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Experimental and theoretical charge density
assessments for the 4-perfluoropyridyl- and
4-perflurophenyl-1,2,3,5-dithiadiazolyl radicals¥

Stawomir Domagata*® and Delia A. Haynes®

The results of an experimental density analysis of 4-perfluoropyridyl-1,2,3,5-dithiadiazolyl (NF-radical) are
presented and compared with the previously reported analysis of the related 4-perfluorophenyl-1,2,3,5-
dithiadiazolyl (F-radical). Both the NF- and F-radicals form dimers in their crystal lattice. The strong interac-
tion between sulfur atoms in the dimers is confirmed by the high values of the electron density at the bond
critical points. Some additional bond paths relating to weaker interactions are also observed in the dimers,

Received 10th May 2016,
Accepted 4th August 2016

DOI: 10.1039/c6ce01095d

notably between carbon atoms and between F and N atoms. For both radicals, the spin density is almost
entirely located on the nitrogen and sulfur atoms of the dithiadiazolyl ring. However, the values of the spin
density are higher in the case of the NF-radical, which may result in stronger interactions between sulfur

atoms in the dimers. The electron density derived properties from the experimental and theoretical multi-
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Introduction

Over the last few decades much work has been done to design
materials with potential applications as new molecular mag-
nets or organic conductors. The thiazolyl radicals are one of
the most promising families of compounds due to their re-
markable thermal and kinetic stability and the occurrence of
ferromagnetic ordering at low temperatures in some cases.' ™
Unfortunately, the vast majority of these compounds have
a tendency to dimerize in the solid state, resulting in a loss
of paramagnetic character. To date, only a few examples of
monomeric dithiadiazolyl radicals have been discovered in
the solid state.””® Much effort has been committed to under-
standing the nature of the dimerization interaction and to
prevent unfavorable Peierls distortions (see D. A. Haynes’
and references therein). In some cases bulky substituents are
introduced to the system in order to cause steric hindrance
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polar models are in fairly good agreement.

and thus prevent the system from dimerizing.®® There have
also been attempts to weaken the interactions in co-facial di-
mers by attaching different substituents to the dithiadiazolyl
ring, largely perfluorophenyl substituents.>* Perfluorophenyl
substituents often result in a large twist angle between the
dithiadiazolyl ring and the substituent, thus hindering di-
merization. Significant effort has also been focused on under-
standing the precise nature of the interaction between mole-
cules within the dimer. When these compounds were first
characterized in the 1980s, they were described as dimeric
molecules, [RCN,S,],, containing two long S-S bonds, ie. a
four-centre two-electron bond.” By 1993, Cordes et al. were
describing this dimerization as an interaction between the
singly occupied molecular orbitals (SOMOs) on each radical,
which was confirmed computationally.'® Recently, this type
of interaction has been referred to as pancake bonding,*"**
which refers to a multi-centre two-electron bond between the
two radicals in the dimer. It is clear from both experimental
and computational studies that the dimerization energy is
low, and the dimers readily dissociate into monomers in so-
lution, as evidenced by the isotropic five-line EPR spectra
obtained for these molecules. It is also apparent that dimer-
ization in the solid state can be suppressed by the introduc-
tion of appropriate competing intermolecular interactions,
resulting in monomers>® or thermally accessible triplet
states.'® It is important to further understand the nature of
this dimerization interaction, and experimental charge den-
sity analysis is a revealing tool in this regard.

In this manuscript we discuss the differences in electron
density distribution in 4-perfluoropyridyl-1,2,3,5-dithiadiazolyl

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ce01095d&domain=pdf&date_stamp=2016-09-13
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ce01095d
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE018037

Open Access Article. Published on 08 August 2016. Downloaded on 10/27/2025 9:00:10 PM.

