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The occurrence of ultra-low frequency oscillation mode as
observed by means of periodic DFT calculations at I' point in a
molecular crystal at ambient conditions can be a valuable predictor
of imminent pressure-induced phase transition. We illustrate it with
a series of polymorphs of diacetyl-pyrenes, for two of which such
soft-modes indicated the trajectory of pressure-induced structural
reorganization at ~0.8 GPa. Notably, susceptibility to pressure-
induced phase transformations could not be predicted based on
material's thermodynamic characteristics, and there were no
unequivocal clues in their crystal packing.

Determination of the physicochemical properties of solid materials,
such as their stability, remains one of the hottest objects in modern
materials sciences."” Predicting the occurrence and outcome of a
phase transition appears particularly attractive. The appearance of
a low-frequency vibrational mode can be a valuable indicator of the
imminent phase transformation®* and has been understood and
exploited as such in the field of inorganic, in particular magnetic,
materials. In the field of molecular materials, however, the assess-
ment of vibrational properties in order to predict phase transfor-
mation has been utilized but rarely. A recent successful study of
lattice dynamics of polymorphs of quinacridone showed that such
an assessment may indeed have predictive power as to the prob-
ability and modes of temperature-induced phase transitions in
functional organic materials.”> On cue, an experimentally deter-
mined lowest-frequency vibration in 1,2,4,5-tetrabromobenzene
(TBB) represented a rotational ‘gateway’ mode for inducing the
temperature-dependent phase transition from B to y-TBB.® Impor-
tantly, the presence of this crucial mode was reproduced by
periodic DFT calculations.
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The appearance of a low-frequency mode has also been known
to indicate the onset and trajectory of a pressure-induced phase
transition in certain minerals. The calcite I to calcite II symmetry-
lowering transformation, observed experimentally at ~1.5 GPa,
has been shown to be forecast by theoretically predicted negative-
frequency mode at 0.8 GPa.” It must be stressed that in contrast to
the multi-temperature studies, experimental search of ultra-low
frequency modes by means of terahertz IR/Raman spectroscopy at
variable pressure is wrought in difficulties due to the necessity of
sample placement in a specialized container and only available at
a limited number of facilities worldwide. Hence, the ability to
predict structural transformations by means of theoretical com-
putations may be the only reasonably accessible option.

Similarly to TBB, the isomers of diacetylpyrene represent a
family of rigid, flat molecules which readily crystallize under a
variety of conditions. Contrary to the initial assumptions,® they
yield multiple polymorphs under standard conditions.>"°
Originally reported diacetyl-pyrene polymorphs, further marked
as o, display crystal structures based on ‘tapes’ of flat molecules
and dominated by C-H- - -7 interactions. The new (f3) polymorphs
more recently described by our group display packing based on
n-- -1 stacking of the flat molecules in the main crystallographic
direction and hence distinct morphologies and luminescent
properties. Most importantly, while apparently stable in a wide
temperature range, certain a-polymorphs of diacetyl-pyrene (2" AP-
o, 2°AP-a) have been found to undergo displacive single-crystal-to-
single-crystal (SCSC) phase transitions at increased but relatively
low pressure of 0.8 GPa. On the other hand, the  polymorphs
stabilized predominantly by n-stacking did not show any indica-
tion of SCSC phase transitions up to and beyond 2.0 GPa.

Having recently characterized new polymorphs of the 1,3-
diacetyl pyrene’" and 1,6-diacetyl pyrene (described in ESIt), we
were in position to perform a comparative study on a whole set
of diacetyl-pyrene isomers. Our goal was to determine whether
the propensity for pressure-induced SCSCs could be linked to,
and predicted by, the crystal packing features, relative poly-
morph stability, the vibrational enthropy or the presence of
low-frequency vibrational modes.
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Table1l Summary of the investigated diacetyl-pyrene polymorphs and their thermodynamic properties. All energies are reported per single molecule of
diacetyl-pyrene. The energy terms indicate: Ej,-lattice energy, E¢e-total electronic energy, S,i,-vibrational enthropy estimate, G-Gibbs free energy, as
described in the main text. Relative differences in energy (4) were calculated by subtracting given energy of o form from that of g form, i.e. AE = E(B) —

