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Introduction

The fabrication of next generation of nanoelectronic devices will
require controlling the organization of components at the
nanometer scale. To achieve this task, “top-down” or “bottom-up”
strategies represent the two main techniques to create 2 or 3
dimensional highly ordered nanostructures.['' Whereas the former
may be deemed too costly to reach a degree of miniaturization
lower than 10 nm by a lithographic approach, the latter can rely
on the self-assembly of purpose-built elemental constituents
through recognition processes in a highly reliable fashion. The
bottom-up construction of nanoscale architectures can thus
benefit of the wide array of non-covalent interactions of the
supramolecular toolbox.?

Among the various molecular design principles of effective
conducting materials, fluorine substitution stands for a very
appealing strategy through lowering the HOMO level, and acting
on morphological aspects by intra- or intermolecular S---F, H---F
or r-+-F interactions.B! On a parallel scene, halogen bonding (XB),
i.e. the ability of a halogen to work as an electron density acceptor,
has accounted for an upsurge of interest in the scientific
community in the last two decades.*!®! This interaction was
initially reported as an intermolecular force in crystal engineering.
In recent studies, some remarkable features like a high
directionality, hydrophobicity or tunable strength allowed XB to be
harnessed successfully in biological and materials sciences.®!]
In the field of electronic materials, XB was already used to guide
the arrangement of molecules, as observed in tetrathiafulvalene
(TTF) chemistry .l In the same spirit, an improved 3D organization

of  poly(3-(w-bromoalkyl)thiophenes) compared to poly(3-
alkylthiophenes) was attributed to S---Br contacts.®! From a
physical point of view, XB was found to enhance the performance
of perovskite and dye-sensitized solar cells through reduction of
the recombination rate constant and regeneration of the dye,
respectively, due to X--I" interactions (X = CI, Br, [).[100'1
Halogenation can thereby exert different levels of control over the
performance of these functional materials.

Thiophene derivatives are versatile and key constituents of many
conducting materials.['? It has already been demonstrated that
the supramolecular features of these building blocks can be
translated at the macromolecular level to govern the organization
of corresponding unit-containing polymers.['¥ With this in mind,
we decided to investigate the supramolecular organization of
modified thiophenes by halogen bonding.['* Several works have
already reported the X-ray structures of halogen bonded arrays
based on brominated compounds at positions 2 and/or 5, along
with other bromine-containing analogs.['® Herein, we turned our
attention toward heterocycles functionalized at position 3 with
pyridyl or tetrafluoroiodobenzene groups in combination with
complementary XB donor or acceptor partners.["® To shed light on
the specificities of these molecular assemblies and to gather
valuable information, thorough studies were conducted by single
crystal X-ray diffraction. Interestingly, the halogen and chalcogen
bonds team up in some complexes, sometimes unexpectedly.
Density Functional Theory (DTF) investigations aimed at
emphasizing the contribution of these interactions on the
formation of these supramolecular architectures.l' '8 Finally, the
preparation of polymorphic adducts was performed by solution
and mechano-mechanical synthesis followed by a 3C solid state
NMR (SSNMR) spectroscopic analysis.

Results and Discussion



The formation of 3-((2,3,5,6-tetrafluoro-4-
iodophenoxy)methyl)thiophene  Thiol and 4-(thiophen-3-
ylmethoxy)pyridine ThioPy as XB donor and acceptor,
respectively, was carried out according to a procedure already
described in the literature.'¥ For the sake of comparison, 3-
((perfluorophenoxy)methyl)thiophene ThioF, i.e. the analog of
Thiol lacking the ability to make XB, was also prepared. For this,
3-thiophenemethanol has reacted with hexafluorobenzene in the
presence of NaH, providing the corresponding ThioF in 98% yield

(Figure 1).
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Figure 1 Syntheses of thiophene derivatives ThioPy, Thiol and ThioF (top).
Halogen bond donors and acceptors used in that study (bottom).

