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Competition among weak C—H---O/S/H
interactions in the crystal structure of
{(C5H50),P(S)}>N>C4Hg bis(thiophosphoramide):
experimental/computational studies¥
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Supramolecular assembly driven by weak C—H---S=P/O and CH---HC contacts was studied in a new
{(CH50),P(S)}2N-CyHg,
computational methods. Combined QTAIM/noncovalent interaction (NCI) and natural bond orbital (NBO)

bis(thiophosphoramide) structure, using X-ray crystallography and DFT
analyses were used to gain deeper insights into the nature, energy and strengths of these contacts. The
C-H---O hydrogen bond was found to be the strongest interaction, followed by two H---H and then
H---S contacts. Crystal lattice energy calculations were performed, and the components contributing to
the intermolecular interactions were investigated and discussed (electrostatic, polarization, dispersion
and repulsion). The dispersion forces were found to be the most prominent in the network energy. The
relative contributions of the intermolecular contacts were visualized by Hirshfeld surfaces and two-

dimensional fingerprint diagrams. Some topics related to geometry and conformation were also studied.

1 Introduction

Hydrogen bonds have been extensively studied in supramolec-
ular assemblies of numerous materials,’ including small
molecules,*® macromolecules,*® minerals,’ organic frame-
works” and nanomaterials.® Absence of strong and moderate
hydrogen bonds allows for a better study of the competition/
cooperation between weaker contacts,>*® typically C-H---O/S
and CH---HC, in the crystal-packing features.'>*

CH:---HC dispersion contacts, despite their weakness, were
found to be effective in the conformational changes and phys-
ical properties of some materials containing organic groups.*
In alkanes, the additive and unsaturated nature of these
contacts were confirmed through calculation/measurement of
the sum of the energy values that arise in analogous structures
with different numbers of CH bonds. A direct correlation was
found between the sizes of hydrocarbons and certain charac-
teristics, such as melting point and vaporization enthalpy.'*"”
CH---HC contacts appear in the distance range of 1.7-2.4 A"
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and have been proposed as a means to interpret the stability of
bulky phosphatetrahedrane® and the DNA helix, particularly
through stacking interactions.” Generally, these interactions
lead to structures with optimized energy and thermodynamic
stability.™

C-H---S/C-H---O hydrogen bonds are common in molecular
biology, catalysis, the primary coordination sphere of inorganic
and bioorganic molecules, and supramolecular systems.*
Compared to oxygen, the sulfur atom, due to its large size, is
prone to forming more contacts with neighbors in the structure,
with a tendency toward bent angles. These interactions were
found to have a higher dispersion component than classical
hydrogen-bonding elements.**

Wide applications have been reported for thiophosphoramides
in pharmaceutical formulations,”?>* agriculture,”*® designing
suitable ligands for coordination,”?* and pure scientific studies
related to hydrogen bond patterns/strengths.>** Furthermore,
some phosphorus-nitrogen-based materials, including those with
the S-P-N moiety, are known as flame-retardant (FR) additives in
many polymer systems and cotton fabrics.***

The title thiophosphoramide compound has been theoreti-
cally studied as a promising cholinesterase inhibitor.*® The
flame-retardant properties of a closely related analogue
compound, i.e. {(CH30),P(S)},N,C4Hg, and the phosphoramide
resemblance of the title compound, i.e. {(C,H50),P(O)},N,C4Hs,
have also been investigated, and the former was found to
present greater effectiveness and a lower degradation onset
than the latter at additive levels.**
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Scheme 1 Chemical structure of (CszO)zP(S)NC4H8NP(S)(OCsz)Z

The abundances of NH:--S and NH---O hydrogen bonds in
(CO),P(S)(NH)-based structures retrieved from the Cambridge
Structural Database (CSD) indicate the better hydrogen-bond-
acceptor capability of the sulfur atom with respect to the ester
oxygen atom (in P=S and P-O-C moieties).** In continuation of
this work, we investigated a new crystal structure, {(C;Hs0),-
P(S)},N,C,4Hg thiophosphoramide (Scheme 1), which possesses
a similar O,P(S)(N) skeleton but lacks NH groups, to examine C-
H---O, C-H---S and H---H contacts. Crystal lattice energy
calculations, QTAIM/NCI analysis, and Hirshfeld (HS) surface
analysis (including 2D fingerprint characteristics) were studied.