E(a), hence the AE for each o form is always 0

2"AP 2°AP 2’AP
/o s\ \_( / \ y
$eoes boled balel
Kh\/;\/_‘/ r\m/_\, _v N/

Form o’ p° o g o B
Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic
Space group P2,/c Fdd2 Pnma P2,/c P24/n P2,/c
zZ 4 8 4 4 2 4
z 1 0.5 0.5 1 0.5 2 x 0.5
a[A] 8.13770(10) 4.69175(9) 7.2159(2) 7.15110(13) 9.2009(4) 8.02950(10)
b [A] 22.9058(3) 35.5546(5) 16.4984(4) 10.90793(19) 7.3090(3) 23.1438(4)
c[4] 7.23590(10) 16.2326(3) 11.2994(2) 17.7744(3) 10.0763(5) 7.45590(10)
B 93.7010(10) 90 90 102.4944(19) 98.993(5) 95.865(2)
Vv [3] 1345.96(3) 2707.81(8) 1345.20(5) 1353.63(4) 669.30(5) 1378.30(4)
Density [g cm™] 1.413 1.405 1.418 1.405 1.421 1.379
Melting point [°C] 162/161.7% 157 181/179.0% 174 206/205.7%¢ 196
HP phase transition Yes Yes No
CRYSTAL17 calculations at (I" point)
Soft mode v [em™] 3 None” -19 None” None” None”
Ejaee [K] mol™] —~177.6 —~178.0 —174.3 ~172.6 —177.9 —172.9
AEa [K] mol™'] 0 —0.4 0 1.7 0 5.0
AEg [k] mol™'] 0 —2.3 0 —0.9 0 1.7
ATS,ip, [k] mol ] 0 —4.7 0 0.9 0 4.8
AG/ [k] mol '] 0 2.1 0 —1.2 0 0.4
Normal modes refinement
Soft mode v [em '] 18/18° 17/39°
ATS,, [K] mol '] 0 1.1/1.1° 0 1.0/2.0° 0 —0.3/0.1°
AGyomore [KJ mol™"] 0 —2.4/—2.4° 0 —1.8/—2.8° 0 3.5/3.2¢

“ Melting points in italics were determined from DSC by Rajagopal et al.® * No soft modes -no non-translational vibrational modes with v < 18 cm™

1

¢ Properties obtained with 5/12 lowest frequency modes refined accordingly.

Crystal structures of all considered polymorphs have been
redetermined at 100 K based on relatively high-resolution data
for the sake of consistency (Table 1). In order to verify the
occurrence/absence of pressure-induced phase transformations
in 2’AP polymorphs, we conducted a series of single-crystal high-
pressure X-ray diffraction experiments. A total of two datasets
per each 2’AP polymorph were collected and crystal structures
determined at pressures of ~0.5 GPa and 2.0 GPa, showing no
indication of SCSC phase transitions (Section S2.1 in ESIt).

In order to systematically analyze relative stabilities of the
polymorphs and gain insight into lattice dynamics of the studied
materials, we optimized the initial experimental crystal geometry
for all systems (Table 1) with unit cell parameters fixed at X-ray
determined values (functional: B3LYP-D3, basis set: 6-31G(d,p),
using CRYSTAL17,"* details in ESIt). Based on optimized struc-
tures, we calculated: (a) lattice Ej, and total electronic Ee
energies, (b) vibrational frequencies and their normal mode
vectors at I' point of the Brillouin zone (BZ). Corresponding
Gibbs free energies G were derived according to the formula:

G = Eele + ZPE + Hvib +pV — TSvib (1)

where ZPE stands for zero-point oscillation energy, i.e.: energy
contribution from quantum oscillations present in the system
even at 0 K, H,;, is a vibrational enthalpy and S, is the

20746 | Phys. Chem. Chem. Phys., 2024, 26, 20745-20749

vibrational enthropy estimate. We note in passing, that for
the very crystal forms which were prone to pressure-induced
phase transitions, namely 2”AP-a and for 2° AP-a, we indeed
observed ultra-low or negative-frequency oscillation modes
(soft-modes in Table 1).

