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Controlling pseudopolymorphism via robust and
repetitive solvent-containing supramolecular
interactions in urea-based isostructural
coordination polymers†

Ghazale Khorshidi and Behrouz Notash *

In a systematic study, six pseudopolymorphic coordination polymers containing the ditopic 1,3-di

(pyridin-4-yl)urea ligand (4bpu) constructed with d10 metal cations, possessing the formula {[M(4bpu)I2]

S}n [(M = Zn, Cd and Hg), (S = MeOH or EtOH)], namely Zn-MeOH, Zn-EtOH, Cd-MeOH, Cd-EtOH, Hg-

MeOH and Hg-EtOH were obtained. The title compounds were characterized by single-crystal X-ray

diffraction analysis (SC-XRD), elemental analysis (CHN), FT-IR spectroscopy, thermogravimetric analysis

(TGA), and powder X-ray diffraction (PXRD). The diffraction studies show that these compounds are iso-

structural 1D zig-zag chain coordination polymers which is also confirmed using XPac 2.0.2 software and

the occurrence of three- and one-dimensional (3D and 1D) isostructurality was investigated in terms of

their molecular assembly in solid state structures. These comparisons were performed by extracting the

dissimilarity index and stretching parameters, providing quantitative insights into the structural similarity

across the pseudopolymorphic coordination polymers, which exhibit robust 3D isostructurality.

Additionally, the geometry of the zig-zag chain structures was thoroughly analyzed, highlighting the

subtle variations and common features that contribute to isostructurality. The supramolecular architecture

of these pseudopolymorphs is stabilized by robust and repetitive hydrogen bonding motifs involving N–

H⋯O, O–H⋯I and C–H⋯I interactions between the framework and guest solvent molecules (MeOH or

EtOH). These interactions replace the commonly observed bifurcated hydrogen bonds (α-tape motif )

between urea moieties, emphasizing the pivotal role of solvent molecules in controlling pseudopoly-

morphism and defining the final structural assembly. This detailed understanding of hydrogen bonding

provides valuable insights into tailoring intermolecular interactions, enabling the design of materials with

enhanced functionalities for diverse applications. A detailed investigation of urea–CvO⋯πpy interactions
in urea-based compounds highlights the classification of these interactions as semilocalized (η2-SL) based

on geometric parameters and reveals their significance through crystallographic and database studies.

Hirshfeld surface analysis has been performed for all compounds to determine the percentage contri-

bution of intermolecular interactions.

Introduction

The rapid progress of coordination polymers (CPs) is attribu-
ted to their construction from versatile organic linkers and

metal nodes, enabling tailored assembly.1–3 The design of
functional CPs has emerged as a hot research topic, driven by
the extensive range of potential applications for these com-
pounds and their derived materials in gas storage and
separation,4,5 catalysis,6,7 sensing,8–10 magnetism,11–13 bio-
imaging, and drug delivery.14–16 From the crystal engineering
point of view, the urea moiety as an important functional
group could contribute as a donor and acceptor to form strong
and directional multiple hydrogen bonds with a diverse range
of organic and inorganic anions, solvents, and also the urea
group (self-hydrogen bonding) which make it a potential build-
ing block for designing new supramolecular structures. A com-
prehensive examination of these interactions reveals that six
membered cyclic R2

1(6), eight membered cyclic R2
2(8), and dis-
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crete type D(2) H-bonding interactions are the most abundant
in compounds containing the urea functional group.17–19 The
analysis of hydrogen bonding in urea-based frameworks plays
a crucial role in enabling more effective and diverse appli-
cations. Hydrogen bonds provide structural flexibility and
enhanced interaction capabilities with guest molecules, allow-
ing these frameworks to achieve tailored functionalities.17 For
example, in gas adsorption, the hydrogen bonding sites
improve the capture and separation of gases like SO2 and
NH3.

20 In catalytic activities, these interactions facilitate reac-
tion pathways by stabilizing intermediates,21 while in sensing
applications, hydrogen bonds enhance the selective reco-
gnition of specific molecules, such as heavy metals or nitroaro-
matic compounds.22,23 This targeted functionality demon-
strates how hydrogen bonding analysis is essential for optimiz-
ing these frameworks for practical uses across various scienti-
fic and industrial fields.17

The concept of “supramolecular isomerism” is an impor-
tant aspect of crystal engineering because it illuminates the
self-organization of supramolecular assemblies in crystalline
materials.24,25 Following a review by Moulton and Zaworotko
in 2001, this term gained prominence.26 It refers to a phenom-
enon similar to molecular isomerism, but occurring in more
extended systems (organic or metal–organic systems), in which
the building blocks are held together by non-covalent inter-
actions such as hydrogen bonding, halogen bonding, π–π
interactions and coordination bonding.27A variety of para-
meters such as the solvent system,28–33 temperature,34–36 pH
value,37,38 molar ratio,39 additive,28 ligand flexibility,40,41 and
so on, might possibly influence the construction of supramole-
cular isomers. It should be mentioned that the terms “supra-
molecular isomerism” and “polymorphism” in organic and
metal–organic networks are quite similar and, in some cases,
difficult to distinguish.42–44 In this context, “polymorphism”

refers to the presence of several superstructures formed from
the same reactant’s molecular building blocks.26,45 The term
“pseudopolymorphism” also known as “solvatomorphism”

represents significant categories of supramolecular com-
pounds, exhibiting variations in the structure concerning the
number or nature of guest solvent(s).46,47 Supramolecular
isomers, on the other hand, have various network configur-
ations or architectures that have similar chemical compo-
sitions but differ in their superstructures. Consequently, “poly-
morphism” or “pseudopolymorphism” might be considered
sort of supramolecular isomerism because it can be explained
by supramolecular interactions.45,48 Polymorphism and pseu-
dopolymorphism are prevalent in solid-state chemistry,
especially in the pharmaceutical field, where variations in
crystal forms significantly affect the material performance.49