X-ray structures of pure Thiol and ThioF

Subsequently, the crystallization of pure halogenated thiophenes
Thiol and ThioF was performed through the slow evaporation of
a dichloromethane solution of both compounds, giving rise to
suitable materials for an X-ray diffraction analysis. The crystal
packing of ThioF follows a columnar stacking arrangement in a
head-to-tail fashion due to a -1 stacking between the aromatic
groups that resembles that observed for (E)-3-(2,3,4,5,6-
pentafluorostyryl)-thiophene (Figure 2 top).'® The distance
between the centroids of the electron rich thiophene ring and
electron deficient pentafluoroarene varies in the range of 3.671-
3.897 A. The supramolecular architecture is also stabilized by
several weak intermolecular H---F contacts (distances in the
range of 2.539-2.620 A) involving molecules in the same plane
(H2---F8, H5---F10 and H5---F11) and Tr-stacked units
(H6B---F12). In addition to these hydrogen bonds, halogen and
chalcogen bonds contribute to the crystal cohesion through the
connection of head-to-head orientated thiophenes belonging to
neighboring column. Here, F10---F11 interactions arise as very
weak XB (distance = 2.884 A, i.e. around 98% of the sum of van
der Waals radii).?® The C-F10---F11 and C-F11:--F10 angles are
~163.7° and ~134.2°, respectively, that could be consistent with
halogen bonds of type Il. Moreover, this structure is comprised of
S---S contacts (distance = 3.673 A) that falls within the limit of the
sum of van der Waals radii (3.6 A). It also exists a very short
distance between sulfur and fluorine (3.323 A) but the separation
is slightly longer than the sum of van der Waals radii (S + F = 3.27
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A). Itis worth mentioning that weak intermolecular interactions are
characterized by stabilization energies up to 0.4 A larger than the
sum of van der Waals distance.?"!
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Figure 2. X-ray structure of ThioF organized in a head-to-tail fashion due to
-7 stacking between the aromatic groups (top). X-ray structure of Thiol
developing circular motifs due to S:-:| halogen bonds. The thiophene and
perfluoroiodobenzene groups belong to planes (pale blue) making an angle of
~78° (bottom). The red dots represent the centroid of the aromatic rings. Colours
are as follows: C, grey; H, white; F, yellow; S, orange; O, red; I, purple.

Replacement of fluorine by iodine on the fluorinated arene leads
to a dramatic change of arrangement. Thiol units are now linked
due to S---| halogen bonds (Figure 2 bottom). The S---| distance
(3.582 A) is around 6% shorter than the sum of van der Waals
radii and the S---I-C angle is about 157° which is consistent with
the electron-donation from sulfur to iodine. Although weak, this
contact seems to govern the supramolecular arrangement that is
composed of circular motifs of paired molecules. Each unit adopts
an L-shape conformation in which the thiophene and
tetrafluoroiodobenzene groups are almost perpendicular (~78°)
(Figure S4). The overall architecture is also supported by T-
stacked thiophene (centroid distance = 4.118 A) and
perfluoroarene (centroid distance = 3.798 A) rings belonging to
neighboring couples of molecules.

After the determination of the effective role of Thiol as halogen
bond donor, the X-ray structure of ThioPy was then studied.
Interestingly, two attempts of crystallization of ThioPy in
dichloromethane and a mixture dichloromethane/hexane gave
rise to two polymorphic forms called ThioPya and ThioPyb,
respectively. In the first case, thiophene units of ThioPya develop
a planar arrangement in a herringbone style due to H---O
hydrogen bonds (2.518 A) linking adjacent molecules (Figure 3
top). Moreover, the supramolecular architecture is stabilized by
additional H--*N and H---O hydrogen bonds with distances of
2.537 and 2.680 A, respectively, involving molecules of parallel
planes due to the twisted angle of ~89° made by the thiophene
and pyridyl rings. Surprisingly, the X-ray structure of ThioPyb



obtained from the solvent mixture revealed a totally different
pattern (Figure 3 bottom). A linear arrangement of units is
obtained thanks to intermolecular S---N chalcogen bonds. The
crystallographic data highlight a separation of 3.065 A which
represents 91.5% of the sum of van der Waals radii. Other weak
hydrogen bonds operate between the parallel chains, namely
H---O (2.854 A) and H-- 1 interactions (H::-centroid distance =
3.430 A).
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Figure 3. X-ray structures of polymorphic forms of ThioPy developing a
herringbone pattern due to H---O hydrogen bonds in ThioPya (top) and a linear
arrangement due to S---N chalcogen bonds in ThioPyb (bottom).