In many instances relative polymorph stability can be gauged
from their lattice energies FEy alone.”*'* The polymorphs of
diacetyl-pyrene isomers however show very comparable lattice
energies (Table 1), and already proved challenging from the crystal
structure prediction point of view.® This prompted us to investi-
gate all components of Gibbs free energy between polymorphs.
It was shown that entropy (S),"* ZPE," or H,;'® can alter the
stability order of polymorphs at a given temperature. However,
accurate determination of these thermodynamic properties solely
through computations remains challenging, requiring calculation
of vibrational frequencies and their normal mode vectors at
multiple points in the BZ. Such an approach has very high
computational costs. We turned instead to dynamic quantum
crystallography methods, which postulate, that certain informa-
tion about the vibrations in crystal structures can be gained from
the diffraction data and atomic displacement parameters (ADPs).
We applied normal mode refinement (NoMoRe),"”'® based on a
direct adjusting of selected vibrational frequencies from DFT
calculations at I' point of BZ against single crystal X-ray diffraction
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data, thus obtaining a much more comprehensive description of
the lattice vibrations (see ESIt for details). We then calculated the
more exact vibrational contributions to the Gibbs free energy,
namely ZPE, H,;;, and S,;, based on the refined frequencies. Such
an approach can yield thermodynamic properties in excellent
agreement with calorimetric measurements.'® We validated our
computational approaches by how well they reproduced the
relative polymorph stability based on experimentally established
melting points.

All the originally discovered o polymorphs of diacetyl-pyrene
isomers emerge uniformly as those characterized by the higher
melting point (Table 1). This trend was not reproduced by
either lattice energies or Gibbs free energies computed for
analyzed systems. Only the 2’AP polymorphic system appears
as monotropic,'® with the 2’AP-o displaying the lowest lattice
energy Ej., electronic energy E.. and Gibbs free energy G
irrespective of the calculation method. The vibrational entropy
contribution in this system is small and indeed negligible
after the NoMoRe refinement, varying between —0.3 kJ mol "
to 0.1 kJ mol*, for different approaches.

In the case of the 2”AP and 2°AP polymorphic systems,
namely the systems where pressure-induced phase transitions
could occur, the results were much more ambiguous. The
differences in Ej, between o and [ forms are very small
(<1 kJ mol " for 2”AP and <2 kJ mol ™" for 2°AP), approaching
the threshold of accuracy achievable with density functional
theory (DFT).>**' The differences in Gibbs free energy at
I'-point in these cases were also very similar, with AGr not
exceeding 2, and reproduced the order of the melting points
only in the case of 2°AP. Dynamic quantum crystallography
approach (NoMoRe) yielded lower Gibbs free energies and
indicated as more stable the 2”AP-f and 2°AP-f polymorphs,
in disagreement with experimentally determined melting
points. Notably, 2°AP-B shows significant anharmonic vibra-
tions above 200 K,** only superficially accounted for in our
calculations (see Section S1.7 of ESI} for details).

All B polymorphs, stabilized predominantly by the n-
stacking of molecules in one of the crystallographic directions,
displayed more pronounced atomic displacement parameters
even at 100 K (Fig. 1) for at least one of the independent
molecules, in agreement with their lower densities. Such a
feature should correlate with more stabilizing vibrational con-
tributions to G, in particular with TS,;,. Considering the results
from DFT calculations at I" point, no such correlation can be
observed. However, this approach does not take into account
acoustic modes, which also contribute to entropy and should
be better accounted for in the NoMoRe approach. Indeed, in
the case of 2”AP and 2°AP isomers, the § polymorphs showed a
non-negligible stabilizing enthropic component to their Gibbs
free energy after selected low-frequencies were refined against
X-ray diffraction data. Somewhat surprisingly, the vibrational
enthropic component 7S, obtained in NoMoRe appears
smaller for the exact o polymorphs which showed the presence
of soft- or ‘gateway’ vibrational modes and propensity for
pressure-induced phase transitions. However, since the relative
differences in TS,;, do not exceed 2 kJ mol™?, the noted trend
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Fig. 1 Comparison of the atomic displacement parameters between the
a—PB polymorphs of diacetyl-pyrene as determined at 100 K. Only half of
each molecule has been drawn for easier comparison. All ADP-s are drawn
at 90% probability level. Notably, all B polymorphs display more prominent
atomic displacement parameters involving in-plane oscillations of the
pyrene moieties.

is within the accuracy limit of the current computational
approach.

Apparently neither Ej,« nor AG or ATS,;, as computed here
can be an indicator of the imminent pressure-induced phase
transformation. Our dynamic quantum crystallography models
turned out to be insufficient even to describe minute discre-
pancies in Gibbs free energies for the polymorphic systems of
diacetyl-pyrene isomers. Reasons for this insufficiency may
stem from refinements performed against diffraction data at
100 K only or from conducting frequency calculations essen-
tially within harmonic approximation. Last but not least,
models from NoMoRe based on adjusting of only a few fre-
quencies appear too simplified even for such relatively rigid
compounds. Improving the accuracy of the NoMoRe approach
will be the object of future studies.

