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Energy frameworks and a topological analysis
of the supramolecular features in in situ
cryocrystallized liquids: tuning the weak
interaction landscape via fluorinationfy
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and Deepak Chopra*?

Weak intermolecular interactions observed in crystalline materials are often influenced or forced by
stronger interactions such as classical hydrogen bonds. Room temperature liquids offer a scenario
where such strong interactions are absent so that the role and nature of the weak interactions can be
studied more reliably. In this context, we have analyzed the common organic reagent benzoyl chloride
(BC) and a series of its fluorinated derivatives using in situ cryocrystallography. The intermolecular
interaction energies have been estimated and their topologies explored using energy framework analysis
in a series of ten benzoyl chloride analogues, which reveal that the &- - -n stacking interactions serve as
the primary building blocks in these crystal structures. The crystal packing is also stabilized by a variety
of interaction motifs involving weak C—H---O/F/Cl hydrogen bonds and F---F, F---Cl, and Cl---Cl inter-
actions. It is found that fluorination alters the electrostatic nature of the benzoyl chlorides, with sub-
sequent changes in the formation of different weak interaction motifs. The effects of fluorination on
these weak intermolecular interactions have been systematically analyzed further via detailed inputs from
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Introduction

Intermolecular interactions lie at the heart of the understand-
ing of the events that govern molecular recognition. In this
regard, the role of strong H-bonds' and n---m stacking
interactions,” albeit weak, has been well established. Further-
more, in recent years halogens, in particular organic fluorine,
have been observed to play a significant role in supramolecular
assemblies, and their significance in the context of crystal
engineering is now well recognized.>® Fluorine-containing
organic molecules cause major changes in the physicochemical
properties, chemical reactivity, and biological activity compared
to the non-fluorinated analogues.” ™ Fluorination is a widely
applied technique to amplify the chemical reactivity with minor
alterations in the molecular size/shape/structure of the different
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a topological analysis of the electron density and Hirshfeld surface analysis.

molecules, such as drugs and functional materials. It is now well
recognized that the fluorine atom generates different types of
packing motifs which assemble the molecules in a crystal lattice
via C-F---H, C-F- - -F and C-F- - -t intermolecular interactions in
the absence of strong hydrogen bond donors (N-H and O-H).">*¢
With the increase in the number of fluorine atoms, F- - -F contacts
also increase wherein the other interactions like C-H-: - -F and
C-H- - -O decrease in the crystal packing.'® For highly fluorinated
compounds (like pentafluoropyridine, 2,3,6-trifluoropyridine,
fluorinated benzophenones and fluorinated N-phenyl maleimides)
there always exists a competition between the formation of F---F
contacts and the other intermolecular interactions.">® Recently,
Desiraju et al. have shown that chemical substitution using
fluorine could be an effective method to scan the complex crystal
structural landscape to obtain otherwise unattainable structural
analogues of crystal structures.'®

For mono-fluorinated compounds, the fluorine atom prefers
to form C-H--'F interactions rather than the F-.--F contact.
But the heavier halogen (Cl, Br and I) atoms show zig-zag
halogen- - -halogen (Cl---Cl, Br---Br and I---I) interactions in
the crystal packing.? Intermolecular hetero halogen- - -halogen
interaction, for example, the F- - -Cl contact, shows the “halogen
bond donor” character for the organic fluorine atom, which has
been established via experimental charge density analysis.>*
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The nature of the Cl- - -Cl interaction®>* has been investigated
in detail by Desiraju®® and Price.*® Desiraju has shown that
short intermolecular CI---Cl contacts occur very frequently
in chloro aromatic compounds. Using different challenging
techniques (zone-melting and in situ) the crystallization and
the determination of the 3D molecular structure of compounds
which are not easy to crystallize are of extreme interest in crystal
engineering.”*>° In situ cryocrystallization is a technique that is
used to determine the molecular structure of the liquid crystallized
on the diffractometer in a capillary using an infrared laser.>*>?
This method can be made applicable not only for liquids®"***
but also for compounds which are low melting solids,
ionic liquids,*®*° gas mixtures,*® gaseous hydrates,*’ liquid-
gas mixtures®> and for the generation of alloy phases at low
temperatures.*?

The nucleation and crystal growth of organic compounds
from solution is still an enigmatic phenomenon. Many kinetic
and thermodynamic factors and solute-solvent interactions
influence the nucleation process**™*® and make it more com-
plicated. In this regard, in situ cryocrystallization offers a great
opportunity to study and understand the structural behavior
of room-temperature organic liquids. Solidification of room
temperature liquids under non-ambient conditions (e.g. low
temperature) often results in glass formation.*” It is because of
the lower entropy difference between the solid and liquid states
upon cooling near the melting temperature. Viscosity also
leads to reduced nucleation and affects the crystallization
process.***? In addition to this fundamental barrier for nuclea-
tion at a very low temperature, fluorinated organic compounds
often suffer from orientation fixation and disorder because of
high mobility in crystal nuclei and weak intermolecular inter-
actions which dominate the crystal packing along with strong
interactions.’® So, it is very important to set up favorable
conditions for which suitable single crystals can be grown
and this is the grand challenge of in situ cryocrystallization of
fluorine-containing organic compounds. The in situ crystal-
lization procedure demands no solvent and no hazardous
processing materials. In this regard, it can be considered as a
“green technology”.”

