6H,0 as single-crystalline inclusions in the original
phase.”’

Presently, we have investigated the preferences of resorcinol
and orcinol (Figure 1) for crystallization as either the pure or
solvated compounds under high pressure. Resorcinol crystallizes
exclusively as the anhydrate from aqueous solutions under the
standard conditions, which contrasts with the analogous orcinol,

Pure compounds and their solvates and cocrystals can
significantly differ in their physical and chemical properties.
Therefore, such different forms of chemical compounds are
often investigated to improve the performance of products.' ™
The investigation of hydrates is of particular importance,
because humid air and solvents are usually involved in the
manufacturing and formulation processes of (drug) compounds.
Hydrate formation concerns at least one-third of organic
compounds.”” However, presently there are still no general
methods of predicting the preference for the formation of the
pure or solvated forms. It was shown that high pressure can
promote the formation of solvates for compounds that
crystallize exclusively in the pure form under ambient
conditions: for example, thiourea, C(NH,)S, at 0.5 GPa forms
the monohydrate, C(NH,),$-H,0, and above 0.7 GPa the
duotritohydrate, 3C(NH,)$-2H,0,° and the monohydrate of
1,4-diazabicyclo[2.2.2]octane dihydrobromide (hereafter dab-
co2HBr; 1,4-diazabicyclo[2.2.2]octane = dabco) above 0.48
GPa forms monohydrate dabco2HBr-H,O polymorphs.” High-
pressure crystallization proved to be an efficient method for
obtaining hydrates and other solvates of organic compounds: for Received:  December 30, 2019
example, dabco salts,”™"" 4,4'-bipyridinium perchlorate,'" §,6- Revised:  February 14, 2020
dimethylbenzimidazole.'” xylazine hydrochloride,"* and diphe- Published: February 19, 2020
nylanthracene'* as well as pharmaceutical compounds of f-

chlorpropamide'” and deoxycholic acid.'® It was shown that the

preferred formation of these hydrates is connected with an

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.cgd.9b01732
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Resorcinol

Orcinol

Figure 1. Resorcinol and orcinol conformers. Atomic labels usually
applied in the literature and in this report are shown in the first drawing.

where hydrate formation is strongly favored. Resorcmol and its
derivatives as well as isomeric quinol compounds' are applied
as medicines, and they can also be used as monomers (or as
reactive additives) which increase the molecular weight of
(pre)polymers. They can also be used in adhesives for wood.”
The active ingredients in the extracts of various plants contain
resorcinol derivatives, which are primarily used in the treatment
of cancer, osteoporosis, gastric ulcers, and other diseases.” =
Five polymorphs ofpure'rcsorcmo] labeled @ and f# (the same
space group Pna2,),”"** y (Pnna),’**" & (spacc group
unknown),”*” and & (space group P2,2,2,)™ have been
reported. The density of the a polymorph, whlch is stable under
normal Londltxons, is lower than that of the high-temperature
polymorph B.”” Their structures were determined by X-ray
diffraction in the 1930s,”"** the structure of the a polymorph
was one of the first for an orgamc compound to be determined
by neutron diffraction in 1956, and the & polymorph was
discovered in 2016. Despite such a long and varied record of
experimental studies, no hydrates of resorcinol have been
reported, which contrasts with a strong preference of orcinol (a
close analogue of resorcinol) to form the hydrate. Our present
study is aimed at determining the thermodynamic preferences of
resorcinol solvates and to form an understanding of the
mechanisms favoring the formation of solvates at high pressure.
To study these preferences, we have performed high-pressure
recrystallizations of resorcinol in aqueous, methanol, and
ethanol solutions. We have also performed high-pressure
crystallizations of orcinol, to allow a comparison of the results
obtained from the study of these two similar compounds.

B EXPERIMENTAL SECTION

The high-pressure crystallizations of the aqueous and methanol
solutions were performed in a modified diamond anvil cell (DAC)."

Resorcinol solutions of various concentrations were used in order to
start the nucleation at pressure under a range of isochoric and
isothermal conditions.”” The in situ isothermal crystallization of the
aqueous solutions, at 296 K, yielded the monohydrate C4H,(OH),:
H,0 at 0.8 GPa (Figure 2). The monohydrate precipitates as a
powdered mass, and when the pressure was released to 0.35 GPa, all
grains but one were dissolved and a bigger single crystal was grown by
slowly increasing the pressure to 0.93 GPa (Figure 2). The
crystallization process took about 2 h, and we noticed that after
about 20 min at 0.93 GPa the crystal surface was covered by a layer of
tightly packed tiny crystals of another new form (Figure 2). This
monohydrate sample could be kept for days without visible changes.
However, we have established that a release of pressure causes the
passivation layer, most likely formed of hydrate 3Res-2H,0, to dissolve
followed by the monohydrate dissolving gradually, while a single crystal
of the duotritohydrate grew until the monohydrate disappeared (Figure
3). The conclusion that the passivation layer is formed of the
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Figure 2. Isothermal crystallization of Res-H,0 at 296 K up to 0.93 GPa
and of 3Res-2H,0 at 0.93 GPa. Two small ruby chips for the pressure
calibration lie at the edge of the DAC chamber. The seed is indicated by
the red arrow.

Figure 3. A Res-H,O crystal (cf. Figure 2) covered by tiny 3Res-2H,0
crystals at 296 K/0.93 GPa (a). After the pressure is released (b—d),
dissolution concomitant with the single-crystal nucleation of 3Res-
2H,0 ((c), the seed indicated by the red arrow) and its further growth
causes a further gradual reduction of pressure (e—g). Then (h, i), the
pressure was increased to continue the growth. Several small ruby chips
for the pressure calibration lie along the bottom edge of the DAC
chamber.

duotritohydrate is based on the observation that this is the stable form
of resorcinol in the aqueous solution between 0.2 and 1.0 GPa and that
no other form of resorcinol could be obtained under these conditions.
The Res-H,0 and 3Res-2H,0 crystals can be easily distinguished by
their morphology, unit cell parameters, and symmetry (Figures 2 and 3
and Table 1); however, the crystal grains constituting the passivation
layer are too small for such considerations. It can be noted that the 3:2
host molecules to crystallization water molecules ratio is relatively rare
among hydrates. For this reason a common name for this hydrate
stoichiometry is used, and in a few research papers’*** a “2/3 hydrate”
term was used. We have suggested the term “duotrito”, used in the
literature.*

