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Despite being a ubiquitous functional group with biological significance, thiols remain underexplored for
their ability to form intermolecular interactions — especially in the solid state. This knowledge gap is
largely due to the inadequacy of conventional X-ray crystallography in accurately locating protons
involved in such weak thiol hydrogen bonds. Here, we explore weak thiol hydrogen bonds, using X-ray
quantum crystallography (QCr) in a series of 31 thiol crystal structures. Neutron diffraction models on
three of these structures show good agreement with the corresponding models from Hirshfeld Atom
Refinement (HAR). Analyses using HAR models suggest thiol hydrogen bonds exhibit low pairwise
interaction energy (~—3 to —15 kJ mol™), significantly lower than that of classical hydrogen bonds. Yet
they display clear directionality with hydrogen bond angles in the range 146-164°. Electrostatic potential
features around the S—H group from a high-resolution X-ray wavefunction refinement (XWR) model of

the drug captopril characterized thiol as a weak hydrogen-bond donor and a moderate acceptor group.
Received 17th June 2025 Mol lar d . imulati f thiol d in thei t it d the directi | nat ¢
Accepted 5th August 2025 olecular dynamics simulation of thiol drugs in their receptor sites underscores the directional nature o
thiol hydrogen bonds preserved even in macromolecular systems. Our results from QCr open new

DOI: 10.1039/d55c04450b avenues for exploring the role of thiols in molecular recognition, stability, and binding interactions in
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Introduction

Thiols or mercaptans are known to play a significant role in
biochemistry and materials science owing to their ability to
form S-S, S-Se, and metal-sulfur bonds. Thiols are essential for
stabilizing protein structures,'” and regulating various cellular
functions such as antioxidant activity,*” apoptosis, and cell
proliferation.®**° The capacity of thiols to form hydrogen bonds
(HBs) and their role in the chemical reactivity of cysteine resi-
dues have been investigated." Computational studies have
indicated that HBs involving thiols hold significant potential as
organic piezoelectric materials."> The low electronegativity and
large atomic size of sulfur are expected to reduce the polarity of
the S-H bond, thereby limiting the ability of thiols to form
hydrogen bonds. Various spectroscopic techniques, along with
theoretical models, have been employed to examine the HBs
formed by thiols.”®?* Intramolecular proton transfer across
a thiol HB upon photoexcitation has been demonstrated in
a recent study.”® However, studies exploring the role of weak
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both molecular materials and biomolecular environments.

thiol HBs in supramolecular assembly in the solid-state are
rare.>* ¢ Notably, the Cambridge Structural Database (CSD)*
contains approximately 1400 X-ray crystal structures of thiols,
among which only three are neutron diffraction structures; of
these, only two are free from structural disorder and report
accurate S-H bond lengths (Fig. 1a). Locating accurate proton
positions remains challenging with the conventional model of
X-ray crystallography using the Independent Atom Model (IAM).
Typical crystallographic refinements apply constraints to fit the
electron density maxima along the bonding region at an
underestimated S-H bond length of 1.2 A. The inaccurate
location of thiol proton positions in crystal structures has
limited our understanding of weak thiol HBs in the solid-state,
their directionality, and role in crystal packing. Neutron
diffraction, the most suitable technique for locating hydrogen
atoms, is limited by the need for large crystals, long data
collection times, and restricted access to neutron sources. In
this context, the X-ray quantum crystallography technique of
Hirshfeld Atom Refinement (HAR)**** serves as an efficient tool
to locate proton positions reliably, comparable to those from
neutron geometry.*"** Herein, we present a structural analysis
of a series of 31 thiol compounds using X-ray quantum crys-
tallography (QCr).***® We employed the technique of Hirshfeld
Atom Refinement (HAR), along with neutron diffraction data as
a benchmark, and X-ray constrained wavefunction (XCW)**™
fitting and other computational tools, for a detailed

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc04450b&domain=pdf&date_stamp=2025-09-07
http://orcid.org/0000-0002-5254-9463
http://orcid.org/0000-0002-5370-1332
http://orcid.org/0000-0002-5877-0273
http://orcid.org/0000-0003-3552-8625
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04450b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016035

Open Access Article. Published on 11 August 2025. Downloaded on 10/31/2025 9:57:20 PM.