In this work, using in situ cryocrystallography we analyze the
weak interactions in a series of fluorinated benzoyl chloride
analogues which are room-temperature liquids. This allows us
to examine the role of weak interaction motifs involving
C-H- - -O/F/Cl hydrogen bonds and F- - -F, F- - -Cl, and CI- - -Cl inter-
actions involving the utilization of the different donor and acceptor
atoms. It is extremely difficult to a priori predict the presence of
different intermolecular interactions in liquids wherein the chaotic
thermal motion plays a significant role. Hence, in situ cryocrystallo-
graphy of liquids can be a useful technique to study the arrange-
ment of molecules in such systems. Here we have presented an
in-depth analysis of such interaction motifs and their variation with
fluorination in a series of ten benzoyl chloride derivatives using
energy framework analysis (intermolecular interaction topologies)
and PIXEL calculations along with a topological analysis (QTAIM)
of the electron density which provide physical insights into the
nature and energetics associated with these interactions.

36,37
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Cl 0 2FBC: R;=F,R;=R3;=R;=Rs=H
3FBC: R,=F,R;=R;=R;=Rs=H
Rs R, 4FBC:R3;=F,R;=R,=R;=Rs=H
23DFBC: R;=R,=F,R;=R;=Rs=H
24DFBC: R;=R3=F,R,=R;=Rs=H
Ry R, 25DFBC: R;=R,=F,R,=R3=Rs=H
26DFBC: R;=Rs=F, Ry=R3=Ry=H
Ry 35DFBC: R,=R;=F,R;=R3;=Rs=H

345TFBC:Ry=R3;=R,=F,R;=Rs=H

Scheme 1 Benzoyl chloride and its fluorinated analogues.

Results and discussion

Scheme 1 shows the fluoro derivatives (monofluoro, difluoro
and trifluoro) of benzoyl chloride (parent structure) obtained by
varying the position of the fluorine atoms on the phenyl ring.
To study the variation in molecular arrangements as well as the
role of weak intermolecular interactions, we have used an
in situ cryocrystallization technique for 3FBC, 35DFBC and
345TFBC. The crystallization conditions for these three liquids
are provided in the ESI, (Table S1). Fig. 1 depicts the crystal
images inside the Lindemann glass capillary (2 cm long and
0.3 mm in diameter) taken at the corresponding temperatures.
35DFBC and 345TFBC have been crystallized via an OHCD
(optical heating and crystallization device) using a CO, laser,
and the data were collected with only @ scans. The details of the
in situ cryocrystallization procedure are available in the ESIT of
the previous report.>*

The compound 3FBC was crystallized in the absence of
(OHCD), i.e., the obtained polycrystalline solid was annealed
by shifting the nitrogen stream along the length of the Lindemann
capillary several times, as shown in Fig. S1 (ESIt). In this case, the
diffraction data were collected with @ scan and ¢ scan. The still
images (Fig. S2, ESIt) show the quality of the diffraction pattern
for these three in situ cryocrystallized liquids. Table S2 (ESIT)
represents the data collection and the crystal structure refine-
ment parameters. Fig. S3 (ESIt) shows the ORTEP for these
liquids (3FBC, 35DFBC and 345TFBC) with the corresponding
atom numbering. For the sake of comparison, the energetics of
4FBC*° and 23DFBC*>"" were also taken into account along
with this current study. In our previous report,” we have
described only the molecular conformation of BC, 2FBC, 23DFBC,
24DFBC, 25DFBC and 26DFBC stabilized by the presence of

(d) 345TFBC
(110K)

(a) 3FBC
(230K)

(b) 35DFBC
(245K)

Fig.1 Crystal images of 3FBC, 35DFBC and 345TFBC at different
temperatures.

(¢) 35DFBC
(110K)
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“only” intramolecular interactions of the type C-H---Cl-C,
C-F---O—C and C-F---Cl-C. In the current study, we have
discussed the role of weak intermolecular interactions that play
a crucial role towards the stabilization of the overall crystal
packing, in the absence of any strong interaction via the
analysis of the energy frameworks. These molecules have
a strong (oxygen atom of the -COCI group) as well as a weak
(-F, —Cl) acceptor and also the aromatic C-H bonds which act
as a donor with differential acidity depending on the presence
of electron withdrawing groups in the vicinity.

