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Beyond hydrogen bonds: unveiling the structure-
directing role of side-on X:--& interactions in
adamantane-thiourea crystals
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This study presents a comprehensive experimental and computational investigation into the role of variable
side-on X--:n (X = O, S, Cl) interactions complementing conventional hydrogen-bonding in the molecular
packing of four differently substituted 3-(adamantan-1-yl)-1-[(E)-(arylmethylidene)aminolthiourea
derivatives (1-4). Single-crystal X-ray diffraction analyses reveal distinct molecular packing modes across
the series: conventional hydrogen-bonding dominates in 1, while non-conventional non-covalent
interactions involving the aryl rings are prominent in 2-4. Molecular electrostatic potential (MEP) surface
analysis precisely maps electrophilic (amino N-H) and nucleophilic (thione-S, nitro-O, F, Cl atoms) regions,
consistent with observed hydrogen-bonding patterns and revealing positive potentials over the aromatic
rings (0.7 to 6.9 kcal mol™) that rationalize lone-pair (LP)---m interactions. Combined quantum theory of
atoms in molecules (QTAIM) and non-covalent interaction (NCI) plot analyses confirm the presence of
LP---x contacts in 2 and 3 (S:-*n) and Cl---n interactions in 4, characterised by specific bond critical points
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and extended RDG isosurfaces. The Energy Decomposition Analysis (EDA) for LP---r-mediated dimers of
2-4 reveals that these interactions are predominantly stabilised by dispersion and correlation effects, with
electrostatic contributions being minor. This joint crystallographic and computational approach elucidates
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how side-on X---mt interactions contribute to crystal architecture, confirming their structure-directing role
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1. Introduction

The crucial role of n-systems in assembling molecular species
is well-established." Probably the most well-recognised among
these are parallel, often off-set, stacking interactions between
aromatic rings.”® However, it is now understood that such
interactions are not restricted to aromatic hydrocarbons
alone, but can involve rings incorporating heteroatoms,”"’
chelate rings, interactions with an arene ring'"'> or other
chelate rings,">"® and non-aromatic systems assembled with
an arene ring."**® The second key motif is the T-shaped
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and offering insights for rational crystal engineering.

interaction, whereby a hydrogen atom of one aromatic ring is
directed towards the centroid (Cg) of a second aromatic ring;
the importance of such interactions has been highlighted, in
particular, by Nishio et al.'”'® Analogous interactions have
been noted where the aromatic ring is a chelate ring.'*>'
T-shaped interactions where the hydrogen atom is substituted
by some other entity are also known. Thus, metal centres, in
charged® and neutral®® forms may interact with an arene
ring. In addition, lone-pair---n(arene) interactions with the
donor atom perpendicular to the plane of the arene ring
resemble T-shaped interactions.”* > Halogens, too, are well-
known to interact with arene rings.>®>°

When a halide (X) occupies a position above the C-X bond
approximately perpendicular to the arene plane, the nature
of bonding associated with the ensuing non-covalent
interaction is rationalised in terms of the c-hole concept.***
In essence, this theory indicates the presence of an electron-
deficient region at the end of the C-X bond with
compensating build-up of electron density in the equatorial
region around the X atom. In this way, C-X:--Cg, and related
interactions, can be strong and directional, akin to
conventional  hydrogen-bonding.**> The electron-rich

This journal is © The Royal Society of Chemistry 2025
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regions of X can also form significant non-covalent
interactions by engaging in m-hole interactions.>*™® It turns

out o- and m-hole interactions can occur cooperatively
between molecules®**® and intriguingly, involve the same
atom."'™*

Far from being restricted to halides, other species such as
nitro**™*® and sulphur*’~®° can participate in o- and n-hole
interactions with arene rings, with investigations often
prompted by biological considerations. In the presence of
side-on X---m(arene), X = O, S and Cl, are interactions that
form the focus of the present joint crystallographic and
computational chemistry investigation. The four investigated
molecules, 1-4 as shown in Fig. 1, feature functionalised arene
rings that engage in conventional (1) hydrogen-bonding and
non-conventional (2-4) non-covalent interactions involving
arene rings, and which are related to a recently studied series
of molecules having the same central backbone.”*

Molecules 1-4 were originally synthesised in the context of
investigating their biological activity. The chemotherapeutic
efficiency of adamantane-based derivatives was discovered
early after the development of amantadine and its related
derivatives as effective antiviral drugs.’>>> The adamantane
nucleus was recognized as the key pharmacophore in several

biologically-active ~compounds.’*®* Among the major
chemotherapeutic activities displayed by adamantane
derivatives, the anti-HIV,’>®®  anti-cancer,’**  anti-
microbial®*®* and anti-malarial®® derivatives are the most

interesting ones. In addition, several thiosemicarbazide and
thiosemicarbazone derivatives were reported to possess
marked chemotherapeutic properties.®®®®

