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ABSTRACT: Molecular crystal structures are often interpreted in terms of strong, structure v
directing, intermolecular interactions, especially those with distinct geometric signatures such as 7“

H-bonds or 7-stacking interactions. Other interactions can be overlooked, perhaps because they /\ ’PS__\_;/—-’\ Rl )
are weak or lack a characteristic geometry. We show that although the cumulative effect of weak _’/\ T >
interactions is significant, their deformability also leads to occupation of low energy vibrational ~ 7

energy levels, which provides an additional stabilizing entropic contribution. The entropies of five

fluorobenzene derivatives have been calculated by periodic DFT calculations to assess the entropic influence of C—H:-F interactions
in stabilizing their crystal structures. Calculations reproduce inelastic neutron scattering data and experimental entropies from heat
capacity measurements. C—H---F contacts are shown to have force constants which are around half of those of more familiar
interactions such as hydrogen bonds, halogen bonds, and C—H:--x interactions. This feature, in combination with the relatively high
mass of F, means that the lowest energy vibrations in crystalline fluorobenzenes are dominated by C—H:--F contributions. C—H:--F
contacts occur much more frequently than would be expected from their enthalpic contributions alone, but at 150 K, the stabilizing
contribution of entropy provides, at —10 to —15 kJ mol~', a similar level of stabilization to the N—H---N hydrogen bond in ammonia
and O—H:--O hydrogen bond in water.

1. INTRODUCTION A study by Taylor has investigated the importance of weak
C—H-X (X = O, N, F, Cl) interactions in crystal packing.4
The frequency of formation of specific interactions was
evaluated in the context of molecular surface area analysis to
assess the extent to which interactions are formed because of
their favorable characteristics as opposed to being formed
randomly. A metric Ry for primary (shortest) interactions was
defined and used to measure the favorability of different classes
of interaction, with values greater than unity indicating greater
than random occurrence.

Charge density analysis has shown that there is an intrinsic
polarization of the electron density on the fluorine atoms,”’
which promotes its participation in C—H:---F, C—=F---F—C, and
C—F---r interactions in the solid state,’ though overall, these
interactions have weak, largely dispersion based, rather than
electrostatic, enthalpic contributions. Nevertheless, the value of
R; for C—H:--F intermolecular interactions in Taylor’s study
was, at 3.5, strikingly higher than either C—H--O (2.7) or C—
H--N (3.0) interactions, which occasionally appear in lists of

The structures formed by materials under different conditions
are the consequence of minimization of free energy, which can
be interpreted as the result of a competition between enthalpic
and entropic contributions. For example, sublimation, a change
in phase from solid to gas, occurs, to a first approximation,
when the temperature is high enough for the entropy of the
gaseous state to overcome the enthalpic contribution made by
the intermolecular interactions in the solid. Likewise, the
crystal structures adopted by a compound are the result of a
competition between the enthalpic and entropic characteristics
of the intermolecular interactions.

The directing influence of strong intermolecular interactions
such as hydrogen bonds in the determination of stable packing
configurations in crystal structures can often be readily
identified. Motifs, such as the familiar dimers formed between
carboxylic acid groups, occur so frequently and consistently
that they are considered to be supramolecular synthons that
can be used in strategies to engineer crystal structures with
predetermined architectures.' Such interactions typically have —
energies in the range of tens of kJ mol™.> The role of weak Received: January 11, 2024 3‘,@5;2'*@
interactions is more subtle and open to different interpreta- Revised:  February 9, 2024 N
tions. Among these are weak C—H--halogen interactions, Accepted: February 9, 2024
sometimes referred to as a class of weak hydrogen bond,’ Published: February 19, 2024
which have molecule—molecule energies well below 10 kJ
mol ™.,
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Figure 1. Fluorobenzene derivatives investigated in this study and the definitions of the compound codes used in the text.

supramolecular synthons.” Our aim in this paper is to offer an
explanation of why C—H--F interactions should occur so
frequently.

It has been argued’™” that although individual C—H---F
interactions are energetically weak, the presence of many of
them becomes significant through a cooperative effect.
Although these interaction energies are clearly significant, the
free energy of a crystal structure is also influenced by other
contributions, which can exert a decisive influence on phase
stability. For example, volume minimization is the most
important driving force of high-pressure phase transitions, in
which the change in lattice energy is often found to be
positive.'"” A computational study on the role of entropy by
Nyman and Day on 1061 experimentally determined structures
of 508 polymorphic organic molecules has shown that
vibrational contributions dominated by entropy differences
contribute to significant differences in free energy. These were
shown to be large enough in 9% of their polymorph pairs to
cause a reranking of polymorph stability.'" Kieslich et al. have
also demonstrated the importance of entropy in hybrid
organic—inorganic perovskites as a balance and interplay
with hydrogen bonding interactions.'” The ability of entropy
to support negative volume changes in the presence of positive
lattice energy changes has also been noted in a high-pressure
polymorph of salicylamide."

In this paper, we suggest on the basis of calculations on a
series of fluorobenzene derivatives (Figure 1) that the shape
and energetic characteristics of the potentials of C—H:--F
interactions leads to high deformability and low vibrational
frequencies, so that crystal structures in which they occur are
favored not only by the enthalpic influence of their interaction
energies but also by entropy.

2. MATERIALS AND METHODS

2.1. Structures Studied. Calculations were carried out on five
fluorobenzene derivatives: monofluorobenzene (Cambridge Struc-
tural Database'* refcode FACFAQ, 1F hereafter), 1,2-difluoroben-
zene (FACFOE, 1,2F), 1,4-difluorobenzene (FACGEV, 1,4F), 1,3,5-
trifluorobenzene (PVVAWAOIL, 1,3,5F), and 1,2,4,5-tetrafluoroben-
zene (FACJAU, 1,2,4,5F). These structures, which were all published
in a landmark study by Thalladi et al., were used to define the initial
starting geometries for the DFT optimizations described below.” The
five structures selected from Thalladi et al.’s study sample different
classes of interaction geometry while minimizing computational
expense by choosing in all cases except 1,2F, molecules that occupy
special positions, enabling symmetry to be exploited in the
calculations.

2.2. DFT Geometry Optimization. The crystal structures of the
compounds shown in Figure 1 were geometry-optimized using
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periodic density functional theory (DFT) with CASTEP through the
Materials Studio interface.">'® The Perdew—Burke—Ernzerhof
(PBE)"” exchange-correlation functional and norm-conserving
pseudopotentials'> were used with a basis set cutoff energy of 990
eV and a k-point spacing of 0.04 A™', which converged the total
energy to <0.1 meV per atom. The unit cell dimensions were fixed in
the initial cycles of optimization but then allowed to vary along with
the coordinates. The convergence criteria were: 1 X 107° eV atom™
(energy), 0.002 eV A™" (force), and 1 X 107* A (displacement). The
cell optimization was conducted in a soft compressibility scheme with
fixed basis quality and a maximum stress of 0.01 GPa. Structures were
visualized using both Mercury'® and Avogadro."’