The packing networks of all fluorinated benzoyl chlorides
are shown in Fig. S4-S11 (ESIT). Table S3 (ESIf) lists all the
molecular pairs extracted from the crystal packing. The stabili-
zation energy between the two molecules was obtained from the
PIXEL’>"*® method. In the case of BC, two successive molecular
sheets (associated with bifurcated C-H---Cl interactions),
aligned with each other at an angle of 58.6° and connected
via bifurcated C-H- - -O interactions, (Fig. S4, ESIt) are present.
The participation of the fluorine atom changes the crystal
packing. In the case of 2FBC, there is a formation of a Cl. - -Cl
[d = 3.523(2) A] zig-zag molecular chain (Fig. S5a, ESI{) along
the c-axis, which connects the molecular pairs (I) stacked on
each other via m---m interaction [d = 3.820(2) A]. Down the
ab plane, the molecules were packed in a cyclic way along the
c-axis leading to the formation of a molecular sheet (Fig. S5b,
ESIY) involving the molecular pairs I (involving C-H---Cl and
C-H- - -O interactions), II (involving C-H- - -F and C-H- - -O inter-
actions), IV (involving C-H- - -F) and V (Cl. - -Cl contact), which
provide the maximum stabilization to the crystal lattice
whereas in the case of 3FBC (Fig. S3a, ESIt), the molecules
were found to form the molecular sheet involving the molecular
chains (Fig. S6a, ESIT) associated with a very short Type I F- - -F
contact [d = 2.664(10) A] and intermolecular F---O contact
[2.957(7) A, —2.3 kcal mol™'] and a weak C-H- - -O interaction.
There is a formation of a cyclic ring associated with six
molecules involving four F- - -O contacts and two F- - -F contacts
(Fig. S6b, ESIt). Furthermore, the molecular chains finally
generate a 2D molecular sheet where each molecular chain
(highlighted with transparent sky blue color) intersects the
other molecular chain at an angle of 66° (Fig. S6b, ESIt). These
molecular sheets stack on top of each other via n- - -n stacking
[d = 3.828(1) A]. The supramolecular construct of BC, 2FBC,
3FBC, 24DFBC, 26DFBC and 345TFBC depicts the mechanism
via which the molecules self-assemble leading to the formation
of a zig-zag molecular sheet (Fig. 2). This provides physical
insights into the plausible molecular origin of pre-nucleation
aggregates that lead to the formation of the final crystal in
these molecules. The molecular arrangements in 2FBC are
similar to the parent compound (BC) (Fig. 2) whereas 3FBC,
24DFBC (Fig. S8, ESIT), and 26DFBC (Fig. S10a and b, ESI})
form similar types of zig-zag layers, where the blue arrows
indicate the alternate parallel column associated with «---x
stacking. But 345TFBC (Fig. S3c, ESIT) forms a different type of
zig-zag molecular sheet. Down the ac plane, four (two molecules
of 345TFBC-1 and two molecules of 345TFBC-2) molecules form
two types of the centrosymmetric tetramers (Fig. S11a, ESI}).

This journal is © the Owner Societies 2016

View Article Online

Paper

-

345TFBC

26DFBC

24DFBC

Fig. 2 The formation of zig-zag molecular sheets by weak C—H---O/F/Cl
interactions, stacked on each other (arrows indicate the direction of n---xt
stacking column).

One tetramer is formed utilizing the molecular pairs IV (asso-
ciated with intermolecular Cl. - -Cl and C-H- - -O interactions), V
(involving C-H:--O and F---O contacts) and XII (Cl. - -Cl). The
other tetramer was generated via the molecular pairs IV, IX
[involving short and highly directional intermolecular C-H- - -F
interactions (dy...r = 2.38 A and £ C-H---F = 174°)] and XIII
(asymmetric unit wherein two symmetry independent mole-
cules interact with each other via bifurcated F- - -F interactions).
Finally, these two tetramers together generate a molecular
sheet down the ac plane (Fig. S11la, ESIf). Such types of
molecular sheets form a zigzag array wherein the sheets were
stacked on each other via the molecular pairs II, III and VII
(Fig. S11b and Table S3, ESI¥).

There are some common features in the crystal packing
which have been observed. The molecules of 4FBC (Fig. 3),
23DFBC (Fig. S7, ESIt), 25DFBC (Fig. S9, ESIt) and 35DFBC
(Fig. 4) generate planar molecular sheets (involving C-H- - -O/F/Cl
and halogen- - -halogen interactions) which were stacked parallel
to each other via n- - - stacking with the perpendicular inter-layer
distance of 3.1-3.4 A (Fig. 5). 4FBC has two polymorphic forms
namely I and II (metastable polytypic form) crystallized via varying
the rate of nucleation during the in situ cryocrystallization.
The difference between these two polymorphic forms is in the
molecular stacking, ie., the two -COCI groups are in opposite
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Fig. 3 Crystal packing of 4FBC-I: (a) formation of a molecular sheet

associated with weak C—H---O, C-H---F, C-H---Cland CL - -F intermolecular

interactions down the (—101) plane and (b) stacking of the consecutive
molecular sheets along the c-axis.
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Fig. 4 Packing view of 35DFBC: (a) formation of a molecular sheet
associated with R,2(8) C—H---F dimers, Cl---F contacts and C—H---Cl
interactions down the bc plane and (b) stacking of molecular sheets via
n- - -1 interaction down the (101) plane.

