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In previous studies [Puszyriska-Tuszkanow et al. Polyhedron, 2011, 30(12), 2016; Nogueira et al. J. Phys.
Chem. A, 2014, 118(31), 5994; Nogueira et al., J. Mol. Struct., 2017, 1148, 111], two different polymorphs of
1-methylhydantoin (1-MH, C4HgN,O,) were identified (forms | and Il) and characterized using infrared and
Raman spectroscopies, as well as by X-ray diffraction. In this work, a new polymorph of the compound
(form 1) is described. The new polymorph was characterized spectroscopically and its structure was
determined for the first time by single crystal X-ray diffraction. Very interestingly, the crystal of polymorph
11l was found to exhibit a high-Z’ (Z' = 3) asymmetric unit and 12 molecules in the unit cell (Z = 12), which
contrasts with the simpler crystal structures found previously for forms | and Il (Z = 4; Z' = 1). Besides, a
thorough study of the polymorphism of 1-MH was performed with the help of state-of-the-art first
principles fully periodic calculations of the structure, as well as infrared and Raman spectra of the different
polymorphs of the compound. Marker-bands in the infrared and Raman spectra of the polymorphs are
proposed for fast spectroscopic identification of the polymorphs.
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activity.'” In that research program we started to investigate
the parent hydantoin compound,”® and then some of its

1. Introduction

Polymorphism is the ability of a compound to exist in
different crystallographic structures, resulting from different
packing arrangements of its molecules in the crystal." It is
nowadays a very active subject of research due to its
implications in many areas, in particular for the
pharmaceutical industry, because different polymorphs of the
same compound may exhibit substantially dissimilar physical
and chemical properties, as well as pharmacokinetics,
bioavailability and bioactivity in general.™*

In the last few years, we have been developing a research
program focused on polymorphism of hydantoins,**° which
are important biologically active compounds receiving many
pharmaceutical uses, such as anticonvulsive, antiepileptic,
anti-inflammatory and  anti-cancer  drugs;'"™'® some
hydantoins have also been suggested to have anti HIV-1
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simpler derivatives, specifically 1-methylhydantoin (1-MH),*’
5-methylhydantoion (5-MH),® and 5-acetic acid hydantoin
and its sodium salt.”’® With exception of the parent
compound, all the previously studied hydantoins share the
common feature of exhibiting polymorphism.”™°

In the case of 1-MH (Fig. 1), we have reported on the
structure, photochemistry and infrared spectra of the isolated
molecule of the compound,® and described for the first time
its second polymorph (form II).” The first known polymorph
of 1-MH (form I) was reported in 2011 by Puszynska-
Tuszkanow and co-workers."®

Fig. 1 Minimum energy structure of isolated 1-MH molecule, as
predicted by DFT(B3LYP)/6-31G(d,p) calculations.
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In this article, we report on a third polymorphic form
(form III) of 1-MH. The new polymorph was synthesized by
recrystallization from a diluted MgCl, aqueous solution, and
a suitable crystal was then used for single crystal X-ray
diffraction structure determination. The crystal was found to
exhibit a rare high-Z' (Z' = 3) asymmetric unit and 12
molecules in the unit cell (Z = 12), which contrasts with the
simpler crystal structures found previously for polymorphs I
and I (Z = 4; Z = 1).”'® The new material was also
characterized by Raman spectroscopy. The experimental
studies have been complemented by state-of-the-art fully
periodic density functional theory (DFT) calculations.

Besides the structural and spectroscopic characterization
of the new polymorph of 1-MH per se, the present study also
compares the properties of this form with those of
polymorphs I and II in order to characterize in a comparative
basis, the dominant intermolecular interactions present in
the different polymorphs.

2. Experimental and computational
methods
2.1. Synthesis of the new polymorph

1-Methlyhydantoin was purchased from Sigma-Aldrich (98%
purity). The crystal screening considered samples of the
compound obtained by recrystallization, at room
temperature, from aqueous solutions with different dissolved
inorganic salts. Crystals of the new polymorph III were
obtained by the recrystallization from an aqueous solution
with dissolved magnesium chloride (MgCl,).

2.2. Raman spectroscopy

Raman spectra (1.5 cm™' resolution) were obtained in the
wavenumber range 50-4000 cm ' with 633 nm HeNe laser
excitation, using a Horiba LabRam HR Evolution Raman
micro-system, equipped with a synapse CCD detector, a high-
stability BXFM open space confocal microscope, and a 600 gr
mm™" grating. The laser power at the sample was ~17 mW,
and the exposure time 30 seconds (accumulated 10 times). A
50% objective lens was used, giving a laser spot diameter of
0.8 pm at the sample.