In the second series of experiments, resorcinol was crystallized in the
DAC of the methanol solution. The new resorcinol monosolvate
C4H,(OH),-CH;0H nucleated under isochoric conditions at 0.4 GPa,
and then it was isothermally compressed up to 0.70 GPa (Figure 4 and
Table 1). Finally, orcinol was recrystallized in order to also check its
stability under the high-pressure conditions. The orcinol monohydrate
C,Hg(OH),-H,0 was fully dissolved either in methanol or in water.
The isochoric recrystallizations from the methanol solution yielded the
monohydrate C,H4(OH),-H,0 at 0.2 GPa; likewise, the recrystalliza-
tions of aqueous solution at 0.2 GPa also yielded the monohydrate
(Figures S1 and S2).

https://dx.doi.org/10.1021/acs.cod.9b01732
Cryst. Growth Des. 2020, 20, 3112-3118
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Table 1. Selected Crystallographic Data of Resorcinol
Solvates”

Res:CH,OH
Res'H,0 3Res2H,0
pressure 0.80 GPa 0.93 GPa 0.49 MPa 0.70 GPa
space group P2,2,2, C2/c P2,2.2, P2,2,2,
unit cell
a(A) 5.6567(18)  8.0312(8) 6.0242(12)  5.9240(3)
b(A) 7.6544(5)  8.1080(6) 8.1523(12)  8.1201(3)
c(A) 13.226(3)  26.01(4) 14.32(3) 14.087(9)
F (deg) 90 95.31 90 90
V (AY) 572.7(2) 1686(2) 703.4(14) 677.6(4)
z/z 4/1 12/1.5 4/1 4/1
D, (g/cm®) 1.486 1.435 1342 1.393
cnnformation syrrsyn syn»syn and synvsyn S)’H'Syn
anti-anti

“Cf. Table S1 in the Supporting Information.

363K

298K|0.70GRa

298K

Figure 4. Isochoric crystallization of Res:CH;OH at 0.49 GPa and
subsequent (the last panel) isothermal compression of the single crystal
to 0.70 GPa. An irregular ruby chip for pressure calibration lies at the
center of the chamber.

The pressure in the DAC chamber was calibrated by the ruby-
fluorescence method w1th a Photon Control Inc. spectrometer, with an
accuracy of 0.02 GPa.”” The callbratlon was repeated before and after
each diffraction measurement.’ The single-crystal data have been
measured with a KUMA KM4-CCD dlffractometer The CrysAlis
software’” was used for the data collections "’ and preliminary reduction
of data after correcting the intensities for the effects of DAC absorption,
sample shadowing by the gasket, and sample absorption.”"** The
reflections overlapping with diamond reflections were eliminated. The
structures were refined with full- matrix least squares on F* using
SHELX-L.*** Phenyl hydrogen atoms were ideally positioned
according to the molecular geometry. The hydroxyl and water H
atoms were located on the difference Fourier maps and then included in
the refinements in the positions consistent with the molecular
dimensions (O—H distance, 0.85 A, C—O—-H angle, 109.30°%; H-O—
H angle, 109.5°). The crystallographic and experimental details are
given in Table S1 and deposited in the CIF format in the Cambridge
Structure Database with CCDC numbers 1974181—1974186 and
1974294—1974295. The CIFs can be requested free of charge from
https:/ /www.ccde.cam.ac.uk.

M DISCUSSION

Chemical compounds often display a strong preference for
crystallization in the form of either anhydrates or hydrates, when
the crystallization is performed in the laboratory in open vials. In
many cases, the presence of moisture in the atmospheric air
suffices for the hydrate formation, even when the pure
compound is dissolved in (initially) dry solvent but the solution
is not then sealed from the atmosphere. There are also
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compounds that form anhydrates or hydrates depending on
the composition of the solution, air humidity, temperature, etc.
Many compounds crystallize as anhydrates even from aqueous
solutions, Resorcinol belongs to this latter group. Resorcinol has
been thoroughly studied for decades, with five polymorphs (e, 3,
7, 0, and €) reported, but no hydrate of resorcinol was obtained.
At the same time resorcinol favorably forms cocrystals with
various compounds and presently there are 121 such multi-
component deposits in the Cambridge Structure Database
(version 1.23). Moreover, orcinol (S-methylresorcinol), despite
being a close analogue of resorcinol, displays a strong preference
for the formation of hydrates. Namely, under standard
conditions orcinol favorably forms a monohydrate and dry
solvents are required to obtam the anhydrate (two polymorphs
of pure orcinol are known).* Hence, our present study is aimed
at understanding the strong preference of resorcinol to form the
anhydrate. We have applied high-pressure crystallization to
establish whether this promotes hydrate formation by
resorcinol. Recrystallizations from methanol and aqueous
solutions in the DAC yielded new forms of resorcinol, as either
polymorph « or 3, up to 0.5 GPa. However, presently we have
established that the pressure efficiently induces the formation of
hydrates and a methanol solvate of resorcinol. The resorcinol
monohydrate is formed in isothermal crystallization at 0.80 GPa.
Then the surface of the monohydrate was tightly covered by
many tiny crystals of duotritohydrate, 3CsH,(OH),-2H,0
(Figure 2). We have established that Res-H,O is metastable,
but it is protected from dissolution by the passivation layer of
3Res:2H,0 crystals. In the crystal structure of Res-H,0, the
water molecule mediates the hydrogen bonds between the
hydroxyl groups (Figure S). There are four symmetry-

&W
L p"L Xﬂ"‘"‘ \
Lr‘§:§ | e /%:zw\r”

Figure 5. Autostereogram’’ of the molecular packing in Res-H,0 at
0.80 GPa/296 K. The OH:--O hydrogen bonds are indicated as cyan
lines, and the labels of H atoms participating in the H bonds are
specified.

N

C

independent OH-:O hydrogen bonds. Their dimensions are
given in Table S3 and plotted in Figure S3. All of the OH--O
bonds bind water and resorcinol molecules, while no water:--
water or resorcinol---resorcinol bonds are present (Figures S and
6).

In the structure of 3Res-2H,0, there are two independent
molecules of resorcinol; one of them (labeled A) is ordered in a
general position, whereas the other (molecule B) is disordered
and located on an inversion center (Figure 6). The water
molecule lies in a general position. The water molecule forms
three hydrogen bonds to resorcinol molecule A and one H,O--

https://dx.doi.org/10.1021/acs.cod.9b01732
Cryst. Growth Des. 2020, 20, 3112-3118
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Figure 6. Molecular packing in 3Res-2H,0 at 0.93 GPa/296 K. H-B
bonds are indicated by cyan lines. Capital letters A and B label the
independent resorcinol molecules. Two overlapping positions of
disordered half-occupied molecules B are shown, also viewed
perpendicular to the ring at the bottom (indicated by the arrow).