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

(cc)

CrystEngComm

(NF-radical) and perfluorophenyl-1,2,3,5-dithiadiazolyl (F-
radical) using high resolution crystallographic methods. We
have previously been interested in investigating co-crystals of
1,2,3,5-dithiadiazolyl radicals,*>'® which led us to investigate
the experimental charge density of one of the known co-
crystals. The intention with the current study was to extend
this work to investigate the second known co-crystal bet-
ween two dithiadiazolyl radicals, which is a co-crystal of
4-perfluoropyridyl-1,2,3,5-dithiadiazolyl and phenyl-1,2,3,5-
dithiadiazolyl. Despite numerous attempts we were unable to
grow crystals of this material suitable for the collection of
high resolution X-ray diffraction data. However, suitable crys-
tals of NF-radical were obtained. We have thus studied this
material in detail, with the eventual aim of shedding light on
the intra-dimer interactions in these systems, such that novel
co-crystals or materials with reduced dimerization energies
can be designed.

The crystal structure of the NF-radical has been previously
reported (CSD refcode ZADVAB, personal communication);
however this earlier study was carried out at room tempera-
ture. The high resolution study carried out here allows us to
compare the electron density properties derived from the ex-
perimental and theoretical multipolar models for these two
radicals. The strength of the intra-dimer interactions in the
NF-radical and F-radical has been analyzed using the multi-
polar approach as well as quantum chemical calculations.
The lattice energy for these homodimeric systems is com-
pared to those of the heterodimer complexes containing
PhCN,S, (H-radical, HNF-radical).">'® A schematic represen-
tation of the compounds studied is given in Scheme 1.

Experimental and computational
details
Synthesis of radicals

The synthesis of the NF-radical has been previously
reported."® Suitable crystals were prepared by sublimation in
vacuo at 110 °C.

X-ray crystallography

High resolution single crystal diffraction experiments were
performed for the NF-radical sample using a Bruker APEX II

a) b)
X X
— N NI
\_/ |
N N=—
X X=H,F
Scheme 1 Schematic representation of 1,2,3,5-dithiadiazolyl

radicals: (a) 4-perfluoropyridyl-1,2,3,5-dithiadiazolyl (NF-radical), (b)
4-perfluorophenyl-1,2,3,5-dithiadiazolyl (F-radical), X = F; 4-phenyl-
1,2,3,5-dithiadiazolyl (H-radical), X = H. The co-crystal of NF-radical
and H-radical is abbreviated as HNF-radical, whereas the co-crystal of
F-radical and H-radical is labeled as HF-radical.
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ULTRA diffractometer with a TXS rotating anode (Mo Ko ra-
diation), multilayer optics, and an Oxford Cryostream low
temperature attachment at 90 K. A suitable crystal sample
was attached to a cryogenic nylon loop, mounted on a goni-
ometer head and positioned at 50 mm from the detector. A
complete set of reflections was collected with an average re-
dundancy above 10 up to 1.168 A™ resolution. The exposure
times were varied between 20 and 60 seconds depending on
the theta angle of the detector. The determination of the unit
cell parameters and integration of the raw images were
performed using the APEX2 suite of programs (integration
was carried out with SAINT)."” The multiscan absorption cor-
rection, scaling, and merging of reflection data were carried
out with SORTAV."" Data collection statistics are gathered
in Table 1. The crystal structure was solved using the SHELX
program® and was initially refined within SHELX and
Olex2>" using the independent atom model (IAM). In the case
of the F-radical the raw data were taken from a previous pub-
lication.”* For both data sets (F-radical and NF-radical) differ-
ent data reduction schemes were tested using SORTAV and
SADABS."” However, in the case of the F-radical, data reduc-
tion with SADABS gave a better model and final statistics.

Theoretical calculations

Quantum calculations for the NF-radical and its co-
crystal with 4-phenyl-1,2,3,5-dithiadiazolyl (HNF-radical) were
performed using the Gaussian 09> and Crystal 09°*** pack-
ages. The experimental structure of HNF-radical'® (refcode
YIMNIT) was taken from the Cambridge Structural Data-
base® version 5.36 (Nov. 2014 update). The X-H distances
for the HNF-radical were elongated to average neutron dis-
tances®” prior to further quantum calculations in order to fa-
cilitate comparison with the high resolution structures. The
program CLUSTERGEN>® was used for the generation of di-
mers from the crystallographic structures of radicals and the

