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ABSTRACT: Disorder is a common feature of molecular crystals that complicates o} 0
determination of structures and can potentially affect electric and mechanical
properties. Suppression of disorder is observed in otherwise severely disordered B ©fl\NH2
benzamide and thiobenzamide crystals by substituting hydrogen with fluorine in the Di F

- ] ] ; q isorder
ortho-position of the phenyl ring. Fluorine occupancies of 20—30% are sufficient to S e 8
suppress disorder without changing the packing motif. Crystal structure prediction
calculations reveal a much denser lattice energy landscape for benzamide compared NH, ©f}\NH2
to 2-fluorobenzamide, suggesting that fluorine substitution makes disorder less likely. Same packing motif F
B INTRODUCTION Scheme 1. Molecular Structures of Select Benzamide

In a 2004 article called “Organic fluorine: Odd man out,”! Derivatives

Dunitz argued that organic fluorine has been long misunder-

o) O
stood, and that there remains much to be discovered. More
recent authors have tended to describe the unanticipated
prop.ertiezs of fluorine with fantasy words, although magic is not w NH, 1 T4 NH,
required.” Even though F atoms have many more electrons
than H atoms, and C—F and C—H bonds are oppositely 2
polarized, in suitably dissymmetric compounds, like aryl r

fluorides with F in the 2 or 3 positions, the aryl ring will . .
often become statically disordered with partial H and F Benzamide, BZ 2-Fluorobenzamide, fBZ

occupancies at a given position, perhaps because H and F have

similar polarizabilities. In any case, substituting aryl F atoms in 3 S
place of aryl H atoms, symmetry permitting, often tends to
disorder.’
Lately, we have been distracted by crystal structures of NH; NH;
benzamide foremost because a metastable form that grows
from hot aqueous solutions invariably deposits fibers with
twisted habits.” However, by virtue of the tendency of the F

metastable polymorphs of benzamide to be polytypic, we have Thiobenzamide, TBZ  2-Fluorothiobenzamide, fTBZ
been motivated to make a comprehensive evaluation of
imperfect benzamide crystal structures. “The O—C—C—C torsion angle y is shown for benzamide.

Benzamide (Scheme 1) is the first discrete molecule, for
which two different crystalline forms (polymorphs) were
discovered.” In 1832, Liebig and Wohler obtained needlelike
crystals by slow crystallization of hot benzamide aqueous
solutions and observed their transformation to the stable
polymorph.” Unlike stable polymorph I,*” it was impossible to
obtain crystals of metastable polymorph II suitable for single
crystal X-ray diffraction analysis. Its crystal structure was
instead solved from powder diffraction data in 2005 in the
space group Pba2.'”'" Eleven years later, the structure was
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reexamined with the same data and crystal structure prediction
(CSP) methods. It was concluded that the original solution
was not likely due to hlgh lattice energy (recently, we came to
the same conclusion'”). Instead of the Pba2 solution, two
other low lattice energy structures, Fdd2 and P2,/c, were
suggested that matched the data.'” The main structure
fragments of all three models of benzamide II, as well as of
benzamide I and later discovered polytype III,"*~'° are dimeric
or catemeric tapes running along a direction with a periodicity
of ca. S A. Two parallel tapes constitute what we shall refer to
as “tiles” in cross-section in all models for benzamide II,
contributing in-plane to lattice constants that are multiples of
14.7 X m and 17.4 A X n (Figure 1), where m and n are small

Packing in the plane normal to H-bonded tapes

Hydrogen bonded tapes
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Figure 1. Crystal structures of benzamide derivatives with two parallel
hydrogen-bonded tapes. The in-plane packing is shown for the P2,/c
candidate structure for benzamide II reported in ref.13.

integers, 1 and 2, respectively. However, a unique structure and
symmetry for the tapes in benzamide II was not established
due to the evident disorder revealed in cryo-TEM selected area
electron diffraction images.* Our recent computer simulations
support dimeric tapes with edge-to-face phenyl ring contacts
(“V-contacts”, Figure 1) as the main structure element of
disordered benzamide IL"7

A few years ago, we discovered a new polymorph, benzamide
IV by crystallization from the melt."? Again, only powder X-ray
diffraction data were collected. Due to even stronger disorder,
the diffraction pattern contained only hkO reflections and
exhibited significant diffuse scattering. A combination of
simulated annealing, CSP, and DFT optimizations supported
several candidate structures similar to benzamide II,'
consisting of catemeric tapes with a S A periodicity, but had
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slightly different lattice constants in the perpendicular direction
that corresponded to the multiples of 11.8 and 20.5 A. The
precise structure was again not established. Of the four known
crystalline polymorphs of a comparatively simple compound,
two of them, II and IV, resisted the reduction to a single
structure, burdened as they were with disorder and/or
polytypism.

To obtain initial structural models for benzamides II and IV,
we searched for derivatives composed of pairs of hydrogen-
bonded dimeric or catemeric tapes arranged in a parquet-like
motif normal to the ca. S A period. Six such molecules were
identified. Thiophene-2-carboxamide (refcodes TUKPOF and
ZAZZE]), thiophene-3-carboxamide (refcode HUZGOB),"®
and pyridine-2-carboxamide (picolinamide, refcodes PIC-
AMDO1, PICAMDO03, PICAMDOS) are flatter than benza-
mide, with the O—C—C-C torsion angle i (Scheme 1)
generally <10°, compared with y = 23—38° for benzamide
(Table 1). Their solid-state structures showed substantial
differences compared with the motifs previously illustrated as
candidate structures for benzamides II and IV.