2.3. X-ray crystallography

The X-ray diffraction data were collected in a Bruker APEXII
diffractometer, at 293 + 2 K, using graphite monochromated
MoKa (4 = 0.71073 A) radiation. Data integration and scaling
were performed with the SAINT suite of programs and
absorption corrections were done using SADABS."’

The structure was solved by direct methods using
SHELXT-2014/5.>° Refinements were carried out with the
SHELXL-2018/3 package®' by full-matrix least-squares on F>,
with anisotropic displacement parameters for all
hydrogen atoms (see ESIf - crystallographic tables, for details
regarding the crystallographic analysis procedures and also
for detailed crystal data). All hydrogen atoms could be

non-
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located on a difference Fourier synthesis; their positions were
refined as riding on parent atoms with an isotropic
temperature constrained to those of their parent atoms using
SHELXL-2018/3 defaults,** except those attached to N atoms
that are involved in hydrogen bonding, which had their
positions freely refined.

A CIF file containing supplementary crystallographic data
was deposited at the Cambridge Crystallographic Data Centre
with reference CCDC 2010673.

2.4. Computational details

Full geometry optimization of the crystal structure and the
prediction of infrared (IR) and Raman spectra of polymorphs
I, II and II of 1-MH have been carried out using the
CRYSTAL17 (ref. 22 and 23) code within the framework of the
density functional theory (DFT). In order to test the accuracy
of different functionals and basis sets, the B3LYP***° and
PBEO (ref. 26) hybrid exchange-correlation functionals, and
the 6-31G(d,p) and pob-TZVP>’ basis sets were used. The
empirical correction for dispersion interaction (DFT-D)
proposed by Grimme*®*?° was also applied in order to
consider van der Waals and other dispersion attractive
interaction forces. In all calculations, the atomic positions as
well as the lattice parameters were fully optimized. The input
structures for the calculations were the experimentally
determined ones published by Puszynska-Tuszkanow and co-
workers,'® and Nogueira et al,” for forms I and II,
respectively, and the structure reported in the present work
for polymorph III

Vibrational frequencies calculations at the I” point have
been done on the optimized geometries, as achieved by the
diagnolization of the numerically calculated Hessian matrix.
The predicted normal modes were included in the discussion
presented in sections 3.5 and 3.6 if the predicted intensity
was >5 km mol " in IR and >5 A* amu™ in Raman. All
predicted frequencies were scaled by a single factor (0.9648)
to allow a better comparison with the experimental data.

3. Results and discussion
3.1. Crystal structure of the new polymorph III

Polymorph III of 1-MH crystallyzes in the orthorhombic
Sohncke space group P2,2,2; with cell parameters a =
7.8466(2), b = 9.8257(3), ¢ = 20.3107(7) A. The unit cell
contains 12 molecules and the space-group has 4 symmetry
operators, therefore the asymmetric unit contain 3 non-
symmetry related molecules (Z' = 3), which are depicted in
Fig. 2.

The packing of the molecules in the crystal results in a
layered structure (Fig. 3), the layers being parallel to the ab
plane and stacked along the c-axis, with the spacing between
the layers being approximately one sixth of the c-axis length
(3.39 A).

There are two distinct type of layers, those formed only by
A molecules (layers located at z = 0 and z = 1/2) and those
formed by B and C molecules (layers located at z = 1/6, 2/6, 4/

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 ORTEP plot showing the anisotropic displacement ellipsoids
and atom numbering scheme for the 3 molecules present in the
asymmetric unit of the crystal structure of polymorph Ill of 1-MH. The
ellipsoids are drawn at the 50% probability level.

[

9

Fig. 3 Projection of the structure of polymorph Il along the
crystallographic b- (top panel) and a- (bottom) axis. Molecules A, B and
C are depicted in green, red and blue, respectively.

6 and 5/6). The layer stacking is thus A, B+ C, B + C, A, ...
along the c-axis. Each of these layers is formed by chains of
molecules joined by N-H---O hydrogen bonds running along
[100], parallel to the shortest crystallographic axis. These
chains are disjoint, as no strong hydrogen bond interactions
connect the chains, only weaker C-H---O and possibly n---n
and C-O---m interactions involving the eletron clouds of the
hydantoin rings.

The hydrogen bonding motif is similar in the two types of
layers (Fig. 4), the N-H groups acting as proton donors
towards the O7 atoms, which act as acceptors. In the B + C
type of layers, two distinct N-H:--O bonds are present, one
where the N3B atom donates the proton to the O7C atom,

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 N-H---O hydrogen-bonding patterns in the A-type and B +
C-type chain of molecules.

and the other with the N3C atom being the donor and the
O7B the acceptor. In the A-type layer, only one type of
hydrogen bonding is present. Details of the hydrogen-bond
interactions are given in Table 1. One can see that the
N-H:---O hydrogen bonds are strong with a °N-H---O angle
close to linear geometry, as expected. The observed N---O
distances range between 2.792(2) and 2.828(2) A, the spread
of distances being small but significant. In addition, short
intermolecular contacts exist between the H atoms bound to
C5 and the 09 atom of neighbour molecules, one of these
contacts being established between chains of the B + C layers
and the other two in the A layers.