H,0 hydrogen bond. Each resorcinol molecule A is OH:--O
bonded to three water molecules and to one molecule B. Each
molecule B is OH:+O bonded to two molecules A. The H-
bonding pattern is shown in Figure 6 (cf. Table S3). The
disorder of molecule B can be described as a nearly perfect
superposition of the benzene ring with its half-occupied sites of
hydroxyl group substituents at C1, C3, and their C-transformed
sites C1" and C3'. The conformation of the hydroxyl groups is
syn-syn in molecule A and anti-anti in molecule B. It is
characteristic that a very similar type of disordered molecular
orientation was reported for resorcinol cocrystals with
hexamine'® and bis(5-ferrocenylpyrimidine).”” In these two
cocrystals the disordered molecules are in an anti-anti
configuration. In resorcinol cocrystallized with N-phthaloylgly-
cine,” the syn-syn conformer of resorcinol is disordered. Other
types of disorder of resorcmol molecules were observed in
cocrystals with terpyridine™ and several complexes of
methylviologen.”

The structure of Res-CH;OH determined at 0.49 and 0.70
GPa, of orthorhombic space group P2,2,2,, is isostructural with
resorcinol monohydrate (cf. Table 1 and Figures 5 and 7). In the
structure of Res-CH;OH, the resorcinol and methanol
molecules are H-bonded into ribbons along [010].

Resorcinol molecules in pure polymorphs, solvates, and
cocrystals assume the anti-anti, anti-syn, and syn-syn config-
urations (Figure 1). The DFT calculations at the RB3LYP/6-
31G level of theory of the potential energy for isolated molecules
indicate that the anti-syn conformer is 0.94 k] mol™ more stable
than anti-anti conformer and 2.15 kJ mol™" more stable than the
syn-syn conformer. These values are smaller than the energy of
cohesion forces in H-bonded crystals, but they can be significant
enough to help the stability of the observed resorcinol forms.

We established that one of the H bonds in the monohydrate,
O—H---0™ has a dimension of nearly 3 A (Figure 8) and is
much longer than the analogous H bonds in other solvates and
in pure resorcinol. It is plausible that some steric hindrances in
the structure of Res'H,O prevent the formation of the H-
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Figure 7. Autosterographic view of the structure of Res-:CH;OH at 0.49
GPa/296 K. The H bonds are indicated by cyan lines.
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Figure 8. Pressure dependence of O---O H bond lengths in Res-H,O,
3Res:2H,0, and Res:CH3;0H, as well as in resorcinol Rolymorphs a
and /5. Symmetry operations indicated by ORTEP codes™ are explicitly
given in Table S9.

bonding network, efficiently using up all the available H donors
and H acceptors. This could be the reason for the metastability
of the Res'H,0 and its subsequent transformation to 3Res-
2H,0, where all hydroxyl groups and H,O molecules can be
linked by H bonds between 2.65 and 2.85 A (Figure 8).

The molecular volumes of Res-H,O, 3Res:2H,0, and Res:
CH;OH are somewhat smaller than the sums of volumes of the
stoichiometric amounts of pure resorcinol and solvent
molecules

V. (Res-H,0) < V., (Res) + V,,(H,0)
V,,(3Res-2H,0) < 3V, (Res) + 2V, (H,0)
V. (Res-CH,OH) < V., (Res) + V,(CH,;OH)

where V,, is the molecular volume of the solvates, the pure
resorcinol polymorph f (stable in the considered range of
pressure), and the solvents (Figure 9). In these comparisons we
have applied volumes of the separate components (resorcinol
polymorph f# and liquid solvents) compressed to the appropriate
pressure conditions (Figure 10).*

This result indicates that the volume gain is a significant factor
for the formation of these solvates. The energy associated with

https://dx.doi.org/10.1021/acs.cod.9b01732
Cryst. Growth Des. 2020, 20, 3112-3118



Crystal Growth & Design

pubs.acs.org/crystal

180 T T T T T
4+ Res-CH30H
170 | 1
160 | V(CH30H)
~—~ 150 | ]
.m< Res-H20
‘E Res-a 1% Bes»%HzO
> 140 :\\ i ]
-V(5H20)
o} Resh T+ VGO
e N I
L ——r—
120 | \i’ .-V(HZO)
110 (1 1 " " L
00 0.2 04 06 08 1.0 1.2
Pressure (GPa)

Figure 9. Pressure dependence of molecular volume referred to one
resorcinol molecule in polymorphs @ (black circles), f# (empty black
circles),” Res-H,O (red triangle), 3Res-2H,O (green triangles), and
Res:CH;OH (blue triangles). The vertical arrows indicate the
difference in the solvate and appropriate amounts of the solvate
volume (water or methanol).™

this volume difference in comparison to f-resorcinol is 4.8 kJ
mol~’ for Res-H,O at 0.8 GPa, 1.2 kJ mol™' for 3Res-2H,O at
0.45 GPaand 1.7 kJ mol™" at 0.82 GPa, and 3.6 k] mol™ for Res:
CH;OH at 0.6 GPa. It appears that the effect of the largest work
component gain for Res:H,0 is diminished by the inadequate
H-bonding pattern in the structure (one of the possible H bonds
cannot be formed)—hence the internal energy of the Res-H,O
structure increases and it is metastable in comparison to 3Res-
2H,0, as schematically illustrated in Figure 10. The energy of
one hydrogen bond between two hydroxyl groups can be
roughly estimated as several k] mol™; therefore, this value can
be significant for changing the balance between the resorcinol
solvates.

Bl CONCLUSIONS

We have found that high pressure favors the formation of new
solvates, which are unstable under ambient conditions. These
new forms are resorcinol monohydrate, duotritohydrate, and
monomethanol solvates. The stability of these new solvates at

4

Gibbs free energy

04 06 08 10 12

Pressure (GPa)