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

(cc)

Edge Article
(a) uDisordered @Non-disordered u Total
X-ray 969 hits |
structures =
i 1411 hits |
0 200 400 600 800 1000 1200 1400
Neutron F
structures R
~ 3 hits
0 1 2 3
(b) g
TH%s
L6
18
1.6 0@ ¥

S-H-0
SH-N
S-H-S
S-H-F
S-H-Cl
SH-n

80 100 120 140 160 180 80 100 120 140 160 180

0:(?) 0; (°)

40 60

Fig. 1 (a) Histograms showing the distribution of thiol crystal struc-
tures in CSD obtained from single-crystal X-ray and neutron diffraction
experiments. Scatter plots showing the distribution of (b) S—H bond
lengths of thiol structures deposited to CSD against their bond angles
(£ R-S—H), provided with reference to the neutron S—H bond length
from NALCYS02 (marked with a green dashed line) and value
commonly used in X-ray refinement to constrain S—H bond lengths
(marked with a blue dashed line), and (c) interaction distances of
S—H---X intermolecular interactions as a function of their bond angles
(£S=H---X).

investigation of the electronic and geometrical features of thiol
HBs. Extending our analysis to the biomolecular context, we
also investigated thiol interactions in thiol-based drugs binding
to protein receptor sites.

Results and discussion

Geometrical features of thiols and their intermolecular
interactions in the solid-state

The knowledge gap in the structural information on thiols
becomes evident in a CSD survey, which revealed a total of 1414
crystal structures. However, only three crystal structures of
thiols were obtained through neutron diffraction experiments,
while the rest of the structures have been determined using X-
ray crystallography (Fig. 1a). Of the three neutron geometries
of thiols in the CSD, only two structures - NALCYSO02 (ref. 49)
and QIPYIXO01 (ref. 50) are devoid of any structural disorder,
while QIPYIXO01 is derived from poor data quality. Fig. 2b shows
the distribution of S-H bond lengths (A) against /R-S-H (°)
with reference to the neutron S-H bond length from NALCYS02
(marked with a green dashed line). This scatter plot indicates
the inaccuracy of X-ray S-H bond lengths in CSD-deposited thiol
structures. The constrained refinement of bond length results
in an underestimated and fixed S-H bond length of 1.2 A,
whereas in case of unconstrained refinement, structures display
even shorter apparent S-H bond lengths arising directly from
the uncertainty in proton location. Hence, the wide range in
bond lengths (~0.6-1.7 A) and bond angles (~40-170°) reflects

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a considerable disparity in their structural parameters as well as
unrealistic geometries in the database, as noted in a previous
study.>*

We investigated the geometrical features of intermolecular
interactions involving thiols from the CSD. Thiols are known to
form hydrogen bonds where the thiol sulfur can function either
as a hydrogen bond donor or acceptor. A comparable electro-
negativity value of sulfur (xs = 2.58) and hydrogen (xy = 2.20)
atoms indicates thiol is a weak HB donor. Fig. 1c represents
a scatter plot of geometrical parameters of thiol HBs, interac-
tions where thiol sulfur acts as the HB donor. It is evident that
the thiol HBs with atoms - oxygen (O), nitrogen (N), sulfur (S),
fluorine (F), chlorine (Cl), and m-cloud acting as acceptors,
display a broad distribution in their geometrical parameters.
The interaction distances range from ~2.0-3.0 A, with interac-
tion angles between 80° and 180°. This wide distribution of
geometrical parameters suggests that S-H---X interactions may
lack directional preference. However, since these observations
are based on inaccurately modelled S-H bonds, accurate
determination of proton positions is essential for a more
definitive understanding of the nature and directionality of S-
H---X interactions.

Accurate location of thiol protons: Hirshfeld Atom
Refinement (HAR) and neutron diffraction