2 Experimental section

2.1. Synthesis of (C,H;0),P(S)NC,HsNP(S)(OC,Hs),

All the reagents used in this study were obtained from
commercial sources and used as received. IR spectrum was
recorded on an AVATAR 370 FT-IR Thermo Nicolet spectrometer
using a KBr pellet. The title compound was prepared according
to a published method from the reaction between 0,0’-diethyl
chlorothiophosphate, piperazine and triethylamine (2:1:2
molar ratio) in dry acetonitrile at 273 K. After 5 h stirring, the
solvent was removed, and the obtained solid was washed with
distilled water. Single crystals were obtained in an unsuccessful
attempt to prepare a Cd complex (in CH3;OH under reflux
conditions). The data related to the *'P, 'H, and *C NMR
spectra (in DMSO-d¢) and IR spectrum were previously re-
ported,*® while here X-ray crystallography experiment was per-
formed. The IR spectrum of the title compound was re-
investigated for the single-crystal sample in order to further
discuss the band assignment (Table S17).

3 Results and discussion

3.1. Refinement

Diffraction data were collected on a Rigaku Synergy-DW rotating
anode X-ray source diffractometer with a hybrid pixel array
detector and Kappa goniometer using Mo Ka radiation at 120 K.
The structure was solved by intrinsic phasing and refined by
full-matrix least-squares methods on F> using SHELXT*” and
SHELXL.?® All the non-hydrogen atoms were refined anisotrop-
ically, and the hydrogen atoms were refined as riding on their
carrier atoms.
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Fig. 1 Title structure with labelling of the non-hydrogen atoms of the
asymmetric unit. Displacement ellipsoids are drawn at the 50% prob-
ability level.

3.2. Description of the crystal structure

The compound 0,0,0',0'-tetraethyl piperazine-1,4-
diyldiphosphonothioate crystallizes in the triclinic crystal
system and space group P1. The asymmetric unit consists of
one-half of the molecule (Fig. 1), and the complete molecule is
organized around an inversion element located in the center of
the piperazine ring. The nitrogen atoms of piperazine are linked
to the P(S)(OC,H;), moieties. The crystal data, X-ray/theoretical
values of selected bond lengths and angles and geometrical
parameters of the hydrogen bonds are given in Tables 1, 2 and
3, respectively.

In general, the bond lengths and angles are within the ex-
pected values of compounds with a (CO),P(S)(N) skeleton.*
Typical examples are P1=S1, P1-N1 and P1-O1/P-O2 bond
lengths of 1.9285 (7) A, 1.6374 (16) A and 1.5860 (13)/1.5922 (14)
A, respectively. The closest phosphoramide structure to the title
thiophosphoramide compound is (CsHs0),P(O)NC,Hg-
NP(O)(OCgHs),, which has a P-N bond length shorter than
(1.6275 (10) A*®) that of the P-N bond length of the title
compound. The phosphoramide resemblance of title
compound was only studied from the view of the spectroscopic
features.

The P-N bond length of the title compound is smaller than
a typical phosphorus-nitrogen single bond length (1.77 A),* and
was estimated to have slightly more than 30% m-character,
according to a previously calculated analogous structure. The
phosphorus atom displays a distorted tetrahedral O,P(S)N
environment, and the smallest and largest bond angles around
the phosphorus atom are the O1-P1-02 and O1-P1-S1 angles
(99.15 (7)° and 116.11 (5)°). The N atom exhibits a practically
planar (sp*) geometry based on the bond-angle sum with
a deviation of less than 1° from the ideal value of 360°.

The “N2C4” piperazine ring (N1/C5/C6'/N1//C5'/C6) of the
title molecule adopts a near chair conformation based on the
puckering parameters [Q = —0.5592 (19), § = 177.67 (1)°, ® = 0°]
calculated according to Cremer and Pople.*!