Table 1 Data collection and refinement statistics for NF-radical

Empirical formula CeF4N;S,
Fw (g mol ™) 254.21
Temp (K) 90

Crystal system Monoclinic
Space group C2/c

a(A) 17.781(2)
b (A) 9.626(1)
c(A) 11.346(1)
a° 90

i 125.713(2)
y° 920
Volume (A%) 1576.8(3)
zZ 8

Pcale (mg mm_3) 2.142

# (mm™) 0.709
F(000) 1000
Reflns collected 90319
Independent reflns 9970

Max sin[#/4] (A™) 1.168

Rine (%) 3.14
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elongation of X-H distances before further quantum calcula-
tions. The Gaussian 09 package was used for the energy cal-
culations of monomers and dimers of dithiadiazolyl radical
systems in vacuo. A total spin of  was imposed on monomers,
whereas singlet or triplet configurations were used for the
parallel and antiparallel dimers, respectively. Interaction en-
ergy calculations were performed using the UB97D func-
tional®® with 6-31G** and 6-311++G** basis sets. The Crystal
09 package was used for lattice energy computations in peri-
odic boundary conditions. In this case, the UB3LYP func-
tional®>" with the 6-31G** basis set>> was used. The B3LYP
functional was augmented with an empirical dispersion cor-
rection.”>** The relaxed potential energy scan (PES) for the
NF-radical was performed using Gaussian with the UB3LYP
functional and the 6-31G** basis set.

Dipole moments were derived from the multipole
populations using the formulae given in the works of
Spackman®* and Coppens®> and were calculated using the
VMoPro module, a part of the MoPro package.***” The dipole
moment was computed with respect to the center of mass of
the molecule under consideration. The integrated charges
from QTAIM (Quantum Theory of Atoms in Molecules) the-
ory®® were calculated using the WinXPRO package.* Electro-
static interaction energies were calculated in VMoPro using
the numerical integration method on a spherical grid around
involved molecules. The Gauss-Chebyshev'® and Lebedev
and Laikov quadratures®’ were used for the radial and angu-
lar parts, respectively. Radial coordinates and weights were
remapped using the formula of Treutler and Ahlrichs.**> The
interaction energy values were computed as the product of
the integral over the electron density of one molecule and the
electrostatic potential of the second molecule. Various statis-
tical analyses were performed on 3D grids of the deformation
density and the electrostatic potential (ESP). The grids were
created in the VMoPro program with a 0.1 A sampling step
and with a margin around all atoms equal to 3 A and 4 A for
deformation density and ESP grids, respectively. In the case
of ESP, the surface statistics®>** were calculated on the
Hirshfeld surface.*”*® Visualizations of density-derived prop-
erties were created using the MoProViewer program.*’

Multipolar refinement

The multipolar refinements of the NF-radical were performed
using the MoPro software***” within the Hansen-Coppens
multipolar formalism*® in a stepwise manner as described in
previous work.>” The initial geometry and thermal parame-
ters were taken from the IAM refinement. The refinement
was based on F and all the reflections were used. The maxi-
mum resolution of the data set was limited to 1.137 A™* in or-
der to keep ~100% completeness for the NF-radical. The
multipolar expansion was truncated at the hexadecapole level
for sulfur and the octupole level for the remaining atoms.
The anharmonic motion parameters in the form of the
Gram-Charlier (GC) expansion up to the third order were ap-
plied to the sulfur atoms. The GC expansion imposed on the
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sulfur atoms improved the model considerably as in the case
of our previous work.”> We have also tested several different
models including anharmonic expansion for fluorine atoms,
though no significant improvement was observed. The &'
values for the fluorine and sulfur atoms were constrained to
the average values obtained from the theoretical multipole
model based on the experimental geometry. Some multipole
symmetry and equivalence kappa constraints were used to re-
duce the number of refined parameters.

In the case of the F-radical, the initial multipolar model
was taken from the previous publication and the new refine-
ments were performed using the same cutoff resolution as
for the NF-radical (1.137 A™) to allow a consistent compari-
son with the NF-radical. No I/o(I) cutoff was used. The same
multipolar expansion level and a similar type of constraints
as those used for the NF-radical were applied.

