
Predictability of Chalcogen-Bond-Driven Crystal Engineering: An
X‑ray Diffraction and Selenium-77 Solid-State NMR Investigation of
Benzylic Selenocyanate Cocrystals
Vijith Kumar, Michael Triglav, Vincent M. Morin, and David L. Bryce*

Cite This: ACS Org. Inorg. Au 2022, 2, 252−260 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We describe a series of new chalcogen-bonded
cocrystals featuring 1,2-bis(selenocyanatomethyl)benzene (DSN)
and 1,2,4,5-tetrakis(selenocyanatomethyl)-benzene (TSN) as the
donor moieties and a variety of Lewis bases such as onium halides,
N-oxides, and pyridine-containing heterocycles as the acceptors.
Single-crystal X-ray diffraction demonstrates that, in every case, the
selenocyanates consistently interact with the acceptor molecules
through strong and directional Se···X chalcogen-bonds (ChBs) (X
= halides, oxygen, and nitrogen). 77Se solid-state nuclear magnetic
resonance spectroscopy was applied to measure selenium chemical
shift tensor magnitudes and to explore potential correlations
between these tensor elements and the local ChB geometry. In
every case, the isotropic 77Se chemical shift decreases, and the
chemical shift tensor span increases upon cocrystallization of DSN with the various ChB acceptors. This work contributes to a
growing body of knowledge concerning the predictability and robustness of chalcogen bonds in crystal engineering as well as the
NMR response to the establishment of chalcogen bonds. In particular, among the systems studied here, highly linear chalcogen
bonds are formed exclusively at the stronger σ-hole of each and every selenium atom regardless of the size, charge, or denticity of the
electron donor moiety.

KEYWORDS: crystal engineering, noncovalent interactions, chalcogen bonds, NMR spectroscopy

■ INTRODUCTION

Crystal engineering concerns the control of solid-state
molecular organization with the understanding of intermo-
lecular interactions such as strength and directionality to
ultimately realize desirable functional outcomes.1 Hydrogen
bonding (HB) has been the most ubiquitous and expansively
investigated noncovalent interaction for several decades.2

Following the marked development of the arena of halogen
bonding (XB) over the last 20 years or so,3 it is now well-
established that elements of groups 14, 15, 16, and 18 of the
periodic table are similarly apt to possess electrophilic sites (σ-
holes)4 and to form attractive interactions5 with Lewis bases
giving rise to tetrel,6 pnictogen,7 chalcogen,8−11 and aerogen
bonds, respectively.12 A very recent study reported on the
direct experimental measurement and visualization of σ-holes
via Kelvin probe force microscopy.13

The chalcogen bond (ChB), in analogy with the halogen
bond,14 has been defined by IUPAC as a “net attractive
interaction between an electrophilic region associated with a
chalcogen atom in a molecular entity and a nucleophilic region
in another, or the same, molecular entity”.15 The strength of
the ChB interaction increases with the polarizability of the
donor atom16 as described by their static scalar dipole

polarizabilities: S = 19.4 au, Se = 28.9 au, and Te = 38.0 au
(a.u. = atomic units). Additionally, electron-withdrawing
groups increase the Lewis acidity of the chalcogen donor site
and consequently the interaction strength.17 Due to its
directionality and strength, the chalcogen bond has a notable
potential for application in several fields of chemistry,
biochemistry, and materials science. Several applications have
been reported over the years10 in various fields such as
supramolecular chemistry,8,18,19 protein and peptide struc-
ture,20,21 crystal engineering,22−24 anion recognition and
transport,25,26 chemical synthesis and organocatalysis,27,28

and pharmaceutical chemistry.29,30

In contrast to halogen atoms that are well-known to develop
a single localized area of depleted electron density and elevated
electrostatic potential (σ-hole) along the prolongation of the
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CX bond,31 chalcogen atoms can provide two σ-holes,
characteristically roughly along the extensions of the C−Ch
covalent bonds.25,32 Theoretical work on model compounds by
Politzer et al.33 and experimentally determined X-ray crystal
structures of Se(CN)2 and Te(CN)2 from Klapotke et al.34,35