For active pharmaceutical ingredients (APIs), different poly-
morphs or solvatomorphs can exhibit unique physical and
chemical properties, such as solubility, stability, and reactivity,
which influence drug efficacy, bioavailability, and shelf life.50

Understanding and characterization of solvatomorph forms
are therefore essential in drug development to ensure consist-
ent drug performance and optimize formulation

conditions.49,50 For instance, the solvatomorphs of naproxen
sodium with solvents such as ethanol, n-propanol, isopro-
panol, n-butanol and isobutanol have been characterized,
revealing that the molecular size of each solvent significantly
affects the desolvation properties of each crystal form of these
solvatomorphs.51 Although non-covalent interactions are
crucial in controlling pseudopolymorphism, systematic studies
specifically examining their precise influence on stabilizing
various pseudopolymorphic forms of inorganic systems are
relatively scarce.28,45 For example, in 1D pseudopolymorphic
Cu(I) CPs synthesized through self-assembly in different sol-
vents, supramolecular interactions such as hydrogen bonding,
π–π stacking, and halogen bonding (notably I−⋯π and S⋯π
interactions) stabilize distinct structural conformations, high-
lighting their essential role in maintaining diverse pseudopoly-
morphic forms.52

One of the successful methodologies in the construction of
supramolecular assemblies is isostructurality which refers to
the identical or nearly identical crystal structures displayed by
different chemical compounds.53–61 The degree of similarity
among crystals of small molecules can mainly be ascribed to
directional interactions, which are characterized as supramole-
cular synthons.62–65 There are a limited number of systematic
studies on the construction of isostructural supramolecular
architectures in coordination compounds using diverse build-
ing units, such as organic linkers or metal ions.66–68

Isostructural CPs and MOFs with the same metals but distinct
organic linkers are produced, allowing for a detailed examin-
ation into how different organic linkers affect sensing and gas
sorption or separation capabilities.69–72 Nevertheless, metal
ions, which act as the nodes of coordination polymers, have a
substantial impact on their physical and chemical properties
such as catalysis73 and gas adsorption.74,75 The exploration
and discussion of the impact of central metals on different
behaviors have been limited.76–79 To expand our understand-
ing of the relationship between the identity of metal centers
and isostructurality, the synthesis of pseudoholomorphic CPs
containing ditopic urea-based linkers and different d10 metal
ions was carried out. Among these linkers, 1,3-di(pyridin-4-yl)
urea (4bpu) is a versatile ligand with pyridyl groups that serve
as primary coordination sites, particularly for d10 metals like
ZnII, CdII, and HgII. The nitrogen atoms of the pyridyl groups
strongly bind to these metals due to their lone pairs and the
high Lewis acidity of metals. This ligand can act as a bridge,
forming one-dimensional, two-dimensional, or three-dimen-
sional frameworks based on the coordination geometry of the
metal and reaction conditions.17

Herein, we report the syntheses and structural characteriz-
ation of six isostructural urea-based pseudopolymorph CPs of
divalent d10 metal ions of group 12, having the {[M(4bpu)I2]S}n
general formula: S = MeOH or EtOH, M = Zn (Zn-MeOH and
Zn-EtOH), Cd (Cd-MeOH and Cd-EtOH), and Hg (Hg-MeOH
and Hg-EtOH). This study allowed us to find robust and repeti-
tive supramolecular synthons responsible for construction of
MeOH and EtOH pseudopolymorphs in this family of coordi-
nation polymers.
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Experimental section
Materials and instruments

All reagents and solvents were obtained from commercial
sources and were used directly without further purification.
The ligand 1,3-di(pyridin-4-yl)urea (4bpu) was synthesized fol-
lowing the literature procedure80 and was characterized by (1H
& 13C) NMR and FTIR spectroscopy (Fig. S1 and S2, ESI†).
NMR spectra were recorded on a Bruker DRX-300 Avance NMR
spectrometer. Infrared spectra were recorded on an MB102
Bomem spectrometer with KBr pellets in the 400–4000 cm−1

region. A Thermo Nicolet Nexus 470 was utilized for recording
attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra in the region of 650 to 4000 cm−1. Melting
points were determined on an Electrothermal 9100 melting
point apparatus and were uncorrected. The X-ray powder diffr-
action (PXRD) patterns were collected on a STADIP STOE
apparatus. Elemental analyses (CHN) were performed on a
Vario EL III elemental analyzer. TGA analyses were carried out
using a Mettler Toledo Star SW 10.00 instrument under a
flowing N2 atmosphere at a heating rate of 10 °C min−1.

Caution: Cadmium(II) and mercury(II) compounds should be
handled with care due to their high toxicity.

Synthesis of pseudopolymorphic coordination polymers

{[Zn(4bpu)I2]MeOH}n (Zn-MeOH). Compound Zn-MeOH was
synthesized by treatment of the organic ligand and zinc iodide
in MeOH under thermal gradient conditions (the convection
technique81). For this purpose, 1,3-di(pyridin-4-yl)urea (4bpu)
(0.0428 g, 0.2 mmol) and ZnI2 (0.0638 g, 0.2 mmol) in a
1 : 1 mol ratio were placed in the main arm of a branched tube.
MeOH was carefully added to fill both arms completely. The
tube was sealed and the main arm was immersed in an oil
bath at 60 °C while the other arm was kept at ambient temp-
erature for several days and colorless needle shaped single

crystals of Zn-MeOH were formed (Scheme 1). Yield: 74%. m.p:
240 °C. Elemental analysis for C11H10I2N4OZn: calculated: C,
24.77; H, 1.89; N, 10.50%; found: C, 23.62; H, 2.22; N, 9.95%.
FTIR (KBr pellet, cm−1) (Fig. S3†): 3476(w), 3373(w), 3292(w),
3091(w), 3033(w), 2360(w), 1742(m), 1589(s), 1507(s), 1431(m),
1333(m), 1288(s), 1257(w), 1180(s), 1063(m), 1024(s), 833(s),
745(w), 666(w), 552(m), 534(m), 418(w).