2.3. Phonon Calculations. Following geometry optimization,
vibrational frequencies were calculated in the harmonic approximation
at the I'-point and across the full Brillouin zone using the linear
response method (i.e., density functional perturbation theory rather
than the finite displacement method based on supercells).”
Anharmonicity and thermal expansion were neglected. For calcu-
lations across the Brillouin zone, the g-vector separation was set to
0.04 A", The number of q-vectors (N) at this density was 3 for 1F, 8
for 1,2F, 14 for 1,4F, 24 for 1,3,SF, and 16 for 1,2,4,SF. The
frequencies of the acoustic modes at the I'-point were within 0.06
ecm™ of 0 cm™; all other frequencies were positive. Density of states
(DoS) plots were calculated for all structures with the contributions of
different atom types assessed at the I'-point by use of partial density of
states (PDoS) plots, this follows the method used by Kieslich et al.">

The effect of interpolation of the q-vector grid onto a finer grid
spacing was investigated.”' For 1F, the phonon interpolation grid was
increased stepwise from 1 X 1 X 1 to 16 X 16 X 16, converging the
calculated value of —T'S at 150 K to within 0.01 kJ mol™" (Table S3 in
the Supporting Information). A 16 X 16 X 16 interpolation grid was
used for all further calculations in this work.

Phonon calculations of increased computational expense were also
applied to 1F. The q-vector separation in this calculation was
decreased from 0.04 to 0.03 A™, increasing N from 3 to 12. This led
to a modestly increased occupation of the low energy vibrations but
not such as to improve substantially the simulation of inelastic
neutron scattering (INS) data (see Figures S1 and S2 in the
Supporting Information). The value of —TS at 150 K also changed
only modestly, from —10.31 to —10.42 kJ mol™". The results of the
calculations at the coarser spacing with interpolation were therefore
accepted for all other derivatives in this study. Further information on
convergence analysis of the phonon calculations can be found in
Section 3 of the Supporting Information.

2.4. INS Measurements. Comparison of the experimental and
simulated inelastic neutron scattering (INS) spectra was used to
assess the accuracy of phonon calculations. Experimental INS data
were measured at ISIS Neutron and Muon spallation source on the
TOSCA indirect geometry spectrometer. Liquid samples for all
compounds were obtained from Fluorochem. The samples were cold-
ground under nitrogen before being loaded into cold aluminum cans
and sealed.”” Spectra were recorded at ~20 K, the base temperature of
the instrument. Spectra for all samples were compared to simulated
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Table 1. Symmetry Unique Interactions within the First Coordination Spheres of 1F and 1,2F*

contact centroid
structure dimer symmetry type separation
1F, A yx1/2, —x +5/2, z + 1/4; H-z 4.759
FACFAQ -y +5/2,x+1/2,z—1/4
P4;2,2
Z=4 B xyxlzzxx1l,yz2 H--F, 5.752
H--H
Z' =1/2 C  y+1/2,—x+3/2,z+1/4 H--F, 6.542
—y+3/2,x+1/2,z— 1/4 H--H
U= -52.0 D x+lyx1lz H--F 8.134
1,2F, A —x+3/2,y+1/2, =z + 3/2 H-n 4.686
FACFOE
P2,/n
Z=4 B —x+5/2,y+1/2, =z + 3/2 H-n 4.843
7' =1 C x+1/2,—y+1/2,z+1/2 H--F, 6.782
U=-4938 D —x+2,—y+1,—z+1 F--F, 5.864
F---F
E —x+2,—y+1,—z+2 H.- 5.954
H--H
F xyxlz H--F 6.007
G x+1/2, =y +3/2,z+1/2 H--F, 6.935
H--H
H —x+2, -y —z+1 F---F 8.268

total per

Coulombic polarization dispersion repulsion  total molecule
-3.6 -1.8 —14.5 11.0 -89 —4.5
-17 —0.8 -9.1 4.5 =7.0 -3.5
-2.6 -12 -7.6 5.0 —6.4 =32
-13 -0.2 -1.5 0.2 -2.8 —-14
=51 -1.8 —-15.4 11.2 —11.1 —5.6
—4.1 -13 -12.6 7.4 —10.6 =53
—4.7 -1.1 —6.9 4.3 -85 —-4.3
-0.7 —0.8 -85 3.2 —6.8 —3.4
-13 -0.7 -7.6 34 —6.2 -3.1
-0.6 -0.9 —8.6 42 =59 -3.0
-14 -0.7 =52 2.8 —4.5 =23
1.5 -0.2 -1.7 0.6 0.2 0.1

“All energies are given in kJ mol™". U = lattice energy. Centroid separation distances are given in A. Data for other derivatives and diagrams of each

dimer are available in the SI (Table SS, Figures S4—S8)

spectra obtained from phonon calculations by use of the program
ADINS in Mantid.”® The temperatures used in the simulations were
set to match the thermocouple readings taken from the experimental
data files, and data from the front and the back detectors of TOSCA
were merged.

2.5. Lattice and Intermolecular Interaction Energies. The
lattice and intermolecular interaction energies for each optimized
structure were calculated via the semiempirical Pixel method***®
using the MrPixel interface.”® Gaussian-09°" was used for electron
density calculations at the MP2 level of theory using the 6-31G**
basis set. Molecular electron density was calculated on a grid of 0.08 X
0.08 X 0.08 A® and applied with a condensation level of 4 and a
cluster radius of 14 A. Component energies were calculated for
Coulombic, polarization, dispersion, and repulsion interactions with
total energy taken as the sum of all contributions. Contacts (labeled
A, B...) within the first coordination sphere of 1F and 1,2F are listed
along with their energies in Table 1. Data for all dimers are available
in Table S5, with individual dimers shown in Figures S4—S8 all in the
Supporting Information.

2.6. Entropy Calculations. Vibrational entropies were calculated
for all compounds from the frequency output of the phonon
calculations across the Brillouin zone using routines available in
CASTEP. Estimates of the entropy determined at the I"-point, which
are used below for illustrative purposes, were calculated as in Section
8 of the Supporting Information. Although the experimental
structures were determined between 123 and 215 K, all entropies
were calculated at 150 K to facilitate direct comparison.