In an earlier study, a series of adamantane-
thiosemicarbazone hybrid derivatives were reported that
possess marked in vitro anti-microbial and anti-proliferative
activities.®” Building upon this, the present joint
crystallographic and computational chemistry investigation
primarily focuses on the structural insights and electronic
properties of four adamantane-thiosemicarbazone
derivatives, 1-4. As shown in Fig. 1, the investigated
molecules feature functionalised arene rings that engage in
conventional hydrogen-bonding (in 1) and various non-
conventional non-covalent interactions involving arene rings
(in 2-4). This study aims to discern whether these identified
X---m interactions are merely coincidental artifacts of global
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Fig. 1 Chemical diagrams for molecules 1-4 studied herein.
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molecular packing or if they exert a deliberate, structure-
directing influence on the crystal architecture by employing a
variety of computational chemistry methods.

2. Experimental
2.1 Synthesis

The investigated compounds 1-4 were prepared via the reaction
of 1-adamantyl isothiocyanate A with hydrazine to yield
4-(adamantan-1-yl)-3-thiosemicarbazide B with subsequent
reaction with the corresponding aromatic aldehyde to yield the
target arylideneamino derivatives, 1-4 (Scheme 1), as previously
described.®® Single crystals of compounds 1-4 were obtained by
slow evaporation of their respective solutions in ethanol/
chloroform (2:1, v/v) held at room temperature for 48 h.
3-(Adamantan-1-yl)-1-[(E)-(2-hydroxybenzylidene)amino]
thiourea 1: colourless plates, M. pt: 194-196 °C; yield 70%.
3-(Adamantan-1-yl)-1-[(E)-(4-nitrobenzylidene)amino]
thiourea 2: yellow plates, M. pt: 153-155 °C; yield 85%.
3-(Adamantan-1-yl)-1-[(E)-(2,4-difluorobenzylidene)amino]
thiourea 3: colourless plates, M. pt: 216-218 °C; yield 72%.
3-(Adamantan-1-yl)-1-[(E)-(2,6-dichlorobenzylidene)amino]
thiourea 4: colourless needles, M. pt: 238-240 °C; yield 75%.

2.2 X-ray crystallography

Intensity data for 1-4 were measured at 160 K on a Rigaku OD
Synergy/Hypix diffractometer using CuKa radiation (1 =
1.54184 A) from a dual wavelength X-ray source and an Oxford
Instruments Cryojet XL cooler. The selected suitable single
crystal was mounted using polybutene oil on a flexible loop
fixed on a goniometer head and immediately transferred to the
diffractometer. Analytical absorption corrections were applied
and data processing was with CrysAlis Pro.”° The structures
were solved by dual space direct methods using ShelXT”* and
the refinements were by full-matrix least-squares (on F?) with
anisotropic displacement parameters for all non-hydrogen
atoms;’* the C-bound hydrogen atoms were included in the
models in their calculated positions while O- and N-bound
hydrogen atoms were refined freely. A weighting scheme of the
form w = 1/[¢*(F,*) + (aP)* + bP], where P = (F,> + 2F.*)/3, was
introduced in each case. The crystal structure of 1 was refined
as a non-merohedral 2-component twin. The twin law was
identified and indexed using the Ewald Explorer tool of
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Scheme 1 Outline of the synthesis of 1-4.

CrysAlisPro.”® The minor component is rotated by -179.93°
around vector (0.71 -0.00 -0.71) in the reciprocal space (hkl)
and around vector (0.89 0.00 —-0.46) in the direct space (uvw).
The scale factor of the major component is refined to 0.5791(9).
The crystallographic analysis also included the use of the
programs WinGX,”® ORTEP-3 for Windows,”* DIAMOND’* and
PLATON.”” Selected crystal data and refinement details for 1-4
are collated in Table 1.

2.3 Computational methods

All quantum chemical calculations were performed using the
TURBOMOLE 7.7 program package’® on the experimentally
determined X-ray fractional atomic coordinates. This approach
was chosen because the focus of the study is to analyse the
interactions as they stand in the solid-state, rather than
determining the most stable gas-phase dimer. The electronic
structure analyses were carried out at the PBE0-D4 level of
theory. The PBEO hybrid functional” was employed for
exchange-correlation, augmented by Grimme's D4 empirical
dispersion’®”® correction to accurately account for non-
covalent interactions. The def2-TZVP basis set was used for all
atoms.® The interaction energies were not corrected for the
basis set superposition error (BSSE) due to the use of a large
basis set.