{[Zn(4bpu)I2]EtOH}n (Zn-EtOH). The synthesis procedure
and thermal gradient conditions were similar to the synthesis
of Zn-MeOH except that EtOH was used instead of MeOH.
Colorless plate shaped single crystals of Zn-EtOH were col-
lected after several days (Scheme 1). Yield: 71%. m.p: 248 °C.
Elemental analysis for C11H10I2N4OZn: calculated: C, 24.77; H,
1.89; N, 10.50%; found: C, 23.58; H, 2.28; N, 9.95%. FTIR (KBr
pellet, cm−1) (Fig. S4†): 3476(w), 3373(m), 3280(m), 3183(w),
3091(w), 3022(w), 2359(w), 1742(m), 1590(s), 1508(s), 1431(m),
1333(m), 1289(s), 1257(w), 1180(s), 1063(m), 1025(s), 909(w),
833(s), 745(m), 666(w), 552(w), 534(s).

{[Cd(4bpu)I2]MeOH}n (Cd-MeOH). The synthesis procedure
and thermal gradient conditions were similar to the synthesis
of Zn-MeOH except that CdI2 (0.0739 g, 0.2 mmol) was used
instead of ZnI2 (Scheme 1). After several days, colorless needle
shaped single crystals of Cd-MeOH were collected (yield: 75%.
m.p: 235 °C). Elemental analysis for C11H10I2N4OCd: calcu-
lated: C, 22.76; H, 1.74; N, 9.65%; found: C, 21.71; H, 2.09; N,
9.22%. FTIR (KBr pellet, cm−1) (Fig. S5†): 3489(w), 3298(w),
3205(w), 3091(w), 2359(w), 1739(m), 1590(s), 1521(s), 1506(s),
1429(m), 1333(m), 1287(s), 1254(w), 1183(s), 1061(m), 1017(s),
960(w), 910(w), 830(s), 744(m), 659(w), 545(m), 534(s).

{[Cd(4bpu)I2]EtOH}n (Cd-EtOH). Under the same thermal
gradient conditions, colorless needle shaped single crystals of
Cd-EtOH were collected (Scheme 1). The procedure was similar
to the synthesis of Cd-MeOH except that EtOH was used
instead of MeOH. After several days, colorless needle shaped
single crystals of Cd-EtOH were collected (yield: 74%. m.p:

Scheme 1 Synthesis method and optical microscopic images of compounds M-MeOH and M-EtOH (M = Zn, Cd and Hg).
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242 °C). Elemental analysis for C11H10I2N4OCd: calculated: C,
22.76; H, 1.74; N, 9.65%; found: C, 21.68; H, 2.09; N, 9.22%.
FTIR (KBr pellet, cm−1) (Fig. S6†): 3307(w), 3200(w), 3091(w),
1741(w), 1711(m), 1588(s), 1517(s), 1430(m), 1334(m), 1291(m),
1251(w), 1187(s), 1062(w), 1016(m), 830(s), 743(w), 668(w),
658(w), 586(w), 544(w), 530(s).

{[Hg(4bpu)I2]MeOH}n (Hg-MeOH). The synthesis procedure
and thermal gradient conditions were similar to the synthesis
of Zn-MeOH except that HgI2 (0.073 g, 0.2 mmol) was used

instead of ZnI2 (Scheme 1). After several days, colorless needle
shaped single crystals of Hg-MeOH were collected (yield: 73%.
m.p: 215 °C). Elemental analysis for C11H10I2N4OHg: calcu-
lated: C, 19.76; H, 1.51; N, 8.38%; found: C, 18.79; H, 1.80; N,
8.03%. FTIR (KBr pellet, cm−1) (Fig. S7†): 3497(w), 3359(w),
3326(w), 3192(w), 3101(w), 3051(w), 3017(w), 1941(w), 1837(w),
1735(s), 1691(s), 1593(m), 1526(m), 1424(m), 1362(w), 1330(m),
1284(m), 1253(w), 1239(w), 1177(m), 1061(m), 1009(s), 908(w),
861(m), 827(s), 797(w), 744(m), 730(w), 688(m), 650(m), 531(s).

Fig. 1 View of the coordination environment around the metal center with the atom labeling scheme in (a) compounds Zn-MeOH, Cd-MeOH and
Hg-MeOH and (b) compounds Zn-EtOH, Cd-EtOH and Hg-EtOH. Color code: metal (M), beige; O, red; N, blue; C, grey; I, purple and H, white.