3.2. Comparison of the crystal structures of the three
polymorphs of 1-MH

The previously known polymorphs of 1-MH crystallize in the
monoclinic system with space-group P2,/c (form I) and in
the orthorhombic system with space group Pna2; (form
m)."*'"* In both cases, and in contrast with the new
polymorph 1III, there is only one symmetry independent
molecule (Z' = 1) and only 4 molecules in the unit cell (Z =
4). Interestingly, the structures of polymorphs II and III are
acentric, whereas that of polymorph I is centric. A summary

Table 1 Details of the hydrogen-bonding interactions and short and
C-H---O intermolecular contacts®

D-H---A D-H H-A DA 4D-H A
N3-H8A--O7A(i) 0.80(3)  2.03(3)  2.822(2)  172(3)
N3B-HS8B::-07C 0.86(3)  1.94(3)  2.792(2)  171(3)
N3-HS8C---O7B(ii) 0.84(3) 1.99(3) 2.828(2) 176(2)
C5A-H11A--09A(iii) 0.97 2.46 3.228(3) 136
C5B-H11B---O7B(iiv)  0.97 2.49 3.410(3) 158
C5C-H10C--09B(v) 0.97 2.59 3.185(3) 120

“ Distances and angles are given in A and °, respectively. D and A
represent hydrogen bond donors and acceptor atoms, respectively.
Symmetry codes: (i) -1/2 + x, 1/2 -y, 1 - z; (ii) 1 + x, y, z; (iii) 1/2 + x,
32-y,1-2z(iv)—x,1/2+y,1/2 -2z (V) x,- 1+, 2.

CrystEngComm, 2020, 22, 6347-6359 | 6349
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Table 2 Crystallographic data for the three polymorphs of 1-MH,
resolved at 25 °C*

Polymorph I Polymorph II Polymorph III

a 5.601(10) 19.0258(4) 7.8466(2)
b 12.178(3) 3.91210(10) 9.8257(3)
c 8.090(2) 6.82880(10) 20.3107(7)
o 90 90 90

B 105.62(2) 90 90

y 90 90 90
Volume 531.4(2) 508.273(18) 1565.92(8)
Space group P2,/c Pna2, P2,2,24

VA 4 4 12

A 1 1 3

Deale 1.426 1.491 1.452

“values of a, b and ¢ are in A, § in degrees, volume in A%, and
density (Deare) in g cm™.

of crystallographic data for the three forms is provided in
Table 2.

Being a rigid molecule, the conformation of the 1-MH
molecule is identical in all polymorphs, but the three forms
show considerably distinct intermolecular interactions, as
determined by the different molecular packing. In form I
strong N3-H---O7 bond interactions (d(N3---O7) = 2.8148(17)
A; Z(N3-H:--07) = 173.5(16))*® group the molecules in dimers
(pairs of molecules related by an inversion center), which are
then associated in chains by weaker non-conventional
C5-H---O7 interactions (Fig. 5a). The main hydrogen-bonding
pattern in polymorph II is more similar to that of polymorph
III, since like in this latter form, it consists of chains of
molecules linked by N3-H---O7 interactions. However, the
way these chains of molecules pack in the crystal is strikingly
different in polymorphs II and III. In form III the chains pack
in parallel layers stacked along the c-axis, as described in the
previous section, while in polymorph II zigzag chains of
molecules are interspersed with other chains through weak
C5-H10---09 and C5-H11---O9 interactions in such a way
that they form an angle of ca. 36° with each other (Fig. 5b).
In this form, the N3-H---O7 H-bond distance is d(N3---07) =
2.817(2) A, ie., slightly shorter than in the new polymorph
III.

The densities of the three polymorphs follow the order I <
III < II, in consonance with the corresponding unit cell
volumes (in the case of form III, 1/3 of the unit cell volume,
521.97 A%), very interestingly the same order as the relative
energies of the crystals of the polymorphs, as predicted by
the DFT calculations presented in section 3.4. Though the
reasons for the relative energies of the crystals of the three
1-MH forms are certainly a result of several factors, the fact
that they correlate inversely with the densities points to the
relevance of repulsive intermolecular interactions in the
crystals of forms II and III compared with form I. Repulsions
are much probably due mostly to methyl---methyl and (ring
methylene)---(ring methylene) repulsions. In form I, only the
first type of interactions exist (in a top-to-top arrangement),
while in forms II and III both types of interaction exist. In

6350 | CrystEngComm, 2020, 22, 6347-6359
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form II, both interactions are of stacking type, since the
molecules of adjacent layers are nearly superposed to each
other, while in form III methyl---methyl repulsive interactions
are of stacking type (with molecules oriented in opposite
directions) and (ring methylene)---(ring  methylene)
interactions are top-to-top.