Table 1 Crystal data and refinement details for crystals 1-4

The PBEO0-D4/def2-TZVP level was selected as it has
been consistently demonstrated in the literature to provide
an excellent balance of accuracy and computational cost

for modelling non-covalent interactions, including
dispersion-bound  supramolecular complexes, yielding
reliable interaction energies and electron density
properties.>"””

To provide a detailed energetic breakdown of the
intermolecular interactions, energy decomposition analysis
(EDA) was performed using the Kitaura-Morokuma
method.®" This also includes a dispersion term computed
using the D4 approximation. Further characterisation of the
non-covalent interactions, including quantum theory of
atoms in molecules (QTAIM) and non-covalent interaction
(NCI) plot analyses,**®* was conducted at the same PBE0-D4/
def2-TZVP level of theory using the AIMAIl program.®
Molecular electrostatic potential (MEP) surfaces were also
generated from the wavefunctions.

3. Results and discussion
3.1 Molecular structures

The molecular structures of 1-4 are shown in Fig. 2 and
selected geometric parameters are listed in Tables 2 and S1.
The molecule in 1 comprises a strictly planar S,CN core: r.m.s.

Compound 1 2 3 4

Formula C15H,3N;08 Ci1gH,,N,0,S Ci1gH,,F,N5S Ci1gH,,CLLN,S
Formula weight 329.45 358.45 349.44 382.34
Colour Colourless Yellow Colourless Colourless
Crystal size/mm’® 0.04 x 0.12 x 0.33 0.03 x 0.05 x 0.22 0.05 x 0.07 x 0.29 0.06 x 0.09 x 0.28
Space group P2,/n P1 P1 Pi

alA 14.2535(3) 6.3418(1) 6.3669(1) 7.2877(1)
b/A 6.5278(2) 11.5247(3) 11.8140(1) 11.4798(2)
c/A 18.3623(4) 12.2090(2) 11.8768(1) 11.5478(1)
al° 90 96.592(2) 78.145(1) 71.734(1)
pl° 102.641(2) 97.243(2) 84.270(1) 79.215(1)
/e 90 104.197(2) 79.081(1) 83.190(1)
VIA® 1667.09(7) 848.26(3) 856.746(17) 899.36(2)

zZ 4 2 2 2

D /g em™ 1.313 1.403 1.355 1.412
A(CuKe)/mm™ 1.782 1.863 1.895 4.359
Measured data 40 669 18883 20080 24977

0 range/° 3.6-74.6 3.7-77.3 3.8-77.4 4.1-77.3
Unique data 40669 3566 3604 3802
Observed data (I > 2.00(1)) 37646 3243 3507 3672

No. parameters 221 234 226 226

R, obs. data; all data 0.035; 0.095 0.036; 0.098 0.030; 0.082 0.027; 0.066
a; b in weighting scheme 0.058; 0.272 0.056; 0.298 0.043; 0.244 0.029; 0.429
Ry, obs. data; all data 0.038; 0.097 0.039; 0.101 0.030; 0.082 0.030; 0.068
Range of residual electron density peaks/e A~ -0.23-10.28 -0.43-10.29 -0.17-+0.33 -0.25-+0.35
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Fig. 2
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(a)-(d) The molecular structures of 1-4, respectively, showing atom-labelling schemes and displacement ellipsoids at the 50% probability

level, and (e) overlay diagram with 1 represented by the red image, inverted-2 (blue), inverted-3 (green) and 4 (pink). The molecules have been

overlapped so the central N(S)N atoms are coincident.

Table 2 Selected torsion and dihedral angle data (°) for molecules 1-4

Parameter 1 2 3 4
N1-C1-N2-N3 -5.4(2) 9.35(19) 8.06(15) ~7.14(17)
N2-C1-N1-C2 165.91(14) -167.86(13) -165.14(10) 173.77(12)
C1-N2-N3-C12 -173.56(13) 177.91(13) 173.53(10) -177.93(12)
N2-N3-C12-C13 178.28(12) -177.58(12) -178.70(9) 177.85(11)
N3-C12-C13-C14 -11.1(2) 2.6(2) -5.51(16) -35.14(19)
N3-C12-C13-C18 170.45(13) -177.69(14) 174.65(11) 147.10(12)
C1,N1,N2,51/C13-C18 10.86(8) 12.38(10) 10.23(8) 37.66(6)

deviation = 0.0028 A with maximum deviation of 0.0049(12) A
for atom C1. The C1-S1(thione) bond length is 1.6958(16) A
with the C1-N1 [1.330(2) A] and C1-N2 [1.3627(18) A] bonds
being disparate despite each secondary amine atom carrying a
hydrogen bond. This reflects the substitution pattern in the
molecule whereby the N1 atom is bound to an adamantan-1-yl
group whereas the N2 atom is connected to the tertiary-N3
atom [N2-N3 = 1.3751(19) A] which engages in an imine bond;
C12-N3 = 1.2828(18) A. These results are consistent with
significant delocalisation of electron density in the central part
of the molecule. Systematic variations in the angle subtended
at the C1 atom also substantiate this conclusion with the widest
angles involving the thione-S1 atom, ie. S1-C1-N1 =
126.95(11)° and S1-C1-N2 = 118.08(11)°, with the widest of

This journal is © The Royal Society of Chemistry 2025

these involving the more tightly bound N1 atom; N1-C1-
N2 = 114.96(14)°. As anticipated, the key torsion angles in
this region of the molecule are close to planarity, i.e. N1-
C1-N2-N3, C1-N2-N3-C12 and N2-N3-C12-C13, see
Table 2. Globally, the amine-N1-H and amine-N2-H atoms
are anti to each other with the latter lying to the same
side of the molecule as the thione-S1 atom. This
orientation allows for the formation of intramolecular
amine-N1-H--'N3(imine) hydrogen bonds within non-
symmetric, five-membered {---N,CNH} synthons; geometric
parameters are included in Table 3.