Nor can the propensity for pressure-induced phase transi-
tion be easily inferred from the comparative investigation of the
intermolecular interaction networks (Fig. 2). While the very
characteristic stacks of molecules in the B polymorphs with
their dominant interaction energies seem to prevent pressure-
induced phase transitions, there are no clear clues among the o
polymorphs. Intermolecular interaction networks of 2”AP-u
and 2°AP-o the materials prone to pressure-induced phase
transformations appear less ’interaction dense’ than of 2'AP-
a. It is conceivable to descry ‘voids’ in which there are no strong
interactions, allowing for tilting of the molecules under exter-
nal stimuli. It would appear that a molecule in 2’AP-o is more
consistently stabilized than molecules in 2”AP-o or 2°AP-o. and
has literally no space to change its orientation. However, this
kind of consideration is rather ambiguous and not easily
transferable to a wider variety of organic materials.

Most importantly and conclusively, for the very crystal forms
which were prone to pressure-induced phase transitions, we
observed ultra-low frequency modes, which in the case of 2" AP-
o amounted to only 3 em " at I' point while in the case of
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Fig. 2 Crystal packing of diacetyl-pyrene polymorphs seen from one
arbitrary direction. Energy frameworks calculated with CrystalExplorerl7
are overlaid on the crystal packing motifs. Blue tubes represent the total
intermolecular interaction energies more negative than —10 kJ mol™ and
their thickness is scaled by the |E|.

2°AP-o turned out to be an imaginary mode (—19 ecm ™). Upon
applying the NoMoRe approach, providing a more generalized
view, both frequencies refined to well-defined positive values
(Table 1), confirming the meaningfulness of these vibrations.
Careful inspection of the trajectories of these ’soft’ modes
proved that these vibrations in each instance coincided exactly
with the reorientation of the molecules occurring in the course
of the pressure-induced phase transitions (Fig. 3).

In the case of 2”AP-o the transformation involved tilting
a molecule along its main axis, in this instance parallel to
and out of the existing molecular tape, thus reorganizing a
network of intermolecular interactions.’ The exact same tilting
motion of the molecule constituted the soft-mode in question.
In the case of 2°AP-o the transformation also involved
tilting the whole molecule along its main axis, coinciding with
the crystallographic [001] direction, and out of the crystallo-
graphic mjyg,0) plane. As the tilt became more prominent, the
m[o10] Symmetry would no longer be present in the resulting
new phase.

In the case of the third isomer of diacetyl-pyrene, neither of
the polymorphs showed any indication of an oncoming phase
transition up to 2.0 GPa. The only noticeable structural changes
occurring with pressure were molecules shifting steadily closer
towards each other. There were no indications of tilting or
rotating of molecules (see Section 2.1.1 of ESIt for details).
Likewise, no low-frequency modes other than the usual transla-
tional ones could be found among the calculated crystal vibra-
tional modes for both 2’AP-o and 2'AP-f.

The occurrence of a single low-frequency oscillation mode in
the course of theoretical calculations can thus be shown as a
predictor of the possible pressure-induced phase transition.
Moreover, it can indicate the direction in which such a trans-
formation would proceed, allowing to forecast certain proper-
ties of a new phase, such as symmetry lowering. Computational
approach proposed here for detecting low-frequency modes is
relatively accessible to a wide community of users and for a
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'soft mode' phase transition at high pressure

Fig. 3 Representations of the soft modes detected in the case of 2" AP-a and
2°AP-o. polymorphs (on the left) and the overlays of the crystal structures from
1 atm (blue) and ~1 GPa (orange) illustrating the molecular shifts induced by

increased pressure (right). Notably in the case of 2’AP-a the crystal structure
undergoes compression without showing a tendency for molecules to tilt.

larger variety of molecular systems and comes with a bonus in
the estimates of all components of Gibbs free energy.

While there were a few notable cases of quantitative phase
transition characterization in molecular crystals at non-ambient
conditions by computational means, these involved exclusively
simple compounds such as ammonia®* or urea® with a very
small (<20) number of atoms and electrons per unit cell. More
importantly, reliable modeling of properties for such materials
(e.g.: relative stabilities, Raman frequencies) required methods
such as Mpoller-Plesset perturbation (MP2) or even coupled
clusters (CCSD(T)),>** absolutely prohibitive for larger molecules
in terms of computational cost and convergence success rate.

Our simplified approach to qualitatively analyze the materi-
al’s oscillation modes and interpret them might in that context
be the only viable option for larger (>40 atoms) molecular
systems in the solid state.
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part of the ESL.{
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