3.3. Selection of the computational model

The computational study of the polymorphs of 1-MH started
by the selection of the theoretical model. The chosen
combinations of functional and basis sets were used to
predict the unit cell parameters as a measure of the quality
of the model. The empirical correction for dispersion
interaction (DFT-D) proposed by Grimme>*°
applied in order to consider van der Waals and other
dispersion attractive interaction forces. The obtained results
are presented in Table 3. The set of parameters for the
Grimme correction are reported in Table S1.}

According to the data shown in Table 3, among the
different models benchmarked, the B3LYP-D/6-31G(d,p)
yields the results exhibiting the best agreement with the
experimental data. This indicates that the hydrogen-bonding
effects (the dominating effects in the studied crystals) are
described accurately by this computational approach, and in
particular that the use of the Grimme -correction®*~*?
considerably improves the theoretical predictions. These
results are in agreement with data obtained previously for
other systems,**” and justify the use of the B3LYP-D/6-
31G(d,p) model in the theoretical structural and
spectroscopic analyses presented in sections 3.4, 3.5 and 3.6.

was also

3.4. Computational structural results

The crystal structures of the three polymorphs of 1-MH were
optimized using the selected theoretical model. These
calculations allowed to estimate the relative energies of the
crystals. Also, the comparison between the calculated and
experimental geometries allowed an additional test to the
quality of the theoretical model, which we wanted to apply to
help interpretation of the spectroscopic data (both Raman
and infrared) for the different forms of 1-MH.

The detailed structural results are provided in Tables S2-
S4 (ESIf), and are summarized in Fig. 6 in a compact
graphical format. In general terms, it can be concluded that
the B3LYP-D/6-31G(d,p) model reproduces appropriately the
experimental structural data, in line with what was already
observed for the cell parameters. This result increased our
confidence in the appropriateness of the theoretical model
also for prediction of the vibrational spectra.

The relative energies obtained from the calculations
indicate that the most stable crystallographic structure of
1-MH is the polymorph I, in agreement with the experimental
data.” The new form III was predicted to have an energy
higher than that of polymorph I by 2.42 k] mol™, while form
II has a predicted energy 11.46 k] mol™' higher than
polymorph 1. As mentioned above, the reasons for the relative

This journal is © The Royal Society of Chemistry 2020
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(a: top panel) Projection of the structure of polymorph | showing the chains built from dimeric units of 1-MH (left) and sequence of

projections showing the dimeric units and how they relate spacially (right); this sequence of projections are related by rotation about the b axis;
the colours are used to distinguish the dimers and do not mean that molecules are symmetry independent. (b: bottom) Projection of the structure
of polymorph Il viewed along the b axis (left) and along the a axis; the colours are used to highlight the two sets of interspersed chains, and do not

mean that the molecules are symmetry independent.

energies of the crystals of the three 1-MH forms shall involve
several factors (strength of hydrogen bonds, steric stress,
staking interactions, conformational adjustments, etc.) which
cannot be scrutinized individually in a quantitative way.
However, as it was also already referred to before, the fact
that the relative energies of the polymorphs correlate
inversely with the densities points to a greater relevance of
repulsive intermolecular interactions in the crystals of forms
II and III than in form L.

Once the relative energies of the crystals have been
determined, lattice energies for the different polymorphs of
1-MH could be computed using the CE-B3LYP model,*® and

This journal is © The Royal Society of Chemistry 2020

related with sublimation enthalpies AHg,,(7). According to
the CE-B3LYP approach:

AHg(T) = (E& + Efans + Efoc + E¥in) — (E&1 + Euip) + pV
= (B, - E&) + (ESip — EGip) + 4RT
= AEe] + AEvib + ART
= =AEya; + AEyip, + 4RT (1)

where ideal gas behavior is assumed, and the superscripts g
and s refer to the gas and solid crystalline states. Several
approaches have been used to obtain “experimental”
benchmark lattice energies by estimating the thermal effects,

CrystEngComm, 2020, 22, 6347-6359 | 6351
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Table 3 Comparison between the experimental and the computed unit cell parameters of 1-MH polymorphs®
B3LYP B3LYP-D PBEO-D