Table 1. Features of Benzamide Derivatives that Adopt
Double Tape Motifs in their Crystal Structures

torsion
compound, space angles, v, H-bonded  phenyl rmg
group deg tapes contacts® ref(s)
BZ, form II, Pba2” 24-30 1] dimers P+P 10, 11
BZ, form II, Fdd2" 23-27 7 V+V 13
catemers
BZ, form II, P2 /ch 25-29 11 dimers V+V 13
BZ, form 1V, Fdd2, 26—38 ™ V+V 12
P22, 2 catemers
fBZ, P2,/c 29-35 11 dimers V+V 24, our
data
BZ-{BZ, Pna2, 28-32 1l dimers P+V our data
TBZ, P2,/c" 16—39 11 dimers V+V 25
TBZ, P2,/c 20-36 ™"+ 1 P+V our data
dimers
fTBZ, P2,/c 23-39 11 dimers V+V 26, our
data
TBZ-fTBZ, P2,/c 23-39 11 dimers V+V our data

“Unlikely structure due to high lattice energy. “Plausible packing that
alone is not sufficient to describe this very disordered structure. “P
and V contacts are illustrated in Figure 1. The arrows indicate parallel

(11) vs antiparallel (1)) tapes.

However, 2-fluorobenzamide had similar torsion angles y =
29—35° (Table 1). Even though structure-directing properties
of organlc ﬂuorlne in molecular crystals have been
recognized,'”° fluorine’s role in establishing a crystal structure
is typically weak, as illustrated by isostructural compounds and
solid solutions formed with monofluorinated and sometimes
difluorinated analogues.”' ™’

Here, we aim to understand crystal structures of a
nonfluorinated benzamide by systematically studying the effect
of fluorination on the ortho-position of benzamide and
thiobenzamide (Scheme 1). A combination of single crystal
and powder X-ray diffraction, as well as computational
methods, reveals that even a small incorporation of 2-
fluorobenzamide or 2-fluorothiobenzamide suppresses disor-
der. All these structures adopt a packing with two parallel
dimeric/catemeric tapes shown in Figure 1 and later called a
double tape motif.

https://doi.org/10.1021/acs.cgd.4c00517
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Table 2. Crystal Structure Refinement Details for Benzamide Derivatives

1 2 3
composition fBZ BZ-{BZ BZ-fBZ
formula C,H¢FNO C,Hg g6F.14NO C,Hg 61F030NO
M,, g/mol 139.13 123.65 128.15
space group P2,/c P2,/n Pna2,

z, 7 8,2 4,1 16, 4

a, A 5.1256(4) 5.0443(7) 23.850(3)
b, A 20.3676(16) 5.4336(8) 5.1299(7)
oA 12.3220(10)  22.245(3) 20.486(3)
B, deg 96.6945(13) 90.664(2) 90

v, A3 1277.60(18) 609.66(15) 2506.5(6)
D, g/cm3 1.447 1.418 1.293

#, 1/mm 0.118 0.107 0.097

20 range, deg 1.94-28.32 1.83-28.29 1.71-27.14
T, K 100(2) 100(2) 100(2)
total reflns. 3174 1517 5571

obs. reflns. [I > 26(I)] 2386 1407 S172

no. of parameters 181 95 365

no. of restraints 0 1 N

R, [I > 26(1)] 0.0439 0.0523 0.0359
wR, [all data] 0.1410 0.2100 0.1040
GoF 0.938 1.891 0.854
Flack n/a n/a 0.4(3)
deposition number 2339530 2339536 2339532

4 S 6 7
BZ-fBZ TBZ TBZ-fTBZ fTBZ
C;Hg49F051NO C;H;NS C;Hg 60F0.40NS C;HFNS
130.31 137.20 144.40 155.19
Pna2, P2,/c P2,/c P2,/n
16, 4 16, 4 8,2 8,2
23.8767(13) 17.859(5) 5.8878(4) 5.8953(3)
5.1320(3) 5.7850(14) 17.7677(11) 17.5759(9)
20.5746(11) 25.817(6) 13.4390(9) 13.8843(7)
90 90.057(3) 101.6186(9) 100.3616(8)
2521.1(2) 2667.2(11) 1377.08(16) 1415.16(12)
1.371 1.367 1.367 1.457
0.103 0.382 0.377 0.389
1.71-28.29 1.39-25.07 1.93-28.30 1.89-28.31
100(2) 100(2) 100(2) 100(2)
6260 4714 3412 3524
5544 3977 2932 2968
366 326 207 217
1 3 6 5
0.0403 0.0827 0.0381 0.0360
0.1183 0.2030 0.1271 0.1005
0.878 1.102 1.003 1.044
0.3(3) n/a n/a n/a
2339531 2339534 2339533 2339535

B EXPERIMENTAL SECTION

Benzamide, BZ (99%), 2-fluorobenzamide, fBZ (98%), and
thiobenzamide, TBZ (98%) were purchased from Sigma-
Aldrich; 2-fluorothiobenzamide, fTBZ (95%), was purchased
from Enamine. All chemicals were used without further
purification.

Thin films of BZ, fBZ, TBZ, and fTBZ as well as of BZ-fBZ
and TBZ-fTBZ solid solutions were prepared by melting 2—4
mg of powder between a glass slide and a coverslip on a Kofler
bench. The samples were crystallized either at temperatures
close to the melting point by spontaneous nucleation or via
seeding, or at room temperature by rapid quenching of the
melt between two metal blocks. To slow down crystallization
and polymorph conversion, 10—20% of Canada balsam or gum
mastic were occasionally added to the melts. Single crystals of
BZ, fBZ, TBZ, and fTBZ as well as those of BZ-fBZ and TBZ-
fTBZ solid solutions were grown from water, ethanol, or
water—ethanol mixtures by temperature lowering or solvent
evaporation.