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystallographic parameters for the title compound
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Crystal data

Chemical formula
M,

Crystal system, space group
Temperature (K)

a, b, c(A)

a8, v (9

v (A%

zZ

Radiation type

p (mm™)

Crystal size (mm)
Tiiny Tmax

No. of measured, independent, and observed reflections [I > 2.00()]
Rint

(51 0/ )max (A7)
R[F* > 20(F%)]
WR(F®)

S

No. of reflections
No. of parameters
Apmax; Apmin (e ‘2\73)

Table 2 Selected experimental and optimized geometrical parame-
ters at the B3LYP/6-311++G(d,p) level of the title molecule®

Parameter Experimental Theoretical
Bond distances (A)

S1-P1 1.9285 (7) 1.949
P1-01 1.5860 (13) 1.617
P1-02 1.5922 (14) 1.625
P1-N1 1.6374 (16) 1.670
01-C1 1.459 (2) 1.451
02-C3 1.464 (2) 1.450
N1-C5 1.454 (2) 1.469
N1-C6 1.468 (2) 1.475
Cc1-C2 1.503 (3) 1.515
C3-C4 1.502 (3) 1.515
C5-C6' 1.515 (3) 1.526
Bond angles (°)

01-P1-02 99.15 (7) 98.84
01-P1-N1 104.66 (8) 103.25
02-P1-N1 105.34 (8) 104.39
01-P1-S1 116.11 (5) 116.81
02-P1-51 115.95 (6) 115.72
N1-P1-S1 113.88 (6) 115.59
C1-01-P1 120.09 (11) 122.03
C3-02-P1 118.37 (12) 121.58
C5-N1-Cé 112.99 (15) 112.65
C5-N1-P1 124.92 (13) 121.67
C6-N1-P1 121.36 (13) 119.54
01-C1-C2 107.78 (15) 107.91
02-C3-C4 108.53 (17) 107.92
N1-C5-C6' 109.88 (15) 109.79
N1-C6-C5’ 109.88 (16) 110.00

¢ Symmetry code: (i) —x, =y +1, —z + 1.

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

C12H5N204P5S,
390.42

Triclinic, P1

120

6.8399 (4), 8.3288 (6), 8.5473 (5)
84.974 (5), 77.633 (5), 87.946 (5)
473.72 (5)

1

Mo Ka

0.47

0.20 x 0.15 x 0.15
0.565, 1.000

4327, 1725, 1493
0.026

0.602

0.031

0.086

1.09

1725

102

0.41, —0.29

The P-O-C bond angles, 120.09 (11)° (P1-O1-C1) and 118.37
(12)° (P1-02-C3) are within the range reported based on the
CSD P(S)(0O-C),(N) structures (106-140° with the maximum
population within 120-122°), and in accordance with a nearly
sp” hybridization state for these O atoms.*?

The conformation of the [CH;CH,OPOCH,CH;] segment
was considered based on the C-C-O-P, C-O-P-0O, O-P-O-C,
and P-O-C-C torsion angles, and the values of 147.86°,
—178.60°, —77.97°, and —171.54° show the +ac—ap—sc—ap
conformations (ac = anticlinal, ap = antiperiplanar, sc =
synclinal). The conformations, due to the presence of flexible
OC,Hj; groups, deviate from the ideal zigzag pattern for a chain
sequence of saturated systems. Typically, more usual confor-
mations of +ap+ap+ap+ap in the (CH;CH,CH,),NH," cations
were observed in the structures retrieved from the CSD,* based
on the C-C-C-N/C-C-N-C/C-N-C-C/N-C-C-C torsion angles.
The gas phase optimized structure of the title molecule shows
the —ap—aptap+tap conformations, and the related torsion
angles are —175.47°, —170.01°, 175.47° and 170.01°. A super-
position of the theoretical and experimental structure is shown
in Fig. S1.1

A new conformer was also created in solution (in CH;OH) for
the chemical calculations, and after optimization, the values,
175.98°, —178.01°, —174.89° and 179.36°, +ap—ap—ap+ap,
showed significant differences in two dihedral angles. The
deviations were related to the effect of the different phases in
the DFT and experimental structures (gas/solution and single
crystal). The optimized XYZ coordinates of this conformer are
given in Table S2 (ESI).