00 02

Figure 10. Schematic diagram of Gibbs free energy versus pressure at
296 K for resorcinol polymorphs a (red line),*” f# (blue),** Res-H,0O
(orange), and 3Res-2H,0 (green).
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high pressure can be associated with the formation of new H
bonds and with a volume gain of the solvates in comparison to
the summed volume of their components. The H bonding plays
a direct role in the molecular aggregation, as the solvent
molecules mediate most of the H bonds between the resorcinol
hydroxyl groups. The metastability of the monohydrate has been
associated with a disadvantageous molecular arrangement
hampering the formation of one of the possible OH:--O
bonds. Surprisingly, the more stable duotritohydrate is
disordered, as one of its independent molecules assumes two
orientations in the structure. This contrasts with the general
assumption that high pressure eliminates orientational disorder.
Although none of the new solvates could be recovered to
ambient conditions, the revealed mechanisms of the pressure
effects can prove useful for obtaining new stable solvates of this
and other compounds. The comparison of resorcinol and
orcinol illustrates that a relatively small structural difference (the
methanol group at C$ in orcinol ) can cause a drastic effect in the
solvation of similar compounds. Such differences can be
reduced, to some extent, by pressure, as has been presently
observed for resorcinol hydrates promoted by high pressure.
However, none of the resorcinol hydrates is isostructural with
the orcinol monohydrate (similarly, as none of their anhydrate
polymorphs are isostructural either).
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ABSTRACT: High-pressure polymorphs can be obtained and stabilized at Ambient-pressure
ambient pressure by utilizing dopants with more voluminous molecules, inducing
internal strain in the structures. This effect has been confirmed for doped
resorcinol and imidazole derivatives by nucleating and stabilizing their high-
pressure phases under ambient conditions. The dopant molecular volume and
concentration, as well as the bulk modulus of the polymorph in the binary system,
are related to the stability region in the single-component phase diagram. High-
pressure isothermal and isochoric recrystallizations yielded pure single crystals of
resorcinol £ above 0.20 GPa and a new polymorph { above 0.70 GPa. These
recrystallizations of pure resorcinol revealed within 1 GPa of the p—T phase
diagram the boundaries and the stability regions of four resorcinol polymorphs a,
f, € and {, contrary to the compression experiments on ambient-pressure polymorphs « and f3, when the high-pressure phases were
hidden behind the wide hysteresis extending to nearly 5 GPa. The hysteresis, originating from the H-bonding networks, hinders the
formation of polymorphs £ and ¢ when polymorphs a and /7 are compressed without melting or dissolving the crystals. Polymorph {

Downloaded via 37.30.0.85 on November 21, 2021 at 21:20:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

is the only known resorcinol structure built of hydrogen-bonded layers.

B INTRODUCTION

The wide variety of properties displayed by the same chemical
compound in its different forms, such as polymorphs, glasses,
size-scaled (nano)particles, and epitaxial layers, has stimulated
research aimed at obtaining new materials desired for
innovative and challenging applications. For example, studies
on polymorphs of organic compounds have improved the
performance of active pharmaceutical ingredients (APIs);' ™
polymorphs of photovoltaic materials, such as hybrid and
purely inorganic perovskites, can cause undesired effects but
also improve the performance of solar cells.” Many methods
for obtaining new polymorphs”® and for their theoretical
prediction”'” have been described. Among others, high
pressure has been recognized as a very efficient tool for
obtaining novel polymorphs and solvates of various com-
pounds, =13 such as paracetamol,” urea,'>'® sucrose,'”
benzimidazole,'® and others.'””” However, most of the new
forms obtained under high pressure and high/low temperature
are unstable under normal conditions, which limits their
practical applications. Here, we describe a simple method for
obtaining and stabilizing high-pressure polymorphs under
ambient conditions. These effects can be achieved by rationally
doping a compound. In fact, the method of doping for
obtaining new polymorphs is well-known;*"** however, it was
not connected to and optimized for specific regions of phase
diagrams. The mechanism behind this phenomenon has been
explained and verified for several compounds, but this study
was inspired by intriguing inconsistencies in the phase diagram

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications
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of resorcinol”’ and by the recent discovery of polymorph &
obtained by mixing resorcinol with tartaric acid.”

Resorcinol is an important chemical agent™** and the first
organic compound for which, in the 1930s, the structures of
two polymorphs were determined.”’ ™" Back then, the density
of low-temperature polymorph a being lower than that of high-
temperature polymorph f and their space-group symmetry
type Pna2, (Z = 4) being the same despite considerable
structural differences were counterintuitive. Since then, high-
pressure polymorphs y (space group Pnna) and & (space group
unknown)’**! have also been postulated, but their structures
have not been reported. Most recently, polymorph & (space
group P2,2,2,) was found in the mixture with polymorph f
obtained by freezing the melt of resorcinol with the addition of
tartaric acid in the form of a thin film.”* The structure of
polymorph & was determined from multicomponent powder X-
ray diffraction (PXRD) combined with density functional
theory (DFT) and molecular dynamics (MD) calculations.
This discovery, quite puzzling after over a century of studies on
this textbook example of polymorphs,” raised a number of
questions, such as the availability of pure resorcinol polymorph
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Published: October 19, 2021
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Table 1. Selected Crystallographic Data of Resorcinol Polymorphs &, f, €, and ¢ (cf. Tables S1 and $2) as Well as the Torsion
Angles Describing the Molecular Conformation and H-Bond Directions

polymorph a p
pressure (GPa) 0.80(2) 0.91(2)
space group Pna2, Pna2,
unit cell a (A) 10.2830(19) 7.5918(6)
b 9.1431(7) 12.629(15)
¢ 5.5953(3) 5.3029(14)
P (deg) 90 90
vol (A*) 526.06(11) 508.4(6)
z/Z 4/1 4/1
D, (g/cm®) 1.390 1.439
conformer” anti—anti anti—syn
C2-C1-01-H (deg)” 173 -164
C2—-C3-03-H (deg) -170 -17
C2=C1-01--03 (deg) 170.3 —-161.5
C2-C3-03:-01 (deg) —163.3 —25.4

£ £ ¢ 4
0.25(2) 0.96(2) 0.70(2) 1.2(2)
P2,2.2, P2,2,2, P2, /c P2, /c
17.876(5) 17.700(6) 10.6348(8) 10.465(3)
10.464(6) 10.094(3) 9.5004(16) 9.425(5)
5.7045(16) 5.6096(6) 10.873(2) 10.787(6)
90 90 114.713(15) 113.70(4)
1067.0(8) 1002.2(5) 9979 (3) 974.1(9)
8/2 8/2 8/2 8/2
1.371 1.459 1.446 1.502
anti—syn anti—syn anti—syn anti—syn
—151/-127 —152/-128 —-163/156 —163/155
—-3/45 10/48 -1.6/19 $/17
—148/-128 —136/-128.5 —149.5/146 —150/145.35
6/58 0.8/62.23 6.8/29.8 7.17/31.03

“The hydroxyl group conformation is associated with torsion angles C2—C1-O1-H and C2-C3-03-H3. “The values for symmetry-
independent molecules A and B, in polymorphs & and {, are separated with the slash.