Two-dimensional X-ray microdiffraction (2D y-XRD) was
performed with a Bruker D8 Discover microdiffractometer
with the General Area Detector Diffraction System (GADDS)
equipped with a VANTEC-2000 2D detector and Cu-Ka
source (4 = 1.54178 A). The X-ray beam was monochromated
with a graphite crystal and collimated with a 0.5 mm capillary
collimator (MONOCAP). The powder was loaded into 0.8
mm Kapton capillaries.

High-resolution synchrotron powder diffraction data were
collected at beamline 11-BM at the Advanced Photon Source
(APS), Argonne National Laboratory, using an average
wavelength of 0.412827 A. Discrete detectors covering an
angular range from —6 to 16° 20 were scanned over a 34° 20
range, with data points collected every 0.001° 26 and a scan
speed of 0.01°/s. A few mg of BZ and a BZ-fBZ mixture (mole
fraction of fluorinated moiety x; = 0.3) with ca. 20 wt % of
gum mastic were placed between a microscope slide and a glass
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coverslip and melted on a Kofler bench at ca. 140 °C. The
sample was rapidly cooled to room temperature. The coverslip
was detached, and the powder was carefully scraped off with a
razor blade. The powder was loaded into the Kapton 1.5 mm
capillary and measured at 100 K using an Oxford 700+ Cooler.
High signal-to-noise ratio synchrotron powder diffraction
data was collected on the 17-BM beamline of the Advanced
Photon Source, Argonne National Laboratory, at a wavelength
of 0.4524 A using a PerkinElmer PE1621 area detector. The
sample—detector distance was 500 and 1000 mm, and the
measurement covered the angular range 26 = 0.5—22.8°. A few
mg of BZ-fBZ mixtures (x; = 0.4, 0.5, and 0.7) were placed
between a microscope slide and a glass coverslip and melted on
a Kofler bench at ca. 140 °C. The sample was rapidly cooled to
room temperature. The coverslip was detached, and the
powder was carefully scraped with a razor blade. The powder
was loaded into a Kapton 1.0 mm capillary and measured at
100 K using an Oxford Cryosystems 700+ Cooler.
Single-crystal X-ray diffraction data sets were acquired on a
Bruker SMART APEX II diffractometer equipped with a CCD
detector. The X-ray beam generated from a sealed tube was
monochromated with a graphite crystal and collimated with a
MONOCAP collimator (Mo—Ka radiation, 4 = 0.71073 A).
The crystal temperature (100 K) was controlled by an Oxford
Cryosystems 700+ Cooler. Crystals were mounted on a 0.2
mm MicroMount (MiTeGen) with Type B immersion oil
(Cargille Laboratories). Data were collected and processed
using the APEX2 software (version 2013.12) for data
reduction, data correction, and cell refinement.”” The
structures were solved by SHELXT*® and refined with full-
matrix least-squares by SHELXL (Sheldrick 2014).*” Non-
hydrogen atoms were refined with anisotropic displacement
parameters, and hydrogen atoms were placed in idealized
positions and refined with riding models. Crystallographic data
have been deposited with the Cambridge Crystallographic
Data Centre, and their corresponding deposit numbers are

https://doi.org/10.1021/acs.cgd.4c00517
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listed in Table 2. Copies of these data can be requested from,
free of charge, the CCDC website at https://www.ccdc.cam.ac.
uk/structures/.

Potential energy surface scans for fBZ employed Gaus-
sian09°° at the PBE0/6-31G(d,p) level of theory. The dihedral
angle N—C7—C1—C2 (Figure 1), was systematically scanned
in 15° increments. The global and local minima served as input
conformations for Z’ = 1 and 2 crystal structure grediction
(CSP) studies. Rigid-body CrystalPredictor v2*' > searches
covered the 59 most common space groups, generating 8.5 X
10° structures. All structures within 20 kJ mol™ of the global
minimum were reoptimized with DMACRYS* and Crysta-
10ptimizer v2.4.8,> using a distributed multipole representa-
tion of the charge density’® and considering the N—C7—C1—
C2 dihedral. Conformational energies and distributed multi-
poles were calculated at the PBE0/6-31G(d,p) level using
Gaussian09. Intermolecular forces used an atom—atom exp-6
form with the FIT potential.”**” The lattice energies of the
340 lowest energy structures were recalculated using CASTEP
v20.11%* (PBE generalized gradient approximation exchange-
correlation density functional,” ultrasoft pseudopotentials,*’
MBD#* dispersion correction,*' k-points spacing of 27:0.07 A™,
basis set cutoff of 780 eV, and convergence criteria: < 2 X 107°
eV per atom, atomic displacements <1 X 107 A, maximum
forces <5 X 1072 eV A7}, and maximum stresses <0.1 GPa). To
ensure comparability between the BZ and fBZ lattice energy
landscapes, the last step was repeated for the lowest energy BZ
structures.'”

The experimental and computationally generated structures
were initially compared using COMPACK" and the standard
settings of Mercury (a cluster of 15 molecules). In the next
step, adjustments were made to account for the 180° flip of the
amide, meaning that the amide group orientation was ignored.

B RESULTS AND DISCUSSION

The following mixtures are described by the fluorinated mole
fraction in the crystal, x;, and in the solute, yp. Benzamide
forms a continuous series of solid solutions with 2-
fluorobenzamide (Figure 2). The crystal structure of fBZ
exhibits a double tape packing motif and is composed of
parallel dimeric tapes and V-contacts between phenyl rings of
the neighboring tapes (Table 1). BZ, when crystallized from
water or ethanol with small amounts of fBZ forms solid
solutions with benzamide in form I (structure 2 in Table 2).
Benzamide III was detected only from BZ solutions that did
not include fBZ. At higher supersaturation, needlelike twisted
crystals of benzamide II can form as well, at least up to the
solute molar fraction of fBZ y; = 0.3. For y; = 0.3—0.7, a new
intermediate compound forms (structures 3 and 4 in Table 2).
At yp > 0.7, the intermediate is replaced by the crystal structure
of fBZ (refcode BIGSUF, Table 2, Figures 2 and 3A). In
comparison, the structure of BZ-fBZ solid solutions (structures
3 and 4 in Table 2) is more complex: antiparallel dimeric tapes
and both P and V-contacts between phenyl rings and four
different occupancies of a fluorinated moiety for four
independent molecules in the unit cell (Table 1).