Fig. 5 General molecular arrangement patterns in fluorinated benzoyl
chlorides; the formation of planar molecular sheets by weak C—H- --O/F/Cl
interactions (black dotted lines) and packing of these sheets by n---n
stacking (orange lines).

directions in Form II whereas they are at an angle of 120° in
Form I. Intermolecular CI- - -F and F---O contacts also provide
significant stabilization towards the crystal packing in some
cases. It is noteworthy that the intermolecular CI---Cl inter-
action is absent in the crystal packing of 3FBC, 4FBC, 23DFBC
and 35DFBC, which was present in other fluorinated benzoyl
chlorides, including the parent compound BC. The chlorine atom
of the -COCI group forms the intermolecular Cl---F contact,
rather than the Cl- - -Cl interaction in the case of 4FBC, 23DFBC
and 35DFBC. But 25DFBC and 26DFBC contain both the inter-
actions (CI- - -Cl and ClI- - -F) together in the solid state.

The formation of molecular sheets via different intermole-
cular interactions depends on the approach of the molecules
with the neighboring molecules. This feature is “extremely
sensitive” to the electronic environment and the final supra-
molecular arrangement is a very delicate balance of “attractive”
and “repulsion” forces which allow for a particular orientation
of molecules in the crystal. In the case of 4FBC, one molecule
approaches the other molecule, related via the 2, screw axis,
leading to the formation of intermolecular Cl---F contacts as
well as bifurcated C-H---O and C-H- - -F (fluorine and oxygen
atoms act as bifurcated acceptors) interactions in the same
plane, overall leading to the formation of planar molecular
sheets (Fig. 6a). All these interactions are also preserved in
23DFBC (the oxygen atom acting as a bifurcated acceptor and
the aromatic hydrogen atom acts as a bifurcated donor) wherein
the molecule approaches towards the neighboring molecule
with the similar molecular orientation (via the translation
along the a direction) (Fig. 6b) during the process of nucleation.
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CI**F contact CI*F contact CI-*F contact CI-*F contact
Bifurcated C-H***O | Bifurcated C-H**-O C-H-0 C-H-0
Bifurcated C-H***F | Bifurcated C-H***F C-H-'F dimer C-H*'F

() (b) () @

Fig. 6 The orientation of the molecules in the planar molecular sheets of
(a) 4FBC, (b) 23DFBC, (c) 35DFBC and (d) 25DFBC.

If the molecules want to follow the similar pattern as in 4FBC,
then two fluorine atoms will come very close to the carbonyl
oxygen atom, which is not favorable. So, this is on account of
the reduction in repulsion, which includes formation of favor-
able supramolecular arrangements in 23DFBC. In the case of
35DFBC (Fig. 4 and 6c¢), there is a formation of C-H- - -F dimer
and C-H- - -O interaction instead of bifurcated C-H- - -O as well
as bifurcated C-H-: - -F, but the intermolecular CI- - -F contact is
still preserved. In 25DFBC (Fig. 6d and Fig. S9, ESIf) the
symmetry independent molecules present in the asymmetric
unit translate along the [111] direction of the molecular sheet
and form C-H- - -O chains along the b direction.

It is observed that n- - -m stacking interaction dominates the
crystal packing in these compounds, in the absence of any
strong hydrogen bond donors. These crystal structures may
be visualized as molecular columns formed by n- - -n stacking,
and these columns are further bound to each other by weak
non-covalent interactions involving F and Cl atoms as well as
weak C-H- - -O/F/Cl hydrogen bonded motifs. In order to visualize
the interaction topology in these crystal structures, energy frame-
work analysis has been performed using CrystalExplorer.*® In this
method, the values of interaction energies are used to construct
the three-dimensional topology of interactions that are termed as
energy frameworks.”” The pairwise intermolecular interaction
energies in the crystal structures are represented as cylinders
joining the molecules. The radii of these cylinders are set
proportional to the strength of the intermolecular interaction.
Recently, we have applied the energy framework analysis to
various contexts of crystal engineering such as in the analysis
of mechanical properties of crystals,”” and in the analysis of
supramolecular recognition units,*® isostructurality and quasi-
isostructural polymorphism.>® An in-depth analysis of the
3D-topologies for the predominant intermolecular interactions
in the crystal structures of ten benzoyl chlorides established the
“significant contribution” of - - -m stacking. This feature high-
lights the fact that amplification of the number of short contacts,
between the atoms in the “interlayer” molecular sheets, is the
structure guiding interaction. The molecular columns formed
by n- - -n stacking serve as the pillars in these crystal structures
(shown as the thickest tubes in Fig. 7 and 8). It is also
noteworthy that the atoms participating in interactions in the
“intra-layer” sheet are also of significance in molecular packing.