During the course of the multipolar refinement several
multipolar models were assessed. The final models selected
for the NF-radical and F-radical have the most featureless re-
sidual density maps, and the electrostatic properties appear
to be realistic and compatible with the previous analysis.*?
The multipolar statistics for the final models are presented
in Table 2. The most prominent maxima of unmodelled re-
sidual density are located close to the N and S atoms (Fig.
S1t). The highest peak and hole are equal to 0.32/-0.25 e A~
and 0.27/-0.17 e A™® for the NF-radical and F-radical, respec-
tively. The fractal density analysis*® supports the overall good
quality of the final models (Fig. S21).

Multipolar refinement based on the theoretical structure
factors was conducted for both the NF-radical and F-radical
structures to serve as reference points. The theoretical struc-
ture factors were prepared in the following way. A set of
unique Miller indices were generated for the NF-radical and
F-radical structures using the segment description ap-
proach®*** up to 1.4 A™* reciprocal resolution. The theoretical
structure factors were generated from the sets of prepared in-
dices and the previously computed wave functions using the
XFAC option in Crystal09. During the multipolar refinement,
a 1.137 A™* resolution cutoff was applied in order to have the
same resolution as for the experimental data. The same mul-
tipolar level was applied as in the experimental models. How-
ever, no constraints were imposed on the multipolar parame-
ters and all multipolar parameters were refined freely. The
scale factor was not refined.

Table 2 The refinement statistics for final experimental multipolar
models of NF-radical and F-radical

NF-radical F-radical
Resolution (A™) with 1.137 1.137
completeness ~99%
GOF on F? 0.926 1.919
Final R indexes (%) R, (F) =1.947 R, (F)=1.340
WR, (F)=1.766  WR, (F) = 1.259
Nops/Nparams 9721/262 10313/271
Largest diff. peak/hole (e A~) 0.32/-0.25 0.27/-0.17

This journal is © The Royal Society of Chemistry 2016
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Details regarding the refined parameters for all the final
models are given in the ESI} in Tables S1 and S2.

Results and discussion
Crystal structure

The structure of the NF-radical has already been reported.'®
A single molecule of NF-radical with atom labels and thermal
ellipsoids is presented in Fig. 1. The geometry of the radical
molecule after the multipolar model refinement is not much
different from the reported one. Generally, almost all bonds
are slightly shorter in the case of the high resolution struc-
ture, but the molecular conformation is almost the same as
indicated by the small values of RMS deviation (~0.039 A) as
calculated in Mercury.”>>* The volume is slightly decreased
from 1601 A® to 1576 A® due to the different temperatures of
data acquisition (RT vs. 90 K).

The NF-radical forms a cis-oid dimer with a pair of close
S-S contacts (Fig. 2a). These dimers are linked to chains via
SN close contacts. Chains stack on top of one another in
an antiparallel fashion, such that there are also antiparallel
pairs of molecules in the structure (Fig. 2b). The overall pack-
ing pattern is essentially the same as that of the F-radical
structure, and in fact the co-crystal between the NF-radical
and the H-radical (HNF-radical) has the same structure. A
structure overlay of the NF-radical and F-radical is shown in
Fig. 3. The RMS deviation between the structures is 0.116 A.

The packing pattern has also been analysed using
Hirshfeld surface analysis in Crystal Explorer’*>°® in order to
quantify the relative ratio of close contacts. The ratio values
are shown in Fig. 4. In both cases the majority of contacts
are of type S---X and F---X (X = F, N or C), close to 80%. It is
notable that S---F contacts are more prevalent than S--N con-
tacts in both cases. In the case of the NF-radical we have the
perfluorophenyl ring, with the 5 fluorine atoms, replaced by
the perfluoropyridyl ring. Therefore, one can expect a reduc-
tion in the number of contacts with fluorine atoms and an
increase in contacts to nitrogen atoms. Indeed the S:-F,
F---F, F---C interactions are less numerous in the NF-radical,
whereas the S--*N and F---N interactions are more pro-
nounced (Fig. 4). It is clear that these structures are domi-
nated by electrostatic-type interactions.

FIQ/ 2@

Fig. 1 One molecule of NF-radical. Thermal ellipsoids are drawn at
50% probability level.
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r‘\’j % - i %
Fig. 2 Dimeric structures in NF-radical with parallel (a) and antiparallel
(b) packing.