The bond lengths and angles in 1-3 bear a close
resemblance to those in 1, as indicated in SI Table S1. As
indicated in Fig. 2(e), there is also a close similarity between

CrystEngComm, 2025, 27, 7792-7806 | 7795
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Table 3 A summary of the geometric parameters (A, ) characterising the key intermolecular (A-Y---B) contacts in the crystals of 1-4

A Y B Y-'B A--B A-Y--'B Symmetry operation
1

N1 Hin N3 2.17(2) 2.6316(17) 115.0(19) X,V 2

N2 H2n o1 2.20(2) 2.9959(17) 153.9(17) 2-x,-y,1-2

o1 Hlo S1 2.36(3) 3.1034(11) 151(2) 2-x,y,1-2

Cc11 Hilla Cg(C13-C18) 2.83 3.6314(16) 138 -1/2 +x,1/2~-y,-1/2 +2
C10 H10a H11b 2.37 4.0313(19) 144 12 -x,1/2+y,1/2 -2
2

N1 Hin N3 2.139(19) 2.6237(17) 114.0(16) XY, 2

N2 H2n S1 2.55(2) 3.4030(13) 161.6(17) 3-x,1-y,2-2
C12 H12 S1 2.86 3.7042(14) 149 3-x,1-y,2-2
C1 S1 Cg(C13-C18) 3.7822(7) 4.0981(15) 88.42(5) 2-x%1-y,2-2
N4 o1 Cg(C13-C18) 3.7257(15) 4.3180(15) 110.85(10) 1+x,9,2

c7 H7a H3a 2.34 4.1538(17) 148 1-x1-y,1-2

3

N1 Hin N3 2.155(15) 2.6075(13) 111.7(11) X,V 2

N2 H2n S1 2.551(17) 3.3993(10) 165.9(16) -x,1-y,2-2

Cc17 H17 F2 2.51 3.3671(16) 149 1-x2-y,2-2

C1 S1 Cg(C13-C18) 3.7325(6) 4.1196(12) 90.84(4) 1-x1-y,2-2
Cc11 Hlla H10a 2.33 4.087(2) 143 1-x,-y,1-2

4

N1 Hin N3 2.113(16) 2.5736(16) 114.2(14) X9, 2

N2 H2n S1 2.551(17) 3.3919(12) 169.3(16) -x,1-y,-z

C18 Cl2 Cg(C13-C18) 3.4802(7) 4.0292(14) 95.25(5) -1-x1-y,1-z
C10 H10b Cl2 2.83 3.3746(13) 115 1+x,-1+y,2

the conformations of central cores and adamantan-1-yl
groups across 1-4. However, significantly greater differences
are apparent between the relative orientations of the terminal
aryl groups. This is indicated by the range of N3-C12-C13-
C14 torsion angles, i.e. 2.6(2)° for 2 to —35.14(19)° for 4, with
the latter being the outlier. For 2, the terminal nitro group is
slightly twisted out of the plane of the aryl ring with the
greatest twist reflected in the C15-C16-N4-O2 torsion angle
of 172.15(15)°.

3.2 Molecular packing

It will be demonstrated in the section that four distinct
packing modes are observed due to i) different hydrogen-
bonding motifs, ie. 1 compared to 2-4 and ii) different
interactions involving the aryl rings, ie. in 2-4. Geometric

parameters characterising the identified intermolecular
contacts are listed in Table 3.
In the crystal of 1, complementary amine-N2-

H---O(hydroxyl) and hydroxyl-O-H---S(thione) hydrogen
bonds occur across a centre of inversion to generate a non-
symmetric, six-membered {---HNCS---HO} synthon, as evident
from both images comprising Fig. 3; this synthon is
encompassed within a larger, centrosymmetric and 18-
membered {--*-HOC;N,CS}, synthon. The dimeric aggregates
assemble in a supramolecular layer parallel (1 0 -1) with
methylene-C11-H---n(aryl) interactions among  the
interactions between the dimers, as shown in Fig. 3(a). Close

7796 | CrystEngComm, 2025, 27, 7792-7806

H---H contacts occur between adamantan-1-yl groups, as
shown in Fig. 3(b).