Table 1 Crystallographic and structure refinement data for compounds M-MeOH and M-EtOH (M = Zn, Cd and Hg)

Zn-MeOH Zn-EtOH Cd-MeOH Cd-EtOH Hg-MeOH Hg-EtOH

Formula C12H14I2N4O2Zn C13H16I2N4O2Zn C12H14I2N4O2Cd C13H16I2N4O2Cd C12H14I2N4O2Hg C13H16I2N4O2Hg
Formula weight 565.46 579.49 612.47 626.51 700.66 714.69
Crystal color, habit Colorless, needle Colorless, plate Colorless, needle Colorless, needle Colorless, needle Colorless, needle
T (K) 298(2) 298(2) 298(2) 298(2) 298(2) 298(2)
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group Pna21 Pna21 Pna21 Pna21 Pna21 Pna21
Crystal size (mm) 0.50 × 0.20 × 0.20 0.25 × 0.20 × 0.10 0.30 × 0.20 × 0.15 0.30 × 0.20 × 0.10 0.20 × 0.15 × 0.10 0.25 × 0.15 × 0.10
a (Å) 9.1201(18) 8.9539(18) 9.1508(18) 9.0475(18) 9.1437(18) 9.0388(18)
b (Å) 10.018(2) 10.616(2) 10.063(2) 10.378(2) 10.043(2) 10.366(2)
c (Å) 19.490(4) 19.707(4) 19.884(4) 20.096(4) 19.926(4) 20.154(4)
V (Å3) 1780.8(6) 1873.2(6) 1831.0(6) 1886.9(6) 1829.8(6) 1888.5(7)
Z 4 4 4 4 4 4
Dcalc. (g cm−1) 2.109 2.055 2.222 2.205 2.543 2.514
θmin, θmax (°) 2.286–24.977 2.179–24.999 2.268–24.996 2.209–24.998 2.271–24.996 2.021–24.494
F000 1064 1096 1136 1168 1264 1296
µ (mm−1) 4.854 4.617 4.572 4.440 11.794 11.430
Index ranges −9 ≤ h ≤ 10 −10 ≤ h ≤ 9 −9 ≤ h ≤ 10 −9 ≤ h ≤ 10 −9 ≤ h ≤ 10 −10 ≤ h ≤ 9

−11 ≤ k ≤ 11 −12 ≤ k ≤ 11 −11 ≤ k ≤ 10 −12 ≤ k ≤ 10 −11 ≤ k ≤ 10 −10 ≤ k ≤ 12
−23 ≤ l ≤ 20 −23 ≤ l ≤ 20 −20 ≤ l ≤ 23 −23 ≤ l ≤ 20 −23 ≤ l ≤ 20 −20 ≤ l ≤ 23

Data collected 5320 5358 5229 5383 5204 5218
Unique data, (Rint) 2699, (0.1182) 3064, (0.1101) 2852, (0.0858) 3054, (0.0902) 2987, (0.1319) 2940, (0.1214)
R1

a, wR2
b (I > 2σ(I)) 0.0681, 0.1642 0.0689, 0.1599 0.0589, 0.1330 0.0604, 0.1387 0.0777, 0.1576 0.0648, 0.1300

R1
a, wR2

b (all data) 0.0888, 0.1757 0.1084, 0.1766 0.0826, 0.1445 0.0865, 0.1500 0.1596, 0.1946 0.1461, 0.1596
GOF on F2 (S) 0.974 0.979 0.886 0.918 0.916 0.895
Largest diff. peak,
hole (e Å−3)

0.971, −1.278 0.813, −0.572 1.071, −1.357 0.864, −0.661 1.335, −0.842 0.980, −1.179

CCDC No. 2391447 2391448 2391449 2391450 2391451 2391452

a R1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑(w(Fo

2 − Fc
2)2)/∑w(Fo

2)2]1/2.
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{[Hg(4bpu)I2]EtOH}n (Hg-EtOH). The synthesis and thermal
gradient conditions were the same as those for Hg-MeOH
except that EtOH was used instead of MeOH (Scheme 1). After
several days, colorless needle shaped single crystals of
Hg-EtOH were collected (yield: 71%. m.p: 220 °C). Elemental
analysis for C11H10I2N4OHg: calculated: C, 19.76; H, 1.51; N,
8.38%; found: C, 18.82; H, 2.00; N, 8.03%. IR (KBr pellet,
cm−1) (Fig. S8†): 3523(w), 3359(w), 3326(w), 3304(w), 3206(w),
3114(w), 3045(w), 1942(w), 1837(w), 1735(s), 1691(s), 1596(s),
1526(m), 1425(m), 1363(w), 1330(m), 1284(m), 1253(w),
1233(w), 1176(m), 1085(w), 1061(m), 1009(s), 908(w), 855(m),
827(s), 797(m), 745(m), 727(m), 689(m), 650(m), 530(s).

Single-crystal X-ray diffraction studies

Details of the crystal structure determination for M-MeOH and
M-EtOH (M = Zn, Cd and Hg) are presented in the ESI.† The

crystal data and refinement details for all compounds are sum-
marized in Table 1. The selected bond distances and angles
for all compounds are given in Table S1.†

Results and discussion
Synthesis

The 4bpu ligand was prepared by using the reported method80

and confirmed by spectroscopic methods. All coordination
polymers were prepared in high yield by the self-assembly
process of 4bup and MI2 (M = Zn, Cd and Hg) at a mole ratio
of 1 : 1 under thermal gradient conditions (convection tech-
nique). Distinguishingly, the single crystals of these com-
pounds were obtained from the MeOH or EtOH solvent system
during the synthesis procedure (Scheme 1).

Structural description of isostructural pseudopolymorph CPs

The main skeleton of all six synthesized M-MeOH and M-EtOH
(M = Zn, Cd and Hg) compounds were the same and isostruc-
tural with the orthorhombic Pna21 space group. So, the struc-
tures of Zn-MeOH and Zn-EtOH are discussed as representa-
tives. The structures of Cd-MeOH, Cd-EtOH, Hg-MeOH and
Hg-EtOH will not be described in detail. Fig. S9† depicts the
ORTEP diagram and atomic labeling of all compounds and
details of crystallographic data and parameters are given in
Table 1. Unfortunately, despite many efforts, we were unable to
grow higher quality crystals of these compounds and this was
the highest resolution possible from the available data
(Fig. S10–S12†).