Electron density investigations

Topological analysis of charge density. A topological analy-
sis of the electron density has been performed for the experi-
mental and theoretical models of the NF- and F-radicals. The
strong interaction between sulfur atoms in the parallel di-
mers of radicals created in the crystal lattice is confirmed by
the high values of electron density: 0.166 e A and 0.149 e
A™® for the NF- and F-radicals, respectively (Fig. 5, Tables S3
and S4;f cf. the electron density for the intradimer S-S
bonds: 0.957 e A® and 0.857 e A® for the NF- and F-radicals,
respectively). The experimental values for these intradimer
S---S interactions are similar to the values obtained from the
theoretical models within an error margin of 0.02 e A~. The
differences in the electron density between the NF-radical
and the F-radical for these particular interactions are negligi-
ble according to the analysis of errors in the charge density
distribution made for multiple measurements for oxalic acid
monohydrate.”” The electron density values for the

N~ \\\¥ N\
\\ NS
N~ \\\ .

Fig. 3 An overlay of the packing in NF-radical (green) and F-radical
(blue).
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Fig. 4 Relative contribution of the weak interactions [%] in the crystal
lattice of (a) the NF-radical and (b) the F-radical using Hirshfeld surface
analysis.

(a)

(b)

(c)

(d)

.CD5
Cp3
e
C2

Cp4@®
F5,

Fig. 5 The BCPs of the NF-radical dimer (a, c) and the F-radical dimer
(b, d) for the experimental models (a) and (b) and theoretical models
(c) and (d), respectively.

intradimer S--'S interactions in 4-phenyl-1,2,3,5-dithiadiazolyl
(H-radical) as well as those for the HF-radical co-crystal are
similar: 0.152-0.199 e A® (average 0.166 e A®) for the
H-radical and 0.144 e A® for the co-crystal. Fluorination does

7120 | CrystEngComm, 2016, 18, 7116-7125
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not appear to have a significant effect on this intradimer
S---S interaction. It is also important to note that both the ex-
perimental and the theoretical values for the Laplacian at the
bond critical points between the sulfur atoms in a dimer
(Cp1, Tables S3 and S4t) are appreciable and positive - thus
distinct from the values observed for either covalent bonds or
conventional intermolecular interactions. It is also interest-
ing that critical points of this nature are only seen between
the sulfur atoms in a dimer, suggesting that a 4c-2e” descrip-
tion of this interaction may be appropriate.

Some additional bond paths are also observed in the radi-
cal dimers, notably between carbon atoms and between F
and N atoms, although the critical points have lower electron
densities and Laplacians, more in line with those expected
for non-covalent intermolecular interactions (Fig. 5 and Ta-
bles S3-S67). In the case of the F-radical not all of the bond
critical points (BCPs) were found in comparison to the previ-
ous model.>” This difference may be due to slightly different
restraints and sigma cutoff used in the previous and current
models. Particularly those BCPs with p(r) smaller than 0.05 e
A" are less likely to be detected in the current model. Simi-
larly, some BCPs are missing in the experimental models
compared to the theoretical models. Therefore, the existence
of some BCPs, especially those with small values of p(r), may
be dubious and strongly depends on the multipolar model
used. Generally the position of BCPs and the value of the
electron density at the BCPs for the weak interactions of radi-
cals are well reproduced by the theoretical models. The BCPs
for covalent interactions are also well reproduced by the theo-
retical models though the p(r) is systematically lower in the
case of the theoretical model (Table S71). The values of p(r)
and V?p(r) for the NF-radical and the F-radical are in good
agreement and very similar within the acceptable margin of
0.1-0.2 e A and 3 e A for the electron density and the
Laplacian, respectively.®’