show that there are deviations between the location of the
maximum (Vs,max) of the electrostatic surface potential (ESP),
the extension of the C−Ch bond axis, and the Ch···X axis (X =
ChB acceptor). Such deviations, along with the existence of
two σ-holes, render the predictability of ChB interactions more
challenging, and the uses of these interactions based on the
tenets of crystal engineering are somewhat limited. A number
of crystal structures of amphoteric chalcogen-bonded mole-
cules are known, wherein a molecule behaves as both the ChB
donor and acceptor, such as dicyanoselenide,34 dicyanotellur-
ide,35 benzoselenadiazoles,18 selenophthalic anhydrides,32

telluradiazoles,36 and iso-tellurazole N-oxides.37 There are
also several instances of heteromeric systems designed purely
based on chalcogen bonds; for example, dicyanotelluradiazole
and dicyanoselenadiazole cocrystallized with anions;38 benzo-
telluradiazole derivatives and thiophenes as anionic recep-
tors;39,40 thiophene, selenophene, and tellurophene receptors
for anion recognition;41 intermolecular ChB with chalcogena-
diazoles and in pure iso-tellurazole N-oxides;18,42 chalcogena-
zolo-pyridine scaffolds;43 and considerable work from Four-
migue ́ and co-workers on organic selenocyanate derivatives as
strong, directional chalcogen bond donors with utility in crystal
engineering applications.23,44−47

Solid-state characterization is key to understanding the
physicochemical properties of solid materials, as intermolecular
interactions can have significant impacts on these properties.
Single-crystal X-ray diffraction (SCXRD) is a commonly used
experimental tool to examine the nature of ChB in the solid
state. The use of complementary techniques such as solid-state
nuclear magnetic resonance (SSNMR) provides additional
information for crystalline systems and may be the best option
for disordered materials. 77Se (spin-1/2) possesses favorable
NMR properties including a moderate natural abundance
(7.63%) and gyromagnetic ratio (γ = 5.12 × 107 rad T−1 s−1).
The chemical shift range of 77Se spans over 3000 ppm.48

Previously, we carried out a systematic study of double ChB
between dicyanoselenodiazole and dicyanotelluradiazole with
various Lewis bases with a combination of X-ray diffraction,
SSNMR, and computational chemistry.22,24 Motivated by the
work of Fourmigue ́ and co-workers,23,44−47 we have also
previously described the role of substituted benzylic
selenocyanate derivatives for anion recognition and for crystal
engineering with pyridyl moieties.25,49

Herein, we report the preparation of a series of cocrystals
controlled by chalcogen bonds between substituted benzylic
selenocyanates and a group of Lewis bases comprising halides,
N-oxides, and pyridyl heterocycles (Figure 1). One objective of
this study is to assess the predictability and robustness of ChB
formation for a range of acceptor molecules with variable size,
denticity, and charge. Cocrystals were characterized by
SCXRD (8 out of 10 new cocrystals), powder X-ray diffraction
(PXRD), and solid-state nuclear magnetic resonance spectros-
copy. In addition, FTIR spectroscopy was also utilized as a tool
for the rapid investigation of ChB in the cocrystals. This study
explores systematic crystal engineering based on ChB and
employs different solid-state characterization methods to
provide experimental insights into possible relationships

between NMR observables and the formation of chalcogen
bonds in solids.

■ RESULTS AND DISCUSSION

Single-Crystal X-ray Diffraction and Structural
Descriptions

ChB donors DSN and TSN were synthesized according to
previous literature.50,51 The solid-state structures of the donors
have been previously reported by Fourmigue ́ and co-workers,
and these motifs crystallize thanks to the formation of infinite
chains supported via intermolecular Se···NC chalcogen
bonds.23,44 The ChB formation is exemplified by 10 new
cocrystals obtained by slow solvent evaporation, typically from
acetone. Cocrystal formation is preliminarily confirmed by
powder X-ray diffraction (PXRD) analysis (vide inf ra; see also
Supporting Information (SI)) and measurements of the
melting points of the cocrystals compared to those of the
pure individual components. Single crystals of suitable quality
for X-ray diffraction were obtained from slow evaporation at
room temperature from a diethyl ether−acetone solution
containing a ChB donor and a ChB acceptor as shown in
Figure 1. Further experimental details and crystallographic
information are provided in Tables S1 to S8 (SI). Crystals
were held at 200 ± 2 K prior to data collection unless
otherwise noted (SI). Structural characteristics of the
chalcogen-bonded cocrystals such as Ch···X bond distances
(dCh···X), C−Ch···X bond angles (θC−Ch···X), and normalized
contact parameters (Nc) are given in Table 1. The value of Nc
is calculated as the quotient obtained by dividing the ChB
distance by the sum of the van der Waals/Pauling radii of the
donor and acceptor atoms (see Table 1).
The results are collected and discussed below according to

the nature of the ChB acceptor, i.e., halides, N-oxides, and
nitrogen-containing heterocycles.