In the crystal of 2, in which the amine-N2-H atom is the
only conventional hydrogen bond donor, amine-N2-
H---S(thione) hydrogen-bonding occurs between
centrosymmetrically related molecules within a
centrosymmetric, eight-membered {:-*-HNCS}, synthon;
peripheral to the synthons are imine-C-H:---S(thione)
interactions, as listed in Table 3. The aryl ring forms two
side-on interactions, one with the thione-S1 atom and the
other with the nitro-O1 atom. The S1---Cg(aryl) and
O1---Cg(aryl) separations of 3.7822(7) and 3.7257(15) A,
respectively, are longer than the respective sum of the van
der Waals radii of 3.70 and 3.42 A;”® where the van der Waals
radius of an aryl ring is assumed to be 1.90 A.** However, a
closer inspection of the separations between the thione-S1
atom and the ring indicates a close S1---C18 contact of
3.5850(18) A. With the next closest contact being 3.7303(16) A,
the S1---Cgf(aryl) interaction may be classified as a localised
contact, where the interacting atom is close to one carbon of
the ring in contrast to a delocalised interaction where the
interacting atom is close to all constituent atoms of the aryl
ring.®® A similar conclusion pertains to the O1---Cg(aryl)
interaction where the closest O1---C13 separation is 3.263(2) A
and the next shortest contact being 3.575(2) A. The
aforementioned interactions occur within a linear,
supramolecular chain aligned along [1 0 0], Fig. 4(a). The
chains assemble into layers parallel to (1 0 1) with the closest

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Molecular packing in the crystal of 1: (a) a slightly tilted side-on view of the supramolecular layer featuring amine-N-H---O(hydroxyl) and
hydroxyl-O-H---S(thione) hydrogen bonds, and methylene-C-H---n(aryl) interactions shown as brown, orange and violet dashed lines, respectively,
and (b) a view of the unit-cell contents in projection down the b-axis with H---H contacts shown as bright-green dashed lines.

contacts between them being of the type H---H. The layers stack
along the b-axis with the shortest interaction between a nitro-
01---H9(adamantan-1-yl) contact of 2.75 A, just 0.03 A beyond
the sum of the van der Waals radii; a view of the unit-cell
contents is shown in Fig. 4(b).

In the crystal of 3, as for 2, the amine-N-H---S(thione)
hydrogen-bonding persists as does the centrosymmetric
{-**"HNCS}, synthon. These are complemented by aryl-C-H-*F
interactions that occur within centrosymmetric, eight-
membered {---HC,F}, synthons. The aryl ring forms a side-on
interaction with the thione-S1 atom. The S1---Cg(aryl)
separation of 3.7325(6) A is about 0.03 A longer than the
respective sum of the van der Waals radii of 3.70 A.%° The range
of S1---C(aryl) separations is 3.8081(11) to 4.1519(13) A,
suggesting this is best classified as a weak, localised S---r(aryl)
interaction.®® The mentioned intermolecular interactions occur
within supramolecular layers parallel to (1 1 0), as illustrated
in Fig. 5(a). The closest interactions between the layers, which

This journal is © The Royal Society of Chemistry 2025

stack along the c-axis, are of the type H-:-H, as highlighted in
the view of the unit-cell contents shown in Fig. 5(b).

Finally, in the crystal of 4, as for 2 and 3, the amino-
N-H---S(thione) hydrogen-bonding is formed with a
centrosymmetric {--*HNCS}, synthon. Linear chains of
these dimeric  aggregates feature  aryl-C-Cl---z(aryl)
interactions between centrosymmetrically molecules; the
chain is approximately aligned along [-1 1 3], as shown
in Fig. 6(a). The Cl---Cg(aryl) separation of 3.4802(7) A is
considerably shorter than the sum of the van der Waals
radii of chlorine (1.75 A (ref. 75)) and an aryl ring (1.90 A
(ref. 85)), i.e. 3.65 A; the closest C---C contact between the
rings is 3.4916(19) A compared to the sum of the van der
Waals of 3.40 A. Given the closest individual CI---C
separation is considerably longer, ie. 3.5783(14) A, this
interaction is best classified as a localised contact.*® The
angle subtended at the chlorine atom in this
interaction is 95.25(5)°, indicating this is a side-on

CrystEngComm, 2025, 27, 7792-7806 | 7797
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Fig. 4 Molecular packing in the crystal of 2: (a) a side-on view of the supramolecular chain along [1 0 0] featuring amine-N-H ---S(thione)
hydrogen bonds, and localised C=S---n(aryl) and N-O---r(aryl) interactions shown as orange, pink and red dashed lines, respectively, and (b) a view
of the unit-cell contents in projection down the a-axis highlighting the stacking of layers along the b-axis with H---H contacts shown as bright-

green dashed lines.

interaction. The chains are assembled into a three-
dimensional  architecture  with  methylene-C-H---Cl
interactions being the shortest contacts between them,
as shown in Fig. 6(b).