Statistical analyses were performed on 3D grids of the de-
formation density around the NF-radical and F-radical mole-
cules. The statistics are given in Table S8.f It is apparent that
the deformation densities, both negative and positive, are
slightly attenuated in the case of the experimental models
when compared to the theoretical ones. The RMSD values be-
tween the experimental and the theoretical models are small:
0.016 e A and 0.021 e A for the NF-radical and F-radical,
respectively. The correlation between the experimental and
the theoretical deformation density is fair, though less satis-
factory in the case of the F-radical. Fig. 6 shows the deforma-
tion and the Laplacian maps for the weak interactions be-
tween the dithiadiazolyl ring and the perfluorophenyl or
perfluoropyridyl ring of the neighboring molecules. A com-
plementary fit of the negative and positive densities for the
two molecules is observed. This is even more clearly visible
in the case of the Laplacian maps. The electron concentration
region around atoms F3 or N3 is pointing towards the
electron depletions in the vicinity of the sulfur atoms in the
neighbouring molecule in both cases. A c-hole on the fluo-
rine atom is also clearly visible (Fig. 6e and f).® Some

This journal is © The Royal Society of Chemistry 2016
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(e) h)_

Fig. 6 Deformation density and Laplacian maps for the NF-radical (a-d)
and the F-radical (e-h) presenting S:-*N and S---F interactions. Maps are
shown in the plane of the sulfur atoms from the first molecule and the
N3 or F3 atom of the second molecule for the NF-radical and the F-rad-
ical, respectively. Blue solid lines denote the positive and red dashed
lines denote the negative contours for the deformation maps. Contour
level: +0.05 e A™>. In the case of the Laplacian maps the colors are
inverse and the contours are drawn at 2™ x 10" e A°(m=1,2,3;n =
-1, 0, 1, 2) levels. The ‘+’ signs denote the bond critical points.
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additional maps that show interactions in dimers are
presented in Fig. S3 and S4.f

Energy calculations. In order to assess the interactions in
the dimers we calculated interaction energies of molecules in
a dimer of the NF-radical as well as for the dimer composed
of the NF- and H-radicals (HNF-radical dimer) (Table 3). The
values of the interaction energy are very similar to those al-
ready reported for related radicals.”® The interaction energy
for the NF-radical is slightly less negative than for the
F-radical. Similarly the NF-radical dimer is more stable than
the equivalent HF-radical dimer. As in the case of the HF-
radical the HNF-radical is also more stable than the dimer
composed of pure NF-radical molecules. We have also calcu-
lated the Esomo-somo energy according to the approach given
by Beneberu'" and Cui."* According to this approach the en-
ergy of the pancake bonding can be approximated as the dif-
ference between the interaction energy in the low spin state
and the high spin state. The total SOMO-SOMO energy was
high for both dimers (~-80 kJ mol™*) (Table S97).

A relaxed potential energy surface scan with a step size of
5° was performed around the N1-C1-C2-C3 angle for the NF-
radical to determine the rotational barrier for this molecule.
The plot that shows the rotational barrier is presented in Fig.
S5.f There are two maxima on the potential energy curve in
the case of the NF-radical, one at 0° and a second at 90°, with
the energy barriers close to 4 and 3 kJ mol™, respectively.
The height of the barriers and the overall shape of the PES
plot is comparable to that of the F-radical. The most stable
rotamer has a value of ~45° for the N1-C1-C2-C3 angle. The
angle values for the optimized structure agree quite well with
the experimental values of ~32(1)°. The double-minima ob-
served in the PES plot are similar to those seen in other
DTDAs fluorinated in both ortho positions,” confirming that
a wide range of twist angles between aryl and S-N rings are
accessible within a small energy range.

The lattice energies for the NF-radical and the HNF-
radical were calculated using periodic boundary conditions
(Table 4). In the case of the lattice energy we observe reversed
trends from those seen in dimerization energies: the highest
lattice energy is observed for the NF-radical. It appears that
the lattice energy for co-crystals is generally less negative
than for the crystals based on the pure homo-components
(Table 4).*

Additionally, we computed the interaction energy based
on the multipolar distribution for the NF-radical and
F-radical for both experimental and theoretical models (Ta-
bles S10 and S117). The strongest interactions are in co-facial
parallel dimers as expected. However, in the case of the
F-radical the experimental multipolar model for the facial di-
mer strongly underestimates the strength of this interaction
(-26.4 kJ mol™), both with respect to the theoretical model
(-69.8 k] mol™) and when compared to similar interactions
in the NF-radical, -76.3 and -61.4 k] mol ™" for the experimen-
tal and the theoretical model, respectively. Due to this outlier
the correlation between the theoretical and the experimental
model is rather low (R = 0.729). If we omit this particular
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Table 3 Calculated interaction energy [kJ mol™] for parallel and antiparallel arrangements of dimers (see Fig. 2) calculated using the DFT/UB97D
method. Experimental or optimized geometry was used with different basis sets. Values from our previous work have been added for comparison