This journal is © the Owner Societies 2016
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Fig. 7 Energy frameworks for fluorine substituted benzoyl chlorides: (a)
4FBC, (b) 23DFBC, (c) 25DFBC and (d) 35DFBC, representing the net
interaction energy (in blue color) and the dispersion term (green color).

Energy frameworks of all the 10 crystal structures discussed in
this study and those corresponding to the electrostatic and
dispersion components are given in the ESL{ (Fig. S12-S14).
Not surprisingly, it is the dispersion contribution that dominates
the intermolecular interactions. Fig. 7 shows the energy frame-
works (net interaction energy and the dispersion component) for
the corresponding parallel molecular sheets. It is observed that
the energy distribution (electrostatic and dispersion) patterns
of 4FBC and 35DFBC are similar. These give the zigzag tubes
intersecting the molecular sheets along the a- and c-axes for
4FBC and 35DFBC, respectively. Similarly, the energy distribu-
tion patterns of 23DFBC and 25DFBC are also comparable. Here,
two different types of n- - -1 stacking with different energies give a
parallel cylindrical tube with a larger diameter (compared to
4FBC and 35DFBC) for the total energy and dispersion term. The
energy frameworks for the other fluorinated analogues wherein
the zig-zag molecular sheets are formed are shown in Fig. 8. The
net interaction energy and the dispersion term for BC, 2FBC,
3FBC and 24DFBC show the parallel cylindrical tubes along
which the n- - -1 stacking occurs. The energy distribution patterns
for 26DFBC and 345TFBC are different from the other eight-
fluorinated benzoyl chlorides.

Variation in = - -n stacking with fluorine substitution

It is found that the strength of n- - -7 stacking interaction in this
series of benzoyl chlorides depends mainly on two factors:
(i) orientation of the molecules with respect to each other

This journal is © the Owner Societies 2016

Fig. 8 Energy frameworks for (a) BC, (b) 2FBC, (c) 24DFBC and (d)
345TFBC, representing the net interaction energy (in blue color) and the
dispersion term (green color).

(anti-parallel orientation results in stronger interaction, as it is
electrostatically favorable), and (ii) the degree of effective overlap
of the phenyl rings (as reflected in the Cg---Cg distances).

The following order is observed for m---m stacking molecular
dimers (given in kcal mol !, and the parallel and anti-parallel
molecular orientations are represented by the symbols 11 and | 1):
these energy values are derived from the energy framework module
of CrystalExplorer for an accurate description of dispersion
contribution to the n- - -w stacking.

BC (—3.7, 1 1) < 2FBC (-3.3, 11) ~ 3FBC (-3.6, 11)
~ 345TFBC (—2.3, 11) < 24DFBC (-3.8, 11)

< 4FBC (-3.7, | 1) ~ 35DFBC (3.8, 11)

< 25DFBC (—4.9/—4.8, | 1) ~ 26DFBC (—3.2/-5.6, | 1)
< 23DFBC (—5.3/-3.8, | 1)

As a general trend it is observed that «---n stacking inter-

action becomes stronger with the increase in number of
fluorine substitution. A notable anomaly from this trend is

Phys. Chem. Chem. Phys., 2016, 18, 31811-31820 | 31815
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exhibited by the trifluoro-substituted analogue 345TFBC, where
the lower value of interaction energy can be rationalized based
on the offset positions of the phenyl rings involved in the &t- - -n
stacking (leading to a less effective m---m overlap) and the
anti-parallel molecular orientation. Interestingly, a nearly equi-
energetic molecular dimer is found in 345TFBC, formed by the
Burgi-Dunitz type of O=C- - -O=C interaction (—4.1 kcal mol™ ).
Notably, certain molecular dimers with relatively high interaction
strengths (—2 to —5 keal mol "), which are not characterized by
any hydrogen bonds or halogen interactions, are found in BC,
3FBC, 4FBC, 23DFBC, and 26DFBC. These are stabilized by the
dipole interactions such as O—C- - -C—O/C-F- - -C-F or by sheer
anti-parallel molecular orientation. A detailed analysis of inter-
action motifs formed by weak C-H- - -O/F/Cl hydrogen bonds and
halogen interactions is given in the later sections.