RSC Adv, 2025, 15, 22671-22681 | 22673
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Table 3 Experimental and calculated hydrogen-bond geometry parameters (A and °). Calculated values are given in parentheses®

D-H---A D-H H---A D---A D-H---A
C2-H2B:--01" 0.98 (1.092) 2.70 (3.090) 3.596 (4.108) 152.0 (155.475)
C2-H2A---S1* 0.98 (1.093) 3.13 (3.546) 3.791 (4.283) 126.3 (126.213)

¢ Symmetry codes: (it) —x + 1, —y + 1, —z, (iti) x — 1, y, z.

Fig. 2 View of the one-dimensional array of the title structure in the
direction perpendicular to the (—102) plane, mediated by non-classical
C2-H2B---O1 hydrogen bonds forming an R»%(8) graph set motif.

The supramolecular assembly was considered based on the
interactions with D-H---A angles greater than 120°, in accor-
dance with the methodology reported by Wood and

co-workers.** Furthermore, the hydrogen-bonded dimers used
for the chemical calculations were constructed applying this
criterion.

The C1-01 and C3-02 bond lengths are 1.459 (2) A and 1.464
(2) A, respectively, and the O1 atom takes part in an intermo-
lecular C2-H2B---0O1 hydrogen bond to form a one-dimensional
arrangement in the direction perpendicular to the (—102) plane.
This assembly includes an R,*(8) ring motif (Fig. 2).

The three-dimensional supramolecular network includes the
C5-H5B---H1A-C1, C6-H6A---H6A-C6 and C2-H2A---S1
contacts, and an R,*(12) ring motif is formed through a pair of
C2-H2A---S1 contacts (see Fig. 3).

3.3. Hirshfeld surface analysis and fingerprint plots

3D Hirshfeld surface (HS) maps and 2D fingerprint plots were
generated using Crystal Explorer 21.5.**"*” The Hirshfeld surface
mapped with dnorm shows the crystal structure interactions
based on contacts at distances closer than the sum of the vdW
radii with red areas, and contacts around the vdW separation
and longer contacts with white and blue areas, respectively.

In the HS map (Fig. 4), the large and bright red areas
correspond to the H6A:--H6A and H5B---H1A contacts, which
are formed between the two piperazine rings for the former and
between the OC,H; group and the piperazine ring for the latter.
No other pronounced interaction was observed.

In the X-ray crystallography analysis, the H6A---H6A distance
was 2.219 A, and the normalized Hirshfeld distance was 2.034 A.

C6—HG6A... H6A—C6

y/

7

|

a:

Y

/i i

-

C2—H2A...S1

/ | ‘

C5—HSB...H1A—C1

Fig. 3 C5-H5B---H1A-C1, C6-H6A---H6A-C6, and C2—-H2A---S1 interactions in the 3D supramolecular assembly of the title structure.
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Fig. 4 Hirshfeld surface mapped with dnorm for visualizing the HEA---
H6A (I) and H5B---H1A (ll) contacts in the title structure. One adjacent
molecule outside the surface is shown to illustrate the interactions
with the molecule within the surface.

For the C-H bond, the neutron-normalized distance in Hirsh-
feld was 1.083 A, compared to 0.980 A, 0.979 A, and 0.990 A in
the X-ray analysis.

Fig. 5 shows the 2D fingerprint plots and the percentages of
different intermolecular contacts. Each point in the fingerprint
plot represents the distances from each point on the Hirshfeld
surface to the internal nearest atom (d;) and the external nearest
atom (d.). Therefore, the term d; + d.. can be used as a measure
to evaluate the bond strength.

View Article Online

RSC Advances

In this figure, the highest contribution percentage (69.8%)
belonged to the H---H contacts with the lowest d; + d. = 2 A.
There are four O and two S atoms in the molecule, but the sulfur
atoms, due to larger size, exhibited greater participation in the
crystal contacts (H---O, 11.8%, and H:---S, 18.1%). Two spikes
and two wings on the plot correspond to these contacts with the
shortest d; + d. =~ 2.6 and 3 A, respectively (Fig. 5, top/bottom-
right). The S---S and N---H contacts had a negligible contribu-
tion of 0.3% in total (Fig. 5, top/bottom-left).

3.4. Theoretical methods

Crystal lattice energy calculations were performed using Crystal
Explorer 21.5 software at the B3LYP/6-31G(d,p) level of theory,*®
considering the first spherical surface of adjacent molecules.
According to previously published articles, the total energy of
intermolecular interactions for each molecular pair (Ey) is
expressed as the sum of four terms: electrostatic (Ec.), polari-
zation (Ep), dispersion (Eg;s) and repulsion (Eiep).