2.7. Force Constants. Force constants were calculated for
selected dimers within the first coordination sphere of 1,2F in
order to assess the relative deformability of C—H--F interactions. The
dimers selected for 1,2F were a C—H-x interaction (referred to
below as contact A, see Figure SS in the Supporting Information) and
a bridged C—H--F interaction (contact C). The coordinates were
taken from the DFT-optimized structure. For the purposes of
comparison, the same procedure was applied to the H-bonded water
dimer with a geometry taken from the Benchmark Energy and
Geometry Database from data set $22.>°

Calculation of the force constants was accomplished by evaluating
the energy of a dimer as its geometry was distorted. Two methods
were applied. In the first method, dimers were distorted along the
eigenvectors of I-point phonons using the program ModeFollow.*
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Modes were selected from within the low energy envelope of
vibrations below 200 cm™, which contribute most to entropy.’>”" For
the bridged C—H-~F interaction (contact C), three separate modes
were selected; two modes provide the highest distortion of the C—
H---F interaction and the third as the highest energy mode below the
200 cm™! limit for external vibrations. These modes are numbered 16,
22, and 24 in Table S6 in the Supporting Information. The dimer of
interest was isolated from the unit cell at each step along the
distortion and the energy calculated for the isolated dimer (see
below). The extent of distortion (R) for each mode was defined
numerically as the average distance between atoms in their distorted
state relative to their optimized positions. The same modes were
studied for the C—H--z interaction (contact A) for comparison.
Mode 16 for contact A and mode 24 for contact C produced very flat
potentials, indicating that the energies of these modes are determined
by the distortions of interactions with other molecules in the crystal
structure; these modes were excluded from further analysis.

The second method of distortion followed the procedure of
Carlucci and Gavezzotti>* This method was used for 1,2F contacts A,
C, and the water dimer. The interaction axis of each dimer was
aligned along the Cartesian z axis using Avogadro.'® For both contacts
A and C, the centroids of the aromatic rings were calculated to define
this axis. For the water dimer, the axis was defined along the shortest
H---O intermolecular distance. The separation distance of the two
molecules were then linearly distorted along z by +1.0 and —1.0 A
from its optimized value in steps of 0.1 A. Energies were calculated at
each point.

The dimer energies in both sets of calculations were evaluated
using symmetry adapted perturbation theory (SAPT) in the program
Psi4.”> Convergence testing was carried out using contact C. All
combinations of double, triple, and quadruple-{ basis sets with the
augmentation levels of August, July, and June from the “calendar” set
(reducing backward in month for each diffuse shell removed from the
calculation) were tested at all levels of SAPT truncation.’* On the
basis of these tests, SAPT2 + 3 was selected with the aug-cc-pVDZ
basis set for further calculations; further data are available in Section 4
of the SL

The above calculations yielded potential curves E(R) for each
interaction studied. The force constants, k°, for the dimers were
calculated as in Carlucci and Gavezzotti®* using eq 1 after fitting
polynomials to the potential curves; we found that order six
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polynomials yielded better fits than the fourth order set used in
Carlucci et al.”

= dZ_E
dr* M)

3. RESULTS AND DISCUSSION

3.1. Intermolecular Interactions. Descriptions of the
packing in all the fluorobenzene derivatives studied here
(Figure 1) have been provided by Thalladi et al.” The energies
and centroid—centroid distances of the interactions formed in
each structure, as determined by the Pixel method are given in
Table 1 (1F and 1,2F) and Table SS in the Supporting
Information (all derivatives). The structures contain 12
(1,2,4,5F), 13 (1,2F), or 14 (1F, 1,4F and 1,3,5F) molecules
in the first coordination sphere, linked by C—H---F, C—H---H,
and C—F---F contacts, which are in some cases bifurcated or
bridged. The structures of 1F, 1,2F, and 1,4F also contain C—
H--z interactions, whereas those of 1,3,5F and 1,2,4,SF
feature offset 7---7 interactions.

The lattice energies are similar, varying between —45.8 and
—52.0 kJ mol™". The modest values™ reflect the low melting
points of these materials. The 7--:7 or C—H:--x interactions are
more stabilizing than single, bridged, or bifurcated C—H--F
interactions in all structures except 1,4F where a bridged C—
H-F interaction provides 0.5 kJ mol™" greater stabilization
than a C—H--7 interaction.

The largest contribution to the C—H:-F interactions is
dispersion rather than electrostatics. This finding is in
agreement with work by Sudheendranath et al. on a-
fluorokeytones, where the dispersive term was found to
outweigh the electrostatic term by 3—4 times and also with
the survey of C, H, and F-containing structures by Gavezzotti
and Lo Presti.*> Desiraju et al. have similarly reported that C—
H--F interactions, which they describe as weak hydrogen
bonds, have less pronounced electrostatic contributions.*®

Although the aromatic nature of structures studied here
contribute toward dispersion terms in these contacts, a search’
of the Cambridge Structural Database (CSD)'* reveals that
average contact lengths for C—H---F bonds hardly vary for
aromatic (2.512 A) and nonaromatic (2.519 A) structures (see
Section 2 in the Supporting Information), indicating that
formation of these contacts is not simply a feature of
optimization of aromatic interactions.

The low energies of C—H-F interactions, as well as their
lower or similar energies to 7+--m or C—H---7 contacts, suggests
that it is difficult on energy grounds alone to support their
description®” as structure directing interactions. Nevertheless,
their persistence in the crystal structures of organo-fluorine
derivatives implies that they must make a significant stabilizing
contribution.” The aim of the following sections is to explore
the role that entropy has in resolving this apparent paradox.

3.2. Phonon Calculations. 3.2.1. Inelastic Neutron
Scattering Experiments. The entropy of crystalline solids is
determined by access to low frequency vibrational (or phonon)
energy levels. In disordered solids, there is also a contribution
from alternative configurations, but since all structures studied
here are ordered, this was not considered in the present study.
In order to explore the role of entropy in the stabilization of
crystal structures containing C—H---F interactions, it is thus
necessary to calculate vibrational frequencies. In crystalline
solids, internal vibrations occur within molecules and external
vibrations occur between molecules. The relative phases of
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vibrational modes between unit cells defines different points in
the Brillouin zone. The point where the vibrations of all unit
cells are in phase defines the I'-point; the opposite zone edge,
which is given a variety of different symbols depending on
crystal symmetry, occurs where vibrations in neighboring unit
cells are out of phase.

Calculation of the vibrational properties of solids is
computationally expensive, and approximations such as the
assumption of harmonicity are usually invoked. This
assumption was made in the present study. The effects of
thermal expansion were also neglected. More elaborate models
could be based on the quasi-harmonic approximation to
account for thermal expansion or explicit inclusion of
anharmonicity. Destabilizing (positive) contributions to free
energy, namely, the increase in internal energy due to the
occupation of vibrational modes as temperature increases and
zero-point energy, were also neglected. These quantities can
differ significantly in crystal structures with very strong
intermolecular interactions,” but differences between poly-
morphs are usually very small;'' further comments are
available in Section 9 of the Supporting Information.