3.3 Hirshfeld surface analysis

To assess the impact of the X:-'n (X = H, Cl, O and S)
interactions upon the calculated Hirshfeld surfaces,
relevant calculations were conducted with Crystal Explorer
17.5 (ref. 87) using standard protocols.*® The results for
the salient surface contacts are listed in Table 4 with the
full listing given in SI Table S2.

As expected for molecules containing bulky adamantan-1-yl
groups,®® most surface contacts in the crystals of 1-4 involve
hydrogen, ie. 97.1, 92.9, 92.7 and 90.0%, respectively. The
most prominent surface contacts are of the type H---H with
the maximum of 61.0% noted in the crystal of 1. The falloff

7798 | CrystEngComm, 2025, 27, 7792-7806

in percentage contributions by H---H contacts in 2-4 is
correlated with increasing significance of other contacts. For
2, there is an increase in both H---S/S---H contacts and of
H---Y/Y---H contacts, involving the nitro-O atoms. More
dramatic are the increases in H---Y/Y---H contacts in 3 and 4,
Y = F or Cl, respectively, even though the Y---H separations
are generally greater than the respective sums of the van der
Waals radii, a short C-H---Cl interaction was noted in 4 (see
above).

With respect to the calculated surface contacts not
involving H-atoms, these are generally small or non-existent,
as shown in SI Table S2. Of interest in consideration of the
side-on Y---m(aryl) interactions described above are C---S/
S--:C and C--Y/Y:--C surface contacts; two-dimensional
fingerprint plots for these interactions are available in SI Fig.
S1. For 2, these amount to 1.5 and 2.4%, respectively,
consistent with the localised S, O---n(aryl) interactions. For 3,
the contribution from C---S/S---C surface contacts [1.8%]

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Molecular packing in the crystal of 3: (a) a plane view of the supramolecular layer parallel to (1 1 0) featuring amine-N-H ---S(thione)
hydrogen bonds, and aryl-C-H---F and weak delocalised C=S---xn(aryl) interactions shown as orange, blue and pink dashed lines, respectively, and
(b) a view of the unit-cell contents in projection down the a-axis highlighting the stacking of layers along the c-axis with H---H contacts shown as

bright-green dashed lines.

corresponds to the long, delocalised S---m(aryl) interactions.
The most significant contribution [4.9%] from side-on
interactions of this type is found in 4, where relatively close,
delocalised Cl---n(aryl) interactions were identified.

The perennial question in analyses such as these is
whether the identified side-on Y---n(aryl) interactions in the
crystals of 2-4 arise due to global molecular packing or are

structure-directing. Hence, a comprehensive density
functional theory (DFT) analysis was undertaken.

3.4 DFT calculations

To complement the experimental structural insights

gleaned from X-ray diffraction analyses of compounds 1-4,
a density functional theory (DFT) study was undertaken to
further dissect the nature and energetic contributions of
the non-covalent interactions identified in their molecular
packing. While conventional hydrogen bonding is
predominant in many supramolecular assemblies, the

This journal is © The Royal Society of Chemistry 2025

crystallographic  findings highlight the presence of
intriguing side-on X---n (X = O, S, Cl) interactions in 2-4,
which warrant deeper theoretical investigation. Specifically,
the aim was to characterise the lone-pair (LP):'w
interactions involving the thione-S1 atom (in 2 and 3), as
well as the significant C-Cl---m interaction in 4. Through
detailed molecular electrostatic potential (MEP) surface
analysis, regions of electrophilicity and nucleophilicity are
mapped to rationalise the propensity for these
interactions. Furthermore, a combined quantum theory of
atoms in molecules (QTAIM) and non-covalent interaction
(NCI) plot analysis is employed to provide a topological
characterisation of the electron density in these contacts,
confirming their non-covalent nature. Finally, energy
decomposition analysis (EDA) is utilised to quantify the

energetic contributions of the various components
(electrostatic, exchange-repulsion, orbital, correlation and
dispersion) within the self-assembled LP--'n dimers,

offering a quantitative understanding of their stability and

CrystEngComm, 2025, 27, 7792-7806 | 7799
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¢ i

Fig. 6 Molecular packing in the crystal of 4: (a) a view of the supramolecular chain approximately along [-1 1 3] featuring amine-N-H ---S(thione)
hydrogen bonds, and aryl-C-Cl---n(aryl) interactions shown as orange and violet dashed lines, respectively, and (b) a view of the unit-cell contents
in projection down the a-axis highlighting methylene-C-H---Cl interactions shown as turquoise dashed lines.

directionality in the solid-state. This computational
approach will ascertain whether these X---m interactions
are merely a consequence of global molecular packing
considerations or if they play a structure-directing role,
thereby contributing to the rational design of new
materials.