The asymmetric unit of Zn-MeOH and Zn-EtOH contained
one ZnII ion, one 4bpu ligand, two coordinated iodide anions
and one MeOH molecule for Zn-MeOH, as well as one EtOH
molecule for Zn-EtOH (Fig. 1 and Fig. S9†). Each ZnII center is
four-coordinate with two nitrogen atoms from two different 4bpu
ligands and two iodide anions in Zn-MeOH and Zn-EtOH.

The geometry of the four-coordinate metal centers can be
described by an angular index (τ4) parameter, which was
defined by Houser and co-workers as follows (eqn (1)):

τ4 ¼ 360°� ðαþ βÞ
141°

ð1Þ

where α and β are the two largest angles around a four-coordi-
nate metal center. A τ4 value of 0 would correspond to a square
planar geometry, τ4 values of 0.07, 0.18, 0.5 and 0.64 corres-
pond to a seesaw geometry, a τ4 value of 0.85 corresponds to a
trigonal pyramidal geometry, and a τ4 value of 1 corresponds
to a tetrahedral geometry.82 These isostructural CPs have dis-

Table 2 Geometric characteristics for zig-zag chains of M-MeOH and M-EtOH (M = Zn, Cd and Hg)

Zn-MeOH Zn-EtOH Cd-MeOH Cd-EtOH Hg-MeOH Hg-EtOH

M1⋯M2, d [Å] 14.145 14.221 14.542 14.595 14.760 14.804
M1⋯M3 (length of the zig-zag chain period), D [Å] 21.914 22.384 22.285 22.618 22.314 22.664
M1⋯M2⋯M3 angle, α [°] 101.55 103.82 100.03 101.58 98.21 99.90

Fig. 3 (a) Structural overlay image of ligands in M-MeOH and M-EtOH
(M = Zn, Cd and Hg). Metal ions are shown as balls. (b) M⋯M distances
(D, d/Å) and M⋯M⋯M angles (α/°) in zig-zag chains.

Fig. 2 A section of the 1D chain structure of (a) compounds M-MeOH
(M = Zn, Cd and Hg) and (b) compounds M-EtOH (M = Zn, Cd and Hg).
Metal polyhedra are shown in light beige for the metal coordination
environment.
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torted trigonal-pyramidal coordination geometry around ZnII,
CdII and HgII metal centers. Geometry and angular parameter
τ4 for all compounds are listed in Table S2.† The Zn–N/I, Cd–
N/I and Hg–N/I bond lengths (Table S1, ESI†) are all located in
the normal accepted range of ZnII, CdII and HgII coordination
compounds, respectively.30,83–86 The molecular geometry of
the 4bpu ligand is found to be slightly nonplanar in all com-
pounds, as evident from the corresponding dihedral angles

involving pyridyl-urea and pyridyl–pyridyl planes (Fig. S13,
ESI†). In Zn-MeOH and Zn-EtOH the ligand displayed nonpla-
narity with the dihedral angles of 6.29 and 6.64° involving py1-
urea planes, dihedral angles of 5.37 and 5.63° involving py2-
urea planes and dihedral angles of 7.67 and 9.25° involving
the terminal pyridyl rings, respectively.

In all compounds, each 4bpu links two metal (M) centers to
afford an M2L unit that propagates into a one-dimensional

Fig. 4 The 2D supramolecular layer assembled by hydrogen bond and lone pair–π interactions. These interactions are represented by yellow and
green dashed lines. Blue and orange dashed lines denote hydrogen bonds between the MeOH/EtOH and the framework in (a) compounds Zn-
MeOH, Cd-MeOH and Hg-MeOH and (b) compounds Zn-EtOH, Cd-EtOH and Hg-EtOH.
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Table 3 Geometry of hydrogen bonds (D–H⋯A) for Zn-MeOH and Zn-EtOH

Compounds D–H⋯A d(D–H)/Å d(H⋯A)/Å d(D⋯A)/Å ∠D–H⋯A/°

Zn-MeOH N2–H2A⋯O2#1 0.78(7) 2.20(13) 2.93(4) 157(16)
N3–H3A⋯O2#1 0.78(4) 2.09(5) 2.84(4) 163(6)
O2–H2B#1⋯I2#2 0.78(6) 2.78(5) 3.56(3) 175(9)
C12–H12A#1⋯I2#3 0.96 3.40 4.17 138.2
C2–H2⋯I1#4 0.93 3.96 3.15 146.9
C3–H3⋯I1#4 0.93 3.79 4.27 115.3
C4–H4⋯O1 0.93 2.23 2.82(3) 121.0
C8–H8⋯O1 0.93 2.24 2.82(3) 120.0

Symmetry codes: #1: x, y − 1, z − 1; #2: −x + 1, −y, z − 1/2; #3: –x + 1/2, y − 1/2, z − 1/2; #4: x − 1/2, −y − 1/2, z
Zn-EtOH N2–H2A⋯O2#1 0.86 2.21 2.99(4) 151.0

N3–H3A…O2#1 0.86 2.02 2.85(4) 160.0
O2–H2B#1⋯I2#2 0.9(4) 2.7(4) 3.56(3) 169.0
C12–H12B⋯I2#3 0.97 3.18 4.07 153.5
C2–H2⋯I1#4 0.93 3.47 4.32 151.8
C3–H3⋯I1#4 0.92 4.28 4.72 112.7
C4–H4⋯O1 0.93 2.22 2.82(3) 122.0
C8–H8⋯O1 0.93 2.30 2.87(3) 119.0

Symmetry codes: #1: x + 1/2, −y + 1/2, z + 1; #2: −x + 1, −y, z + 1/2; #3: −x + 3/2, y − 1/2, z + 1/2; #4: x + 1/2, −y − 1/2, z