Oxygen and Nitrogen Atoms as ChB Acceptors. N-
oxides are widely used as molecular building blocks in crystal
engineering, particularly as hydrogen and halogen bonding
acceptor groups.52 The availability of three electron pairs on
the N-oxide oxygen enables monodentate, bidentate, and
tridentate coordination and facile tunability of the acceptor
properties as well as the opportunity for substitution on
aromatic heterocycles. Our previous study described the
formation of double chalcogen bonds between seleno/telluro
imidazoles and various methyl-, methoxy-, and phenyl-
substituted N-oxides.24 Here, we cocrystallize benzylic
selenocyanates with various substituted N-oxides to examine
the robustness and predictability of ChB-driven self-assembly.

Figure 1. Molecular structures of the chalcogen bond donors (left)
and acceptor molecules (right) in this work.
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Three of five acceptor−donor groupings produced single
crystals of suitable quality for analysis with single-crystal X-ray
diffraction, i.e., DSN·2MPNO, DSN·26MPNO, and DSN·
PPNO, while DSN·PNO and DSN·4MPNO were obtained
only as powders. Cocrystal DSN·2MPNO crystallizes in a
triclinic system, space group P-1, with one molecule in a
general position in the unit cell. As seen in Figure 2,

cocrystallization is mainly driven by strong N−Se···O−

chalcogen bonds between the donor and the N-oxide unit
(Nc values of 0.89 and 0.91). ChBs are formed along the
extension of the depleted electron density regions of the Se−N
covalent bonds. The presence of two comparable ChB
distances in DSN·2MPNO is consistent with the presence of
a glide plane passing nearly through the center of the oxygen

atom and collinear with the long axis of the 2MPNO molecule.
Moreover, the N−Se···O− ChB angles are nearly 180°,
concomitant with the strong and predictable directionality of
such interactions. The 2MPNO molecule is subject to
positional disorder; modeling and structure refinement are
described in the SI (section S.5). The oxygen atom in 2MPNO
interacts with the two different selenium sites of the
selenocyanate. One ChB is shorter and more linear compared
to the other; the longer interaction is due to the steric
hindrance produced by methyl substitution (see Table 1). The
ChBs are further stabilized by weak hydrogen bonds between
the oxygen atom of 2MPNO and the alkyl hydrogens of the
benzylic selenocyanate.
Similarly, SCXRD analysis reveals that cocrystals of DSN·

26MPNO and DSN·PPNO crystallize in monoclinic C2/c and
orthorhombic Fdd2 space groups, respectively. DSN·26MPNO
contains half a molecule of donor and acceptor in the
asymmetric unit, while DSN·PPNO contains a single molecule
on a general position in the unit cell. In all cases, the N-oxide
molecule behaves as a bidentate ChB acceptor and interacts
with two different selenium atoms. The ChBs are shorter, with
Nc values of 0.86 and 0.89. Once again, the observed N−Se···
O− angles are close to 180° (169.6 and 163.2°, respectively),
indicating the linearity of the interactions. Even with several
trials, we were unable to obtain single crystals of DSN·PNO
and DSN·4MPNO suitable for single-crystal X-ray diffraction.
However, cocrystal formation is fully confirmed by PXRD and
SSNMR spectroscopy (SI).
The ability of DSN to form supramolecular assemblies via

chalcogen bonds was further assessed using various nitrogen-
containing monotopic and ditopic heterocycles as ChB
acceptors. Interestingly, we were able to isolate only one
cocrystal, i.e., with 1,10-phenanthroline (PHN). PHN is a well-
known ditopic electron donor. The yellow needles of DSN·
PHN crystallize in a monoclinic system and the C2/c space