Melt crystallization close to the melting temperatures
produced a similar sequence of phases with the exception
that at x; < 0.2, benzamide II, III, or IV formed (Table 2,
Figures 2 and 3B). Highly disordered benzamide IV crystal-
lized near room temperature and at xp < 0.4. At xz > 0.4, the
crystal structure of fBZ was observed (refcode BIGSUF, Table
2, Figures 2 and 3C). High-resolution PXRD patterns were
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Figure 2. Polymorphism in benzamide — 2-fluorobenzamide (A) and
thiobenzamide — 2-fluorothiobenzamide series (B) as revealed by a
combination of X-ray diffraction methods. Panel A does not include a
second polymorph from the melt observed through the whole range
of compositions and corresponds to benzamide III at xg close to O.
Intensity of color increases as disorder intensifies. Red bars indicate
compositions for which single crystal structure determinations (red
numbers correspond to structure numbers in Table 2) have been
performed.

collected at APS beamline 11-BM for BZ and BZ-fBZ solid
solution (xz = 0.3) crystallized from the melt at room
temperature. All hkl reflections with I # 0 in these patterns
were broad and weak, suggesting severe disorder. High signal-
to-noise PXRD data were collected at APS beamline 17-BM for
BZ-fBZ solid solutions (xz = 0.4, 0.5, and 0.7) crystallized
from the melt at room temperature. These data were fit to the
crystal structure of fBZ.

From the melt, the aforementioned compositions (xp = 0—
1) form optically positive, low-birefringent spherulites, which
can also be helicoidally twisted over the whole range of crystal
compositions. Twisted morphologies may form in ca. one-
quarter to one-third of melt-cooled molecular crystals."®*>**
The origins of these nonclassical morphologies — typically
incompatible with 3D crystal periodicity — are starting to come
into focus.”> Twisting was observed only for benzamide II
(grown from solution® and melt) and crystals with the
structure of 2-fluorobenzamide, while structurally similar
benzamide IV and BZ-fBZ Pna2, phases (structures 3 and 4
in Table 2) grow straight (Figure 4A—C). In the whole range
of compositions (xz = 0—1) from the melt, one can also obtain
coarse low-birefringent spherulites of a second polymorph,
which for xz = 0 corresponds to benzamide IIL. At higher
fractions of 2-fluorobenzamide, this polymorph was not
identified because of its small percentage and high
metastability.

We turned to thiobenzamide (TBZ) to establish what might
be the effect of admixing 2-fluoro atoms in solid solutions.
TBZ is monomogphic, even if crystallized from solution, melt,
or vapor phases.”® The published crystal structure,” however,
did not suitably match our PXRD data, and a new data set was
collected from a single crystal grown by sublimation. The

https://doi.org/10.1021/acs.cgd.4c00517
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Figure 3. X-ray powder diffraction patterns of benzamide — 2-fluorobenzamide solid solutions. Crystallization from aqueous solutions (A), from
melt close to the melting point (B), and from a melt at room temperature (C). x and yg are fractions of fBZ in the crystal and solute, respectively.

Figure 4. Polarized light optical micrographs of melt crystallized
benzamide — 2-fluorobenzamide solid solutions. (A) Spherulites of
benzamide IV with fine straight fibers crystallized at 25—35 °C and
continued growth at 60—90 °C as a mixture of more coarse straight
fibers of benzamide IV and twisted fibers of benzamide IL. (B) Fine
twisted fibers crystallized 25—35 °C and continued growth at 60—90
°C as coarse straight fibers of the Pna2, phase (structures 3 and 4 in
Table 2). (C) Spherulites of 2-fluorobenzamide with twisted fibers
crystallized at 30—50 °C.

redetermined structure was better matched to the PXRD data.
The literature structure and our redetermination were
comparable but with some differences. Both structures showed
the same double tape packing motif. The literature structure
exhibited only parallel P-contacts, while our redetermined
structure exhibited both parallel and antiparallel P and V-
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contacts between the phenyl rings (Tables 1, 2). Even though
the TBZ crystals were not disordered, they formed very thin
needles and were severely twinned. This complicated the
choice of a structure for diffraction analysis and indicated a
propensity of TBZ to disorder. TBZ cocrystallized from
water—ethanol mixtures with 2-fluorothiobenzamide (fTBZ)
in all proportions. When the fraction of fTBZ in solute was
low, the PXRD patterns corresponded to the structure of TBZ.
In the range of 0.11 < yg < 0.25, the crystal structure switched
to that of fTBZ (refcode XOGRIW, Table 2, Figure SA),
which has the same packing as the fBZ structure (Table 1).

A similar situation was observed for crystallization from the
melt (Figures 2, S). For xp > 0.22, the PXRD pattern fit well to
the fTBZ structure. For xz < 0.13, the pattern more closely
corresponded to the TBZ structure, yet was highly disordered,
showing an amorphous halo at 20 > 15° and a severe decrease
in intensity of some diffraction peaks (compare Figure SA,B).
This disorder made the agreement with structure $ in Table 2
less reliable. In the whole composition range (x; = 0—1),
crystals from the melt form optically positive low-birefringent
spherulites with nontwisted fibers, which become finer toward
pure TBZ.