EXp. pob-TZVP % E 6-31G(d,p) % E pob-TZVP % E 6-31G(d,p) % E 6-31G(d,p) % E
Polymorph I monoclinic (Z = 4) P2,/c
a 5.601 5.841 4.3 5.864 4.7 5.502 -1.8 5.465 -2.4 5.373 -4.1
b 12.178 12.436 2.1 12.266 0.7 12.174 0.0 12.055 -1.0 11.979 -1.6
B 8.090 8.226 1.7 8.204 1.4 7.756 -4.1 7.859 -2.9 7.715 -4.6
p 105.64 107.15 1.4 107.46 1.7 103.20 -2.3 103.22 -2.3 102.38 -3.1
Volume 531.4 570.9 7.4 563.0 5.9 505.8 -4.8 504.0 -5.2 485.0 -8.7
Polymorph II orthorhombic (Z = 4) Pna2,
a 19.026 19.126 0.5 19.154 0.7 18.716 -1.6 18.734 -1.5 18.553 -2.5
b 3.912 4.129 5.5 4.149 6.1 3.811 -2.6 3.821 -2.3 3.745 -4.3
c 6.829 6.850 0.3 6.817 -0.2 6.821 -0.1 6.804 -0.4 6.773 -0.8
Volume 508.3 540.9 6.4 541.8 6.6 486.6 -4.3 487.1 -4.2 470.6 -7.4
Polymorph III orthorhombic (Z = 12) P2,2,2,
a 7.847 7.860 0.2 7.825 -0.3 7.842 -0.1 7.815 -0.4 7.780 -0.9
b 9.826 9.892 0.7 9.868 0.4 9.702 -1.3 9.749 -0.8 9.644 -1.8
c 20.311 22.249 9.5 21.748 7.1 19.530 -3.8 19.509 -3.9 19.114 -5.9
Volume 1565.9 1729.6 10.5 1679.4 7.2 1485.9 -5.1 1486.4 -5.1 1434.1 -8.4

“ values of @, b and ¢ are in A, f in degrees, and volume in A®. B3LYP-D refers to DFT calculation where the Grimme correction for dispersion
interaction (DFT-D) was used. For each cell parameter, the percentage error (% E) with respect to the experimental data was calculated as % E =
((PAR¢heo = PARcyp)/PAR.y,) X 100, where PAR refers to the cell parameter (g, b, ¢, § or volume).

AE., + 4RT, at different levels of sophistication. The most
common approximates these two terms by —2R7, a result that
assumes no difference between gas and crystal
intramolecular vibrations, and the intermolecular vibrational
energy is at the high-temperature limit of 6RT. These and
other assumptions underlying this approximation are
discussed in detail in several places.>*™**
Since

—Eja¢ = AE = (E§ — Eg) (2)

and in 1-methylhydantoin, which is a conformationally rigid
molecule, E% is constant, knowing Ej,  for one polymorph
allows to derive the lattice energy for the remaining
polymorphs, once known the corresponding Eg values
calculated using full periodic conditions. Under these
assumptions, the differences in the calculated lattice energies
of the polymorphs are equal to the differences between their
electronic energies.

The lattice energy for polymorph I was then calculated
using the CE-B3LYP model (with the 6-31G(d,p) basis set and
the CrystalExplorer17 software),* and then eqn (1) and (2)
were used to obtain the lattice energies for the remaining
polymorphs as well as the sublimation enthalpies at room
temperature for all polymorphic forms. In the CE-B3LYP
calculations molecules within a radius of 20 A were
considered. The CE-B3LYP calculated lattice energy for form I
is —111 kJ mol™, and those obtained for forms II and III,
-100 and -109 kJ mol™, respectively. Estimated sublimation
energies are 106, 95 and 104 kJ mol™, for forms I, Il and III,
respectively.

In the plots shown in Fig. 6, we can clearly see that the
calculated 1-MH molecular geometries for all three
polymorphs reproduce very well the experimental ones. This

6352 | CrystEngComm, 2020, 22, 6347-6359

is not an unexpected result, since the used model was
selected based on its good performance in predicting the
more difficult to fit unit cell parameters, as described in the
previous section. Moreover, 1-MH is a rather rigid molecule,
which is also a factor contributing to the observed good
reproduction of the experimental data by the calculations.
For polymorph I, the largest difference between the
experimental and calculated bond lengths amounts to only
0.02 A for N1-C2 and C4-C5 bonds, while the largest
differences for the bond and torsion angles are 0.3° (C5-N1-
C6) and 3.1° (C6-N1-C5-C4), respectively. Similar values were
found for the other forms: for polymorph II, the largest
differences in the bond lengths, bond angles and torsion
angles are 0.02 A (N1-C2, N1-C5, C4=09 and C4-C5), 1.3°
(C5-N1-C6), and 1.2° (C6-N1-C2=07), respectively, whereas
for polymorph III, these values are respectively 0.02 A (several
bonds in all three symmetry non-equivalent molecules of the
crystal), 0.9° (C2-N1-C6 of molecule A), and 3.0° (C2-N3-C4-
C5 and N3-C4-C5-N1 of molecule A). The total r.m.s. errors
for all bond lengths, and bond and torsion angles not-
involving hydrogen atoms of the polymorphs are (0.013 A,
0.15°, 1.68°), (0.015 A, 0.56°, 0.70°) and (0.015 A, 0.40°,
1.28°), for forms I, II and III, respectively.