Fig. 7 presents the calculated molecular electrostatic
potential (MEP) surfaces for compounds 2 (a), 3 (b), and
4 (c). These maps visualise the charge distribution and

Table 4 The percentage contributions of interatomic contacts to the
calculated Hirshfeld surfaces of 1-4

1 2 3 4

Compound Y=0 Y=0 Y=F Y=Cl
Contact

H---H 61.0 48.8 49.2 49.7
H---S/S---H 13.4 17.3 9.8 11.6
H-Y/Y--H 4.3 9.4 16.8 17.2
C---S/S---C 0.0 1.5 1.8 0.0
C--Y/Y---C 0.4 2.4 0.7 4.9

7800 | CrystEngComm, 2025, 27, 7792-7806

potential sites for intermolecular interactions. In all three
compounds, the most positive MEP value, indicating the
most electrophilic region, is consistently located at the
hydrogen atom of the exposed amino group (the one that
does not participate in the intramolecular N-H---N
hydrogen bond). These maxima range from 42.0 keal
mol™ in 4 to 46.4 kcal mol™ 2, clearly highlighting these
sites as preferential hydrogen bond donors. Conversely,
the most negative MEP regions, representing nucleophilic
sites, are observed at the thione-S atom in 3 (-30.1 kcal
mol™) and 4 (-31.8 kcal mol™), and at the nitro-O atoms
in 2 (-28.8 kcal mol™) followed by the thione-S atom
(-26.3 kecal mol™). These negative minima are consistent
with the observed hydrogen-bonding interactions in the
solid state, where these atoms act as hydrogen bond
acceptors. Furthermore, the fluorine atoms in 3 and the
chlorine atoms in 4 also exhibit small negative MEP
values (-6.7 kcal mol™ and -5.0 kcal mol™, respectively),
indicating their potential to act as weak hydrogen bond
acceptors or participate in other minor attractive
interactions. Crucially, the MEP analysis of the aromatic

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 The molecular electrostatic potential (MEP) surfaces of (a) 2, (b) 3, and (c) 4. The colour scale, ranging from -32 kcal mol™ (red) to
48 kcal mol™ (blue), indicates regions of negative and positive electrostatic potential, respectively. Key MEP values are shown on the

surfaces. The isovalue = 0.001 a.u.

rings reveals a slightly positive electrostatic potential in all
compounds, ranging from a minimum of 0.7 kcal mol™ in 4
to a maximum of 6.9 kcal mol™ in 2. This positive potential
over the m-system directly rationalises the propensity for the
observed LP--m interactions, where electron-rich lone-pairs
from neighbouring atoms can engage with the electrophilic
face of the aromatic ring.

Fig. 8 presents a combined quantum theory of atoms in
molecules (QTAIM) and non-covalent interaction (NCI) plot
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analysis for the self-assembled LP---n dimers of (a) 2 and (b)
3, along with (c) showing an energy decomposition analysis
(EDA) of their respective interaction energies. The QTAIM
analysis vividly confirms the LP---m nature of the primary
interaction: a bond critical point (BCP, depicted as a red
sphere) and a corresponding bond path connect the thione-S
atom of one molecule to a carbon atom of the aromatic
n-system of a neighbouring molecule. The extended green
RDG (reduced density gradient) isosurface from the NCIplot

—12.6 kcal/mol

«
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Fig. 8 A combined QTAIM/NClplot analysis and EDA for the self-assembled LP---n dimers: (a) dimer of 2, highlighting the S(LP)---r interaction, (b)
dimer of 3, showing LP---nr and C-H---F interactions. Red spheres denote bond critical points (BCPs) with corresponding bond paths as dashed
bonds. Only intermolecular interactions are represented. Green isosurfaces represent attractive non-covalent interactions (RDG < 0). (c) A bar plot
showing the energy components (in kcal mol™) from EDA for the dimers of 2 and 3.
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analysis, which broadly embraces the interacting n-systems,
further substantiates the delocalised, non-covalent nature of
this interaction. Importantly, the analysis reveals that the
exocyclic and conjugated iminothiourea system also actively
participates in the binding mechanism. This is evidenced by
two symmetrically equivalent BCPs interconnecting carbon
and nitrogen atoms within this exocyclic n-system,
accompanied by a green RDG isosurface that occupies the
space between these interacting regions, indicating their
involvement in stabilising interactions.

In the case of 3, as shown in Fig. 8(b), two additional
C-H--'F contacts are observed. These interactions are
characterised by specific BCPs, bond paths and small,
green RDG isosurfaces, indicating a weak, stabilising non-
covalent contribution. The presence of these extra C-H:-'F
contacts likely account for the slightly stronger overall
interaction energy in the dimer of 3 (-12.6 kcal mol™)
compared to that of 2 (-11.5 kcal mol™), as shown in the
EDA summary. The significant dimerization energies
obtained for both dimers underscore the important role of
these self-assembled wunits in dictating the overall
molecular packing.