Table 4 Geometry of hydrogen bonds (D–H⋯A) for Cd-MeOH and Cd-EtOH

Compounds D–H⋯A d(D–H)/Å d(H⋯A)/Å d(D⋯A)/Å ∠D–H⋯A/°

Cd-MeOH N2–H2A⋯O2 0.86 2.16 2.96(4) 154.0
N3–H3A⋯O2 0.86 2.11 2.94(4) 160.0
O2–H2B⋯I2#1 0.9(2) 2.7(3) 3.61(3) 170.0
C12–H12A⋯I2#2 0.96 3.46 4.24 140.2
C2–H2⋯I1#3 0.93 3.12 3.96 150.7
C3–H3⋯I1#3 0.92 3.87 4.33 114.2
C4–H4⋯O1 0.93 2.22 2.82(3) 121.0
C8–H8⋯O1 0.93 2.22 2.82 121.0

Symmetry codes: #1: −x + 1, −y + 1, z + 1/2; #2: −x + 3/2, y − 1/2, z + 1/2; #3: x + 1/2, −y + 1/2, z
Cd-EtOH N2–H2A⋯O2#1 0.86 2.18 2.98(3) 153.0

N3–H3A⋯O2#1 0.86 2.10 2.92(3) 159.0
O2–H2B#1⋯I2#2 0.86(7) 2.77(7) 3.61(2) 164(7)
C12–H12B#1⋯I2#3 0.97 3.53 4.18 126.3
C2–H2⋯I1#4 0.92 3.27 4.13 153.7
C3–H3⋯I1#4 0.93 4.10 4.54 112.4
C4–H4⋯O1 0.93 2.25 2.83(3) 120.0
C8–H8⋯O1 0.93 2.18 2.80(3) 123.0

Symmetry codes: #1: x, y − 1, z + 1; #2: −x, −y, z + 1/2; #3: –x + 1/2, y − 1/2, z + 1/2; #4: x + 1/2, −y − 1/2, z

Table 5 Geometry of hydrogen bonds (D–H⋯A) for Hg-MeOH and Hg-EtOH

Compounds D–H⋯A d(D–H)/Å d(H⋯A)/Å d(D⋯A)/Å ∠D–H⋯A/°

Hg-MeOH N2–H2A⋯O2 0.86 2.09 2.90(7) 157.0
N3–H3A⋯O2 0.86 2.17 2.98(7) 156.1
O2–H2B⋯I2#1 0.87(3) 2.86(15) 3.65(5) 151(25)
C12–H12B⋯I2#2 0.95 3.78 4.24 111.9
C2–H2⋯I1#3 0.92 3.14 3.95 147.0
C3–H3⋯I1#3 0.92 3.82 4.30 115.6
C4–H4⋯O1 0.93 2.24 2.83(6) 120.6
C8–H8⋯O1 0.93 2.27 2.82(6) 117.0

Symmetry codes: #1: −x + 1, −y + 1, z + 1/2; #2: −x + 1/2, y − 1/2, z + 1/2; #3: x − 1/2, –y + 1/2, z
Hg-EtOH N2–H2A⋯O2#1 0.86 2.20 3.00(6) 153.0

N3–H3A⋯O2#1 0.86 2.04 2.86(7) 160.0
O2–H2B#1⋯I2#2 0.9(4) 2.9(4) 3.66(4) 158.0
C12–H12A#1⋯I2#3 0.97 3.75 4.26 115.1
C2–H2⋯I1#4 0.92 3.28 4.13 153.4
C3–H3⋯I1#4 0.92 4.03 4.48 113.3
C4–H4⋯O1 0.93 2.25 2.86(5) 122.0
C8–H8⋯O1 0.93 2.25 2.84(5) 121.0

Symmetry codes: #1: x, y, z + 1; #2: −x + 1, −y + 1, z + 1/2; #3: −x + 3/2, y + 1/2, z + 1/2; #4: x + 1/2, −y + 3/2, z
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(1D) zig-zag chain in which the distance between two adjacent
ZnII ions is 14.145 and 14.221 Å for Zn-MeOH and Zn-EtOH,
respectively (Fig. 2, Fig. S14 and S15†).

Comparing overlay images of these isostructural com-
pounds, subtle differences in atomic positions, bond lengths,
and dihedral angles become apparent. Understanding these
distinctions is crucial for comprehending the implications of
chemical substitutions in crystal structures (Fig. 3a). In all
compounds, the formed 1D zig-zag chains can be described by
the M⋯M distances and M⋯M⋯M angles (Fig. 3b, Fig. S14,
S15 ESI,† and Table 2). The values in Table 2 show how close
are architectures of the one-dimensional zig-zag chains in all
cases.

Interestingly, the typical bifurcated hydrogen bonding inter-
action between urea moieties (interaction between the carbo-
nyl oxygen atom and the two N–H of the adjacent urea groups)
that lead to the formation of 1D hydrogen bonded α-tape motif
was absent in these structures. Instead, in a competition
between the common α-tape hydrogen bonding and the inter-
action with the molecules of the alcoholic solvents used, the
1D chains are connected by the hydrogen bonding of the urea
group with the guest solvents MeOH or EtOH molecules. As

illustrated in Fig. 4, one such a connection is built by a set of
bifurcated N–H⋯O and one C–H⋯I hydrogen bonded paths:
∼(ligand)N–H⋯O(MeOH or EtOH)C–H⋯I(MIIIN2)∼. According
to graph set notation87,88 this sequence can be written as R1

2(6)
D(2). In these supramolecular structures, the oxygen atom (O2)
of MeOH and EtOH guest molecules and also coordinated
iodide anions (I1) act as bifurcated hydrogen bond acceptors.
In summary, (aromatic)C–H⋯I, (MeOH or EtOH)C–H⋯I,
(MeOH or EtOH)O–H⋯I hydrogen bonds and also urea–
CvO⋯πpy play a crucial role in the crystal packing of these
pseudopolymorphs. There are two intramolecular C–H⋯O
hydrogen bonding interactions in 4bpu ligands. A more
detailed description of the hydrogen bond interactions for Zn-
MeOH/Zn-EtOH, Cd-MeOH/Cd-EtOH and Hg-MeOH/Hg-EtOH
is provided in Tables 3–5 and Fig. S16 and S17,† respectively.