3.5. IR spectroscopy of 1-MH polymorphs

Fig. 7 shows the room temperature experimental IR spectra
of polymorphs I and II taken from our previous work,® and
the B3LYP-D/6-31G(d,p) calculated spectra for the three
forms. Unfortunately the experimental IR spectrum of
polymorph III could not be registered because of the small
amount of this material obtained. The experimental spectra
were recorded in the attenuated total reflectance (ATR) mode,
so that the spectra here presented have been subjected to

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Radar type plots showing the values of the experimental (black squares) and B3LYP-D/6-31G(d,p) calculated (red circles) bond lengths (A),
bond angles (°) and torsion angles (°) for the three polymorphs of 1-MH. For polymorph Ill, values for the three non-equivalent by symmetry
molecules are included. For each type of coordinate, scales were chosen to allow direct comparison between the various plots.

ATR correction®® before comparison with the calculated
absorption spectra.

The data is shown in Fig. 7 in different ways, to allow
for easier comparison between the experimental spectra of
the polymorphs and also between these spectra and the
calculated ones. As it can be seen in the figure, the
agreement between the experimental and the calculated IR
spectra is very good, both regarding frequencies and
relative intensities, which demonstrate the reliability of
the wused computational method in predicting these
properties. Table 4 presents the experimental and
calculated frequencies for forms I and II and the
predicted IR frequencies for form III and their respective
assignments based on the normal modes description
resulting from the fully periodic B3LYP-D/6-31G(d,p)
vibrational calculations.

This journal is © The Royal Society of Chemistry 2020

Based on the comparative analysis of the spectra of the
different polymorphs, we have chosen characteristic marker-
bands for each material, for their fast identification. These
marker-bands are highlighted in Fig. 7 and Table 4 by the
symbols o, + and x, for forms I, II and III, respectively. These
bands are due to the v(C=07) and y(NH) vibrational modes
and the corresponding spectral regions are represented in
Fig. 7 in an expanded way for better visualization. The first
marker-band is an intense band (with minor associated
satellite bands) observed at 1690 cm™ and 1729 cm™* for
polymorphs I and II, respectively (predicted values: 1685
em™ and 1715 c¢cm™'). For polymorph I, this band is
predicted at 1700 cm™" and can be expected to be observed at
ca. 1709 cm™" if the shift from the corresponding calculated
value is similar to those observed for the remaining two
forms. The second marker-band is observed experimentally at
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Table 4 Observed IR bands of polymorphs | and Il of 1-MH and B3LYP-D/6-31G(d,p) calculated frequencies for the three polymorphs, with proposed

assignments®

Calc. Exp. Calc. Exp. Calc. Calc.
Monomer Polymorph I Polymorph II Polymorph III Assignment’
3534 3136/3030 3102/3097 3128/3072 3179/3147 3239/3221 v(NH)
3197/3185

3050 2986 3089 2988 3084 3076 v(CHs),'
2971 2956 } 3048 2955 3049 3037 V(CHs),s"
2958 2956 3026 2939 3023 3032 V(CH,),s
2926 2928 2980 2928 2987 2973 v(CH,)s
2920 2887 2961 2886 2978 2968 v(CH;)s
1813 1800/1767 1772/1762 1771/ 1749 1768/1750 1756/1743 v(C=09)
1783 1718/1690 1724/1685 o 1729/1716 1730/1715 + 1710/1700 x  wW(C=07)
1487 1516 1498 1519 1503 1501 J(CH;),s'
1310 1497 1412 1489 1415 1380 J(NH)
1451 1455 } 1458 1462 1469 1467 J(CH;),s"
1450 1455 1453 1455 1447 1447 Jd(CHyp)
1410 1421 1421 1429 1430 1416 J(CH;)s
1394 1417/1412 1411/1407 1414 1403 1398 Vy(ring)
1288 1340 1322 1341 1336 1331/1322 vy(ring) ¢
1271 1286 1270 1280 1256 1240 V(NC)
1215 1233 1229 1240/ 1235 1246/1236 1236 w(CH,)
1158 1199/1190 1177/1166 1199 1195 1192 tw(CHyp)
1093 1148/1145 1152/1149 1143 1141 1141 vy (ring)°
n.obs. 1123/1099 1113/1110 1126 1118 1114 y(CH3)"”
n.obs. 1042 1029 n.obs. n.obs. 970 (CH,)
1013 981 965 1026 1013 1019/1012 y(CH3)’
859 897 887 903 896 899/892 vs(ring)
794 844 834 835 833 828 v3(ring)
573 807 865 o 772 789 + 842/828/806 x p(NH)
718 751 722 744 716 718 y(C=07)
669 699 685 687 680 682 J1(ring)
569 601 590 601 590 595 d,(ring)
535 569 } 560 571 564 560 d(C=07)
522 569 555 563 555 549 y(C=09)