Table 1. C−Se···X Chalcogen Bond Geometries Determined with Single-Crystal X-ray Diffraction

compound interaction dCh···X (Å) θC−Ch···X (deg) Nc ref code

DSN·2MPNO Se···O− 3.025(3) 166.3(2) 0.91 this work
Se···O− 2.955(1) 168.1(1) 0.89

DSN·26MPNO Se···O− 2.854(2) 169.6(3) 0.86 this work
DSN·PPNO Se···O− 2.961(1) 163.2(5) 0.89 this work

Se···O− 2.846(1) 168.7(5) 0.86
DSN·PHN Se···N 3.250(2) 158.8(9) 0.93 this work
DSN·TBACl Se···Cl− 3.100(2) 176.3(2) 0.85 this work

Se···Cl− 3.304(1) 170.3(2) 0.91
DSN·TBABr Se···Br− 3.349(6) 169.6(2) 0.88 this work

Se···Br− 3.354(6) 176.1(1) 0.89
DSN·TBAI Se···I− 3.528(1) 177.6(3) 0.88 this work

Se···I− 3.554(1) 177.5(3) 0.89
Se···I− 3.532(1) 178.6(3) 0.89
Se···I− 3.481(1) 177.3(4) 0.87

TSN·TBACl Se···Cl− 3.304(2) 170.9(2) 0.88 SIZSOM
Se···Cl− 3.100(2) 174.7(3) 0.88
Se···Cl− 3.176(2) 173.8(2) 0.87
Se···Cl− 3.162(2) 171.1(2) 0.87

TSN·TBABr Se···Br− 3.590(4) 176.9(1) 0.95 this work
Se···Br− 3.310(2) 171.0(1) 0.87
Se···Br− 3.574(2) 171.1(1) 0.95
Se···Br− 3.429(2) 179.3(1) 0.91

TSN·TBAI Se···I− 3.451(9) 171.9(1) 0.87 GIHCUY
Se···I− 3.511(9) 170.8(1) 0.88

Figure 2. Ball and stick representations (Mercury 4.10.3) of
chalcogen-bonded cocrystals DSN·2MPNO, DSN·26MPNO, and
DSN·PPNO. Color code: gray, carbon; blue, nitrogen; white,
hydrogen; yellow, selenium; red, oxygen (dashed black lines denote
ChBs).
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group. The asymmetric unit contains half a molecule each of
DSN and PHN. ChBs between the preorganized chelating
nitrogens and the Se sites of DSN are the driving force of the
cocrystal formation (Nc = 0.93 and the N−Se···N angle is
158.8°). In DSN·PHN, Se acts as a ditopic donor (Figure 3a).

One of the interactions is the ChB discussed above and the
other is a weak hydrogen bond between the Se atom and an
aromatic hydrogen atom of PHN (C−H···Se 3.097 Å). In
addition, C−H···N hydrogen bonds (2.563 Å) also play a role
in stabilizing the cocrystal structure. Moreover, C−H···π
interactions in the DSN molecules create infinite chains, and
the PHN molecules are sandwiched between these layers
(Figure 3b).
Halide Anions as ChB Acceptors. We further cocrystal-

lized DSN and TSN with tetrabutylammonium halides.
Building on the reports from Fourmigue,́ this work is carried
out to evaluate the predictability of ChB formation with
anions, to examine the resulting structural features, and to
probe these interactions using SSNMR spectroscopy. Three
new salt cocrystals with DSN and with TSN were successfully
synthesized, and single crystals were isolated. DSN·TBACl
crystallizes in an orthorhombic system with the Pbca space
group. The asymmetric unit contains a single molecule of each
of DSN and TBACl. The Cl− anion is μ2-coordinated, i.e.,
every Cl− anion is surrounded by two selenium atoms. The Cl−

anions interact with two Se sites of the selenocyanates along
the prolongation of the covalent C−Se bonds. As described in
Figure 4, two SeCN groups form noncovalent bonds with the
Cl− anion via short and directional chalcogen bonds (Nc of
0.85 and 0.91, NC−Se···Cl− angles of 170.32 and 176.34°,
respectively; see Table 1). In addition to the ChBs, C−H···Cl−