Benzamide and 2-fluorobenzamide crystal structures were
generated by using CSP methods. They were optimized by
DFT-d and ranked according to their lattice energy (Tables S1
and S2). For BZ, the experimental I and III crystal structures,
as well as two previously predicted probable candidates for
form II (P2,/c and Fdd2),'>"'*'” were found within the lattice
energy window AE,, < 1.6 kJ] mol™' above the global
minimum, which corresponded to a polytype of I (Figure 6A).
For fBZ, the experimental structure (refcode BIGSUF and
structure 2 in Table 2) was found with AE,,, = 0.88 kJ mol™
above the global minimum, which corresponded to a structure
like benzamide I but with a different orientation of the amide
group (Figure 6B). The structures with the same packing as
benzamide III (likely another observed fBZ polymorph, for
which so far there is no crystal structure solution) and as a
fBZ-BZ mixed crystal (structures 3 and 4 in Table 2) were
found as well with AE,,, = 1.70 and 2.28 k] mol™', respectively
(Figure 6B).

After removing duplicates and using a 5 kJ mol™' energy
cutoff, the CSP landscape of BZ and fBZ included 46 and 27
structures, respectively (Figure 6). Overall, BZ polymorphs
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Figure 6. CSP landscape for benzamide (A) and 2-fluorobenzamide
(B) with AE, < 5.0 kJ mol™". Red triangles correspond to structures
adopting the double tape packing motif.

heavily populated all energies while for fBZ, there is a clear gap
up to AEy, = 3.3 k] mol™!, within which there were only six
structures. Such an energy landscape suggests a smaller
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number of energetically accessible fBZ polymorphs compared
to BZ.

For AE,, < 3.3 k] mol™, only two structures with the
double tape packing motif were predicted for both BZ and
fBZ, and all of them correspond to experimental structures
(Figure 6). For higher lattice energies (3.3 < AE, < S
kJ mol™"), this packing motif was revealed only for fBZ (Figure
6). Previous CSP calculations,'”'” however, identified many
such structures for BZ but most of them had AE,, > 4.5
kJ mol ™. Thus, this analysis suggests that double-tape packing
motifs can be found for both BZ and fBZ but would have
relatively high lattice energies.

The packing similarity dendrograms46 (Figures S1 and S2),
calculated without considering the F atom and the O and NH,
position of the amide, showed many structurally “identical”
packing arrangements within the BZ and fBZ structures.
Interestingly, the energy gaps between identical toluene
fragments in the predicted structures were significantly smaller
for BZ compared to fBZ. All BZ structures with identical
toluene packings exhibited differences of <0.5 kJ mol™, and six
clusters were observed within the S kJ mol™' range of the
lowest energy structure. In contrast, the five clusters found
within the same energy range for fBZ differed by 0.7, 0.8, 1.7—
4.5, and 1.9 k] mol™ in E,,. Therefore, based on E,
calculations, BZ could be inferred to be more susceptible to
disorder than fBZ. Furthermore, cross-comparisons between
the two sets of generated structures revealed numerous
identical toluene arrangements within the BZ and fBZ
structures, indicating the potential for mixed crystals.

Thus, as the fluorine content increases in both benzamide —
2-fluorobenzamide (BZ-fBZ) and thiobenzamide — 2-
fluorothiobenzamide (TBZ-fTBZ) series, the complexity
arising in disorder is resolved (Figure 2). The crystal structures
of fBZ have simple organizations with Z" = 2 and no disorder.
The structures of BZ-fBZ solid solutions show more complex
organization with Z' = 4. Finally, BZ polymorphs II and IV
show intergrowths of polytypes with different organizations of
aryl rings with P vs V contacts and possibly in dimeric vs
catemeric tapes. Likewise, the crystal structure of fTBZ and
most TBZ-fTBZ solid solutions is simple with Z° = 2 and
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similar to the structure of fBZ. The only difference is a minor
disorder in orientation of phenyl rings, so that for fTBZ, one of
two independent molecules exhibits ca. 15% of a conformer
with the phenyl rings misoriented by 180°. The crystal
structures close to TBZ, however, have a higher degree of
complexity with Z' = 4. They reveal disorder and strong
twining with domains rotated 180° around the z-axis and the
twin plane parallel to the short axis b ~ 5.8 A. The ability to
grow large and more perfect crystals in both series also
correlates with the degree of fluorination and disorder. Solid
solutions close to fBZ and fTBZ can easily produce crystals
suitable for single crystal X-ray diffraction analysis. For the
intermediate compositions, it is still possible to grow single
crystals, while for the compositions close to BZ and TBZ this
does not seem possible.

Suppression of disorder at increasing fluorine concentration
is curious because the desymmetrization of the phenyl ring by
fluorine substitution is precisely the sort of perturbation that
would be expected to lead to more disorder, as the least
disorder with respect to aryl ring orientation, such as observed
in fTBZ. The amount of fluorine necessary to achieve
stabilization is fairly small, xz < 0.3. It is worth noting that
fluorination in other positions results in different packings. For
example, the 3-fluorobenzamide packing (refcode BENAFM)
is the same as in benzamide IIL*" while the 3,5-
difluorobenzamide packing (refcode APIHEO) is like
benzamide I. Other fluorinated derivatives (4-fluorobenzamide
(refcode BENAFP), 2,4-difluorobenzamide (refcode API-
HAK), 2,3-difluorobenzamide (refcode APINUK), and 2,6-
difluorobenzamide (refcode QEWGUW)) have unique crystal
structures.