To probe the strength and directionality of thiol HBs, it
becomes crucial to accurately locate hydrogen atoms in the
crystal structures of thiols. Hirshfeld Atom Refinement (HAR),*>
devised by Jayatilaka et al., uses an aspherical electron density
model and scattering factors, and hence can overcome the
limitations of conventional crystallographic refinements based
on spherical atomic densities. The potential of HAR to locate
the position of hydrogen atoms from the X-ray diffraction data
with an accuracy comparable to that from neutron geometries
has been demonstrated.?**>>* In the HAR method, the structural
parameters derived from IAM serve as the input geometry for
a quantum mechanical wavefunction calculation, and the
associated electron density. This molecular electron density is
further partitioned into aspherical atomic electron density
fragments (also called Hirshfeld atoms) based on the Hirshfeld
stockholder partitioning scheme.>*** HAR offers the additional
advantage of simulating crystal field effects in polarizing the
electron density distribution by means of point charges and
dipoles around a molecule. The Fourier transform of Hirshfeld
atoms provides the aspherical atomic form factors, which are
then used for the crystallographic refinement of atomic coor-
dinates and atomic displacement parameters (ADPs), resulting
in an improved and accurate geometry, including that of H-
atoms. In our recent work, we demonstrated that the HAR
technique reliably determines proton positions in multi-
component crystals, effectively distinguishing between salts,
cocrystals, and continuum structures, with a correlation with X-
ray photoelectron spectroscopy (XPS) results.”® Here, we
employed HAR to locate thiol protons and determine accurate
S-H bond lengths in a series of 7 thiol compounds (as shown in
Fig. 2a, with reference codes), and 24 more structures from the
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(a) HAR-modelled crystal structures at ~100 K of different thiol compounds mentioned with their chemical names and reference codes.

(b) Graphs showing S—H bond lengths (with errors) obtained from IAM and HAR models of thiol structures crystallized for this study, with
reference to the averaged S—H bond length from neutron geometries of CAP, TPHN, and NAC. Overlay diagram of ADPs of HAR and neutron
geometries of (c) NAC (neutron at 16 K and HAR at 100 K), (d) CAP at 108 K, and (f) TPHN at 100 K. Comparison of mean atomic displacement
parameters, Umean, Of different hydrogen atoms from HAR and neutron models of (e) CAP at 108 K, and (g) TPHN at 100 K.

CSD. Single crystal X-ray diffraction data at medium resolution
around ~0.65 A for thiol crystals were collected at ~100 K and
~295 K (see crystallographic structural and refinement details
in Tables S2 and S3 in the SI). HAR was performed with these
datasets at the B3LYP/def2-TZVP level of theory using the NoS-
pherA2 (ref. 30) module with Tonto*” in Olex2,*® with a cluster of
8 A to mimic the crystalline environment surrounding the
central molecule. Fig. 2b shows the distribution of S-H bond
lengths obtained from HAR models and their respective IAM
models. The green dashed line represents the averaged neutron
S-H bond length from our neutron diffraction model of the
drug captopril (CAP), triphenylmethanethiol (TPHN) and the
reported neutron model of N-acetyl cysteine (NAC) with CSD
refcode NALCYS02 (NACpeue: ds-yx = 1.3383 A, CAP ¢t dspy =
1.329(3) A and TPHNeu¢ ds.iy = 1.321(6) A). The S-H bond
length from HAR models at ~100 K shows a good agreement
with the neutron value. Amongst these, 4MCB shows a shorter
S-H bond length (ds_; = 1.26(3) A) compared to the neutron
value. The two S-H bond lengths in TPHN and MCA correspond

16018 | Chem. Sci,, 2025, 16, 16016-16026

to the two molecules in the asymmetric unit. The room
temperature (~295 K) HAR models of NAC and 2MCB show
good agreement with neutron values, whereas the S-H bond
lengths in other HAR models deviate more, still closer to the
neutron value than those from IAM geometries. This may be
attributed to the potential for conformational rotation of S-H
bonds at room temperature, complicating the determination of
proton positions using HAR. Note that neutron diffraction data
for the single crystals of CAP and TPHN were collected at ~100 K
(see neutron crystallographic refinement details in Table S8).
The HAR model of NAC was validated with its neutron geometry
obtained from CSD. Table 1 presents the bond lengths of
different bonds from both HAR and neutron models, such as S—
H, O-H, and C=O0 bonds, and the bond angle (£ C-S-H). The
various bond lengths from both HAR and neutron models show
good agreement. The molecular overlay diagram of HAR and the
neutron models of NAC in Fig. 2c validates the geometrical
parameters from HAR and the associated X-H bond lengths
(Fig. S3). However, ADPs are not comparable in the case of NAC,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 Comparison of different bond lengths (A) and bond angles (£ C-S—H, °) from HAR models with those from neutron geometries (ND) of

CAP, TPHN, and NAC at around ~100 K

CAP TPHN NAC

Geometrical parameters HAR ND HAR ND HAR ND*

d(s-H), A 1.326(9) 1.329(3) 1.314(7) 1.322(4) 1.344(10) 1.3383
1.255(7) 1.320(5)

d(O-H), A 0.98(8) 1.011(2) — — — —

d(C=0), A 1.2298(3) 1.233(13) — — 1.227(6) 1.2303

d(c-C), A 1.5297(7) 1.5278(12) 1.5342(6) 1.535(3) 1.5178(6) 1.5173

£(C-S-H), © 96.6(4) 95.9(2) 98.9(3) 98.2(3) 96.7(5) 96.88
98.0(3) 97.5(2)