The X-ray structures of pure thiophenes Thiol and ThioPy
confirmed the role of the aromatic groups as structure directing
agents for these supramolecular assemblies. In a second step,
we investigated the co-crystallization of these building blocks with
selected partners.

X-ray structures of co-crystals
diiodoperfluorinated compounds

involving ThioPy and

Halogenoperfluorinated compounds are commonly used in
halogen bonding driven self-assemblies. Indeed, the strong
electron withdrawing fluorine atoms behave as activating agents
towards the associated halogens through increasing their o-hole
size. Furthermore, the rod-like character of the perfluorinated core
allows for a reliable transfer of molecular information.??

Firstly, ThioPy and diiodoperfluorobutane dilC4 were co-
crystallized, leading to a supramolecular trimeric structure due to
N---1 halogen bonds (Figure 4 top). These interactions appear
much stronger than the previous S--:I contacts found in Thiol
since the distance between both atoms is 2.817 A, i.e. about 20%
shorter than the sum of van der Waals radii. Here, the N---I-C
angle is almost linear (~170°). In this complex, we can consider

that S and N compete to make XB with I, but the strongest prevails.

These trimeric systems developed undulating chains making an
angle of about 93° with thiophene rings at both extremities
pointing toward another one, as observed in ThioPya. The
stabilization of this architecture is also ensured by weak H---O
hydrogen bonds (2.530 A) that link parallel trimers.
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Figure 4. X-ray structures of halogen bonded complexes ThioPy-dilC4 (top)
and ThioPy-DilC6 (bottom)

Subsequently, we proceeded by the self-assembly of ThioPy with
a longer analog, i.e. diiodoperfluorohexane (DilC6) (Figure 4
bottom). In a similar way, the telechelic perfluorinated unit links
both compounds into a trimeric structure due to N---I halogen
bonds. These interactions appear slightly stronger than in the
previous case, since the N---| separation drops to 78% of the sum
of van der Waals radii, and the N---I-C angle makes ~178°.
However, a comparison of ThioPy-dilC4 and ThioPy-dilC6 at the
macromolecular level highlights a different organization. The
repetition of the trimeric architecture forms infinite parallel chains
with two thiophene rings pointing towards each other. The S---S
separation is measured at 3.846 A which is slightly longer than
the sum of van der Waals radii. All units belonging to parallel
planes run in the same direction which is in contrast with ThioPy-
dilC4 considering the zig-zag motif (Figure S5). Finally, the planar
organization features a clear segregation between ThioPy and
DilC6, emphasizing the low affinity between perfluorocarbons and
hydrocarbons. It is worthy of note that this aspect is also seen in
ThioPy-dilC4.

Then, we turned our attention towards diiodoperfluoroarenes. In
particular, 1,4-diiodotetrafluorobenzene (1,4TFIB) belongs to a
class of halogen bond donors that has been frequently engaged
in supramolecular functional materials.?® Some relevant findings
concern its role on the construction of organic cocrystal
microlasers and haptic memory materials.?4?! |nterestingly,
ThioPy-1,4TFIB and ThioPy-dilC6 complexes develop a similar
linear organization (Figure 5 top). The halogen bonded
parameters appear almost identical (N-:-| distance = 2.757 A,
N---I-C angle ~178°) whereas a very short distance separates the
thiophene groups. Now, the S---S contact is measured at 3.657 A
which is within the limit of the sum of van der Waals radii. From
these results, it remains difficult to explain the structural variation
from zig-zag (ThioPy-dilC4) to linear (ThioPy-1,4TFIB and
ThioPy-dilC6) chain. A common feature of ThioPy-1,4TFIB and
ThioPy-dilC6 lies in almost identical geometrical parameters for
XB. In ThioPy-dilC4, the slightly weaker halogen bonding
strength could induce a change of orientation of ThioPy unit. The



absence of conjugation in ThioPy core prevents any
competitive/cooperative phenomenon of electron transfer due to
intermolecular interactions.?® Further theoretical calculations will
consider the S---S chalcogen bond strength.
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Figure 5. X-ray structures of halogen bonded complexes ThioPy-1,4TFIB (top)
and ThioPy-1,2TFIB (bottom)

The use of 1,2-diiodotetrafluorobenzene 1,2TFIB as halogen
bonded building block is less reported compared to 1,4TFIB,
probably due to the difficulty to anticipate the geometry of the
resulting complex. However, recent works have highlighted its
potential in inducing phosphorescence in the presence of
diazaphenanthrenes and on the ordering of photoresponsive
block copolymers.?1281 The co-crystal formation involving ThioPy
and 1,2TFIB led to a supramolecular architecture with an
undefined pattern. In that case, a multitude of non-covalent bonds

co-exist in which almost all halogen atoms of 1,2TFIB are involved.