Etot = keleEele + kpolEpol + kdisEdis + krepErep

The E. term is the classical Coulomb interaction energy
between two unperturbed molecular charge distributions. The
E,, term refers to the perturbation of the electron density
caused by the distortion of the electron cloud of a molecule by
other nearby charge distributions. The Eg4;s term comes from the
effects of non-classical attraction caused by temporary fluctua-
tions in the electron distribution of a molecule. The E,, term is
the energy required to overcome the forces that prevent two
molecules from occupying the same space.

de
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14 0.6

12 |

H...H 69.8% 1

de

ai 14

1.0

.

ai S..S| 0.1%

0608 10 1.2 14 1.6 1.8 2.0 22 24 26 28 12

H..0/0..H11.8%
l

di
06 08 10 1.2 14 1.6 1820 22 24 2628 - 0.6 08 10 12 1.4 1.6 18 2.0 22 2.4 2.6 28
= H..H 69.8%
28 e de
26 = N...H| 0.2% ::
24
22 L O---H 11.8% ::
20 4{ z:o
18 = S...H 18.1% 18
1.6 . 1.6
14 S”U 14
12 12
Lo Contribution percentage 10
u o HLNNLH0.2%| w5 [H...S/S...H 18.1%)
di 0.6
di
- 06 08 1012 1416 1820 22 24 2628 - 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
Fig. 5 Contribution percentages of the contacts participating in the title structure.
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As shown in the above noted formula, the & constants are
scale factors and are determined by calibration against the
results of quantum mechanics: k. = 1.057 for electrostatic
interactions, kp, = 0.740 for polarization, kg = 0.871 for
dispersion, and k.., = 0.618 for repulsion.***°

The crystal lattice energy (Eja) is calculated using the
equation Ej,¢ = 1/22NE,, where N is the number of equivalent
pairs with the same energy values in the molecular shell. Similar
formulas are used to calculate the sum of each energy compo-
nent™ (Ey = 1/23 NEx, where X = electrostatic, dispersion,
polarization, and repulsion components).

Density functional theory (DFT) calculations were performed
using the Gaussian 09 program.*® Harmonic vibrational
frequencies were calculated by diagonalization of the Hessian
matrix of the potential energy surface (PES). The CIF file was
used as the input for the calculations and geometry optimiza-
tion. The QTAIM parameters were obtained using the Multiwfn
3.8 program® (for dimers constructed from X-ray data including
target contacts). Details of the geometry parameters for the DFT
structure and the X-ray crystallography are given in Table 2. The
regression coefficients of the bond lengths (0.9917) and bond
angles (0.9533) showed the good agreement of the theoretical
and experimental structures (Fig. S27).

Natural Bond Orbital (NBO) analysis was done using the
NBO 5.0 package.® Visualization of the natural orbitals was
achieved using the ChemCraft program.* Optimization of the
molecular geometry, QTAIM, and NBO analyses were carried out
at the B3LYP/6-311++G(d,p) level of theory.

The optimized molecular structure is presented in Fig. S3.7
The labels of the atoms in the calculations were done according
to the labels from the X-ray analysis. The optimized XYZ

View Article Online
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coordinates of the title molecule and three hydrogen-bonded
dimers are listed in Tables S3-S6 (ESIt).

3.4.1. Energy framework calculations. The energies of the
crystal lattice, including electrostatic, polarization, dispersion
and repulsion components, were calculated for molecular pairs
constructed by noncovalent interactions and are summarized in
Table S7.1 The sums of the electrostatic, polarization, disper-
sion, and repulsion interaction energies (£1/2NE) were equal to
—68.9, —19.4, —192.9, and +113.8 k] mol %, respectively, and the
sum of the total energies was —185.1 k] mol~'. Molecular pairs
with E < —20 k] mol " were considered, and the contributions
of the energy components in the total energy for each molecular
pair are shown in the diagram in Fig. 6.