Inelastic neutron scattering data, which provides very useful
benchmarking data for phonon spectra calculated by periodic
DFT,** were collected in order to determine the impact of our
assumptions on the accuracy of the phonon calculations.
Calculated and experimental INS spectra in the range 0—1000

cm ™" are presented in Figure 2 for 1F. Spectra for all structures
Monofluorobenzene
50
—— 1F Experimental INS Spectrum
—— 1F Calculated INS Spectrum
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Figure 2. Experimental and simulated INS spectra for 1F. Spectra for
other compounds and larger spectral ranges can be found in Figures
§9—S13 of the Supporting Information.

and spectra over larger ranges can be found in Figures S9—S13
in the Supporting Information. The intensities of measured
INS spectra depend on experimental parameters such as the
sample volume and incident beam intensity as well as the
characteristics of the vibrations, and the simulated intensities
were scaled visually to match the peaks near 1000 cm™. In all
cases, the simulated spectra show a level of agreement with the
experimental data that is typical in comparable studies
employing periodic DFT and the harmonic approximation.’”
The frequencies and intensities of the internal modes are well
reproduced. The external modes below 200 cm™ show small
frequency offsets which reflect the assumptions described
above and which tend to lead to overestimation of the
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frequencies.”® Nevertheless, the essential features of the INS
spectra below 200 cm™' have been reproduced. Inclusion of
thermal expansion, for example, by use of a quasi-harmonic
model,”” would be expected to decrease the frequencies,"’
while inclusion of anharmonic effects usually, though not
always, also leads to a decrease in calculated frequencies when
compared to the harmonic approximation.*'

3.2.2. Entropy Calculations. The significance of the offsets
between the experimental and DFT simulations in the low
frequency vibrational modes can be assessed by comparison of
the calculated entropies with experimental values, which are
available from heat capacity (C,) data for 1F, 1,2F, and
1,2,4,5F. 27

The values of —TS (T = temperature, S = entropy) terms for
all five compounds at 150 K are listed in Table 2 alongside

Table 2. Values of —TS at 150 K for Fluorobenzenes
Calculated Using Periodic DFT at the I'-Point and Across
the Brillouin Zone Compared to Available Data Determined
Experimentally from Heat Capacity Measurements; All
Values in kJ mol™

I" phonon full phonon experimental
1F —8.63 —10.31 —12.42"
1,2F -9.99 —11.73 —13.72"
1,4F —8.58 —12.33
1,3,5F —9.83 —13.85
1,2,4,5F —11.40 —15.05 —15.77%

experimental values where available. The value of 150 K used
here and below is representative of the temperatures of the
experimental structure determinations. The experimental and
simulated values of —TS in Table 2 all agree to within about 2
kJ mol™, the underestimation in the simulated values being
consistent with the slight overestimation in the positions of the
low frequency bands shown in Figure 2. The calculations also
recover the increasing trend with fluorine content.

Thus, although the agreement is not perfect, the INS and
entropy benchmarking data indicate that the level of theory

applied in this work is suitable for the purpose of estimating
the magnitude of entropy effects in weakly bound crystal
structures such as those of fluorobenzenes.

3.2.3. Partial Density of States Calculations. The values of
—10 to —15 kJ mol™' for the —TS contribution to the
stabilization of fluorobenzenes at 150 K shown in Table 2 is
comparable to the enthalpic stabilization afforded by the N—
H---N and O—H:---O hydrogen bonds in the crystal structure of
ammonia (—9.3 kJ mol™") and the optimized water dimer
(=20.6 kJ mol™!).** But what contribution is made by C—H:--
F interactions toward this stabilization?

The phonon density of states, shown in Figure 3i for 1F,
were decomposed into contributions from each atom type at
the I'-point; plotting these partial density of states reveals how
individual modes are distributed over different atoms.'” The
advantage of using the I'-point is that the contribution of
entropy by bands of increasing frequency is easily calculated by
hand (Section 8 and Table S6 of the Supporting Information),
providing useful insight into the importance of low energy
vibrations; note that the entropy calculated in this way is
underestimated because the contributions of acoustic phonons
are missing (see Table 2).

The partial density of states for 1F are shown for F, C, and
H in Figure 3ii, with the remaining compounds shown in
Figures S19—S23 in the Supporting Information. For all
structures, the fluorine atoms contribute significantly more per
atom to the modes below 200 cm™ than C or H, as indicated
by the higher intensity of the peaks within this range for the
fluorine atoms.

3.2.4. Force Constant Calculations. The thermodynamic
contribution made by an intermolecular interaction to the
stability of a phase depends on the characteristics of its
potential. The enthalpic significance depends on the depth of
the potential. The entropic significance depends on the shape
of the potential at its minimum. A low curvature at the
potential minimum is indicative of a deformable interaction
with a low force constant (eq 1). An interaction with a low
force constant is associated with a low vibrational frequency
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Figure 3. (i) Density of states for 1F in the range 0—1700 cm™". (ii) Partial density of states per atom type per atom for 1F. Red is fluorine, black is
carbon and blue is hydrogen. Data for individual atom types have been offset for clarity. Plots for all other structures and larger spectral ranges are

available in Figures S14—S23 in the Supporting Information.

2221

https://doi.org/10.1021/acs.cgd.4c00042
Cryst. Growth Des. 2024, 24, 2217—-2225


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00042/suppl_file/cg4c00042_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00042/suppl_file/cg4c00042_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00042?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00042?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00042?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00042/suppl_file/cg4c00042_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00042?fig=fig3&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

)

20

¢
15 \ = A Mode 22
\ ® A Mode 24
= 40 I A CMode 16
2 " C Mode 22
- 1
X 5 : \
> \ .
o I
g 0 | 2N
c 'l A
(7] | | 'y
2 s ¢ 5
g ‘\‘: Y
5 -10 ® "‘. WAt
. b J
_20 T T T T T T T T T
40 45 50 55 60 65 70 75
Contact Separation /A
111
60 —
50
5 404
€
2 301
< ,
2 20
(0]
g
10 4
2 D]
$ ¢
< 0
o
O
-10 4
-20 4
T T T T 1
1.0 15 2.0 25 3.0
Contact Separation /A

i
20 4 \
m  Contact A

154 " m  Contact C
‘s 10
€ |
2 \
< 5 L]
> \
2
O 04
5 !
.GZD -5 " "
7 u®
2 h-l. "...
G -10 4 -
O . I -

A s T
-20 L T T T |"""| """ |"";| """ 1
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Contact Separation /A

Figure 4. Energy potentials for (i) distortions along phonon modes for contacts A and C for 1,2F (method 1). (ii) Distortions of centroid—
centroid distances for contact A and C in 1,2F (method 2). (iii) Distortion of the O---H distance in the water dimer (method 2). Red dashed lines

in (ii) and (iii) represent defined interaction axes for method 2.

and hence a high entropy. However, vibrational frequencies
also depend on mass, and low frequencies are also associated
with vibrations, which involve heavy atoms.