Variation in lattice energies

The programs PIXEL and CrystalExplorer provide the informa-
tion about the intermolecular interaction energy with their
corresponding partitioned energies, but only PIXEL gives the
total lattice energy of the crystal. The lattice energies of BC and
fluorinated BCs are partitioned into the Coulombic, polariza-
tion, dispersion and repulsion terms as shown in Table 1. The
energies are in the range of —14.5 to —17.2 kcal mol . In Fig. 9,
the percentages of electrostatic and dispersion contributions
in the total stabilization for all the crystals are shown. The
addition of the fluorine atom in the phenyl ring of 2FBC (lattice
energy is —17.2 kecal mol™%; electrostatic contribution is 30%)
decreases the lattice energy for 23DFBC (—15.9 kcal mol *; electro-
static contribution is 27.3%) and 25DFBC (—16.6 kcal mol %
29.6% electrostatic contribution). However, the lattice energy
remains the same for 24DFBC (—17.2 keal mol '; 30.7% electro-
static contribution). The energy framework analysis also shows
the weak contribution from the electrostatic terms (red color)
[Fig. S12-S14, ESI] and the dominance of the dispersion term
(green color). It has been observed that the meta-fluorinated
analogues have reduced lattice energies than the ortho/para
substituted BCs. The participation and the greater contribution
of weak intermolecular F---F and F---O contacts in the crystal
packing may lead to reduced electrostatic contribution [3FBC
(—14.5 keal mol™%; 21.1%), 23DFBC, 35DFBC (—15.1 kcal mol %;
26.74%) and 345TFBC (—14.6 kcal mol *; 27%)] towards the
overall stabilization in the case of meta analogues.

Table1 Lattice energies (obtained from PIXEL) of the fluorinated benzoyl
chlorides (in kcal mol™)

Code ECoul EPol EDisp ERep ETot

BC —4.7 —-1.5 —19.4 9.6 —16.0
2FBC —6.2 —-2.6 —-20.9 13.1 —-17.2
3FBC —3.5 —-1.5 —18.7 9.3 —14.5
4FBC —6.4 -2.0 —20.8 12.8 —-16.5
23DFBC —5.8 -2.0 —20.6 12.5 —-15.9
24DFBC —6.7 —2.4 —20.5 12.4 —17.2
25DFBC —6.5 —2.2 —20.7 12.8 —16.6
26DFBC —6.8 —2.2 —19.8 12.6 —16.2
35DFBC —5.5 —-1.8 —20.0 12.2 —-15.1
345TFBC -5.3 —-2.1 —-20.1 12.6 —14.6
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Fig. 9 Plot of percentage electrostatic and dispersion contribution
towards the total stabilization of fluorinated BCs [orange color having
meta substituted fluorine atom has less electrostatic contribution com-
pared to the other and pink color (24DFBC)].

There are some equivalent molecular motifs (1 to 10;
Fig. S15a-j, ESIt) observed in the crystal packing of BC and
fluorinated BCs as shown in Scheme 2. All the equivalent motifs
were analyzed in terms of their nature and energetic (obtained
from PIXEL). Among them, four building motifs (1, 6, 9 and 10)
are mostly common in the entire analysis. The partitioning of
the total stabilization energy as electrostatics and dispersion,
for each equivalent motif, is shown in Fig. S16 and S17 (ESIY).
In the case of motif 1 (associated with C-H---O and C-H---Cl
interactions), the total stabilization energy is 2.7-3.6 kcal mol *,
wherein the electrostatic contribution is ~55% and the disper-
sion contribution is ~45% for all the equivalent molecular pairs.
The C-H:--F dimeric motif 6 has the stabilization energy of
0.5-2.1 kcal mol™*. In this case, the electrostatic contribution
(30%) for the molecular pair 3FBC-V (0.5 kcal mol™') is less
compared to the other three (24DFBC-VI, 35DFBC-IV and
35DFBC-VI), having a F---F contact. The molecular pair
345TFBC-IX (—1.8 kecal mol '; 25% electrostatic contribution)
does not have F- - -F contacts and the total stabilization comes only
from the C-H---F intermolecular interaction, whereas the other
equivalent molecular pairs of motif 6 have the contribution from
C-H: - -F as well as F- - -F. The motif 9 (associated with CI. - -F contact)

F ------ H
Qreeeeee H Ejsssssssss F —Clssif—
74 9
< 3 ) 6
Cllssssmussy F —Cl----Cl—
F --------- H 10

Scheme 2 Some recurring interaction motifs present in the crystal pack-
ing of fluorinated benzoyl chlorides.

This journal is © the Owner Societies 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6cp05917a

Open Access Article. Published on 31 October 2016. Downloaded on 7/21/2025 4:49:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

has the stabilization energy of 0.3-1.9 kcal mol ™" for the chain
and 0.9-2.1 kcal mol " for the dimer. Except 23DFBC-VII (total
contribution is from the dispersion), all equivalent molecular
pairs have the electrostatic contribution in the range of 10-40%
in the case of Cl---F contact. In the case of Type I Cl.--Cl
contact (motif 10), the stabilization energy varies from 0.6 to
2.0 keal mol*, wherein the electrostatic contribution is 18-45%.

Topological analysis of the electron density in interaction
motifs

To get quantitative insights of the various weak intermolecular
interactions, the topological analysis was performed using the
QTAIM®*®! method. The molecular graphs for some selected
molecular pairs (Fig. S15a-j, ESIt) as observed in the Methods
and discussion section on crystal packing for all the fluorinated
benzoyl chlorides are shown, where the bond critical points
(3, —1) in C-H.--O, C-H:--F, C-H.--Cl, F---F, F---Cl, Cl.--Cl
and F---O interactions were obtained. The total number of
interactions obtained for C-H---O, C-H---F, C-H---Cl, F---F,
F---Cl, Cl---Cl and F- - -O interactions are 19, 23, 15, 19, 11 and 8
respectively and the obtained values follow the criteria of
Koch and Popelier.®*> The topological parameters [the electron
density (pgcp), the Laplacian (V?pgcp), local potential energy
(W), and kinetic energy density (Gp,)] for these BCPs are shown
in Table S4 (ESIY).