hydrogen bonds help to stabilize the crystal packing and
contribute to the formation of continuous infinite chains.
Likewise, DSN·TBABr shows μ2-bromide coordination,

where each Br− anion is surrounded by two selenium atoms.
However, it crystallizes in a monoclinic system with the P21/c
space group. The asymmetric unit consists of a single unit of
the salt cocrystal. DSN·TBABr also contains acetone solvent
with an DSN/TBABr/acetone stoichiometric ratio of 1:1:1.
The acetone molecule is positionally disordered over two sites.
Structure solution and refinement of disorder details are
described in the SI (section S.5). Similar to the TBACl
cocrystal, the Br− anions interact with two Se sites of the
selenocyanates. As expected, the ChBs are short and
directional, with Nc values of 0.88 and 0.89 and NC−Se···
Br− angles of 169.61 and 176.09°, respectively, (see Table 1).
One of the Se atoms in DSN behaves as a ditopic ChB donor,
participating in a Se···Br− ChB and a Se···O ChB (Se···O
distance 3.172 Å) with the disordered acetone. However, the
C−Se···O angle of 147.93° is less linear compared to the N
C−Se···Br− angle (169.91°) due to the stronger σ-holes
opposite the electron-withdrawing cyano group and the μ2-
bromide coordination. Further, we attempted to cocrystallize
ChB donors with a heavier halide salt, namely tetrabutylam-
monium iodide. DSN·TBAI crystallizes in a monoclinic crystal
system with the P21/c space group and contains two molecules
of DSN and two molecules of TBAI. Some terminal alkyl
chains of the TBAI molecules show positional disorder and
distorted thermal ellipsoids; refinement details are provided in
the SI (section S.5). In total, there are four Se atoms and two
I− anions present in the asymmetric unit, and similar to DSN·
TBACl, DSN·TBAI also undergoes μ2-coordination, i.e., every
I− anion is surrounded by two selenium atoms. Similar to the

Figure 3. Ball and stick representations (Mercury 4.10.3) of the
chalcogen-bonded cocrystal DSN·PHN (a). Crystal packing shows
the formation of infinite chains (b).

Figure 4. Ball and stick representations (Mercury 4.10.3) of
chalcogen-bonded cocrystals DSN·TBACl, DSN·TBABr, DSN·
TBAI, and TSN·TBABr. The μ4 coordination geometry is shown in
cocrystal TSN·TBABr (bottom).
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other cocrystals, each I− anion interacts with two Se sites of the
selenocyanates. Once again, the observed ChBs are short, with
NC−Se···I− distances of 3.481 to 3.554 Å (Nc ranges from
0.87 to 0.89). The NC−Se···I− angles vary from 177.3 to
178°, consistent with the directionality of the interactions.
Cocrystal TSN·TBABr crystallizes in a monoclinic crystal

system and the C2/c space group, and contains one molecule
each of TSN and TBABr in the asymmetric unit. In TSN·
TBABr, the Br− anions sit on twofold axes and are μ4-
coordinated, i.e., every Br− anion is surrounded by four
selenium atoms, and this results in continuous chains (Figure
4, bottom). As expected, Se···Br− interactions are chiefly
responsible for the self-assembly of the cocrystal. Each bromide
anion forms ChBs with four different selenium sites, and N
C−Se···Br− distances range from 3.310 to 3.590 Å (Nc = 0.87
to 0.95). The NC−Se···Br− angles vary from 171.0 to
179.39°, demonstrating the linearity of the interactions. It is
well-recognized that different halide anions can influence the
preferential formation of different topologies in halogen-
bonded systems,53 due to different sizes, shapes, and
coordination spheres of halides that can template different
self-assembled structures correspondingly.54 Our previous
reports demonstrate the same tendency with the chalcogen
bonds as a driving force in seleno/telluradiazoles; the results
obtained here with benzylic selenocyanates demonstrate a
similar propensity to template the various self-assembled
structures.22,25