Experimental/6-31G**

Optimized/6-31G**

Experimental/6-311++G**

Dimer Parallel Antiparallel Parallel Antiparallel Parallel Antiparallel
NF-radical -46.8 -32.6 —-49.8 -36.2 -47.2 -31.4
F-radical” -46.9 -54.2 -48.6

HNF-radical” -46.8 -28.2 -54.2 -31.2 -50.8 -29.3
HF-radical® -50.7 -52.4 =55.4

“ Previous paper.”* ” Geometry taken from ref. 16.

interaction the correlation coefficient increases to a satisfac-
tory value of 0.943.

Dipole moments. Dipole moments are an important prop-
erty that may influence the packing pattern of the crystal.
Herein we report dipole moments calculated for the mono-
mers and dimers of the NF-radical and F-radical (Tables 5
and S12t). Generally the dipole moments derived from the
multipolar model are much enhanced in comparison to the
calculation in vacuo.®® In this work and in the previous publi-
cation®? we observe the same trend for the F-radical, whereas
the dipole moment for the NF-radical is much diminished.
The dipole moments coming from the theoretical multipolar
models are more reasonable. However, they still appear to be
slightly too high. The sensitivity of the multipolar model to
the refinement conditions/strategy is shown for the F-radical.
In the new model the dipole moment is enhanced by ~12%
compared to the previous work. Therefore, the dipole mo-
ments for both radicals can be treated only quantitatively.
Nevertheless, dipole moments seem to have a strong influ-
ence on the packing of the molecules in the crystals.

AIM charges. The AIM charges were calculated for the NF-
and F-radicals, both from the experimental multipolar model
and from a model based on the theoretical structure factors.
The calculated AIM charges for the NF- and F-radicals agree
qualitatively with those of the theoretical model. The correla-
tion coefficients (R) are equal to 0.987 and 0.975 for the NF-
radical and F-radical, respectively. However, in the case of the
F-radical the summed AIM charges on the dithiadiazolyl and
6-membered rings are higher in magnitude than in the analo-
gous rings for the theoretical model. In contrast, in the case
of the NF-radical the charges are diminished (Table 6). The
charge distribution has an impact on the calculated dipole
moments. Therefore, in the case of the F-radical the dipole
moment is overestimated for the experimental model com-
pared to both theoretical multipolar model and quantum cal-
culation in vacuo. Analogously, the dipole moment for the
NF-radical is underestimated (Table 5). In this manuscript we
used the new model for the F-radical. However, in terms of
charge distributions the new and previous models** for the

Table 4 Lattice energies in kJ mol™. Calculations were carried out in
Crystal using B3LYP/6-31G** (single point)

NF-radical
HFN-radical

-87.8
=79.4

7122 | CrystEngComm, 2016, 18, 7116-7125

F-radical are very similar. The values of RMSD and the corre-
lation coefficient are equal to 0.030 e and 0.999, respectively.
A full list of charges is given in Tables S13 and S14.f

Electrostatic potential. The electrostatic potentials have
been calculated for the NF- and F-radicals for both experi-
mental and theoretical models and visualized on the
Hirshfeld surface*>>> (Fig. 7). The location of the regions of
positive and negative electrostatic potential are qualitatively
similar for both experimental and theoretical investigations.
However, the magnitude of the potential for the experimental
model is slightly attenuated in the case of the NF-radical and
slightly enhanced for the F-radical with respect to the equiva-
lent theoretical models.