The partial density of states analysis indicates that the
motions of the fluorine atoms contribute most to the lowest
energy vibrations in fluorobenzenes and therefore contribute
most to entropy. The question we address in the following
section is whether this is simply because fluorine is the heaviest
atom present or whether the low energy of vibrations involving
fluorine can also be ascribed to the low force constants, i.e., the
deformability, of C—H--F interactions. Answering this
question requires explicit calculation of the potentials of
intermolecular interactions involving C—H---F contacts, along
with those of other classes of interaction for the purposes of
comparison.

Potentials were calculated for contacts selected from the
crystal structure of 1,2F. Contact C (Table 1, Figure SS) is
formed across an inversion center and contains two bridged
C—H--F interactions; for comparison, the same calculations

2222

were carried out for the C—H---7 interaction, contact A. The
force constants for both contacts were calculated by two
methods as described in Section 2.7. For comparison, the
second method was applied to the isolated water dimer; the
same method has been applied to the pentafluoroiodobenzene-
pyrazine C—I---N halogen bond in ref 32. The potentials and
force constants are shown in Figure 4 and Table 3, which also
reports separation distances and energies from the optimized
structure alongside equilibrium distances and cohesive
energies.

For the 1,2F modes, the minimum of the fitted polynomial
was slightly shorter than the separation within the optimized
structure, a reflection of interaction distances in crystal
structures being the result of a competition between the
pushes and pulls of all contacts present, so that none adopt
exactly the same geometry as an isolated dimer.** The C—
H---7 interaction (A) is stronger than the bridged C—H---F
interaction (C) with equilibrium energies of —15.8 and —9.4 kJ
mol ™, respectively (Figure 4i)ii; the corresponding values in
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Table 3. Equilibrium Distances (R,,) and Energies (E,,)
from the DFT-Optimized Structures and the Minimum
Distances (R’), Energies (E°), and Force Constants (k°) for
Selected Contacts in 1,2F and Water from the Fitted
Potentials”

contact/mode Ry Eqpe R® E° K°
method 1
A/22 4.686 —15.813 4.615 —16.097 136.6
A/24 “ 4.625 —16.103 188.2
average 4.620 —16.100 162.4
C/16 6.782 —9.421 6.806 —9.445 38.5
C/22 “ 6.787 —9.440 43.0
average 6.797 —9.443 40.8
method 2
A 4.686 —15.813 4.556 —-16.211 55.6
C 6.782 —9.421 6.772 —9.421 31.7
Water 1.952 —18.867 2.036 —19.455 94.2
FBz-I* 3.17 -9.9 97

“Data for the C—I---N interaction in the pentafluoroiodobenzene-
pyrazine dimer (FBz-I) taken from Carlucci and Gavezzotti are listed
for comparison.>” Distances are in A, energies in k] mol™' and force
constants in kJ mol™ A™%,

the crystal structure calculated by the Pixel method are —11.1
and —8.5 k] mol™"). The potentials for contact C in Figure 4iii
are distinctly shallower than for contact A, producing
substantially lower force constants. The average of the of the
force constants calculated by method 1 are 162.4 and 40.8 kJ
mol™" A~ for contacts A and C, respectively. Although the
results of method 2 are different (they correspond to different
distortions), they present a consistent picture: 55.6 and 31.7 kJ
mol™" A2 for A and C, respectively. Comparative figures for
the hydrogen and halogen bonded dimers in Table 3 are both
of the order of 100 kJ mol™" A™2

The energies of the interactions discussed here lie between
about 5 and 20 kJ mol™!; the energetic differences are
accompanied by a distribution in the range of values for the
force constants, with those for C—H---F interactions being
significantly lower than those of other contacts. These data
indicate that the entropic contribution of C—H:-F interactions
stems not only from the mass of the fluorine atom but also
their deformability.

4. CONCLUSIONS

The current work was inspired by a comment made by Taylor
in a paper entitled It Isn’t, It Is: The C—H-+-X (X= 0O, N, F, Cl)
Interaction Really Is Significant in Crystal Packing.* The final
paragraph of that paper reads: It took me 30 years to be
persuaded that C—H---F—C... contacts matter, but I remain of this
view. Whether this belief is accepted by others or not, one thing is
clear: any explanation of the crystal packing of the structures...
must account for the fact that they contain many more X---H
interactions than would be expected by chance.

Although C—H-F interactions are weak, they occur
frequently, 3.5 times more likely than would be expected by
chance alone. Taylor reasoned that The simplest explanation is
that X--H (X being a halogen) interactions are sufficiently
favorable in themselves to ensure their over-representation in
crystal structures. The hypothesis explored in the present
contribution is that the favorable feature of C—H---F
interactions lies in their contribution to entropy.
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The vibrational, enthalpic, and entropic properties of five
fluorobenzene derivatives have been investigated using
periodic DFT, SAPT, and Pixel calculations. The phonon
calculations, which were carried out in the harmonic
approximation and neglected the effects of thermal expansion,
nevertheless adequately reproduced the experimental entro-
pies, determined from heat capacity data and INS spectra. The
molecule—molecule energies associated with individual C—H---
F interactions lie between —5 and —10 kJ mol™. The
interactions are largely dispersive, rather than electrostatic in
character. The total contribution of entropy is between —10
and —15 kJ mol™ at 150 K, more akin to the enthalpic
stabilization made by a moderate hydrogen bond.

Entropy in ordered, crystalline solids is derived from access
to low energy vibrational modes. Each mode is distributed over
many different interactions in solids, and one of the difficulties
encountered in the work described here has been to assess the
entropic contribution of interactions involving C—H---F
contacts. One technique has been to examine partial phonon
density of states plots, which show that the lowest energy
modes in fluorobenzenes are dominated by the motions of
fluorine atoms. Another has been to investigate the properties
of the potentials of dimers mediated by C—H:--F interactions
and to compare them with those for other classes of contact.
This analysis showed that the low vibrational energies
associated with C—H-F interactions reflect the relatively
high mass of the halogen atom but also their deformability,
with potentials which are flatter than other contacts such as
C—H:--r interactions and hydrogen and halogen bonds. The
prevalence C—H:-F interactions thus stems from a combina-
tion of the entropic advantage conferred by these two features
as well as from the energies of the interactions themselves.