As expected, ThioPy and 1,2TFIB are linked through a strong
N---I interaction, but only one iodine atom is involved which is a
quite uncommon feature in light of the literature (Figure 5
bottom).?® The crystallographic parameters show a N--I
separation of 2.844 A (~ 80% of the sum of van der Waals radii)
and a N---I-C angle of 175°. In addition, short distances between
iodine atoms arise within the limit of precision for halogen bonds
of type I and Il, taking into consideration the sum of van der Waals
radii for iodine (3.96 A). First, an electron donation from |1 towards
12 (XB of type 1) can be concluded from the data since the 11---12
distance is 3.977 A whereas C-11---12 and C-I2--:|1 angles are
119.2° and 173.9°, respectively. Moreover, a very weak contact
consistent with a XB of type |l is also present between |12 atoms,
as revealed by a distance of 4.032 A, associated with identical C-
I12--112 angles of 118.9°.8%1 Moreover, the supramolecular
arrangement is supported by weak F3---F4 halogen bonds
(distance = 2.836 A, i.e. around 96% of the sum of van der Waals
radii). Values for C-F3:--F4 and C-F4---F3 angles are different
(155.9° and 135.5°, respectively) that could be in line with type Il
contacts. Surprisingly, F1 points towards the oxygen atom of
ThioPy, but the distance (3.170 A) appears slightly longer than
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the sum of van der Waals radii (O + F = 2.99 A). It is worth noting
that examples showing a fluorine atom as a halogen bond donor
are scarce in the literature.®'! for instance, the first examples of
Csp3F -+-O g3 interaction were reported in palladium complexes
only in 2019.%2 Finally, S:--S and S:-:F2 chalcogen bonds of
3.638 A and 2.988 A, respectively, lock the structure that give rise
to a planar organization of these modules.

X-ray structures of co-crystals involving Thiol and bipyridyl
derivatives

In a second step, we decided to reverse the code through the self-
assembly of Thiol and bipyridyl derivatives, namely bipyridine
ethane (BiPyetha), bipyridine ethylene (BiPyethy) and bipyridine
(BiPy). As such, the self-assembly of Thiol with BiPyetha was
operated in a mixture of dichloromethane/hexane using a 2:1ratio,
respectively, considering the potential complementary functional
groups for XB of both compounds. The X-ray structure analysis
reveals a similar arrangement to the one found for ThioPy-DilC6
(Figure 6 top). Indeed, both modules form a trimeric system due
to N---1 halogen bonds, in which the interatomic distance is 2.791
A (79% of the sum of van der Waals radii) with an almost linear
N:--I-C angle (~174°). In the same way, successive trimers
develop a chain with thiophene rings pointing towards each other.
The S:---S separation is slightly shorter than in ThioPy-DilC6
(3.728 A) but it remains longer than the sum of van der Waals
radii for S. These thiophene groups are also hydrogen bonded
with a neighboring Thiol unit due to two H---F contacts of 2.620
and 2.675 A, respectively.
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Figure 6. X-ray structure of halogen bonded complex Thiol-BiPyetha (top),
Thiol-BiPyethy (middle) and Thiol-BiPy (bottom)



Following the same principle, Thiol and BiPyethy were co-
crystallized under the same conditions. The supramolecular
organization mirrored that observed for Thiol-BiPyetha (Figure 6
middle). N---I interactions held together three units, the
crystallographic data being in agreement with a halogen bonding
between N and | (N---| distance = 2.754 A and N---I-C angle
~176°). In the same way, the linear arrangement of compounds
reveals thiophene rings pointing toward each other, but in contrast
to the previous case, the S---S distance is now lower than the sum
of van der Waals radii (3.562 A). This architecture is also
comprised of other weak contacts linking parallel chains that give
rise to planar systems. Hence, S---F2 chalcogen bonds of 3.053
A (~7% interactions of the sum of van der Waals radii) are
supplemented by three H---F hydrogen bonds of 2.468 A
(H10:-F1), 2.562 A (H21:--F3) and 2.640 A (H20---F4). As for
complex ThioPy-1,2TFIB, two thiophenes belonging to parallel
planes show a short O-:-F distance of only 3.084 A (O---F4-C
angle ~109°).