“ ND studies for NAC are reported at 16 K. Note that there were no errors with the atomic coordinates (xyz) of NALCYS02; hence, no errors have been

provided with the bond lengths.

as neutron geometry was derived at ~16 K and that of X-rays at
~100 K. This temperature difference is visible in relatively larger
X-ray ADPs (Fig. 2c). The overlay of ADPs of CAP and TPHN in
Fig. 2d and f, respectively, reveals subtle differences in their
profile. Fig. 2e and g compare the mean amplitude (Upean = Us1
+ Upy + Uss + Uy, + Uy + Uy3/6) of vibration for different hydrogen
atoms derived from HAR and neutron models of CAP and
TPHN, respectively. Notably, the mean ADPs of all hydrogen
atoms of CAP and TPHN (except H2a, the thiol proton is not
involved in any short intermolecular contact) from the HAR
models compare reasonably well with those from their neutron
models. Further, a comparison of H-ADPs from SHADE*® anal-
ysis suggests that the H-atom ADPs from SHADE are under-
estimated as compared to both the neutron and HAR models of
CAP, as evident from the overlay diagram shown in Fig. S1. We
extended our analysis by performing HAR on a series of thiol
crystal structures retrieved from CSD screening. Structures with
less than 50 atoms in their asymmetric unit were used for
modelling. A total of 24 reported crystal structures provided
with available experimental diffraction data (excluding low-
quality datasets) were used for HAR models. Fig. 3a shows the
distribution of S-H bond lengths in these 24 crystal structures
from HAR and IAM models in comparison to the reference
neutron value of 1.329 A. This distribution of S-H bond lengths
indicates that HAR models result in chemically reasonable
results, even for structures with sub-optimal data quality used
for routine structure determination. The crystallographic tables
for all 24 HAR models (from CSD screening) are provided in
Table S5 in the SI.

Another common issue in thiol crystals that can lead to
inaccurate proton location is thione-thiol tautomerism in
heterocyclic compounds. The lone pair electron density around
the sulfur atom is often misinterpreted as a thiol hydrogen
during structural modelling. One such example is the crystal
structure of HIRBEQ® deposited to CSD as a thiol. Our
remodelling of this structure (by assigning the electron density
peaks followed by HAR) revealed that it is a thione instead of
a thiol. Fig. 3b shows the crystal structure of HIRBEQ overlayed
on the difference Fourier map of IAM (thiol) and HAR (thione)
models. The residual electron density in the proximity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

nitrogen atom in thiol (shown in the red dashed box) is
modelled as a N-H H-atom in the corresponding thione HAR
model, which leads to improved refinement parameters with
lower R-factors and residual densities. The energy differences
(AE) between thione and thiol tautomers reveal that thiones are
more stable (Fig. 3c). To investigate the propensity of thiol to
undergo proton transfer via intra- and inter-molecular mecha-
nisms, we performed the transition state calculations for 2,5-
dimercapto-thiadiazole (CSD refcode: DMCTDZ*), and the
energy profile diagram is shown in Fig. 3c. The energy barrier
(AE) for intermolecular proton transfer is ~24 kcal mol ",
significantly lower than that of the intramolecular process (AE
= ~41 keal mol ™). Also, the energy difference between the two
tautomers is greater than 10 kcal mol ', This suggests that the
proton transfer is both thermodynamically and kinetically
favourable towards thione formation, particularly with the
assistance of intermolecular N-H---S hydrogen bonds in the
crystalline state.

X-ray wavefunction refinement: electrostatic potential
features around the thiol group versus classical hydrogen
bond donors/acceptors

To compare the features of the electrostatic potential (ESP) of
the thiol group with those of a classical hydrogen bond donor
(or acceptor), we employed X-ray wavefunction refinement
(XWR).*#464862 HAR constitutes the first step of XWR, and the
subsequent step involves X-ray constrained wavefunction (XCW)
fitting. In XCW fitting, the molecular orbital (MO) coefficients of
the initial wavefunction calculated for the HAR geometry are
adjusted in a stepwise manner, keeping the atomic coordinates
and ADPs fixed. The constrained fitting of the wavefunction
against experimental structure factors incorporates the pertur-
bation effects from the crystalline field. MO coefficients are
adjusted to minimize the term (E + Ax*) until a good statistical
agreement is obtained between the theoretical and observed
structure factors. The XCW-fitted wavefunction at Apyax repre-
sents the ‘experimental or X-ray wavefunction’ of the molecule
in the crystal. High-resolution single-crystal X-ray diffraction
data (~0.45 A) collected at ~108 K for a single crystal of the drug
captopril were evaluated with three different approaches - HAR,