Scheme 2 illustrates the geometric parameters of urea–
CvO⋯πpy interactions and provides an overview of the classi-
fied lone pair–π interactions as localized (η1), semilocalized
(η2) and delocalized (η6).89 In the case of Cg(1) and Cg(2) in all
titled compounds, according to the urea–CvO⋯πpy geometric
parameters (Table 6), particularly the r value which is slightly
longer than the sum of the Bondi’s van der Waals radii of the

Scheme 2 Geometrical parametersa (left panel) and urea–CvO⋯πpy classification (right panel)b.89 aDcentroid is the oxygen distance from the cen-
troid of ring atoms. dplane is the normal line from the oxygen to the ring plane. doffset is the parameter which determines the displacement of oxygen
from the center of the aromatic ring [doffset = (Dcentroid

2 − dplane
2)1/2]. br is the shortest distance between the oxygen and ring member atom, centroid

of bond or centroid of the ring atoms.

Table 6 Distances (Dcentroid, dplane, doffset, r/Å) and angles (α, β/°) for the description of the lone pair–π interactions in M-MeOH and M-EtOH (M =
Zn, Cd and Hg)a

Compounds Interaction Dcentroid dplane doffset α β r/atom(s) Classification

Zn-MeOH CvO⋯πpy1 3.565 3.338 1.25 97.11 69.44 3.349/C1–C4 η2-SL
CvO⋯πpy2 3.750 3.161 2.01 69.93 57.45 3.256/C7–C9 η2-SL

Zn-EtOH CvO⋯πpy1 3.565 3.338 1.25 97.50 69.44 3.349/C1–C4 η2-SL
CvO⋯πpy2 3.944 3.190 2.31 64.18 53.98 3.390/C7–C9 η2-SL

Cd-MeOH CvO⋯πpy1 3.507 3.315 1.14 97.67 70.95 3.335/C1–C4 η2-SL
CvO⋯πpy2 3.766 3.196 1.99 67.59 58.06 3.300/C7–C9 η2-SL

Cd-EtOH CvO⋯πpy1 3.516 3.329 1.13 98.16 71.22 3.338/C1–C4 η2-SL
CvO⋯πpy2 3.814 3.220 2.04 68.30 57.59 3.332/C7–C9 η2-SL

Hg-MeOH CvO⋯πpy1 3.462 3.305 1.03 96.27 72.67 3.323/C1–C4 η2-SL
CvO⋯πpy2 3.793 3.239 1.97 67.77 58.64 3.342/C7–C9 η2-SL

Hg-EtOH CvO⋯πpy1 3.503 3.376 0.93 95.58 74.52 3.405/C1–C4 η2-SL
CvO⋯πpy2 3.857 3.227 2.11 66.09 56.78 3.360/C7–C9 η2-SL

a πpy1: N1–C1–C4–C5–C3–C2, πpy2: N4–C10–C9–C7–C8–C11.
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oxygen and carbon atoms (∑RvdW = 3.22 Å),90 these inter-
actions can be classified as semilocalized (η2-SL) interaction.91

In order to study of the urea–CvO⋯πpy interactions in more
detail, we have conducted an extensive single-crystal X-ray crys-
tallographic study on the Cambridge Structural Database
(CSD)92 with the help of ConQuest version 2024.1.0. This
search focused on urea–CvO⋯π interactions and C⋯O con-
tacts with a 4-substituted pyridyl ring in urea-based com-
pounds. The processing of the obtained data allowed the reco-
gnition of several more examples of these intermolecular inter-

actions (Fig. 5). In the CSD, 278 structures containing at least
one urea–CvO group and a 4-substituted pyridyl ring have
been identified. A detailed examination of the corresponding
CIF files reveals that 47 structures (16.9% of the total) exhibit
at least one lone pair–π interaction. In total, 118 lone pair–π
contacts were identified.

Isostructurality of compounds

The similarity between all compounds with respect to their
subassemblies or supramolecular constructs (SC) was exam-

Table 7 Structural similarity (3D and 1D) parameters for the isostructural CPs

Combination Dissimilarity index (X) δa (°) δp (°) D (Å)

3D isostructurality Zn-MeOH & Zn-EtOH 3.3 1.7 2.8 0.23
Cd-MeOH & Cd-EtOH 2.1 1.0 1.8 0.13
Hg-MeOH & Hg-EtOH 2.8 1.2 2.5 0.15
Cd-MeOH & Hg-MeOH 2.2 0.8 2.0 0.03
Cd-EtOH & Hg-EtOH 2.5 0.9 2.3 0.05
Cd-MeOH & Hg-EtOH 2.9 1.2 2.7 0.17
Cd-EtOH & Hg-MeOH 2.8 1.3 2.5 0.11

1D isostructurality Zn-MeOH & Cd-MeOH 16.1 8.6 13.6 0.18
Zn-MeOH & Hg-MeOH 16.8 8.9 14.1 0.20
Zn-EtOH & Cd-EtOH 16.5 8.8 14.0 0.11
Zn-EtOH & Hg-EtOH 17.4 9.1 14.8 0.14
Zn-MeOH & Cd-EtOH 15.7 8.5 13.2 0.35
Zn-MeOH & Hg-EtOH 16.5 8.8 13.9 0.37

Fig. 5 An illustration of the search protocols. Scatter plots of the plane-centroid⋯OvC angle versus the shortest atom⋯OvC distance, bond-
centroid⋯OvC distance and ring centroid⋯OvC distance that are in the acceptable range and extracted from the CSD data.
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ined using XPac 2.0.2 software introduced by Gelbrich and co-
workers.93–95 All the atomic coordinates (in crystal geometry)
except the hydrogen atoms, were considered for the XPac ana-

lysis. Table 7 and Fig. 6 show the overall structural similarity
among these six crystal structures. Supramolecular constructs
are the subcomponents of crystal structures that have geo-

Fig. 7 Hirshfeld surfaces mapped with dnorm (left panel), shape index (middle panel) and curvedness (right panel) for the presented compounds.