77Se Solid-State NMR Spectroscopy and Powder X-ray
Diffraction

To further understand the chemical and electronic structure
associated with the chalcogen bonds in these systems,
selenium-77 cross-polarization magic-angle spinning (CP/
MAS) SSNMR experiments were carried out (Table 2; Figure
5; SI). Prior to these experiments, powder X-ray diffraction was
used to determine whether the bulk powders were largely
composed of crystallites consistent with the structures
obtained from single-crystal X-ray diffraction. For cocrystals
DSN·2MPNO, DSN·PPNO, and DSN·TBACl, good quality
matches between experimental and simulated diffractograms
were obtained (see SI). In the cases of DSN·PHN, DSN·

TBAI, TSN·TBABr, and DSN·26MPNO, impurity peaks were
noted in the diffractograms. Nevertheless, for these latter four
samples, the 77Se SSNMR spectra obtained were consistent
with pure material and representative of the number of unique
resonances expected from the SCXRD structures. We thus
include these samples in our analyses of 77Se chemical shift
tensors. DSN·TBABr produced a PXRD pattern inconsistent
with the SCXRD structure and yet produced a clean 77Se
SSNMR spectrum consistent with another polymorph (or
anhydrate). Further included are 77Se NMR data for DSN·

Table 2. Experimental 77Se Chemical Shift Tensor Magnitudesa

compound δiso (ppm) Ω (ppm) κ δ11 (ppm) δ22 (ppm) δ33 (ppm)

DSN 326.1 (0.2) 629 (3) 0.45 (0.02) 593 (6) 420 (4) −35 (4)
DSN·2MPNO 311.8 (0.1) 676 (2) 0.08 (0.007) 640 (2) 330 (2) −36 (2)
DSN·26MPNO 322.3 (0.2) 674 (2) 0.01 (0.007) 658 (3) 325 (3) −16 (2)
DSN·PPNO 311.9 (0.2) 680 (2) 0.06 (0.007) 645 (2) 326 (2) −35 (2)
DSN·4MPNO 304.6 (0.02) (site 1) 694 (1) 0.09 (0.006) 640 (2) 327 (1) −53 (2)

297.0 (0.02) (site 2) 697 (2) 0.028 (0.007) 642 (2) 303 (2) −54 (2)
DSN·PHN 319.8 (0.1) 689 (3) 0.069 (0.002) 656 (4) 335 (3) −33 (2)
DSN·TBACl 303.2 (0.2) (site 1) 675 (5) −0.040 (0.002) 646 (7) 293 (5) −29 (5)

289.9 (0.2) (site 2) 654 (4) −0.069 (0.002) 624 (6) 275(4) −29 (4)
DSN·TBABr 308.8 (0.3) (site 1) 671 (3) −0.04 (0.002) 649 (6) 299 (4) −21 (5)

293.4 (0.3) (site 2) 667 (4) 0.03 (0.002) 623 (7) 300 (5) −43 (5)
DSN·TBAI 311.8 (0.3) (site 1) 675(3) 0.007 (0.002) 639 (6) 313 (4) −17 (5)

309.2 (0.2) (site 2) 671 (3) −0.007 (0.002) 645 (6) 307 (4) −25 (5)
302.8 (0.2) (site 3) 657 (3) 0.015 (0.020) 630 (6) 306 (4) −28 (4)

TSN·TBABr 321.2 (0.2) (site 1) 733 (2) −0.03 (0.004) 691 (5) 314 (5) −41 (3)
291.9 (0.3) (site 2) 688 (2) 0.12 (0.04) 622 (3) 320 (3) −67 (4)
271.7 (0.3) (site 3) 715 (2) 0.10 (0.006) 617 (4) 296 (3) −98 (5)
265.7 (0.2) (site 4) 708 (2) 0.077 (0.002) 611 (7) 284 (6) −97 (5)

aδiso = (1/3)(δ11 + δ22 + δ33); Ω = δ11 − δ33; κ = 3(δ22 − δiso)/Ω.