Taylor’s study shows that many weak interactions form
randomly and tend not to be structure directing. For example,
enthalpically weak C—0O--C and C—N---C interactions were
found to both occur 0.5 times less than would be expected by
chance. However, C—H--'F interactions do matter, the results
presented here implying that entropy can have significant role
to play in structures dominated by enthalpically weak
interactions. The results of this work suggest that entropy
can be an important consideration when interpreting the
structural significance of weak interactions.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00042.

Results for all derivatives shown in Table 1 where
illustrative data have been included in the main text:
details of intermolecular interactions formed in the first
coordination sphere of each structure along with the
results of Pixel calculations (Section $); comparison of
experimental and simulated INS spectra (Section 6);
phonon density of states data (Sections 7 and 8);
comparison of optimized and experimental unit cell
dimensions (Section 1) further details on the con-
vergence of phonon and SAPT calculations are given in
Sections 3 and 4; illustrative data on calculations for
1,2F are available in Section 8. Section 2 lists criteria and
results of a search of the Cambridge Structural Database
for aromatic and nonaromatic fluorides. Section 9
outlines the justification for neglect of internal thermal
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2023.2.0.

2224

B REFERENCES

(1) Desiraju, G. R. Supramolecular Synthons in Crystal Engineer-
ing—a New Organic Synthesis. Angew. Chem., Int. Ed. Engl. 1995, 34
(21), 2311-2327.

(2) Dunitz, J. D.; Gavezzotti A. Supramolecular Synthons:
Validation and Ranking of Intermolecular Interaction Energies.
Cryst. Growth Des. 2012, 12 (12), 5873—5877.

(3) Desiraju, G. R;; Steiner, T. The Weak Hydrogen Bond; Oxford
University Press, 1999.

(4) Taylor, R. It Isn't, It Is: The C—H-+ X (X= O, N, F, Cl)
Interaction Really Is Significant in Crystal Packing. Cryst. Growth Des.
2016, 16 (8), 4165—4168.

(5) Hathwar, V. R;; Chopra, D.; Panini, P; Guru Row, T. N.
Revealing the Polarizability of Organic Fluorine in the Trifluor-
omethyl Group: Implications in Supramolecular Chemistry. Cryst.
Growth Des. 2014, 14 (11), 5366—5369.

(6) Das, P,; Rao, G. B. D.; Bhandary, S.; Mandal, K; Seth, S. K;
Chopra, D. Quantitative Investigation into the Role of Intermolecular
Interactions in Crystalline Fluorinated Triazoles. Cryst. Growth Des.
2024, 24 (2), 703—721. Dey, D.; Seth, S. K;; Mohan, T. P.; Chopra,
D. Quantitative analysis of intermolecular interactions in crystalline
substituted triazoles. J. Mol. Struct. 2023, 1273, No. 134380.

(7) Chopra, D.; Row, T. N. G. Role of Organic Fluorine in Crystal
Engineering. CrystEngComm 2011, 13 (7), 2175—2186.

(8) Thakur, T. S; Kirchner, M. T.; Bliser, D.; Boese, R.; Desiraju, G.
R. C—H:-- F—C Hydrogen Bonding in 1, 2, 3, S-Tetrafluorobenzene
and Other Fluoroaromatic Compounds and the Crystal Structure of
Alloxan Revisited. CrystEngComm 2010, 12 (7), 2079—208S. Desiraju,
G. R. C—H-O and Other Weak Hydrogen Bonds. From Crystal
Engineering to Virtual Screening. Chem. Commun. 2008, 24, 2995—
3001.

(9) Thalladi, V. R.; Weiss, H.-C.; Bliser, D.; Boese, R.; Nangia, A.;
Desiraju, G. R. C— H--F Interactions in the Crystal Structures of
Some Fluorobenzenes. J. Am. Chem. Soc. 1998, 120 (34), 8702—8710.

(10) Wilson, C. J. G.; Cervenka, T.; Wood, P. A; Parsons, S.
Behavior of Occupied and Void Space in Molecular Crystal Structures
at High Pressure. Cryst. Growth Des. 2022, 22, 2328—2341.

(11) Nyman, J; Day, G. M. Static and Lattice Vibrational Energy
Differences between Polymorphs. CrystEngComm 2015, 17 (28),
5154-516S.

(12) Kieslich, G; Skelton, J. M.; Armstrong, J; Wu, Y.; Wei, F;
Svane, K. L; Walsh, A; Butler, K. T. Hydrogen Bonding versus
Entropy: Revealing the Underlying Thermodynamics of the Hybrid
Organic—Inorganic Perovskite [ CH;NH;] PbBr;. Chem. Mater. 2018,
30 (24), 8782—8788.

(13) Johnstone, R. D. L.; Lennie, A. R.; Parker, S. F.; Parsons, S.;
Pidcock, E.; Richardson, P. R.; Warren, J. E;; Wood, P. A. High-
Pressure Polymorphism in Salicylamide. CrystEngComm 2010, 12 (4),
1065—1078.

(14) Groom, C. R; Bruno, 1. J.; Lightfoot, M. P.; Ward, S. C. The
Cambridge Structural Database. Acta Crystallogr., Sect. B: Struct. Sci,,
Cryst. Eng. Mater. 2016, 72 (2), 171-179.

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

(16) Materials Studio (21.1.0.3268); Dassault Systémes: San Diego,
2021.

(17) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77 (18), 386S.

(18) Macrae, C. F.; Sovago, L; Cottrell, S. J; Galek, P. T. A;
McCabe, P.; Pidcock, E.; Platings, M.; Shields, G. P.; Stevens, J. S.;
Towler, M.; et al. Mercury 4.0: From Visualization to Analysis, Design
and Prediction. J. Appl. Crystallogr. 2020, S3 (1), 226—23S.

(19) Hanwell, M. D.; Curtis, D. E.; Lonie, D. C.; Vandermeersch, T.;
Zurek, E.; Hutchison, G. R. Avogadro: An Advanced Semantic
Chemical Editor, Visualization, and Analysis Platform. J. Cheminform.
2012, 4 (1), 1-17.

https://doi.org/10.1021/acs.cgd.4c00042
Cryst. Growth Des. 2024, 24, 2217—-2225


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00042/suppl_file/cg4c00042_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Parsons"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7708-5597
mailto:S.Parsons@ed.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cameron+J.+G.+Wilson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5286-6306
https://orcid.org/0000-0001-5286-6306
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Plesniar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heike+Kuhn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeff+Armstrong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8326-3097
https://orcid.org/0000-0002-8326-3097
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+A.+Wood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5239-2160
https://orcid.org/0000-0002-5239-2160
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00042?ref=pdf
https://doi.org/10.1002/anie.199523111
https://doi.org/10.1002/anie.199523111
https://doi.org/10.1021/cg301293r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg301293r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.6b00736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.6b00736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg501240r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg501240r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c01096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.3c01096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molstruc.2022.134380
https://doi.org/10.1016/j.molstruc.2022.134380
https://doi.org/10.1039/c0ce00538j
https://doi.org/10.1039/c0ce00538j
https://doi.org/10.1039/b925082d
https://doi.org/10.1039/b925082d
https://doi.org/10.1039/b925082d
https://doi.org/10.1039/b504372g
https://doi.org/10.1039/b504372g
https://doi.org/10.1021/ja981198e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981198e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c01427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c01427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CE00045A
https://doi.org/10.1039/C5CE00045A
https://doi.org/10.1021/acs.chemmater.8b03164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b03164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b03164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b921288d
https://doi.org/10.1039/b921288d
https://doi.org/10.1107/S2052520616003954
https://doi.org/10.1107/S2052520616003954
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/10.1107/S1600576719014092
https://doi.org/10.1107/S1600576719014092
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1186/1758-2946-4-17
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