For weak C-H- - -O intermolecular interactions, the electron
density and the Laplacian were observed in the range of 0.0232-
0.0676 ¢ A~ and 0.320-0.923 e A~°, respectively. The bond
dissociation energy for the C-H- - -O interaction is in the range
of 0.63-2.02 kecal mol . In most of the cases the R;; (the bond
path distance) values for C-H- - -O varies from 2.56 A to 3.08 A,
whereas in some molecular pairs of 26DFBC (IV and V), 35DFBC (I1I)
and 345TFBC (I and II), the R; values are in the range of
2.38-2.47 A. For the C-H:--Cl and C-H: - -F intermolecular inter-
actions the electron density and the Laplacian were observed in
the range of 0.0228-0.0417; 0.0277-0.0776 ¢ A% and 0.285-0.507;
0.415-1.149 e A~°, respectively. The short C-H- - -F was observed
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in the case of 25DFBC (VIII and IX) and 345TFBC (VI) with the R;;
value of 2.28-2.38 A. Although the bond path distance for H- - -F is
short for VIII and IX (25DFBC) than VI (345TFBC), the direction-
ality is very less compared to VI in 345TFBC. The bond dissocia-
tion energies for these short H- - -F were observed in the range of
1.85-2.74 keal mol . In Fig. 10, the variation of electron density
and the Laplacian at the BCP for intermolecular C-H- - -F (green
line), C-H---O (red line) and C-H---Cl (black line) interactions
with the bond path distance (Ry) is plotted. Munshi et al.**
have shown the exponential dependence (correlation coefficient
R =0.86 and 0.95 for theoretical and experimental charge density
analyses, respectively) of the electron density (ppcp) with the
interaction length R;; for C-H-- X (X = O or C,) interaction in
coumarin derivatives. Panini et al.®* have also discussed about
the exponential dependence (fitting parameter R* = 0.962) of
the electron density (ppcp) with Ry for C-H---F interaction
in mixed (fluoro and trifluoromethylated benzanilide com-
pounds). In Fig. 11, we have shown the variation of electron
density as well as the Laplacian at the BCP with R;; for
intermolecular homo and hetero halogen-halogen inter-
actions like F- - -F (blue line), Cl---F (green line) and Cl. - -Cl
(red line). The topological parameters, namely the electron
density and the Laplacian for the different interactions, have
been fitted globally to quadratic/exponential/linear functions,
the goodness-of-fit values being high.

Hirshfeld surface analysis

The Hirshfeld surfaces®® were mapped with dyorm and the
electrostatic potential of a molecule (mapped on the Hirshfeld
surface over the range of —0.02 a.u. (red) to +0.02 a.u. (blue)) for
all fluorinated benzoyl chlorides (Fig. S18-S21, ESI{) using
CrystalExplorer 3.2.°® The presence of a red spot of varying
intensity between the interacting atoms (for intermolecular
C-H.--0, C-H---Cl, C-H---F, Cl---Cl F---O, F---F and Cl---F
interactions in BC and fluorinated BCs) on the blue surface
mapped with d,m indicates the presence of contacts which are
less than or equal to the sum of the van der Waals radii of the

_— ©— Pocp= 0.120R;2 - 0.698R, + 1.044, R? = 0.956 1.2 ® — Vipy, = 10947*exp( - R;/0.237) + 0.390,
: &  =—Pgep= 0.050R? - 0.332R, + 0.579, R? = 0.926 ] % R? = 0.938
‘ u— P o= 0.035R;2- 0.267R; +0.517, R? = 0.887 ] m— V0., =0.715R;? - 4.64R; +7.852, R? = 0.841
0.07 1.0 u— Vipge, = - 0.53R; + 2.00, R? = 0.889
7 0.9 X
_ 0.06 - °%
:“s \é 0.8 4
< 0.05- &o7]
g >
0.6
< 0.04 -
0.5 1
0.03 0.4 1
0.3
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Fig. 10 Variation of (a) electron density and (b) Laplacian with the bond path distance (R;) at the BCP for the intermolecular C-H- - -F (blue dots and
green line), C—H---O (black dots and red line) and C-H- - -Cl (red dots and black line) interactions.
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Fig. 11 Variation of (a) electron density and (b) Laplacian with the bond path distance (R;)) at the BCP for the intermolecular F- - -F (red dots and blue line),
Cl- - -F (blue dots and green line) and Cl- - -Cl (black dots and red line) interactions.