“ Frequencies in cm ™" (predicted frequencies scaled by 0.9648). Bold numbers represent the most intense band when there are more than one
band assigned to one vibration. Mark bands for the polymorphs are indicated by the symbols o, + and x, respectively for polymorphs I, IT and
I (see text). ” See Fig. 1 for atom numbering. Assignments correspond to approximate descriptions of the vibrations chosen as the main
coordinate contributing to the vibration (avoiding repetition) and are based on the normal modes description resulting from the fully periodic
vibrational calculations. Abbreviations: w, wagging; tw, twisting; y, rocking; v, stretching; J, bending; z, torsion; s, symmetric; as, anti-
symmetric; n.obs., not observed. ¢ Also with a significant contribution from the J(NH) coordinate.

807 cm™" and 772 cm™ for polymorphs I and II, respectively,
and calculated at 865 cm ' and 789 cm™'. The calculated
frequency is 806 cm™* for the case of polymorph III, which
indicates that the experimental band for this form can be
expected to be observed approximately at the mid frequency
between the bands of polymorphs I and II.

It is interesting to note that, not surprisingly, the chosen
marker-bands correspond to vibrations (v(C=07) and y(NH)
vibrations) which are localized in the moieties that directly
participate in the hydrogen-bonding network of the crystals.
It is also worth mentioning that these bands are also the
broadest bands in the spectra, which is also a direct
consequence of hydrogen bonding. The bands of polymorph
I are, in this respect, particularly noticeable, what is in

This journal is © The Royal Society of Chemistry 2020

agreement with the existence of stronger hydrogen bonds in
the crystal of this form.

3.6. Raman spectroscopy of 1-MH polymorphs

The Raman spectra of the three 1-MH polymorphs are
displayed in Fig. 8, where they may be compared to each
others and also with the B3LYP-D/6-31G(d,p) calculated
spectra. As for the infrared spectra, the calculated Raman
spectra show a general good agreement with the
experimental ones, in particular regarding frequencies.
Assignments are presented in Table 5.

Also, as it was done in the case of the infrared spectra, we
elected a few marker-bands for quick identification of the
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Table 5 Observed Raman bands of polymorphs I, Il and Ill of 1-MH and B3LYP-D/6-31G(d,p) calculated frequencies, with proposed assighments®

Calc.

Monomer
3534

3050
2971
2958
2926
2921

1813

1783

1487

1310

1451

1450

1410
1394

1288

1271
1215
1158

1113

1093
1013

980

859

794

573

718

669

569

535
522

369

276

191

162

Exp. Calc.
Polymorph I
3014 3069
2981 3088
2957 3049
2957 3026
2929 2981
2883 2966
1777 1787
1748 0 1749
1698 1690
1686 1683
1491 1495
1491
1423 1430
1463 1467
1460
1423 1425
1420
1445 1435
1406 1409
1403
1338 1316
1290 1269
1236 1239
1231
1190 0 1178
1167
1123 1118
1110
1159 1158
1042 1034
1030
981 965
898 892
888
845 835
823 828
761 731
688 672
596 585
573 567
566 554
548
392 386
311 315
307
253 263
208 221
218

Exp. Calc.
Polymorph IT
3131 3208
3179
3147
3074 3085
3023 3049
2983 3023
2953 2987
2940 2979
1752 1751
1735+ 1722
1809 1798
1798 1769
1714 1728
1520 1507
1504
1501
1492 1406
1403
1389
1463 1470
1462
1454 1468
1430 1447
1411 1430
1353 1337
1280 1256
1235 1246
1237
1201 + 1199
1195
1125 1118
1147 1142
1030 1014
1009
983 971
904 900
897
893
844 834
824
770 798
793
790
746 718
687 685
680
668
601 593
590
574 565
565 555
406 402
398
304 308
296
290
241 271
205 221/209