Chem. Sci., 2025, 16, 16016-16026 | 16019
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inter-molecular proton transfer showing comparison of energy
difference (AE) between the thiol and thione tautomers of 2,5-di-
mercapto-thiadiazole.
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XWR, and charge density multipole modelling (CDMM). Table 2
gives the refinement indicators for spherical (IAM) and three
non-spherical-based refinement models - HAR, XWR, and
CDMM. HAR was performed at a resolution of ~0.45 A at the
B3LYP/def2-TZVP level with a cluster of 8 A to mimic the crystal
field effects using NoSpherA2 with Tonto in Olex2. The HAR
geometry of CAP was used as a starting point for charge density
multipole modelling and XCW fitting, which was performed
using both restricted Hartree-Fock (RHF) and Kohn-Sham
(RKS) theories. A reasonable agreement is observed between the
XCW and CDMM models of CAP in terms of residual electron
densities and electron density at bond critical points (bcps) of
various bonds in CAP, although the Laplacian values differ
significantly (Fig. S4). While there is a small difference in the R-
factors of different models, it is worth noting that the HAR,
XCW, and CDMM models captured the electron density more
effectively in comparison to IAM, which is evident in the
residual density (Apmax,min) analysis. These models were then
used to compare the ESP features of CAP mapped on the iso-
surface of electron density (0.01 e A~%), as shown in Fig. 4. The
electropositive and electronegative regions are shown in blue
and red, respectively, with ESP values marked at extreme
regions. Fig. 4a and b represent the quantum chemical models
derived from the IAM and HAR geometries in the gas phase,
respectively. A small change in the ESP features can be observed
around thiol and hydroxyl functional groups in both models,
likely due to a more accurate proton position in HAR compared
to IAM. Fig. 4c-e correspond to the HAR model (with cluster
charges) and XCW models from RHF and RKS methods,
respectively. Compared to gas phase models, the enhanced ESP
values in these models can be attributed to the perturbation
effects from the crystalline environment incorporated into the
wavefunction in the fitting procedure. It is likely that HAR
models (with cluster charges) overestimate ESP values. In all
these models, the ESP minimum corresponds to the carbonyl
oxygen, representing the most electronegative region over the
surface. A comparison of the ESP features on hydroxyl and thiol
groups reveals that the negative ESP values on S and O atoms
(corresponding to the lone pair density) are comparable. The
maximum positive charge is localized over the hydroxyl
hydrogen due to the large electronegativity difference between
oxygen and hydrogen. In contrast, the smaller electronegativity
difference between sulfur and hydrogen in the thiol group leads
to a lower difference in electrostatic potentials around sulfur
and hydrogen. The low polarity of the S-H bond compared to

Table 2 Crystallographic refinement details of IAM, HAR, XCW, and CDMM models of captopril

Refinement parameters 1AM HAR (B3LYP/def2-TZVP)  XCW-RHF (RHF/def2-TZVP)  XCW-RKS (B3LYP/def2-TZVP)  CDMM
R(F) — — 0.019 0.019 0.017
WR(F) — — 0.023 0.023 0.022
R(P) 0.029 0.022 0.026 0.028 0.027
WR(FZ) 0.071 0.039 0.045 0.046 0.043

GoF 1.13 1.17 1.19 1.22 1.17

A — — 3.9 2.0 —
APmin,max (€ A7%) —0.22,0.56  —0.13, 0.46 —0.13, 0.17 —0.16, 0.18 —0.17/0.17

16020 | Chem. Sci, 2025, 16, 16016-16026
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the highly polar O-H bond is reflected in the significantly lower
positive ESP value around the thiol hydrogen atom, thus char-
acterizing it as a weak hydrogen bond donor and a moderately
strong acceptor.