3.4.2. QTAIM analysis. The topological parameters were
obtained from the critical points within the dimeric inputs
created by the X-ray structure for the calculations. The total
electron density, p(r), Laplacian, V>p(r), and the hydrogen bond
energy (IHBE), estimated by the E = Vpcp/2 equation,” for
C2-H2B---01, C2-H2A---S1, homopolar H6A---H6A and heter-
opolar H5B---H1A contacts (Table 4) and for all intermolecular
contacts are presented (Table S8, ESIT). The positive total elec-
tronic densities, p(r), for all the interactions are characteristic of
a closed-shell situation. The two H---H contacts noted are
typical examples of such contacts in the structure, which had
the highest energy values, and were formed between pipera-
zine---piperazine and piperazine---ethyl. There were two other
H---S interactions with approximately equal energy to C2-
H2A---S1, with angles slightly less than 120°.

The hydrogen bond energy (in k] mol™) of C2-H2B---O1
(5.5) was greater than that of H6A---H6A (4.9) and H5B---H1A
(4.7), and the C2-H2A---S1, C1-H1B---S1, and C3-H3A---S1
hydrogen bonds with the hydrogen bond angles of 126.29°,

mEge Epol

la 1b Ic

-13.8 N
43
-175
-33 [
-18.2
5.1
-30.1 |

-149 1N

391

|

-43.4 I

-62.6

E i

nE rep m Etor

Id le If

|
]
|
|
I 2

I - PR S
[ - [}
= T oot
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v
— 0 — -
. 3 o —
N S ] ' ~
) ' a h
Q

-35.3

Fig. 6 Total energy and energy components for different molecular pairs of the title structure. The red, yellow, green, black, and blue columns
represent electrostatic, polarization, dispersion, repulsion (components), and total energy, respectively. The diagram is sorted based on the total

energy.
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Table 4 Estimated energies (Egsp) for C—H---O/S and CH---HC contacts
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Hydrogen bonds/contacts p(r) (e au™) V(1) (e au™) G(r) W) Egsp (K] mol ™)
C2-H2B---01° 0.0071 0.0225 0.0049 —0.0042 —5.5
C2-H2A---51¢ 0.0063 0.0201 0.0041 —0.0032 —4.2
H6A---H6A 0.0079 0.0222 0.0046 —0.0037 —4.9
H5B---H1A® 0.0070 0.0217 0.0045 —0.0036 —-4.7

% There are two equivalent such interactions in the molecular pair.

115.18°, and 112.88° had energies of 4.2, 4.6, and 4.7, respec-
tively. The low angles C-H:--S contacts were in accordance with
the reported nonlinear character of C-H---S contacts, based on
a CSD survey that considered the angles within 90° to 180°, with
the most common contacts between 121°—126° and 3.12-3.25
A.*' The following discussion focuses on a comparison between
the crystal lattice energy calculations and the QTAIM analysis
results.

3.4.3. Integrating QTAIM/NCI methods with lattice energy
analysis. Combined QTAIM/NCI molecular graphs for different
molecular pairs were constructed, and the results of the lattice

energy calculations were included (Fig. 7). In these pictures, the
total energy framework is represented using blue cylinders.

The pair Ia had the highest total energy of —48.4 k] mol ',
and comprised H6A---H6A, 2 x H5B---H1A contacts and some
other weak contacts (H:--S, H---H and H---O). In this pair, the
highest energy value was related to H6A---H6A/2 x H5B---H1A
contacts (SEggp = —14.3 k] mol™"), with V(r) values of —0.0037
and —0.0036 a.u., respectively. The 2 x C2-H2A---S1 hydrogen
bonds were the most pronounced contacts in pair Ib with a V(r)
value of —0.0032 a.u., besides H---H and other H---S contacts
(Eor of —33.0 k] mol ™).

Id

Eo=-24.1 kJ/mol
8.1 kI/mol
-28.9 kJ/mol

Ew=-48.4 kJ/mol
Fa=-14.9 kJ/mol
Eaiw=-62.6 kJ/mol
Ep=+40.1 kJ/mol

I

Eio=-33.0 kJ/mol
13.8 kJ/mol

17.5 kJ/mol

i =-35.3 kJ/mol
Eqp=+0.0 kJ/mol

Erep=+20.6 kJ/mol

Te ¥ »)

A

Eto=-21.4 kJ/mol

Euwe=-30.1 k/mol ./
Ea=-18.2 kJ/mol ™ Eae=-8.7 kJ/mol
Eai=-23.9 kJ/mol Eusi=-21.1 kd/mol