Figure 5. Examples of experimental 77Se CP/MAS NMR spectra
(black; B0 = 9.4 T) for chalcogen-bonded systems and corresponding
simulated spectra (red): (a) ChB donor DSN; (b) DSN·PHN; (c)
DSN·TBACl; (d) DSN·TBABr; (e) DSN·PPNO; and (f) DSN·
26MPNO. Asterisks indicate the isotropic chemical shifts.
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4MPNO. Although a single-crystal X-ray diffraction structure
was not obtained for this cocrystal, a well-resolved 77Se CP/
MAS NMR spectrum strongly suggests the presence of two
crystallographically distinct sites, and the chemical shift data
were thus included in Table 2. For powders featuring
significant impurities or other ambiguous features in their
77Se SSNMR spectra, it was not possible to rigorously
determine chemical shift tensor data, and thus, these are
excluded from Table 2.
Shown in Figure 5 are the 77Se SSNMR spectra of DSN and

several of its cocrystals, i.e., DSN·PHN, DSN·TBACl, DSN·
TBABr, DSN·PPNO, and DSN·26MPNO. 77Se SSNMR
spectra of additional cocrystals are provided in the SI. The
77Se CP/MAS SSNMR spectra were acquired at more than one
MAS rate to distinguish the isotropic centerband from
spinning sidebands. Acquiring data at more than one MAS
rate also helps to increase the precision of the reported NMR
parameters. A Herzfeld-Berger approach was used to analyze
the spinning sideband manifolds and to determine the
principal components of the selenium chemical shift tensor
(δ11, δ22, δ33). This approach assumes a negligible contribution
from 77Se−14N residual dipolar coupling.
The 77Se NMR spectrum of DSN reveals a single isotropic

chemical shift at 326.1 ppm. The SCXRD structure shows two
crystallographically distinct selenium sites; however, these are
apparently too similar to resolve via 77Se chemical shifts.
Investigation of the 77Se chemical shift tensor data in Table

2 shows that there are significant changes upon chalcogen-
bonded cocrystal formation. Cocrystal formation is associated
with an increase in the value of the largest principal
component, δ11, relative to that for DSN. This is true for
oxygen-, nitrogen-, and halide-based electron donors. The
value of δ11 for the cocrystals of DSN varies from 623 to 658
ppm compared to the starting material at 593 ppm. Similarly,
the value of the intermediate component (δ22) decreases in the
chalcogen-bonded cocrystals relative to pure DSN. For
example, the value of δ22 of the cocrystals of DSN ranges
from 275 to 335 ppm compared to the starting material at 420
ppm. These changes result in a decreased isotropic 77Se
chemical shift and increased CS tensor span upon cocrystal
formation. The isotropic chemical shifts, δiso, of the cocrystals
of DSN range from 293.4 to 322.3 ppm compared to pure
DSN at 326.1 ppm. The value of the span, Ω, for the DSN
cocrystals ranges from 654 to 697 ppm compared to the
starting material at 629 ppm.
In halogen-bonded systems, it is well-studied that smaller

contact distances and more highly linear geometries are
associated with stronger interactions. Assessment of the 77Se
chemical shift tensor values as a function of the ChB geometry
obtained from SCXRD revealed no strong correlations with the
ChB length or angle. The lack of such correlations implies that
additional structural features such as crystal packing and other
weak interactions also influence the chemical shift tensor.
Intermolecular interactions including hydrogen bonds and

halogen bonds affect IR band intensity variations and changes
in spectral frequency.55,56 In our previous work, we employed
FTIR and Raman spectroscopies to detect the occurrence of
chalcogen bonds.49 All cocrystals obtained here with DSN
were characterized by FTIR spectroscopy. C−Se stretching
vibrations fall in the spectral region of approximately 500
cm−1; due to overlap with the noise, it is difficult to confidently
measure such peaks. However, the NC−Se vibration band of
DSN, which appears at 2145 cm−1, was red-shifted for the

cocrystals to values between 2140 and 2143 cm−1. This small
reduction in vibrational wavenumber is consistent with
previous related work49 and could be used to assess the
formation of chalcogen bonds in an indirect manner.

■ CONCLUSIONS
New chalcogen-bonded cocrystals of benzylic selenocyanates
with various Lewis bases have been prepared and analyzed
using spectroscopic and diffraction-based methods.
In all cocrystals, each and every selenium atom interacts via a

single σ-hole, which coincides with the extension of the NC−
Se covalent bond. Cocrystal formation has been observed with
negatively charged and neutral Lewis bases to form isolated
systems or extended supramolecular structures. The structures
obtained here demonstrate the ability to chelate the Lewis
bases via NC−Se···X interactions: isolated packing in the case
of phenanthroline, N-oxide derivatives and μ2 or μ4
coordination in the case of halide acceptors. Furthermore,
chalcogen bond formation occurs exclusively only at the
strongest σ-hole site on each selenium atom and not at the
weaker one. The work demonstrates the robustness of
chalcogen-driven self-assembly with respect to a substantial
array of electron donors.