Strength and nature of thiol hydrogen bonds: interaction
energies, electron density, and partial charges

Further, we reviewed the strength and directionality of thiol
HBs using the accurate geometries of thiol complexes with
a multifaceted computational approach. Understanding the
relative geometric orientation of donor and acceptor groups is
crucial for evaluating the strength of HBs. The interaction
distances (R;) of thiol HBs with their corresponding angles
(4£S-H:--X) obtained from our HAR models (Fig. 2a) are
provided in Table 3, which shows ds y bond lengths in the
range ~2.2-2.6 A and / S-H---X angles of ~146-166°. Similar to
classical hydrogen bonds, the thiol HBs exhibit directionality
that favours n — o* orbital interaction. To further characterize
these thiol HBs, a topological analysis using the Quantum
Theory of Atoms in Molecules (QTAIM)* was employed. For
this, HAR-derived wavefunctions were used for the selected
dimers interacting via S-H---X interactions. Topological anal-
ysis revealed that the electron density values at beps of S-H---X
(where X = O, S, m-cloud) interactions were found to be in the
range of 0.05 to 0.10 e A and its Laplacian in the range of 0.7-
1.3 e A™® (Tables 3 and S11 in the SI). The closed-shell type
nature of thiol HBs is further evident in the ratios of potential
(V) and kinetic energy (G) densities - |V|/G <2 and G/p ~ 1. These
values are significantly lower than those of a conventional
hydrogen bond, indicating a weaker interaction. The crystal
structure of 4MCB does not exhibit any S-H---X interaction;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Geometrical and electron density-based
parameters derived for different thiol hydrogen bonds

topological

Interactions ~ ZS-H---X (°) R;(A) p(eA®) V’p (e A®) |VIIG Gip

CAP, S-H--O  146.0(6) 2.33(1) 0.07 1.02 0.75 0.77
LCYS, S-H--S 151.0(10)  2.64(2) 0.09 0.77 0.82 0.53
NAC, S-H--O  150.4(7) 2.21(1) 0.10 1.33 0.77 0.78
2MCB, S-H-*S 164.0(7) 2.63(1) 0.09 0.79 0.84 0.54
4MCB, S-S — 3.53(1) 0.04 0.52 0.70 0.74
TPHN, S-H--7t 160.8 2.58  0.05 0.56 0.82 0.61
MCA, S-H--0O  159.0(20)  2.54(3) 0.05 0.61 0.74 0.52

164.0(20)  2.45(3) 0.06 0.70 0.96 0.70

instead, there is a homo-chalcogen S---S interaction present.
Notably, it exhibits topological features comparable to those of
S-H---m interaction. To generalize our observations, we
extended the topological analysis to include 21 HAR models
from the CSD screening (as mentioned in the previous section),
excluding dimers interacting with additional strong hydrogen
bonds. A similar trend was observed - low electron density
(0.03-0.16 e A~®) and positive Laplacian (0.4-1.6 e A~°) at the
beps of various S-H---X (X = O, N, S, m-cloud) interactions
(Table S12 in the SI). Fig. 5a and b display the correlation
between electron density (pnep) and its Laplacian (V?pp.p) with
the interaction distances (dy...x) of S-H---X interactions (X = O,
S, N, and m-cloud) derived from the HAR models. A trend of
approximately exponential decrease in the values of py., and
VzpbCp at the beps of S-H---X interactions, with their interaction
distances, is observed. To quantify the strength of S-H---X
interactions, the CE-B3LYP energy model® was employed to
compute their pairwise interaction energies (IE). For molecular
pairs involving only S-H---X interactions (characterized by
electron density bond paths), IE values were observed in the
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Fig. 5 Correlation plots of (a) electron density (ppcp) and its (b) Lap-
lacian (Vzpbcp) with interaction distances (dy...x) of various S—H---X
interactions from our HAR models.
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range of —3 k] mol " to —15 kJ mol ! (Table S10 in the SI). The
molecular pairs with S-H---X interactions and additional
interactions such as C-H---X (X = O, S, N, and =-cloud) or di-
hydrogen interactions, as shown in their molecular graphs,
show high IE values up to —52 k] mol~". Molecular pairs formed
by S-H---X interactions in a centrosymmetric fashion (such as
the interesting case of the thiocarboxylic acid dimer motif in
UJUCAF) result in higher IE values. No correlation was observed
between the IE values of S-H---X interactions with their inter-
action distances or angles (Fig. S5 in the SI).