Enp= +22.3 kJ/mol Eng=+12.7 kl/mol

along a-axis

along h-axis

Fig. 7 Combined QTAIM/NCI plots of the molecular pairs with Eor < —20 kJ mol™ in the title structure (atom color codes: P = orange, S =
yellow, O =red, N = blue, C = light beige, and H = light pink). The total energy and their components are listed (left). The energy framework is
displayed by blue cylinders with a scale factor of 50, along the a, b and ¢ axes (right). Small orange spheres and yellow lines represent critical

points and bond paths, respectively. The NCl-isosurface value was 0.65.
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The pairs Ic, 1d, and If (with E values of —30.1, —24.1, and
—21.4 k] mol™', respectively) were characterized by various
intermolecular interactions: C-H---S and H---H in Ic and If and
C-H--'S,C-H---O, and H---H in Id (Fig. S47). The pair Ie, with an
Eior of —23.8 k] mol™ ", included 2 x C2-H2B---O1 hydrogen
bonds (V(r) = —0.0042 a.u.) and some other H---H contacts. The
total energy framework was viewed along the a, b and ¢ axes.

In the title structure, the major part of the attractive energy
was due to dispersion forces, with the total dispersion energy of
—192.9 kJ mol*, while the total electrostatic energy was equal
to —68.9 k] mol '. A large part of the total attractive energy
(—281.2 kJ mol ') was compensated by a repulsive component
of +113.8 k] mol'. On the other hand, in all the pairs, the
electrostatic components contributed less to lattice energy than
the dispersion forces, and the highest electrostatic interactions
corresponded to pair Ic. The greatest proximity of the dispersion
and electrostatic forces was found in pair Ib
(-17.5/—13.8 k] mol '), while the greatest difference was
observed in pair Ia (—62.6/—14.9 k] mol '), Table S7.}

In the NCI plots of title compound, the red-green mixed
regions within the weak C-H---O/S and CH---HC contacts
illustrate weak repulsion forces, compared with the blue region
demonstrating strong repulsive forces, where electron-rich
atoms are close to each other, such as HB acceptors in strong
and moderate hydrogen bonds.*® The highest repulsive energy
(+40.1 k] mol™") was associated with the molecular pair Ia,
which also had the largest total energy (—48.4 k] mol™ ') and the
smallest distance (6.84 A) compared to the other pairs. In pair
1D, the repulsive force reached zero due to the significantly
increased distance (12.48 A).

3.4.4. Electron delocalization. An estimation of the IHB
strength was made based on the second-order perturbation
theory. Thus, the second-order interaction energies £ were
calculated for noncovalent interactions, considering occupied
Lewis type (lone pair) NBO orbitals and unoccupied (anti-
bonding) non-Lewis NBO orbitals participating in target inter-
molecular interactions (donor-acceptor interactions).*”

For these calculations, three dimers including C2-H2B---01,
C2-H2A---S1, and H---H contacts were created, and the associ-
ated E® energies are listed in Tables 5 and S9 (ESIY).

The second-order energies of the C-H---O/S and H:---H
contacts were related to LP(1,2)01 to o*(1)C2-H2B, and LP(1,2)
S1 to ¢*(1)C2-H2A, o(1)C5-H5B to ¢*(1)C1-H1A and o(1)C6-
H6A to o*(1)C6-H6A with values of 1.0042/0.4184, 0.5858/

Table 5 E@ interaction energies (kJ mol™) obtained from NBO
analysis at the B3LYP/6-311++G(d,p) level. The data were obtained
from three dimers

Donor MO Acceptor MO E® (k] mol™)
LP(1)0(1) 6*(1)C2-H2B 1.0042
LP(2)0(1) o*(1)C2-H2B 0.4184
o(1)C5-H5B 6*(1)C1-H1A 0.4602
o(1)C6-H6A 6*(1)C6-H6A 1.0878
LP(1)S(1) 6*(1)C2-H2A 0.5858
LP(2)5(1) 6*(1)C2-H2A 0.5858

22678 | RSC Adv, 2025, 15, 22671-22681

View Article Online

Paper

C5—HSB...H1A—C1

Fig. 8 Depiction of hyper conjugation for the H6A---H6A and H5B---
H1A contacts.