B CONCLUSIONS

We demonstrate that increasing the fluorine concentration in
the continuous series of solid solutions of benzamide — 2-
fluorobenzamide and thiobenzamide — 2-fluorothiobenzamide,
which exhibit a double tape packing motif (Figure 1),
suppresses disorder and enables growth of larger crystals
without significantly altering the overall packing. Some
explanation for the BZ and fBZ systems is provided by the
computed lattice energy landscapes. Our results suggest that
mono- and difluorination can be considered as a crystal
engineering tool to perform fine-tuning of the crystal
organization and control disorder.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00517.

List of CSP benzamide and 2-fluorobenzamide struc-
tures and packing similarity dendrograms (PDF)

Accession Codes

CCDC 2339530—2339536 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK,; fax: +44 1223 336033.

5282

B AUTHOR INFORMATION

Corresponding Authors

Alexander G. Shtukenberg — Department of Chemistry and
Molecular Design Institute, New York University, New York,
New York 10003, United States; ©® orcid.org/0000-0002-
5590-4758; Email: as5243@nyu.edu

Doris E. Braun — Institute of Pharmacy, Pharmaceutical
Technology, University of Innsbruck, 6020 Innsbruck,
Austria; Christian Doppler Laboratory for Advanced Crystal
Engineering Strategies in Drug Development, Institute of
Pharmacy, University of Innsbruck, 6020 Innsbruck, Austria;

orcid.org/0000-0003-0503-4448; Email: doris.braun@

uibk.ac.at

Bart Kahr — Department of Chemistry and Molecular Design
Institute, New York University, New York, New York 10003,
United States; ® orcid.org/0000-0002-7005-4464;
Email: bartkahr@nyu.edu

Authors
Melissa Tan — Department of Chemistry and Molecular
Design Institute, New York University, New York, New York
10003, United States
Noalle Fellah — Department of Chemistry and Molecular
Design Institute, New York University, New York, New York
10003, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.4c00517

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the New York University
Materials Research Science and Engineering Center
(MRSEC) program of the National Science Foundation
under award number DMR-1420073 as well as by the
DMREF Program of the National Science Foundation under
award number 2118890. The authors acknowledge the NSF
Chemistry Research Instrumentation and Facilities Program
(CHE-0840277) and NSF MRSEC Program under Award
Number DMR-0820341 for the powder microdiffractometer
with GADDS. Use of the Advanced Photon Source at Argonne
National Laboratory was supported by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciences,
under contract no. DE-AC02-06CH11357. The financial
support received for the Christian Doppler Laboratory for
Advanced Crystal Engineering Strategies in Drug Development
by the Austrian Federal Ministry of Labour and Economy for
Digital and Economic Affairs, the National Foundation for
Research, Technology and Development, the Christian
Doppler Research Association, and Sandoz is gratefully
acknowledged. We are grateful to Dr. Chunhua T. Hu for
his help in solving crystal structures, Dr. Wengian Xu, Dr.
Lynn W. Ribaud, and Dr. Saul D. Lapidus for providing
assistance in collecting synchrotron powder diffraction data at
Advanced Photon Source, to Professors C. C. Pantelides and
C. S. Adjiman (Imperial College London) for the use of the
CrystalPredictor and CrystalOptimizer programs, and to Prof.
S. L. Price (University College London) for the use of the
DMACRYS program. The computational results presented
here have been achieved using the LEO HPC infrastructure of
the University of Innsbruck.

https://doi.org/10.1021/acs.cgd.4c00517
Cryst. Growth Des. 2024, 24, 5276—5284


https://pubs.acs.org/doi/10.1021/acs.cgd.4c00517?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00517/suppl_file/cg4c00517_si_001.pdf
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+G.+Shtukenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5590-4758
https://orcid.org/0000-0002-5590-4758
mailto:as5243@nyu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doris+E.+Braun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0503-4448
https://orcid.org/0000-0003-0503-4448
mailto:doris.braun@uibk.ac.at
mailto:doris.braun@uibk.ac.at
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bart+Kahr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7005-4464
mailto:bart.kahr@nyu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melissa+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noalle+Fellah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00517?ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

B REFERENCES

(1) Dunitz, J. D. Organic fluorine: Odd man out. ChemBiochem
2004, S, 614—621.

(2) Peikert, K.; Hoffmann, F.; Froba, M. Fluorine magic: One new
organofluorine linker leads to three new metal—organic frameworks.
CrystEngcomm 2018, 17, 353—360.

(3) Buchanan, E. A;; Johnson, J. C.; Tan, M.; Kaleta, J.; Shtukenberg,
A. G,; Bateman, G.; Benedict, J. B.; Kobayashi, S.; Wen, J.; Kahr, B.;
Cisafovd, I; Michl, J. Competing singlet fission and excimer formation
in solid fluorinated 1,3-diphenylisobenzofurans. J. Phys. Chem. C
2021, 12§, 27058—-27071.

(4) Shtukenberg, A. G; Drori, R.; Sturm, E.; Vidavsky, N.; Haddad,
A.; Zheng, J.; Estroff, L.; Weissman, H.; Wolf, S.; Li, C.; Fellah, N,;
Efrati, E.; Kahr, B. Wohler and Liebig’s polymorphic and helicoidal
benzamide crystals. Angew. Chem. Int. Ed. 2020, 59, 14593—14601.
(5) Deffet, L. Repertoire des Composes organiques polymorphes,
Edition Desoer: Liége, 1942.

(6) Bernstein, J. Polymorphism in Molecular Crystals, 2nd ed. Oxford
Science Publications: Oxford, 2019.

(7) Wahler, F.; von Liebig, J. Untersuchungen iiber das Radikal der
Benzoesdure. Ann. Pharm 1832, 3, 249—282. Reprinted. Kopp, H.
Ostwald’s Klassiker der exakten Wissenschaften, No. 22. Akademische
Verlagsgesellschaft, Leipzig, 1891. Translated as Research respecting
the radical of benzoic acid. Am. J. Sci. Arts, 1834, 26, 261285, and in
O. T. Benfey Classics in the Theory of Chemical Combination,
Dover, NY, 1963.