The EDA presented in Fig. 8(c) provides quantitative
insights into the nature of these interactions. Consistent with
the MEP analysis showing low positive values over the
n-systems, as shown in Fig. 7, the electrostatic term (Ee,
light-blue bars) is relatively small, suggesting it contributes
minimally to the overall stability. Instead, the interactions
are primarily dominated by dispersion (Egisp, green bars),
which is typical for n-stacking and LP---n interactions where
long-range attractive forces are key. The correlation term
(Ecor, purple bars) is also notably relevant, further
emphasising the importance of electron correlation effects in
these types of interactions. The exchange-repulsion term
(Eex-rep, Ted bars) predictably shows repulsive contributions,
balancing the attractive forces. Overall, the EDA confirms
that these self-assembled dimers are primarily stabilised by
dispersion and correlation effects, with electrostatic
contributions playing a minor role.

Fig. 9 presents the combined QTAIM/NCIplot analysis and
EDA for the self-assembled Cl---n dimer of compound 4. The
QTAIM analysis confirms the Cl---n contacts through the
presence of a BCP and a bond path connecting the chlorine
atom to a carbon atom of the aromatic ring. While the
QTAIM highlights the local interaction, the overall
n-interaction is better visualised by the NCIplot analysis,
which shows an extended green RDG isosurface typical of
n-interactions. The dimerization energy for 4 is significantly
smaller at —6.1 kcal mol™", particularly when compared to the
dimerization energies observed for compounds 2 and 3. This
reduction in stabilisation energy can be attributed to the
absence of the n-stacking interactions involving the
iminothiourea groups, which were noted in the dimers of 2
and 3.

Consistent with previous analyses, the EDA shown in
Fig. 9(b) further confirms the dominant role of dispersion
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Fig. 9 (a) A combined QTAIM/NClplot analysis and EDA for the self-

assembled LP---n dimer of 4, showing the CI(LP)---n interactions. The
red spheres denote bond critical points (BCPs) with corresponding
bond paths as dashed bonds. Only intermolecular interactions are
represented. The green isosurfaces represent attractive non-covalent
interactions (RDG < 0). (b) A bar plot showing the energy components
(in kcal mol™) from EDA for the dimer of 4.

(Eaisp = =7.0 keal mol™") in stabilising this dimer, followed
by a notable contribution from correlation (E.,; = -3.8
kcal mol™). The electrostatic term (Eq = -1.6 kcal mol™)
is almost negligible, which is in good agreement with the
small positive MEP value (0.7 kcal mol™) observed over
the aromatic ring in 4, Fig. 7(c). This analysis collectively
highlights that the Cl---n interactions in 4 are primarily
driven by dispersion forces, with electrostatic contributions
playing a very minor role.

4. Conclusions

This study successfully synthesised and fully characterised
four thiourea derivatives (1-4) through single-crystal X-ray
diffraction, revealing their distinct molecular structures and
diverse molecular packing motifs. The crystallographic
analysis identified conventional hydrogen-bonding as a key
organisational principle in 1, while compounds 2-4 exhibited
fascinating non-conventional side-on X--'m (X = O, S, Cl)
interactions that play a significant role in their solid-state
assembly.

The integrated computational approach, employing
molecular electrostatic potential (MEP) surfaces, combined
quantum theory of atoms in molecules (QTAIM)/non-
covalent interaction (NCI) plot analyses and energy
decomposition analysis (EDA), provided crucial insights into
the nature and energetics of these interactions. The MEP
analysis  effectively mapped the electrophilic and
nucleophilic regions of the molecules, explaining the
propensity for both classical hydrogen bonds and the more

This journal is © The Royal Society of Chemistry 2025
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subtle LP---m interactions at the aromatic rings. The QTAIM
and NCI analyses unequivocally confirmed the presence and
delocalised nature of LP---n contacts involving sulphur and
oxygen atoms (in 2 and 3) and Cl-'n contacts (in 4),
identifying specific bond critical points and extended
attractive isosurfaces.

Quantitatively, the EDA revealed significant dimerization
energies for the self-assembled units: —11.5 keal mol™* for 2,
-12.6 kcal mol™ for 3 and -6.1 kcal mol™ for 4. These
substantial energies confirm the importance of these
assemblies in dictating the overall molecular packing.
Critically, the EDA consistently demonstrated that dispersion
forces constitute the dominant attractive component,
followed by correlation energy, while the electrostatic term
was found to be almost negligible. The comparatively lower
dimerization energy of 4 was attributed to the absence of
additional n-stacking contributions from the iminothiourea
groups, which were present in the crystals of 2 and 3.

In conclusion, this joint experimental and theoretical
study unequivocally demonstrates that the side-on X:-'m
interactions, alongside conventional hydrogen bonds, are not
mere incidental contacts but are indeed structure-directing
forces that profoundly influence the supramolecular
architecture in these thiourea derivatives.
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