€, its stability region in the p—T phase diagram, the role of the
dopant, and more general questions about metastability,
detection of the total energy-minimum forms, and the roles
of symmetry-independent units (Z') and molecular conforma-
tion. Undoubtedly, McCrone’s famous statement “... that every
compound has different polymorphic forms, and that, in
general, the number of forms known for that compound is
proportional to the time and money spent in research on that
compound”™* has also been validated for resorcinol. Recent
extensive studies on resorcinol as a function of temperature
and pressure by X-ray and neutron diffraction, solid-state
NMR, free-induction decay (FID) analysis, Raman spectros-
copy, and other methods identified polymorph f as the high-
pressure form of resorcinol up to 5 GPa, where it transforms to
phase 7.*”*' Polymorph « could be isothermally compressed to
4 GPa; however, in other experiments, it transformed to
polymorph f at 0.5 GPa.’' Recently, we investigated the
structural origin of the pressure- and temperature-induced
transformation between resorcinol phases « and /)';“ two
pressure ranges favoring the formation of resorcinol hydrates
were also identified.*

Presently, we have established that polymorph ¢ is the stable
form of pure resorcinol from 0.20 to 0.70 GPa, at which point
another polymorph { becomes stable. Single crystals of
polymorphs & and { were grown, and their structures were
determined. The limiting pressure of 0.20 GPa, where single
crystals of polymorph & obtained from pure resorcinol
immediately transformed to polymorph «, was most surprising
in the context of the prolonged handling of polymorph &
obtained from the mixture with tartaric acid.”’ We have
proposed a microstructural mechanism of doping stabilization
of polymorph &, and we have shown that this simple method
also stabilizes high-pressure polymorphs of other compounds.

B EXPERIMENTAL SECTION

High-Pressure Crystallizations. High-pressure experi-
ments were performed in a diamond anvil cell (DAC)*
modified by mounting the anvils directly on the steel supports
with conical windows. Gaskets were made of steel foil 0.2 mm
thick with a spark-eroded hole 0.35 mm in diameter.
Polymorph € nucleated above 0.20 GPa from the solution of
resorcinol in a methanol/water 1:1 (vol) mixture (Figure S1).
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In another series of experiments, polymorph & nucleated and
grew in the form of a single crystal from the aqueous solution
in the presence of resorcinol monohydrate (Figure S2): first,
the monohydrate crystal was grown in the DAC at 0.80 GPa,
and after releasing the pressure to 0.35 GPa, it started to
dissolve while another crystal nucleated. After further
reduction of the pressure to 0.20 GPa, the monohydrate
dissolved completely, and a crystal of e-resorcinol was
isothermally grown when the pressure was slowly increased
up to 0.25 GPa (Figure S2); the crystal grew when the pressure
was increased to 0.50 GPa, and then no change in the size or
shape was noticed. On average, the crystallization of one
single-crystal sample from its nucleation to the final
equilibration of growth at room temperature required about
1-3 h of the controlled microscopic experiment. The crystals
were studied in situ by single-crystal X-ray diffraction
(SCXRD).

Characteristically, polymorphs a, f, and & could be
isothermally compressed to over 1 GPa, while high-pressure
recrystallization between 0.20 and 0.70 GPa resulted in
polymorph & only. Above 0.70 GPa, a new polymorph ¢{ of
pure resorcinol was crystallized from the saturated solution in
MeOH/EtOH/H,0 (16:3:1) by the isochoric method (Figure
S3). The SCXRD data were measured for this sample, and
then again for the crystal isothermally compressed to 0.83,
1.00, and 1.20 GPa.

The pressure in the DAC chamber was calibrated by the
ruby-fluorescence method before and after each diffraction
measurement by using a Photon Control Inc. spectrometer of
increased resolution, affording an accuracy of 0.02 GPa.”™** A
KUMA KM4-CCD diffractometer was used for SCXRD
measurements. Data collection”” and preliminary reduction
of data after correcting the intensities for the effects of DAC
absorption, sample shadowin% by the gasket, and sample
absorption were performed.”* The structures were refined
with full-matrix least-squares on F* using SHELX-L.***' The
crystallographic and experimental details are given in Table S1
and are deposited in CIF format in the Cambridge Structural
Database with CCDC numbers 2084039—2084046.

Sample Doping by Melting. Samples of 4.1 mg of
ambient-pressure polymorphs (a-phase) of selected com-
pounds listed in Table 2 were mixed by grinding with a

https://doi.org/10.1021/acs.jpec. 1¢07297
J. Phys. Chem. C 2021, 125, 23501-23509
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Table 2. List of Selected Host Samples and Compounds Used as Dopants

host compound
resorcinol
resorcinol
resorcinol
resorcinol
resorcinol
imidazole (Im)
benzimidazole (BzIm)
benzimidazole (BzIm)
2-methyl benzimidazole (M-BzIm)

dopant
L-tartaric acid (1-Ta)
pL-tartaric acid (p1-Ta)
p-tartaric acid (p-Ta)
2-methyl benzimidazole (M-BzIm)
5,6-dimethylbenzimidazole (dM-BzIm).
2-methyl benzimidazole (M-BzIm)
2-methyl benzimidazole (M-BzIm)
5,6-dimethylbenzimidazole (dM-Bzlm)
5,6-dimethylbenzimidazole (dM-Bzlm)
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Figure 1. (a) Molecular volume (V,, = V/Z) of resorcinol polymorphs a, f3, &, and ¢ plotted as a function of pressure. All ESDs are smaller than the
plotted symbols. The empty symbol represents the ¢ phase obtained from a mixture of resorcinol with tartaric acid at 0.1 MPa (this data point was
determined in ref 24). The insets show single crystals of polymorphs grown in situ in the DAC (cf. Figures S1-53). (b) Unit-cell parameter as a
function of pressure for polymorph ¢ (triangles) and polymorph { (circles); parameters a, and ¢, have been divided and multiplied by 2, in order to

accommodate all plots in one drawing.

dopant at 5, 15, and 25 wt % ratios and recrystallized by
freezing the melt, following the procedure reported for a-
resorcinol mixed with p-tartaric acid (p-Ta) by Zhu et al.**
Each of these mixtures, as well as the reference sample of the
pure compound, was heated on the thermal stage of a
microscope until all crystal grains were molten, after which the
samples were left to cool down to room temperature and
recrystallize (Figure $9). The cooling of the molten mixture
from ca. 370—300 K took about 10 min, but the molten sample
froze in few seconds. Subsequently, the samples were
characterized by PXRD using a Bruker D8 diffractometer
operating in the #—26 geometry with a Johansson mono-
chromator, 4(Cu Ka,) = 1.54060 A, and a LynxEye silicon-
strip detector. The PXRD patterns were compared with the
reference patterns calculated for the pure-compound phases as
well as the applied dopant.””** In this way, the polymorphs
constituting the samples were identified, and their ratio was
established by comparing the intensities of reflections.
Milling Mixed Samples. Preparation of doped samples,
analogous to those obtained in the melting and freezing
process, by milling mixtures of 4.1 mg of the ambient-pressure
polymorph with the dopants listed in Table 2 at 5, 10, 15, 20,
and 25 wt % was attempted. The samples were milled in
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hardened steel containers with several steel balls at a frequency
of 30 Hz for 4 h. An MM 400 mill was used for all the powder
samples. The subsequent PXRD patterns showed no changes
in the ambient-pressure components in the mixtures, and no
high-pressure polymorphs were detected.