77Se CP/MAS SSNMR experiments reveal clear changes in
the selenium chemical shift tensor principal components upon
formation of chalcogen bonds. Decreases in the isotropic
chemical shift and in the intermediate principal component
(δ22) in all cocrystals relative to the ChB donor DSN are
observed. Increases in the span and in the largest principal
component (δ11) for the cocrystals in comparison with a pure
ChB donor are also observed. Unfortunately, none of the 77Se
chemical shift tensor components correlate well with the local
ChB geometry. The lack of this correlation implies that other
structural features such as crystal packing and hydrogen
bonding likely influence their values. Nevertheless, the
qualitative changes in the selenium chemical shift tensor
upon cocrystal formation are clearly associated with the
formation of chalcogen bonds. In addition, IR spectroscopic
investigation demonstrates that the NC−Se vibration band is
also sensitive to chalcogen bonding, decreasing by a few
wavenumbers in the cocrystals relative to the band seen for
pure DSN.
In summary, this work contributes to a growing body of

literature on crystal engineering using chalcogen bonds, in
particular providing several new examples demonstrating the
robust predictability of this interaction for the design of new
materials.

■ EXPERIMENTAL SECTION

Preparation of Cocrystals
ChB donors DSN and TSN23,44,50,51 and acceptors such as tetrabutyl
ammonium halides, PHN, and N-oxides were dissolved separately in
acetone (detailed synthetic procedure is provided in the SI (section
S.3). These two solutions were mixed and allowed to evaporate slowly
at room temperature to obtain the cocrystals.

Powder X-ray Diffraction
Pure ChB donors, ChB acceptors, and cocrystals were individually
packed in an aluminum or glass sample holder, and data sets were
collected on a Rigaku Ultima IV powder diffractometer at 293 K (±2)
(Cu Kα1 radiation with a wavelength of λ = 1.54056 Å). The
measurements were carried out in focused beam geometry with a
step-scan technique in a 2θ range of 5−50°. Data were acquired by
scintillation counter detector in continuous scanning mode with a
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step size of 0.02°. Experimental PXRD patterns and simulated
patterns from the single crystal are provided in the SI.

Single-Crystal X-ray Diffraction
Single crystals were mounted on MiTeGen MicroMounts prior to
data collection. Crystals were cooled to 200 ± 2 K prior data
collection (unless mentioned in the SI, Tables S1 to S8). The data
were collected on a Bruker AXS diffractometer equipped with Mo Kα
radiation (wavelength of λ = 0.7103 Å) with an APEX II CCD
detector. The raw data collection and processing were performed with
the Bruker APEX II software package. Structure solution and
refinement details are provided in the SI (Section S.5, Tables S1−S8).
Solid-State NMR Spectroscopy
All NMR experiments were conducted using a Bruker Avance III
NMR spectrometer (B0 = 9.4 T, νL (77Se) = 76.311 MHz) and a
triple-resonance 4 mm MAS NMR probe. Samples were gently
ground into fine powders and packed in 4 mm o.d. zirconium oxide
rotors prior to data collection. 77Se SSNMR chemical shifts were
referenced to solid (NH4)2SeO4, (δiso = 1040.2 ppm). The MAS
frequency was varied from 3.0 to 12.5 kHz to obtain spectra with a
sufficient number of sidebands for spectral fitting purposes (SI).
Spectra were generally obtained at 298 K; in a few cases, the
temperature was set to 288 or 278 K due to the low melting point of
some of the cocrystals. A standard 1H → 77Se cross-polarization (CP)
pulse sequence with proton decoupling was employed. The π/2 pulse
length was optimized to be 3.2 μs, and the CP contact time used was
7000 μs. The recycle delay varied from 10 s to 4 min. The total
number of transients varied 512 from to 16000. The 77Se NMR
spectra were simulated using a Herzfeld-Berger analysis57 and dmfit.58

Selenium-77 SSNMR spectra for the pure ChB donors and the
chalcogen-bonded cocrystals not shown in Figure 5 are provided in
the SI.
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