These qualitative assessments have been followed by a de-
tailed comparison of the electrostatic potential quantities****
calculated on 3D grids. The quantitative analysis of the
electrostatic potential confirms the qualitative distribution.
The RMSD values between experimental and theoretical
models are rather low and equal to 0.037 e A" and 0.045 e
A" for the NF-radical and F-radical, respectively. The overall
correlation between experimental and theoretical models is
fair as determined by the correlation coefficients. These are
equal to 0.733 and 0.861 for the NF-radical and F-radical, re-
spectively. The detailed statistics are given in Table S15.}

Spin density. The total spin density distribution for the
NF-radical was calculated using Crystal09 with periodic con-
ditions. The spin density is almost entirely located on the ni-
trogen and sulfur atoms in the dithiadiazolyl ring, as in the
previously published F-radical structure.?” This has also been
shown experimentally using electron paramagnetic resonance
(EPR)."°'"% However, the spin values in the NF-radical on
the sulfur and nitrogen atoms are higher than those in the
F-radical. The total spin on the dithiadiazolyl ring is 0.487 for

Table 5 Dipole moments [D] for monomers as obtained from multipolar
models and quantum calculations using DFT method with B3LYP func-
tional and 6-311++G** basis set. The same experimental geometry was
used

NF-radical F-radical
Experimental multipolar model 0.86 10.14/9.03
Theoretical multipolar model 6.01 5.09
Quantum calculations 4.00 2.54%P

22 b

“ Previous paper. No change with the new geometry.
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Table 6 Summed AIM charges (e) for the NF-radical and F-radical from
experimental and theoretical multipolar models

NF-radical F-radical

Exp. Theo. Exp. Theo.
Dithiadiazolyl-ring 0.064 0.137 0.397 0.113
6-Membered ring -0.059 -0.134 -0.390 -0.108
Total 0.005 0.003 0.007 0.005
RMSD 0.113 0.141
Corr. coeff. R 0.987 0.975

(a)

.
RE
=2

Fig. 7 Electrostatic potential mapped on the Hirshfeld surface for the
NF-radical (a, b) and the F-radical (c, d). The experimental model (a, c)
and the model based on theoretical structure factors (b, d) are
presented. The highest and lowest values of electrostatic potential are
0.1and -0.1 e A%, respectively.

(b)

(c

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Spin density distribution map in the plane of the four sulfur
atoms for the dimer of the NF-radical. The positive (solid line) and
negative (dashed line) spin densities are shown. Contour level at
+0.001 au.

the NF-radical vs. 0.385 for the F-radical. The summed spins
for particular atoms are given in Table S16.f The pairing of
negative and positive spins is visible in dimers and between
neighbouring molecules in the crystal lattice of the NF-
radical (Fig. 8).

Conclusions

An experimental charge density study was performed for the
4-perfluoropyridyl-1,2,3,5-dithiadiazolyl radical (NF-radical).
The resulting analysis was compared to the previously
reported analysis of the similar 4-perfluorophenyl-1,2,3,5-
dithiadiazolyl (F-radical). Additional refinements based on
the theoretical structure factors were performed for the
reported radical as well as the previously analyzed
4-perfluorophenyl-1,2,3,5-dithiadiazolyl (F-radical).

Both NF- and F-radicals form dimers in their crystal lat-
tice. The strong interaction between sulfur atoms in the di-
mers is confirmed by the high values of electron density be-
tween these atoms: 0.166 e A and 0.149 e A~ for the NF-
radical and F-radical, respectively. Analysis of the electron
density makes it clear that these interactions are distinct
from both covalent bonds and intermolecular interactions.
Some additional bond paths are also observed in the dimers,
most notably between carbon atoms and between F and N
atoms. There are other interactions between radical mole-
cules in the crystal lattice, although not as strong as those be-
tween sulfur atoms.

Analysis also revealed that spin density is almost entirely
located on the nitrogen and sulfur atoms in the dithiadiazolyl
ring for both radicals, in agreement with previous experimen-
tal measurements. However, the values of the spin density
are higher in the case of the NF-radical, which may result in
stronger interactions between sulfur atoms in dimers, which
is supported by the electron density values at bond critical
points. The dipole moments calculated for these radicals can
be treated only qualitatively, but the integrated AIM charges

CrystEngComm, 2016, 18, 7116-7125 | 7123
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and electrostatic potentials correlate well with the theoretical
models.
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