B RESULTS AND DISCUSSION

High-Pressure Crystallization. We used the methods of
in situ isothermal recrystallization and isochoric recrystalliza-
tion to explore the stability regions of resorcinol polymorphs
under pressure. The crystallization conditions were addition-
ally varied by changing the solvent (methanol, ethanol, water,
and their various mixtures), concentration of resorcinol, and
temperature and pressure region chosen for nucleating and
growing crystals. The crystallization was performed slowly to
prevent kinetic nucleation and to obtain high-quality single
crystals; their morphology and high-accuracy XRD data were
used for identifying the polymorphs. The crystallization
process and transformations of the sample crystals and their
compression and decompression were observed through a
microscope. In this way, we could repetitively obtain and
identify any of the four polymorphs @, f3, & and { of pure
resorcinol in the pressure region up to 1.20 GPa (Table 1).

23503 https//doi.org/10.1021/acs jpec. 107297
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High-quality single crystals of polymorph & were grown in
isochoric and isothermal conditions between 0.20 and 0.70
GPa (Figures S1 and S2). Upon releasing the pressure, the &
crystals were crushed into small pieces below 0.20 GPa due to
the strain induced by the first-order phase transition to
polymorph a, identified by PXRD both for the sample kept
below 0.20 GPa in the DAC and for the powder recovered to
ambient conditions. The single crystals of polymorph & could
be compressed to 1 GPa, at which they were crushed. By
performing in situ PXRD measurements, we confirmed that the
tiny fragments are still in the & phase. The damage was due to
mechanical reasons caused by anisotropic strain in the
elongated crystal samples bridging the opposite edges of the
steel gaskets (Figures S1 and S2), which plastically deformed
when the pressure in the DAC was increased. All
recrystallization procedures above 0.70 GPa resulted in crystals
of a new polymorph ¢ (Figure S3). All these observations show
that polymorph ¢ of resorcinol is stable between 0.20 and 0.70
GPa and that polymorph { is stable at still higher pressure.

High-pressure SCXRD structural studies on polymorph &
showed that its molecular volume is smaller than those of
polymorphs « and f in the all pressure ranges from 0.1 MPa to
1 GPa (Table 1, Figure 1a), but above 0.70 GPa, polymorph ¢
is significantly denser than polymorph &. This information
corroborates the conclusions on the stability regions of
polymorphs ¢ and { drawn from the high-pressure recrystal-
lization, microscopic observations, and SCXRD/PXRD studies
(Figure 1 and Figure S4). The p—T phase diagram outlined by
us (Figure 3b) is consistent with the previous observations
reported in the literature, with the reservation that, previously,
the solid polymorphs @ and f# were only compressed and not
dissolved. In those experiments, polymorphs @ and f persisted
to 5 GPa"**"" owing to the molecular conformations (Figure
2, Table 1) coupled to H-bonding networks (Table 1, Figure

Figure 2. H-Bonded neighbors around the exactly superimposed
central molecule (gray) in resorcinol polymorphs: @ (red), # (navy
blue), & (green around molecule A and yellow around molecule B),
and ¢ (purple around molecule A and fern around molecule B). H-
Bonds are indicated in cyan.

S6), preserving the present forms, although alternative
structures could acquire a lower Gibbs free energy. This
behavior, responsible for the extensive hysteresis,"" clearly
corresponds to different Gibbs functions associated with the
polymorphs, as illustrated in Figure 3a. These results compared
to those obtained in Kahr's group” led us to the conclusion
that high hydrostatic pressure causes some effects similar to
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those of doping resorcinol with tartaric acid, which results in
the crystallization of polymorph € at 0.1 MPa. Because of the
instability of resorcinol ¢ at ambient pressure, we could not
determine its unit-cell dimensions at 0.1 MPa, and in Figure 3,
the dimensions previously determined by Kahr's group™ for
resorcinol doped with tartaric acid are plotted.

Apart from the lowest molecular volume (the highest
density), the unique features of polymorph {—among the
group of structurally determined resorcinol polymorphs a, f, ¢,
and {—are the centrosymmetric space group (Table 1) and
that, in the crystal structure of {-resorcinol, the molecules are
H-bonded into layers, which contrasts with the three-
dimensional H-bonded networks in the other polymorphs
(Figures S6—S8). It is remarkable that the compression of the
layered structure of polymorph { is hardly anisotropic, as
illustrated by the compression of the unit-cell parameters in
Figure 1b. The polymorphs also differ in the conformations of
hydroxyl groups, approximately described as either anti—anti
(polymorph @) or anti—syn (polymorphs f, € and ¢). The
descriptors “anti” and “syn” refer to the positions of ideally
located hydroxyl hydrogen atoms with torsion angles C2—C1—
O1-H and C2—-C3-03—H equal to 180° or 0°, respectively.
The largest distortions from these ideal values are present in
polymorph & (Table 1). The hydroxyl group conformation
indicates the direction of the H-bonds to the neighboring
molecules (Figures S6—S8). The orientation of these close
neighbors is further varied by torsion angles C—0O--O-C
(Figure 2). Undoubtedly, there are no easy paths for the
molecules to change their arrangements and aggregation
topologies by way of solid-to-solid phase transitions.

The polymorphic landscape of resorcinol as a function of
pressure and temperature can be described by four Gibbs free
energy functions shown in Figure 3a, and the p—T diagram in
Figure 3b contains four polymorphs of resorcinol within the
pressure range of 0—1 GPa. These results show that, at 300 K,
polymorph S is metastable in all ranges of investigated
pressure. Consequently, the recrystallization experiments
yield the sequence of polymorphs @, €, and ¢.