two interacting atoms. In addition to that, we have shown the
Hirshfeld surface associated fingerprint plots®>®” for all fluori-
nated benzoyl chlorides (including BC) in Fig. S22 (ESIt). In the
fingerprint plots, the sharp spikes at lower d. and d; values
indicate intermolecular F---H and O---H-C interactions and
the spikes (represented by red arrows) at higher d. and d; values
indicate intermolecular Cl---H interactions. The small spikes
in the fingerprint plot indicate the short atom- - -atom contact
present in the crystal packing. Fig. S23 (ESIT) shows the relative
percentage contribution for various atom- - -atom contacts for
the corresponding individual molecules in the crystal packing.
Fig. 12 shows the variation of percentage contribution in F---H
and F- - -F contacts in the crystal packing of fluorinated benzoyl
chlorides. From this plot, it was observed that F- - -F contribu-
tion is increased [towards 345TFBC (25.4% for molecule 1 and
16.2% for molecule 2)] with the addition of more fluorine
atoms on the phenyl ring, ie. the participation of fluorine
atoms in C-H---F intermolecular interactions is decreased in
comparison to the formation of F---F contacts. In the case of
24DFBC (28%) and 35DFBC (26.4%), the H- - -F contribution is
high compared to the other mono-, di- and tri-fluorinated
benzoyl chlorides wherein this value is very less (4.3%) for
345TFBC-2. As we can see from Fig. 12, the contribution from
the F- - -F contacts is very less for 2FBC, 4FBC and 24DFBC, and
subsequently the electrostatic contributions for these struc-
tures towards the total lattice energy are high even for 25DFBC
and 26DFBC in comparison to the other fluorinated analogues.
Thus the overall Hirshfeld surface associated fingerprint plots
help to differentiate the crystal environment between different
molecules as well as the symmetry independent molecules
present in the asymmetric unit.

Tuning the electrostatic nature by successive fluorination

The molecular electrostatic potential (obtained from Gaussian 09
using the DFT-B3LYP/6-311G** basis set) of benzoyl chlorides
and its fluorinated derivatives for the crystal geometry were
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Fig. 12 Relative contribution of atom- - -atom contacts (H---Fand F- - -F) in
the crystal packing.

mapped over the range of —0.02 a.u. (red) to 0.02 a.u. (blue).
The deep red color region around the oxygen atom and the
chlorine atom of the carbonyl group and the vicinal fluorine
atom (ortho-substituted) shows the negative ESP and the deep
blue color region around the aromatic hydrogen atom shows
the positive ESP (Fig. 13). The chlorine atom shows the
positive ESP region (green to cyan color denoted with an
arrow), i.e., electron deficient, which can interact non-
covalently with the other negative (electron rich) center of
other molecules. The fluorine atoms attached at the para
and meta positions of the phenyl ring have less negative ESP
(yellowish green color) compared to the fluorine atoms
attached at the ortho position (deep red color). It is observed
that the ESP of the phenyl ring changes from green color (BC)
to blue color (for 345TFBC). This means that the electron
deficiency of the phenyl ring increases with the addition of
fluorine atoms in the phenyl ring. It is of interest to note that
the region of positive ESP from the donor side interacts with
the negative ESP associated with the electronegative atoms.
This also manifests in distances between the interacting
donor and acceptor atoms being significantly less than the
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Fig. 13 ESP molecular electrostatic potential (MESP) of benzoyl chloride
and fluorinated benzoy! chlorides mapped from —0.02 a.u. to +0.02 a.u.

sum of the vdW radii in cases where the magnitude of
electrostatic complementarity is high.

Summary

In this study, the three-dimensional structures of fluorinated
benzoyl chlorides (3FBC, 35DFBC and 345TFBC) have been
determined via an in situ cryocrystallization technique. The
supramolecular building blocks are constituted by various weak
intermolecular interactions and a cooperative interplay which
maximise the attraction and minimize the repulsion between the
approaching atoms governing the formation of molecular sheets.
They have their origin in the contents of the molecular species
responsible for the existence of pre-nucleation aggregates which
further grown in different directions leading to the formation of
the observed crystal structures. The 7---m stacking interaction
acts as the primary molecular building unit in these structures
resulting in molecular columns. These molecular columns are
interlinked by a multitude of weak C-H- - -O/F/Cl interactions and
halogen. - -halogen contacts which template the secondary supra-
molecular motifs. These weak interactions are instrumental in
tuning the growth of the n---n stacked primary building blocks
with remarkable variety with varying modes of fluorine substitu-
tion. The models delineated in this study provide a preliminary
fundamental understanding of the phenomena of crystal nuclea-
tion and growth which illustrate that atom. - -atom interactions
for the most simple of molecules is an extremely complex process
which involves sampling of millions of configurations before an
observed structure is realized. This also illustrates the fact that
nature always tends to maximize the number of interactions
between the participating atoms maintaining the energetics
which favour their existence under a suitable set of conditions.
Future studies will aim to unravel the role of heavier halogens
of benzoyl chlorides in the formation of solids.
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