Finally, complex Thiol-BiPy highlighted the most surprising
system (Figure 6 bottom). By comparison with the other Thiol-
bipyridine family, both modules develop a linear arrangement, but
N---1 interactions are supplemented by N---S chalcogen bonds,
leading to infinite chains running in opposite directions. XB seems
slightly weaker than in the previous complexes (N---| distance =
2.849 A and N---I-C angle ~174°) whereas the N---S distance
(3.307 A) represents a very weak interaction considering the sum
of van der Waals radii (S+N = 3.35 A). In that complex, parallel
chains are also stabilized due to a plethora of H---F hydrogen
bonds.

X-ray structure of complementary thiophenes Thiol-ThioPy
obtained by solution synthesis

As aforementioned, the supramolecular organizations of two
polymorphic structures of complementary thiophenes Thiol-
ThioPy (called Thiol-ThioPy A and Thiol-ThioPy B, see Figures
S6 and S7) were already studied in a previous work.® Crystals
of Thiol-ThioPy A and Thiol-ThioPy B were grown from
dichloromethane/hexane and acetone, respectively. Surprisingly,
a third halogen bonded complex Thiol-ThioPy C has co-
crystallized using XXX as solvent (Figure 7). From a general point
of view, Thiol-ThioPy B and Thiol-ThioPy C are almost
isomorphic. Only minor variations of crystallographic parameters
are observed such as a shorted N---1 distance (2.832 A in Thiol-
ThioPy B vs 2.794 A in Thiol-ThioPy C) and H::-F contacts in
the latter compound. At the molecular level, both units adopt a
very close conformation with an almost orthogonal orientation of
pyridyl and thiophene groups in ThioPy unit (angle ~79°) whereas
the aromatic rings of Thiol belong to nearly parallel planes (angle
~5°). The main difference appears between Thiol-ThioPy A and
Thiol-ThioPy C since a superposition of couples of molecules
occur in Thiol-ThioPy A whereas the halogen bonded pairs are
slightly staggered in Thiol-ThioPy B and Thiol-ThioPy C (Figure
7 and S7).
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Figure 7. X-ray structure of halogen bonded complex Thiol-ThioPy C

Mechano-mechanical syntheses of Thiol-ThioPy complexes
Controlling and understanding the formation of different
polymorphs is of crucial importance considering the associated
structure-property relationship at the molecular or bulk level. To
purposely address this issue, the mechano-mechanical synthesis
of Thiol-ThioPy was carried out by ball milling in neat condition
and through a liquid-assisted grinding (LAG) method using
methanol, toluene, THF, water and dichloromethane (+/-0.25
uL/mg). Subsequently, the supramolecular materials were
characterized by X-ray powder diffraction (XRPD) and compared
to the starting compounds as well as Thiol-ThioPy complexes
obtained by solution synthesis (see Figures S8-S15). Although
XRPD spectra for Thiol-ThioPy B and C are almost identical, the
peak at 20 = 24° found for Thiol-ThioPy B allowed to differentiate
the two. It came out that Thiol-ThioPy A was obtained under neat
and methanol-assisted grinding whereas Thiol-ThioPy B
formation took place only by LAG using toluene, THF, water and
dichloromethane (Table 1). The protic character and polarity of a
solvent can have an influence on yielded forms. Here, no trend is
observed considering that highly polar and protic methanol and
water lead to different polymorphs.