0.5858, 0.4602 and 1.0878 k] mol ™", respectively. Fig. 8 shows
the hyper conjugations of two H:--H contacts in the related
dimer.

The energy gap between the frontier molecular orbitals,
highest occupied molecular orbital (HOMO), and lowest unoc-
cupied molecular orbital (LUMO) can be used to describe elec-
tron charge transfer and to predict molecular reactivity."” The
HOMO and LUMO orbitals of the title molecule and associated
charge transfer energy are depicted in Fig. 9.

The HOMO was mainly localized on the P=S groups and the
O atoms, with a small share of the N atoms, and the LUMO was
mainly located on the -CH;/-CH, moieties.

The electrostatic potential (ESP) surface displays the charge
distribution in a molecule and provides an important analysis
in molecular modeling to predict intermolecular interactions.*®
The ESP surface of the title molecule and the atomic vdW
radius, obtained from the optimized geometry using the B3LYP/
6-311++G(d,p) level, are given in Fig. S5.1

@
ELuno=-0395 eV
AE = 6.035 eV
Ejiomo=-6:430 eV

Fig. 9 HOMO and LUMO of the title molecule and the associated
band gap.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Color-filled RDG isosurface map for the dimer created based
on the H6A---H6A and H5B---H1A contacts of the title structure.

A negative potential and high electron density were observed
around the C-O and P=S bonds (orange and red areas,
respectively). A region with electron deficiency and positive
potential was observed for the CH, units of the piperazine
moiety and the CH,/CHj; units of ~OEt groups (blue and green
areas, respectively). The green color of ESP for N atom shows
that it is not accessible for interaction.

3.4.5. Reduced density gradient (RDG). RDG analysis is
used to illustrate intra and inter non-bonding interactions in
a crystal structure.** The RDG scatter graph is produced by
plotting RDG versus sign(4,)p. Here, sign(4,)p is the 2™ eigen-
value of the electron density and its value and sign describe the
nature of the bond. Also, sign(A,)p > 0 and sign(4,)p < 0 are
related to repulsive and attractive interactions and sign(4,)p
values of about zero area indicate van der Waals interactions. A
color-filled RDG isosurface map with relevant identified
contacts and RDG scatter graph of the dimer created based on
the H---H contacts of the title molecule are presented in Fig. 10
and 11. This dimer was the most energetically important
possible dimer that may be constructed for the parent molecule
with neighbors in the structure. The color-filled RDG isosurface
map and RDG scatter graph of the dimer created based on a pair
of H2B---O1 interactions of the title molecule are shown in
Fig. S6 and S7.}

0.020
0.015
0.010
0.005
0.000
1 -0.005
-0.010
-0.015
-0.020
-0.025
-0.030
-0.035

RDG

-0.05
~0.04
-0.03
-0.02
~0.01
0.00
0.01 |
0.02
0.03
0.04
0.05

sign(A,)p (a.u.)

Fig. 11 RDG scatter graph for the dimer created based on the H6A---
H6A and H5B---H1A contacts of the title structure.
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In the isosurface map, the red areas indicate steric contacts
with the highest repulsive forces (piperazine ring). The red-
green mixed regions show week repulsive forces that are
accompanied by the attractions of C2-H2B---O1/C2-H2A---S1
interactions, and the green areas correspond to the van der
Waals interactions for H---H.

A theoretical analysis of the vibrational frequencies, along
with a detailed description and discussion of the IR spectro-
scopic features, is provided in the ESI (Fig. S8 and Table S1+).

4 Conclusion

The strengths of H---H contacts and C-H---O/C-H:--S hydrogen
bonds were studied in the P(S)(OC,H;),NC,HgNP(S)(OC,H5),
thiophosphoramide structure by a combination of X-ray crys-
tallography and computational methods. The C-H:--O
hydrogen bond was calculated to be stronger than the H---H
contacts and C-H---S hydrogen bonds. The lattice energy
calculations showed the most pronounced contribution of
dispersion forces in the attractive energy of the molecular
architecture with respect to the electrostatic and polarization
components. The highest repulsive energy was seen in the
molecular pair, which also had the highest total energy and
dispersion component.
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