Owing to the wide hysteresis of resorcinol polymorphs, their
volume compressibility f#, = —(1/V) dV/dplr_sesx could be
independently determined at 0.1 MPa at 296 K (Figure la):
for polymorph a the compressibility, f,, is 0.140 GPa™'; for
polymorph f# it is 0.091 GPa™'; for polymorph e it is 0.081
GPa™; for polymorph ¢ the compressibility could be measured
only above 0.7 GPa where it is equal to 0.048 GPa™'. This
significantly smaller f3, for polymorph ¢ results from (i) the
clearly nonlinear compressibility decreasing with increasing
pressure for molecular crystals, as well as (ii) the reverse
dependence of the compressibility on the density, clearly
observed for polymorphs @, f, and & (Figure 1a). These effects
and the magnitudes of compressibility measured for resorcinol
are typical of molecular crystals with hydrogen bonds. For
example, in imidazole, at 0.1 MPa/296 K, f3, is 0.15 GPa™', but
it decreases to 0.07 GPa™" at 0.7 GPa.”” In benzimidazole at
0.1 MPa the compressibility is similar, about 0.13 GPa™!, for
polymorphs a and f3, but the magnitude of f, at 0.7 GPa in
polymorph /# decreases to 0.07 GPa™.'*

Structural Model of Internal Pressure. The formation of
polymorph ¢ in the frozen melt of resorcinol mixed with p-Ta
suggested that mixing produces a similar effect as compression.
Below, dopant molecules are indeed shown to be able to
induce internal strain mimicking external compression. The
generation of the internal doping pressure (ps) requires that

https://doi.org/10.1021/acs jpec. 1¢07297
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Figure 3. (a) Schematic diagram of the Gibbs free energy function vs pressure at 296 K and vs temperature at 0.1 MPa for resorcinol polymorphs a,
f, & and {. Minimum pressure values for crystallizing polymorphs ¢ (P,) and { (P) are indicated; P; marks the postulated equilibrium boundary
pressure between polymorphs @ and f# in their metastable region. (b) p—T phase diagram of resorcinol; the dashed lines indicate phase boundaries
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Figure 4. Schematic illustration of (a) a random distribution of single dopant molecules (large open circles), (b) dopant inclusion, and (c)

dopant—host cocrystal inclusion in the host lattice (small dots).

the dopant molecule be embedded in the host structure, in
which the host lattice is preserved (Figure 4a), and that no
inclusions of dopant aggregates are formed (Figure 4, parts b
and c). In the structure where the isolated dopant molecules
are on average separated by n host molecules, the dopant-to-
host molar ratio (¢;) is

¢ =[n+1P-11" (1)

According to this formula, the average separation n = 1
implies a molar ratio equal to 1:7 (14.3% dopant), n = 2 gives a
ratio of 1:26 (3.8%), n = 3 gives a ratio of 1:80 (1.25%), etc.
For large n values, ¢; can be approximated by the molar
concentration of the dopant in the mixture, equal to (n + 1)~>.
Assuming that the isotropic host and dopant molecules have a
regular structure, the internal doping pressure can be assessed
by the following formula:

B = KoedV/V, @)

where K, is the bulk modulus of the pure host compound, 6V
is the difference between the molecular volumes of the dopant
and host, 8V = (V4 — V,), and V,, is the molecular volume of
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the pure host compound. Bulk modulus K, can be substituted
with volume compressibility (K, = 1/f,), and eq 2 can be
rewritten in the form pg = (1/f,)cad0V/ V..

Equation 2 has been derived with the assumptions of
isolated dopant molecules embedded in the host lattice, the
same bulk modulus (K,) describing the compression of the
pure host and the doped crystal, and a spherical shape and
isotopic interactions of all molecules. Thus, the effects of
mismatched directional interactions, conformational flexibility,
etc. are neglected. The obtained type of solid mixture (Figure
4) strongly depends on the method of crystallization and on
the specific properties of the two compounds. For most
compounds, the aggregation or cocrystallization of the dopant
(Figure 4, parts b and c) can be expected to be favored by
dynamic (slow) crystallization, while a random distribution of
isolated dopant molecules in the host lattice (Figure 4a) is
more likely to occur for kinetic processes, such as quick
quenching of molten mixtures. Several different types of
aggregation appear to be able to proceed simultaneously, but
they can be dominated by the nucleation process. In quick and
kinetic quenching of the melt, some parts of the components

https://doi.org/10.1021/acs jpcc. 1¢07297
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can also form films or amorphize, which is difficult to detect by
PXRD. When several types of solidification occur in the frozen
melt, the actual concentration of isolated dopant molecules in
the obtained solid solution is smaller than the ratio of mixed
components. In fact, this effect is the main principle behind the
zone-melting method. These considerations alone show that
milling is very unlikely to result in a uniform distribution of
single dopant molecules in the single-crystal grain (Figure
S10). In practice, the dopant compound must be torn into
single molecules and the host crystals cleaved along every
second or third layer. Melting is much more suitable for this
purpose, which has been fully confirmed by the positive results
of our melting-and-freezing experiments and negative results of
our milling experiments on mixing the various dopant and host
compounds presented below.

In the real liquid solution of the dopant and host molten
mixture, the larger dopant molecules exert some pressure.
Likewise, in the crystal, the structure around larger dopant
molecules is squeezed (Figure S). This internal pressure
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Figure 5. Schematic illustration of the effect of crystal doping (large
open circles represent dopant molecules) on the crystal lattice: the
lattice of a pure compound is represented by black lines, whereas red
dots and lines represent the lattice strained under the internal pressure
generated by large dopant molecules.

mimics the effect of external compression. Consequently, such
doping of a compound can favor nucleation of high-pressure
phases and their stabilization under ambient conditions. Figure
5 schematically illustrates that the microscopic strain induced
by doping can be quite inhomogeneous, which can lead to a
variety of nuclei and mixed phases in the kinetically frozen
mixture. The double role of doping, i.e., the favored nucleation
of the high-pressure polymorph and the stabilization of this
polymorph by the dopant centers, can be explained by the
internal pressure around the dopant molecules.

As explained above, the most efficient generation of strain is
achieved when the dopant molecules do not form clusters in
the structure of host compound. It is apparent that the
equilibria between the intermolecular interactions of host—
host, host—dopant, and dopant—dopant are essential for the
homogeneous distribution of the dopant molecules in the host
structure. Thus, apart from the molecular volume, also the
compatibility of intermolecular forces types in the interactions,
such as hydrogen bonds, van der Waals interactions, or halogen
bonds, should be considered as the microscopic properties of
the host and dopant compounds, or their hydrophilicity,
lipophilicity, and miscibility as the macroscopic properties.
Besides, the method of mixing the compounds may be crucial
for obtaining the high dispersion of dopant molecules in the
host structure, e.g., quick freezing from the melt, milling types,
etc.

High-Pressure Polymorphs under Ambient Condi-
tions. We tested the concept of doping pressure for
crystallization of resorcinol and several imidazole derivates,
for which high-pressure phases were previously reported.'****
The formulas of these compounds and their molecular volumes
are shown in Scheme 1.