Further, we computed the Hirshfeld charges from HAR
models to compare the charge distribution on the thiol group
with classical HB donors such as -OH and -NH groups. Fig. 6a
and d show the Hirshfeld charges on different atoms involved in
the molecular dimer interacting via S-H---X (X = O, S) interac-
tion for NAC and LCYS, respectively (for the other structures, see
Fig. S12 and Table S13 in the SI). A negative Hirshfeld charge on
sulfur and a positive Hirshfeld charge on hydrogen atoms
facilitate electrostatic attraction with HB acceptors. However,
the charge separation within the -SH group is notably smaller
compared to that in the -OH and -NH groups. In the case of
LCYS, the positive Hirshfeld charge observed on the nitrogen
atom can be attributed to the protonation of the amino group.
The non-covalent interaction (NCI) index plots®® map the elec-
tron density distribution in real space as a function of the
reduced density gradient (RDG), providing insights into the
presence of non-covalent interactions, such as van der Waals
contacts and hydrogen bonds. Fig. 6b and e display a green RDG
isosurface between the thiol group and HB acceptor along the
S-H---X interaction region, suggesting the interaction is
attractive and stabilizing (for other structures, see Fig. S10 and
S11 in the SI). Deformation density map visualizes the orien-
tation of lone pair densities of the O and S atoms in NAC and
LCYS (Fig. 6¢ and f), which are directed towards the charge-
depleted region around the thiol proton (see Fig. S8 and S9 in
the SI for other structures). This is also evident in Electron
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Fig. 7 (a) Raman spectra plotted for the S—H functional group in

different thiol compounds. Graph showing the correlation between
observed Raman shifts of S—H functional group with the (b) electron
density (e A™%) and (c) interaction distance (A) of different types of
S—H---X interaction present in the thiol crystal structures.

Localization Function (ELF) and Localized Orbital Locator
(LOL) plots (Fig. S8 and S9 in the SI).

Further, to examine such an effect of various non-covalent
interactions on the vibrational frequencies corresponding to
the thiol functional group, we collected Raman spectra on
single crystals of the thiol compounds shown in Fig. 2a (except
MCA). The vibrational frequencies for S-H bonds were found to
be in the range of 2521-2572 cm™*, as shown in Fig. 7a. We
analyzed correlation plots (Fig. 7b and c) to investigate any
relationships between the Raman shifts of thiol and the elec-
tronic or structural properties of the S-H---X interactions. No
systematic trend was observed between the vibrational
frequencies and the electron density at the bep of S-H:---X
interactions, interaction distances, or the type of acceptor atom

i

van der waals

a Strong repulsion
interaction

Fig. 6 Atomic displacement parameter plots for the dimer of (a) NAC showing S—H---O interactions and (d) LCYS showing S—H---S interactions,
with Hirshfeld charges. Non-covalent interaction (NCI) plots for (b) NAC and (e) LCYS. Deformation density maps plotted for (c) the S—H---O

interaction region in NAC and (f) S—=H---S interaction region in LCYS.
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X. This suggests that crystal field effects exert a stronger influ-
ence on thiol vibrational modes than the localized interactions.

Thiol interactions in protein receptor sites: insights from
docking, binding energies, and molecular dynamics
simulation studies