Exp. Calc.
Polymorph IIT
3170 3241
3239
3221
3198
3186
3184
3068 3075
3070
3013 3046
3044
2956 3038
2936 3031
2886 2982
2973
1774 1777
1744 x 1775
1772
1745
1743
1741
1720 1720
1695 1717
1712
1696
1691
1689
1687
1495 1496
1492
1380 1386
1383
1365
1460 1468
1465
1462
1450 1451
1447
1432 1433
1420 1414
1411 1412
1345 1333
1329
1324
1278 1259
1255
1242 1243
1239
1198 x 1193
1186
1127 1121
1117
1114
1144 1144
1028 1021
1011
1008
983 972
969
905 899
895
891
777 826
811
840 844
841
763 728
757 724
697 683
687 670
603 595
568 558
565 550
397 391
385 376
299 305
291 300
295
289
269
250 255
243
234
209 225
215
212

Assignment
V(NH)

V(CHa)us'
V(CHa)us"
V(CHa)as
V(CHy),
V(CHs)s

W(C=09)

WC=07)

O(CHz)as’
S(NH)
O(CHy)as"

O(CH,)

S(CHy),
vi(ring)

v(ring)’

v(NC)
w(CHy)
tw(CHy)
ACH3)"
vi(ring)®
7(CHy)'
7(CH,)

vs(ring)

vi(ring)

7(NH)

§(C=07)

81(ring)

0x(ring)

a(C=07)
2C=09)

5(C=09)

S(NC)

7)(ring)

©ring)

¢ Frequencies in cm ™" (predicted frequencies scaled by 0.9648). Bold numbers represent the most intense band when there are more than one
band assigned to one vibration. Mark bands for the polymorphs are indicated by the symbols o, + and x, respectively for polymorphs I, IT and
I (see text). ” See Fig. 1 for atom numbering. Assignments correspond to approximate descriptions of the vibrations chosen as the main
coordinate contributing to the vibration (avoiding repetition) are based on the normal modes description resulting from the fully periodic
vibrational calculations. Abbreviations: w, wagging; tw, twisting; y, rocking; v, stretching; J, bending; z, torsion; s, symmetric; as, anti-

symmetric; n.obs., not observed.

This journal is © The Royal Society of Chemistry 2020
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polymorphs. These marker-bands are associated with the
y(C=09) and the tw(CH,) vibrations. The corresponding
spectral ranges are depicted in an expanded scale in Fig. 8.
They are identified in this figure and also in Table 5 by the
symbols o, + and x, for forms I, IT and III, respectively.

The first set of marker-bands appears at 1748, 1735 and
1744 cm™* for polymorphs I, Il and III, respectively, the
corresponding calculated frequencies being 1749, 1722 and
1744 cm'. The second set of marker-bands comprehends
the bands observed at 1190 em™" (form I), 1201 em™" (form
M and 1198 cm™* (form M), whose corresponding
calculated frequency values are 1178, 1199 and 1186 cm ",
respectively.

4. Conclusions

In this study, a new polymorph (form III) of 1-MH was
described. The new polymorph crystallyzes in the
orthorhombic Sohncke space group P2,2,2; with cell
parameters a = 7.8466(2), b = 9.8257(3), ¢ = 20.3107(7) A. Very
interestingly, the crystal of form III was found to exhibit a
high-Z' (Z' = 3) asymmetric unit and 12 molecules in the unit
cell (Zz = 12), which contrasts with the simpler crystal
structures found previously for polymorphs I and II (Z = 4; Z'
=1).”"® The new crystalline variety was predicted by the DFT-
D/6-31G(d,p) fully periodic calculations to be higher in energy
than form I (in consonance with the experimental data),” but
lower in energy than form II.

The comparison between the structures of the crystals of
the three polymorphs of 1-MH allowed identifying
similarities and dissimilarities between the three forms.
Polymorphs II and III share the common fact of having the
molecules of 1-MH linked by N3-H---O7 and forming chains,
while in polymorph I the molecules form dimers (also
through N3-H---O7 H-bond interactions) which then
associate in chains. Nevertheless, the way the chains of
molecules in the crystals of polymorphs II and III are packed
in a very different way. In form III they pack in parallel layers
forming an A, B + C, B + C, A pattern, where A, B and C are
the three symmetry independent molecules in the unit cell,
while in form II the chains are interspersed with each other
forming an angle of ca. 36°.

The densities of the three polymorphs was found to follow
the order I < III < II, which is the same order as the relative
energies of the corresponding crystals predicted by the DFT
calculations. The fact that the relative energies of the crystal
correlate inversely with the densities point to the relevance of
repulsive intermolecular interactions in the crystals of
polymorphs II and III compared with polymorph I.

The experimental IR and Raman spectra of the
polymorphs were also investigated (or revisited, in the case of
forms I and II), with help of the fully periodic DFT-D/6-
31G(d,p) calculations, and assigned in detail. Marker-bands
in the infrared and Raman spectra of the polymorphs were
proposed for their fast spectroscopic identification.
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