(20) Refson, K; Tulip, P. R; Clark, S. J. Variational Density-
Functional Perturbation Theory for Dielectrics and Lattice Dynamics.
Phys. Rev. B 2006, 73 (15), No. 155114.

(21) Michalchuk, A. A. L.; Rudi¢, S.; Pulham, C. R.; Morrison, C. A.
Vibrationally Induced Metallisation of the Energetic Azide a-NaNj.
Phys. Chem. Chem. Phys. 2018, 20 (46), 29061—29069.

(22) Ibberson, R. M. A Simple Technique for Preparing Low-
Melting-Point Samples for Neutron Powder Diffraction. J. Appl.
Crystallogr. 1996, 29 (4), 498—500.

(23) Dymkowski, K.; Parker, S. F.; Fernandez-Alonso, F.;
Mukhopadhyay, S. AbINS: The modern software for INS
interpretation. Physica B: Condensed Matter 2018, 551, 443—448.

(24) Gavezzotti, A. Molecular Aggregation; Oxford University Press:
Oxford, UK, 2007. Gavezzotti, A. Efficient computer modeling of
organic materials. The atom—atom, Coulomb—London—Pauli (AA-
CLP) model for intermolecular electrostatic-polarization, dispersion
and repulsion energies. New J. Chem. 2011, 35, 1360—1368.

(25) Gavezzotti, A. Calculation of lattice energies of organic crystals:
the PIXEL integration method in comparison with more traditional
methods. Z. Kristallogr. Cryst. Mater. 2005, 220, 499—510.

(26) Reeves, M. G.; Wood, P. A,; Parsons, S. MrPIXEL: automated
execution of Pixel calculations via the Mercury interface. J. Appl.
Crystallogr. 2020, 53, 1154—1162.

(27) Hiscocks, J.; Frisch, M. J. Gaussian 09, Revision E. 01; Gaussian
2013. 5 5

(28) Jurecka, P.; Sponer, J.; Cerny, J.; Hobza, P. Benchmark
Database of Accurate (MP2 and CCSD (T) Complete Basis Set
Limit) Interaction Energies of Small Model Complexes, DNA Base
Pairs, and Amino Acid Pairs. Phys. Chem. Chem. Phys. 2006, 8 (17),
1985—1993. Rezd¢, J.; Jurecka, P.; Riley, K. E,; Cerny, J.; Valdes, H.;
Pluh4ckova, K.; Berka, K.; Rezdc, T.; Pitondk, M.; Vondrések, J.; et al.
Quantum Chemical Benchmark Energy and Geometry Database for
Molecular Clusters and Complex Molecular Systems (www.begdb.-
com): A Users Manual and Examples. Collect. Czech. Chem. C 2008,
73 (10), 1261—1270.

(29) MODE_FOLLOW. A routine for generating structures distorted
along phonon modes calculated using CASTEP; ISIS Facility,
Rutherford-Appleton Laboratory, Chilton, OXON, UK; 2014., 2014.

(30) Rivera, S. A; Allis, D. G,; Hudson, B. S. Importance of
Vibrational Zero-Point Energy Contribution to the Relative
Polymorph Energies of Hydrogen-Bonded Species. Cryst. Growth
Des. 2008, 8 (11), 3905—3907.

(31) Armstrong, J.; Banerjee, S.; Schiinemann, V.; Wolny, J. A;
Sadler, P. J. Vibrational Motions Make Significant Contributions to
Sequential Methyl C—H Activations in an Organometallic Complex. J.
Phys. Chem. Lett. 2021, 12 (1), 658—662.

(32) Carlucci, L.; Gavezzotti, A. A Quantitative Measure of Halogen
Bond Activation in Cocrystallization. Phys. Chem. Chem. Phys. 2017,
19 (28), 18383—18388.

(33) Jeziorski, B.; Moszynski, R.; Szalewicz, K. Perturbation Theory
Approach to Intermolecular Potential Energy Surfaces of van der
Waals Complexes. Chem. Rev. 1994, 94 (7), 1887—1930. Smith, D. G.
A.; Burns, L. A,; Simmonett, A. C.; Parrish, R. M.; Schieber, M. C,;
Galvelis, R;; Kraus, P.; Kruse, H.; Di Remigio, R.; Alenaizan, A.; et al.
PSI4 1.4: Open-Source Software for High-Throughput Quantum
Chemistry. J. Chem. Phys. 2020, 152 (18), 184108.

(34) Parker, T. M.; Burns, L. A.; Parrish, R. M.; Ryno, A. G.; Sherrill,
C. D. Levels of Symmetry Adapted Perturbation Theory (SAPT). 1.
Efficiency and Performance for Interaction Energies. J. Chem. Phys.
2014, 140 (9), No. 094106.

(35) Sudheendranath, A.; Sandeep; Avinash, K; Venugopalan, P.;
Kumar, A.; Thomas, S. P. Fluorine versus Hydroxyl in Supramolecular
Space: Effect of Organic Fluorine in Molecular Conformation, Lattice
Cohesive Energies, and Receptor Binding in a Series of a-
Fluoroketones. Cryst. Growth Des. 2023, 23 (6), 4013—4024.
Gavezzotti, A;; Lo Presti, L. Building Blocks of Crystal Engineering:
A Large-Database Study of the Intermolecular Approach between C—
H Donor Groups and O, N, CI, or F Acceptors in Organic Crystals.
Cryst. Growth Des. 2016, 16 (S), 2952—2962.

2225

(36) Thakur, T. S;; Dubey, R; Desiraju, G. R. Intermolecular
Atom—Atom Bonds in Crystals— A Chemical Perspective. IUCrJ.
2015, 2 (2), 159—160.

(37) Plazanet, M.; Fukushima, N.; Johnson, M. R.; Horsewill, A. J.;
Trommsdorff, H. P. The Vibrational Spectrum of Parabanic Acid by
Inelastic Neutron Scattering Spectroscopy and Simulation by Solid-
State DFT. J. Chem. Phys. 2001, 115 (7), 3241—3248.