The dopant compounds were chosen according to their
molecular volume, larger than that of the host compound. The
volume of Ta molecules is only approximately 5% larger than
that of resorcinol; however, the mismatched interactions with
the crystal environment can cause additional strain. The results
of quantitative PXRD on the frozen resorcinol—dopant
mixtures are summarized in Table 3 and Table S6. The
polymorphs were identified by comparing the measured PXRD
patterns with those generated for the crystal structures of the
polymorphs, and the quantities of the components were
calculated from the intensities of reflections (Figures S11—
$26). The 15 wt % addition of pL-Ta to resorcinol yielded the
largest amount of polymorph & (Table 3) mixed with
polymorph f. In accordance with Ostwald’s rule of stages,
the presence of polymorph f is expected due to its stability

Scheme 1. Molecular Formulas, Abbreviations, and Molecular Volumes, V,,, of Compounds Used for Our Doping Tests at

Ambient Pressure”

COOH
HO OH H— C OH
H— c OH ( j
COOH
Res DL-Ta Im
V,=142.0A% V,=147.2A3 V.=8724°

CH3
N/ NH N/ NH
BzIm M-Bzlm dM-Bzlm
V,=159.3A° V,=1 75.0A%  V,=206.9A°

“The V,, values of these compounds have been calculated according to their crystal data (refs 27 and 45—50).
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Table 3. Polymorphs of Resorcinol Obtained in Molten and
Frozen Resorcinol/Dopant Mixtures

dopant pressure resorcinol
dopant (wt %) Ca pa (GPa) polymorphs
1-Ta 15% 0.1295 0.52 15% [1:85% €
p-Ta 15% 0.1295 0.52 12% [:88% &
pr-Ta 15% 0.1295 0.52 10% f:90% &
M-BzIm 15% 0.1470 0.42 77% [:23% €
M-Bzlm 25% 0.2777 0.79 31% [:69% &
dM-Bzlm 25% 0.2509 1.26 31% [:69% &

temperature being below the melting point at 0.1 MPa. The
internal pressures calculated according to eq 2 are given in
Table 3 (Tables $4—S6).

Analogous experiments were conducted for imidazole and its
derivatives (Table 4 and Table S6), for which the ambient- and

Table 4. Polymorphs of Imidazole, Benzimidazole (BzIm),
and 2-Methylbenzimidazole (M-BzIm) Doped with the
Compounds Listed in Table 2 (cf. Scheme 1) at 5, 15, and
25 wt % Ratios

dopant (wt %) € dopant pressure p; (GPa)  Im polymorphs
Bzlm 5% 0.0303 0.17 100% a
Bzlm 25% 0.1920 111 35% a:65% f
M-Bzlm 25% 0.1716 1.34 64% a:36% f
dopant (wt %) c,, dopant pressure py (GPa) BzIm polymorphs
M-Bzlm 5% 0.0469 0.07 100% f
M-Bzlm 15% 0.1588 0.22 5% a:95% f}
dM-Bzlm 15% 0.1436 0.44 13% a:87%
dopant pressure
dopant (wt %) [ pa (GPa) M-BzIm polymorphs
dM-BzIm 5% 0.0475 0.10 100% a
dM-Bzlm 15% 0.1606 0.36 23% a:77% p
dM-Bzlm 25% 0.3012 0.67 18% a:82% /i

high-pressure polymorphs were previously determined.'®*"**

They showed results similar to those obtained for the doping
experiments with resorcinol in that, in most cases, the high-
pressure phases prevailed for benzimidazole (BzIm): the space-
group symmetry of ambient-pressure polymorph a is Pna2,,"”
and that of polymorph f stable above 0.23 GPa is Pecn.' In
the experiment of mixing BzIm with 5% dM-Bzlm, we
obtained a 100% yield of doped BzIm polymorph f. This
was the only case of full yield of the high-pressure polymorph
in all our experiments. This doped f-BzIm sample was stable
for at least several months. The series of experiments on
doping 2-methlybenimidazole (M-BzIm) with $,6-dimethiben-
zimidazole (dM-BzIm) gave in the case of M-BzIm mixed with
5% dM-BzIm only the ambient-pressure phase «a-M-Bzlm,
which was consistent with the internal pressure py (cf. eq 2,
Table 4) being lower than the pressure of 0.26 GPa”’ required
for stabilizing pure polymorph f-M-BzIm. However, 15% and
25% doping caused the formation of the f-M-BzIm polymorph
as the main component of the frozen mixture (Table 4).

The absence of the higher-pressure polymorph ¢ in any of
the doped samples shows that sufficiently high internal strain
cannot be generated by increasing the dopant concentration
alone. It appears that when the dopant concentration exceeds
some value (which may be different for different host and
dopant compounds) the pressure does not increase linearly as
a function of ¢y, as suggested by eq 2. This can be expected,
because the regions of the host structure decrease when ¢4
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increases and there are fewer single-dopant centers, which are
most efficient in exerting strain on the host structure
environment, while there are more larger clusters of the
dopant molecules, less efficient in generating strain. Second,
the higher-pressure polymorph ({) may require a close crystal
packing possible only for tightly fitting identical molecules. It is
also possible that Ostwald’s rule of stages remains valid for the
nucleation of polymorphs in the doped-sample conditions,
even when the internal strain exceeds that required for a new
phase. At present, more experimental information is required
to better understand the doping and high-pressure poly-
morphism.

Bl CONCLUSIONS

Rational doping by molecules larger than the host compound
molecules can generate an internal strain in the melt, which
mimics external compression and leads to high-pressure
polymorphs. The doping pressure concept requires that single
dopant molecules larger than the host molecules be randomly
distributed in the host melt and crystal structure. Then, the
internal pressure can be assessed from the molecular volume
difference, dopant concentration, and host bulk modulus. The
doping pressure is strongly inhomogeneous, but it shifts the
thermodynamic equilibrium for nucleation toward high-
pressure polymorphs and stabilizes them under ambient
conditions. The optimized doping agent, its concentration,
and the conditions when freezing the molten mixture can lead
to a high or even full yield of desired high-pressure
polymorphs. Undoubtedly, rational doping provides access to
high-pressure polymorphs under ambient conditions and to
their practical applications, for example, as APIs. The dopant
properties can be adjusted for the envisaged applications of the
product; for example, they may be chosen to improve the taste
or bioaccessibility of the API. The high-pressure polymorphs of
resorcinol appear much less puzzling than the polymorphs in
varied-temperature studies alone. In the sequence of high-
pressure phases, their increased density is obligatory, while
their symmetry changes (Table 1) are not generally required,
although they occur in most of the first-order phase transitions.
These relations between resorcinol polymorphs a and ff as a
function of temperature, the unexpected density change, and
the same space-group symmetry type appeared particularly
confusing in the 1930s, when resorcinol happened to be the
first example of structurally characterized polymorphs of any
organic compound.”””® The extended hysteresis of the
transition between phases a and f only complicated the
description. For these reasons, resorcinol was excluded from
some of the most prominent reviews and textbooks on
polymorphism. Presently, the case of resorcinol can be
regarded as a clear illustration of the necessary and sufficient
conditions in thermodynamics.”'
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