Table 1. Preparation of Thiol-ThioPy complexes by ball milling in neat condition
and LAG (+/- 0.25 pL/mg)

conditions Dielectric constants34I% isolated complexes
Neat - Thiol-ThioPy A
Methanol 32.6 Thiol-ThioPy A
Water 78.5 Thiol-ThioPy B
Toluene 2.41 Thiol-ThioPy B
Dichloromethane 8.9 Thiol-ThioPy B
THF 7.4 Thiol-ThioPy B

Both polymorphs were shown to be stable at room temperature
for over a month (Figure SXXXX). Creating a supersaturated
suspension in acetone containing both forms A and B, leads to a
full transformation to form A, showing this latter to be the
thermodynamically stable form at this temperature (Figure
SXXXX). Both forms show close lying melting temperatures of
69°C, which lies between the melting points of Thiol (63°C) and
of ThioPy (84°C) (Figures SXXX to SXXXX).

13C solid state NMR spectroscopy analysis

SSNMR has become an important analytical tool which
complements X-ray crystallography, particularly for disordered
systems and structures showing internal dynamics.®®! As far as
the study of halogen bonded complexes is concerned, only an
handful of instances has emphasized chemical shift variation
relative to pure compounds by '°N, °C, 3'P, 7O or %Cl
SSNMR.E7l Considering the potential need to highlight XB in
modified thiophenes-based macromolecular materials, '3C
SSNMR analyses were carried out for solid samples Thiol,
ThioPy and Thiol-ThioPy. The '*C SSNMR spectrum of Thiol-
ThioPy reveals a shift to higher frequencies of the C-I resonance



(C9) compared to pure Thiol, consistent with results reported
elsewhere (Figure 8Figure-8).%8 Variation of chemical shifts for
C8, C8 and C7, C7’ relevant?

ThioPy
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Figure 8. 3C solid state NMR spectra of ThioPy (blue), Thiol (green) and the
Thiol-ThioPy cocrystal (purple), showing the shift in the C-I resonance (C9)
upon formation of the halogen bonded co-crystal.

N---S chalcogen bonds in the Cambridge Structural Database
In the last few years, chalcogen bonds have gain increasing
attention in chemical sciences and protein-ligand complexes due
to similarities with the halogen bonds, namely an anisotropic
charge distribution.P#% Typically, the ability of an element of
group 16 to form chalcogen bonds is dependent of neighboring
residues. Hence, electron withdrawing groups tend to increase
the size of the positive o hole of the chalcogen atom that gives
rise to stronger attractive interactions. Moreover, selenium and
tellurium are more polarizable chalcogen atoms than S that make
the latter less prone to recognition processes.*'! Whereas
intramolecular N---S interactions are frequently encountered in
stabilizing a planar conformation (e.g. in conducting materials),*?
the same contacts are less reported at the intermolecular level. In
order to address the unusual N-:-S chalcogen bond observed in
Thiol-BiPy, a preliminary Cambridge Structural Database (CSD)
survey (version 2021.1, 5.42 updates May 2021) was carried out
focusing on structures comprised of S and N atoms connected to
2 C atoms with N---S distance lower than 3.35 A. It came out 181
compounds involved in inter- or intramolecular interactions. This
amount drops to 13 structures considering thiophene and pyridine
derivatives, all of these being homo-crystals (see supporting
information). A step further, we focus on crystalline systems
where two different units are linked through intermolecular N---S
interactions. Only 5 molecular entities feature the same
parameters (N---S distance < 3.35 A), namely OGUTIV, NAQPUT,
FAFSEL, SUKPAS and NUSLOE. In the charge transfer complex
NUSLOE, the X-ray analysis reveals a 1 -1 stacking between
the aromatic groups of TTF and dicyanolumazine, leading to an

WILEY-VCH

N---S-C angle of ~80°.13 In general, when S behaves as a
nucleophile in such aromatic systems, electrophiles approach in
a direction from 50 to 90° from the C-S-C plane, as seen in Thiol.
So this instance should be out of consideration for an electron
donation from N to S.*4l Finally, OGUTIV is also composed of
bipyridine as electron donor toward the antibiotic sulfamethizole
in the remaining complexes.*®! Therefore, N---S chalcogen bonds
driven self-assemblies of complementary partners arise as a very
rare phenomenon in crystal engineering.

Table 1. Table Caption. ((Note: Please do not include the table
in a textbox or frame))

Head 1@ Head 2 Head 30! Head 40 Head 5
Column 1 Column 2 Column 3 Column 4 Column 5
Column 1 Column 2 Column 3 Column 4 Column 5
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