(8) Blake, C. C. F; Small, R. W. H. The crystal structure of
benzamide. Nat. Prod. 1972, B28, 2201—2206.

(9) Gao, Q; Jeffrey, G. A,; Ruble, J. R,; McMullan, R. K. A single-
crystal neutron diffraction refinement of benzamide at 15 and 123 K.
Acta Crystallogr. B 1991, B47, 742—745.

(10) David, W. L F.; Shankland, K; Pulham, C. R; Blagden, N.;
Davey, R. J.; Song, M. Polymorphism in benzamide. Angew. Chem.,
Int. Ed. 2008, 44, 7032—7035.

(11) Blagden, N.; Davey, R. J.; Dent, G.; Song, M.; David, W. L. F,;
Pulham, C. R; Shankland, K. Woehler and Liebig revisited: A small
molecule reveals its secrets. The crystal structure of the unstable
polymorph of benzamide solved after 173 years. Cryst. Growth Des.
2008, S, 2218-2224.

(12) Fellah, N.; Shtukenberg, A. G.; Chan, E. J.; Vogt-Maranto, L.;
Xu, W,; Li, C.; Tuckerman, M. E.; Kahr, B.; Ward, M. D. Disorderly
conduct of benzamide IV: Crystallographic and computational
analysis of high entropy polymorphs of small molecules. Cryst.
Growth Des. 2020, 20, 2670—2682.

(13) Johansson, K. E.; van de Streek, J. Revision of the crystal
structure of the first molecular polymorph in history. Cryst. Growth
Des. 2016, 16, 1366—1370.

(14) Thun, J.; Seyfarth, L.; Senker, J.; Dinnebier, R. E.; Breu, J.
Polymorphism in benzamide: Solving a 175-year-old riddle. Angew.
Chem, Int. Ed. 2007, 46, 6729—6731.

(15) Thun, J.; Seyfarth, L.; Butterhof, C.; Senker, J.; Dinnebier, R.
E.; Breu, J. Wohler and Liebig revisited: 176 years of polymorphism in
benzamide — and the story still continues! Cryst. Growth Des. 2009, 9,
2435—2441.

(16) Butterhof, C.; Martin, T.; Ectors, P.; Zahn, D.; Niemietz, P.;
Senker, J.; Nather, C.; Breu, J. Themoanalytical evidence of
metastable molecular defects in form I of benzamide. Cryst. Growth
Des. 2012, 12, $365—5372.

(17) Chan, E. J.; Shtukenberg, A. G.; Tuckerman, M. E.; Kahr, B.
Crystal structure prediction as a tool for identifying components of
disordered structures from powder diffraction: A case study of
benzamide I Cryst. Growth Des. 2021, 21, 5544—5557.

(18) Shtukenberg, A. G.; Zhu, X,; Yang, Y.; Kahr, B. Common
occurrence of twisted molecular crystal morphologies from the melt.
Cryst. Growth Des. 2020, 20, 6186—6197.

(19) Berger, R.; Resnati, G.; Metrangolo, P.; Weber, E.; Hulliger, J.
Organic fluorine compounds: A great opportunity for enhanced
materials properties. Chem. Soc. Rev. 2011, 40, 3496—3508.

5283

(20) Chopra, D.; Row, T. N. G. Role of organic fluorine in crystal
engineering. CrystEngcomm 2011, 13, 2175—2186.

(21) Seera, R; Cherukuvada, S.; Guru Row, T. N. Evolution of
cocrystals from solid solutions in benzoic acid—mono/poly-
fluorobenzoic acid combinations. Cryst. Growth Des. 2021, 21,
4607—4618.

(22) Braun, D. E.; Kahlenberg, V.; Griesser, U. J. Experimental and
computational hydrate screening: Cytosine, S-flucytosine, and their
solid solution. Cryst. Growth Des. 2017, 17, 4347—4364.

(23) Chopra, D.; Guru Row, T. N. Evaluation of the interchange-
ability of C—H and C—F groups: Insights from crystal packing in a
series of isomeric fluorinated benzanilides. CrystEngcomm 2008, 10,
54—-67.

(24) Kato, Y.; Sakurai, K. The crystal structure of o-fluorobenza-
mide. Bull. Chem. Soc. Jpn. 1982, 55, 1643—1644.

(25) Mutoh, Y.; Sakigawara, M.; Niiyama, L; Saito, S.; Ishii, Y.
Synthesis of rhodium—primary thioamide complexes and their
desulfurization leading to rhodium sulfido cubane-type clusters and
nitriles. Organometallics 2014, 33, 5414—5422.

(26) Eccles, K. S.; Morrison, R. E.; Maguire, A. R.; Lawrence, S. E.
Crystal landscape of primary aromatic thioamides. Cryst. Growth Des.
2014, 14, 2753—-2762.

(27) APEX2 (version 2013.12). Program for Bruker CCD X-ray
Diffractometer Control, Bruker AXS Inc: Madison, WI, 2013.

(28) Sheldrick, G. M.. SHELXT. Program for Solving Small Molecule
Structures, Determining the Space Group and Structure Together,
Universitat Gottingen: Germany, 2014.

(29) Sheldrick, G. M. SHELXL. Program for Refinement of Crystal
Structures, Universitat Gottingen: Germany, 2014.

(30) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, J. M. A,; Cheeseman, R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A,, et al. Gaussian 09, Gaussian Inc.: Wallingford CT,
2009.

(31) Karamertzanis, P. G.; Pantelides, C. C. Ab initio crystal
structure prediction-I. Rigid molecules. J. Comput. Chem. 2005, 26,
304—324.