Thiol functional groups in pharmaceuticals may have an
influence on their activity based on the interactions with the
receptor sites in proteins. To broaden our understanding of
thiol HBs in the context of biological processes, we employed
a combination of molecular docking, followed by ONIOM
(Quantum Mechanics/Molecular Mechanics), and molecular
dynamics (MD) simulations. We investigated the binding
properties of three thiol-containing drugs - (i) captopril, (ii)
glutathione, and (iii) purine-6-thiol (thiol tautomer of mercap-
topurine). Molecular docking was performed to probe the
potential binding poses and favourable interaction sites
between thiol-containing drugs and their target proteins (PDB
IDs: 2X8Z,%® 2X8H,*” and 1AO06 (ref. 68)). The HAR model of
captopril was used for docking studies, while the crystal struc-
tures for the other two were obtained from CSD. Best-docked
conformers for the three protein-drug complexes were
selected based on the lowest binding energies (Fig. S13 in the
SI). To determine the accurate interactions and binding ener-
gies, the ONIOM (QM/MM) method was employed on the
docking geometries as the input. The QM region includes the
thiol-containing drug along with the amino acid residues of the
protein binding site, while the MM region covers the remaining
residues of the protein non-binding site chains. QM/MM
calculations reveal that the 2X8H-glutathione complex
exhibits the most favourable interaction among the studied
protein—drug complexes, with a binding energy of —29 kcal
mol " (Table S15 in the SI). Notably, the thiol group of the drugs
was found to interact mainly with the amino acid residues
GLU368, THR71, and ALA210, respectively, through S-H---O
interactions with bond distances ranging from 2.19 to 2.23 A
and Z/S-H-O bond angles ranging from 148.87° to 173.34°
(Fig. 8a and b). This reveals that the thiol-mediated HBs,
although weak, exhibit a directional preference that might
contribute to the drug binding within the active site. The rela-
tively short bond distances and large bond angles suggest that
S-H---O interactions play a role in molecular recognition
through weak yet directional electrostatic interactions.
Furthermore, MD simulations (120 ns) were performed on
these three protein-drug complexes to evaluate their binding
free energy and the stability of the thiol interaction motif in
relation to the dynamics of the system. Root mean square
deviation (RMSD) analysis evaluates the structural stability and
conformational changes during the simulation trajectory
(Fig. 8c). The RMSD results demonstrate that all three
complexes attain equilibrium after approximately 20-30 ns. The
purinethiol-bound complex exhibits the lowest deviation,
reflecting a stable and consistent interaction with the protein
binding site. MM-PBSA binding free energy calculations® were
performed across four consecutive 10 ns intervals (80-90, 90—
100, 100-110, and 110-120 ns) extracted from the equilibrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 ONIOM (QM/MM) optimized structures of (a) captopril within
the binding site of 2X8Z and (b) glutathione within the binding site of
2X8H. The QM region is shown using tube-style bonds, while the MM
region is displayed as a wireframe. (c) Root Mean Square Deviation
(RMSD) profile over a 120 ns MD simulation of three protein—-ligand
bound complexes, and (d) hydrogen bonding analysis of the thiol
group in captopril, glutathione, and purinethiol with their respective
protein receptors during a 120 ns molecular dynamics simulation,
represented by captopril (black), glutathione (red), and purinethiol
(green).

MD simulation trajectory to assess the thermodynamic stability
of the protein-ligand complexes. The glutathione-bound
complex exhibits the highest binding affinity (AGpa = —26.4
kecal mol "), indicating the formation of the most thermody-
namically stable protein-ligand complex (Table S16 and Fig.
S15). To further investigate thiol-mediated interactions,
hydrogen bonding analyses were performed, particularly
between the thiol group of each ligand and its respective protein
receptor across all three protein-ligand complexes throughout
the 120 ns MD simulation trajectory using VMD"® software. A
cutoff of dyy..x <3 A and £S-H---X > 110° was used to identify
the persistence of static interactions characterized by QM/MM
calculations. Fig. 8d shows the frequency of thiol HBs across
the MD simulation trajectories of the three protein-ligand
complexes. Captopril exhibits a relatively lower frequency of S—
H---O interactions, whereas glutathione and purinethiol show
more frequent HB formation throughout the simulation. Anal-
ysis of HBs reveals that although the frequency of occurrence of
S-H---O interactions is less throughout the trajectory, they still
exhibit distances ranging from 1.69 to 2.21 A and bond angles
between 132.5° and 154.6°. This further substantiates that thiol
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HBs preserved their directionality even in these biomolecular
environments.

Conclusions

In summary, we explored the electronic and geometrical
features of weak interactions formed by thiols using X-ray
quantum crystallography (QCr). The Hirshfeld Atom Refine-
ment (HAR) models of 31 crystal structures of thiols provided
S-H bond lengths comparable to those from the neutron
diffraction models of three crystal structures. Although the low
interaction energies (~—3 to —15 kJ mol ') of thiol hydrogen
bonds (HBs) from these HAR models suggest their weak
nature, they display directional characteristics, with S-H---X
interaction angles ~146-164°, which can be correlated with
the charge concentrated and depleted regions in the electron
density deformation, and ELF plots. The ESP features on the
thiol group from our XWR model explain its nature as a weak
HB donor and moderate HB acceptor group. Molecular
dynamics simulations revealed that the directionality of thiol
HBs observed in our HAR models is preserved in the binding
modes of thiol-containing drugs within protein receptor sites.
Our QCr study provides insights into the hitherto unexplored
structural characteristics of thiols, improving the accuracy and
reliability of their structural features in the database. Under-
standing thiol interactions through accurate structural infor-
mation and electronic features can be valuable for
benchmarking computational models of biologically relevant
molecules and proteins, as well as for crystal engineering
studies in fields such as pharmaceuticals and materials
science.
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