(38) Armstrong, J; O’Malley, A. J; Ryder, M. R; Butler, K. T.
Understanding Dynamic Properties of Materials Using Neutron
Spectroscopy and Atomistic Simulation. J. Phys. Commun. 2020, 4 (7),
No. 072001.

(39) Baroni, S.; Giannozzi, P.; Isaev, E. Density-Functional
Perturbation Theory for Quasi-Harmonic Calculations. Rev. Mineral.
Geochem 2010, 71 (1), 39—57.

(40) Schauer, A. Thermal expansion of solids and the temperature
dependence of lattice vibration frequencies. Can. J. Phys. 1964, 42
(10), 1857—1864.

(41) Reilly, A. M.; Middlemiss, D. S.; Siddick, M. M.; Wann, D. A;
Ackland, G. J.; Wilson, C. C.; Rankin, D. W. H.; Morrison, C. A. The
Phonon Spectrum of Phase-I Ammonia: Reassignment of Lattice
Mode Symmetries from Combined Molecular and Lattice Dynamics
Calculations. J. Phys. Chem. A 2008, 112 (6), 1322—1329. Biczysko,
M,; Panek, P.; Scalmani, G.; Bloino, J.; Barone, V. Harmonic and
Anharmonic Vibrational Frequency Calculations with the Double-
Hybrid B2PLYP Method: Analytic Second Derivatives and Bench-
mark Studies. J. Chem. Theory Comput. 2010, 6 (7), 2115—2125.
Jacobsen, R. L.; Johnson, R. D., III; Irikura, K. K,; Kacker, R. N.
Anharmonic Vibrational Frequency Calculations are not Worthwhile
for Small Basis Sets. J. Chem. Theory Comput. 2013, 9 (2), 951—954.
Maillard, R.; Sethio, D.; Hagemann, H.; Lawson Daku, L. M. Accurate
Computational Thermodynamics Using Anharmonic Density Func-
tional Theory Calculations: The Case Study of B—H Species. ACS
Omega 2019, 4 (5), 8786—8794.

(42) Scott, D. W.; McCullough, J. P.; Good, W. D.; Messerly, J. F.;
Pennington, R. E.; Kincheloe, T. C.; Hossenlopp, I. A.; Douslin, D. R;
Waddington, G. Fluorobenzene: Thermodynamic Properties in the
Solid, Liquid and Vapor States; A Revised Vibrational Assignment. J.
Am. Chem. Soc. 1956, 78 (21), 5457—5463.

(43) Scott, D. W.; Messerly, J. F.; Todd, S. S.; Hossenlopp, 1. A;
Osborn, A.; McCullough, J. P. 1, 2-Difluorobenzene: Chemical
Thermodynamic Properties and Vibrational Assignment. J. Chem.
Phys. 1963, 38 (2), 532—539.

(44) Andon, R. J. L; Martin, J. F. Thermodynamic properties of
fluorine compounds. Part 11.—Low-temperature heat capacities of
the three tetrafluorobenzenes. Journal of the Chemical Society, Faraday
Transactions 1: Physical Chemistry in Condensed Phases 1973, 69, 761—
770.

(4S) Morrison, C. A; Siddick, M. M. Determining the Strengths of
Hydrogen Bonds in Solid-State Ammonia and Urea: Insight from
Periodic DFT Calculations. Chem.—Eur. J. 2003, 9 (3), 628—634.
Takatani, T.; Hohenstein, E. G.; Malagoli, M.; Marshall, M. S,;
Sherrill, C. D. Basis Set Consistent Revision of the S22 Test Set of
Noncovalent Interaction Energies. J. Chem. Phys. 2010, 132 (14),
144104.

(46) Dunitz, J. D.; Gavezzotti, A. How Molecules Stick Together in
Organic Crystals: Weak Intermolecular Interactions. Chem. Soc. Rev.
2009, 38 (9), 2622—2633.

https://doi.org/10.1021/acs.cgd.4c00042
Cryst. Growth Des. 2024, 24, 2217—-2225


https://doi.org/10.1103/PhysRevB.73.155114
https://doi.org/10.1103/PhysRevB.73.155114
https://doi.org/10.1039/C8CP06161K
https://doi.org/10.1107/S0021889896003998
https://doi.org/10.1107/S0021889896003998
https://doi.org/10.1016/j.physb.2018.02.034
https://doi.org/10.1016/j.physb.2018.02.034
https://doi.org/10.1039/c0nj00982b
https://doi.org/10.1039/c0nj00982b
https://doi.org/10.1039/c0nj00982b
https://doi.org/10.1039/c0nj00982b
https://doi.org/10.1524/zkri.220.5.499.65063
https://doi.org/10.1524/zkri.220.5.499.65063
https://doi.org/10.1524/zkri.220.5.499.65063
https://doi.org/10.1107/S1600576720008444
https://doi.org/10.1107/S1600576720008444
https://doi.org/10.1039/B600027D
https://doi.org/10.1039/B600027D
https://doi.org/10.1039/B600027D
https://doi.org/10.1039/B600027D
https://doi.org/10.1135/cccc20081261
https://doi.org/10.1135/cccc20081261
https://doi.org/10.1135/cccc20081261
https://doi.org/10.1021/cg800524d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg800524d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg800524d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c03292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c03292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP03322B
https://doi.org/10.1039/C7CP03322B
https://doi.org/10.1021/cr00031a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00031a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00031a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0006002
https://doi.org/10.1063/5.0006002
https://doi.org/10.1063/1.4867135
https://doi.org/10.1063/1.4867135
https://doi.org/10.1021/acs.cgd.2c01391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.2c01391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.2c01391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.2c01391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.6b00305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.6b00305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.6b00305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S205225251500189X
https://doi.org/10.1107/S205225251500189X
https://doi.org/10.1063/1.1386910
https://doi.org/10.1063/1.1386910
https://doi.org/10.1063/1.1386910
https://doi.org/10.1088/2399-6528/ab9c2e
https://doi.org/10.1088/2399-6528/ab9c2e
https://doi.org/10.2138/rmg.2010.71.3
https://doi.org/10.2138/rmg.2010.71.3
https://doi.org/10.1139/p64-173
https://doi.org/10.1139/p64-173
https://doi.org/10.1021/jp0757053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0757053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0757053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0757053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100212p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100212p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100212p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100212p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300293a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300293a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01602a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01602a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1733691
https://doi.org/10.1063/1.1733691
https://doi.org/10.1039/f19736900761
https://doi.org/10.1039/f19736900761
https://doi.org/10.1039/f19736900761
https://doi.org/10.1039/b822963p
https://doi.org/10.1039/b822963p
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