(32) Karamertzanis, P. G.; Pantelides, C. C. Ab initio crystal
structure prediction. II. Flexible molecules. Mol. Phys. 2007, 105,
273-291.

(33) Habgood, M.; Sugden, I J.; Kazantsev, A. V.; Adjiman, C. S
Pantelides, C. C. Efficient handling of molecular flexibility in ab initio
generation of crystal structures. J. Chem. Theory Comput. 2015, 11,
1957—-1969.

(34) Price, S. L.; Leslie, M.; Welch, G. W. A;; Habgood, M.; Price, L.
S.; Karamertzanis, P. G,; Day, G. M. Modelling organic crystal
structures using distributed multipole and polarizability-based model
intermolecular potentials. Phys. Chem. Chem. Phys. 2010, 12, 8478—
8490.

(35) Kazantsev, A. V.; Karamertzanis, P. G.; Adjiman, C. S;
Pantelides, C. C. Efficient handling of molecular flexibility in lattice
energy minimization of organic crystals. J. Chem. Theory Comput.
2011, 7, 1998—2016.

(36) Stone, A. J. Distributed multipole analysis: Stability for large
basis sets. J. Chem. Theory Comput. 2008, 1, 1128—1132.

(37) Coombes, D. S.; Price, S. L.; Willock, D. J.; Leslie, M. Role of
electrostatic interactions in determining the crystal structures of polar
organic molecules. A distributed multipole study. J. Phys. Chem. 1996,
100, 7352—-7360.

(38) Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert,
M. J; Refson, K; Payne, M. C. First principles methods using
CASTEP. Z. Kristallogr. 2005, 220, 567—570.

(39) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(40) Vanderbilt, D. Soft self-consistent pseudopotentials in a
generalized eigenvalue formalism. Phys. Rev. B 1990, 41, 7892—7895.

(41) Tkatchenko, A.; Alfe, D.; Kim, K. S. First-principles modeling
of non-covalent interactions in supramolecular systems: The role of
many-body effects. J. Chem. Theory Comput. 2012, 8, 4317—4322.

https://doi.org/10.1021/acs.cgd.4c00517
Cryst. Growth Des. 2024, 24, 5276—5284


https://doi.org/10.1002/cbic.200300801
https://doi.org/10.1039/C4CE00408F
https://doi.org/10.1039/C4CE00408F
https://doi.org/10.1021/acs.jpcc.1c06712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.1c06712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jlac.18320030302
https://doi.org/10.1002/jlac.18320030302
https://doi.org/10.1107/S0567740872005801
https://doi.org/10.1107/S0567740872005801
https://doi.org/10.1107/S0108768191002884
https://doi.org/10.1107/S0108768191002884
https://doi.org/10.1002/anie.200501146
https://doi.org/10.1021/cg050187b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg050187b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg050187b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b01495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.5b01495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200701383
https://doi.org/10.1021/cg801347d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg801347d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg3009706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg3009706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cs00221f
https://doi.org/10.1039/c0cs00221f
https://doi.org/10.1039/c0ce00538j
https://doi.org/10.1039/c0ce00538j
https://doi.org/10.1021/acs.cgd.1c00458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.7b00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B709938J
https://doi.org/10.1039/B709938J
https://doi.org/10.1039/B709938J
https://doi.org/10.1246/bcsj.55.1643
https://doi.org/10.1246/bcsj.55.1643
https://doi.org/10.1021/om500714c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om500714c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om500714c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg401891f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.20165
https://doi.org/10.1002/jcc.20165
https://doi.org/10.1080/00268970601143317
https://doi.org/10.1080/00268970601143317
https://doi.org/10.1021/ct500621v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500621v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c004164e
https://doi.org/10.1039/c004164e
https://doi.org/10.1039/c004164e
https://doi.org/10.1021/ct100597e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100597e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct050190+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct050190+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960333b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960333b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960333b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1021/ct300711r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300711r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300711r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

(42) Chisholm, J. A; Motherwell, S. COMPACK: a program for
identifying crystal structure similarity using distances. J. Appl.
Crystallogr. 2005, 38, 228—231.

(43) Bernauer, F. "Gedrillte”. In Kristalle, Gebruder Borntrager:
Berlin, 1929.

(44) Shtukenberg, A. G.; Punin, Y. O.; Gujral, A;; Kahr, B. Growth
actuated bending and twisting of single crystals. Angew. Chem., Int. Ed.
2014, 53, 672—699.

(45) Li, C; Shtukenberg, A. G.; Efrati, E.; Raiteri, P.; Gale, J. D;
Rohl, A. L.; Kahr, B. Why are some crystals straight? J. Phys. Chem. C
2020, 124, 15616—15624.

(46) Childs, S. L.; Wood, P. A.; Rodriguez-Hornedo, N.; Reddy, L.
S.; Hardcastle, K. I. Analysis of 50 crystal structures containing
carbamazepine using the materials module of mercury CSD. Cryst.
Growth Des. 2009, 9, 1869—1888.

(47) Hill, A.; Kras, W.; Theodosiou, F.; Wanat, M.; Lee, D.; Cruz-
Cabeza, A. J. Polymorphic solid solutions in molecular crystals: Tips,
tricks, and switches. J. Am. Chem. Soc. 2023, 145, 20562—20577.

5284

https://doi.org/10.1021/acs.cgd.4c00517
Cryst. Growth Des. 2024, 24, 5276—5284


https://doi.org/10.1107/S0021889804027074
https://doi.org/10.1107/S0021889804027074
https://doi.org/10.1002/anie.201301223
https://doi.org/10.1002/anie.201301223
https://doi.org/10.1021/acs.jpcc.0c04258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg801056c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg801056c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c07105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c07105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