Fig. 6 Map showing the structural similarity (3D, 1D, and no similarity) for the six crystal structures. The gray color indicates a similar combination.
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metrical closeness with respect to the conformation and posi-
tion of molecules. The comparison of the structures is merely
based on the geometrical basis that takes account of angular,
planar, and distance relationships between the kernel mole-
cule (central molecule) and the cluster molecules (surrounding
molecules) of a given coordination sphere of molecules gener-
ated around a central molecule by relative symmetry oper-
ations of the space group of each structure considered for com-
parison. The XPac dissimilarity index (X)95 calculated for a
coordination sphere comprising a kernel (central molecule)

and other shell molecules shows 3D similarly between Zn-
MeOH and Zn-EtOH with an (X) value of 3.3. The pertinent
values of geometrical parameters i.e., angles [a] and planes [p]
used to calculate (X) for Zn-MeOH and Zn-EtOH are 1.7 and
2.8, respectively. Moreover, intriguing insights can be extracted
from the Fig. S18 and S19.† In the plot of δp (°) vs. δa (°), more
data points close to the origin (i.e., data points at lower angles
[a]) signify more similarity among the crystal structures. Thus,
compound Zn-MeOH is more similar to compound Zn-EtOH
than other compounds. Furthermore, when plotting (X)

Fig. 8 Fingerprint plots of compounds, full and resolved into I⋯H/H⋯I, H⋯H, and C⋯H/H⋯C contacts showing the percentages of contacts con-
tributing to the total Hirshfeld surface area of the molecules.
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against δd (Å), it provides the stretching parameter ‘D’, which
indicates the degree of elongation in one structure compared
to another. A lower ‘D’ value signifies greater similarity, rein-
forcing the notion that compounds Cd-MeOH and Hg-MeOH
exhibit significant structural resemblance, as illustrated in
Table 7, Fig. S18 and S19.†

Analysis of Hirshfeld surfaces

In order to gain a comprehensive understanding of the
strength and role of hydrogen bonds and other intermolecular
interactions, and to assess their significance in maintaining
the stability of the crystal lattice in all described crystals, we
employed Hirshfeld surface analysis. These analyses serve to
highlight the similarities and distinctions in the inter-
molecular interactions of the studied isostructural coordi-
nation polymers, shedding light on their structural relation-

ships. Hirshfeld surface analysis and 2D fingerprint calcu-
lations were performed using Crystal Explorer96 software, by
importing the atomic coordinates from the CIF files. The dis-
tance from the nearest nucleus inside and outside the surface
was measured and represented by the di and de, respectively,
while a normalized contact distance was represented as dnorm.
The white, red, and blue colors are selected for the visualiza-
tion of the dnorm function with very high resolution. The
Hirshfeld surface analysis of compounds is illustrated in
Fig. 7, showing surfaces that have been mapped over the dnorm
range of −0.7 to 1.6 Å, shape index (−1.0 to 1.0 Å) and curved-
ness (−4.0 to 0.4 Å). The deep red circular depressions on the
dnorm surfaces indicate hydrogen bond interactions, which are
notably present in the crystal structures of all compounds. The
analysis reveals that in the crystal structure of all compounds
the I⋯H hydrogen bonds are the dominant intermolecular

Fig. 9 The relative contribution of different intermolecular interactions to the Hirshfeld surface area in the presented compounds.
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interactions (the highest contributor to the Hirshfeld surface
area). Also, in agreement with the geometrical analysis, it is
found that the iodine atoms in all compounds are involved in
X–H⋯I (X = C and O) hydrogen bonding interactions (Tables
3–5 and Fig. 4). The H⋯H intermolecular interaction is
observed as a small spike, which makes the second most sig-
nificant contribution to the total Hirshfeld surfaces. In
addition, the presence of relatively weak C⋯H/H⋯C inter-
actions is observed (Fig. 8 and 9).

FT-IR spectra

The infrared absorption (FT-IR) spectra of the 4bpu ligand and
M-MeOH and M-EtOH compounds (M = Zn, Cd and Hg) were
obtained using the KBr pellet (Fig. S2–S8, ESI†). All com-
pounds exhibit vibrations related to CvC aromatic, CvO urea,
N–H urea and C–H groups. Upon examining the FT-IR spec-
trum, we find that the stretching vibrational frequency of the
CvO group in all compounds is sharp and changes from 1735
to 1742 cm−1. The absorption peaks at 1588–1596 cm−1 belong
to the bending vibration peak of urea N–H groups. Above
3000 cm−1, stretching vibrational frequencies of the N–H of
the urea group fall between 3200 and 3523 cm−1 and those of
C–H aromatic range from 3045 to 3091 cm−1, appearing as a
weak peak.18,97,98 Since MeOH and EtOH molecules are
removed from the structure of these compounds after grind-
ing, the ATR-FTIR spectra were analyzed to enable sample
preparation without the grinding step. As shown in Fig. S20,†
the differences in the stretching vibrational frequencies of the
C–O bonds in MeOH and EtOH clearly distinguish between
the FT-IR spectrum of M-MeOH and M-EtOH compounds (M =
Zn, Cd and Hg).99

Powder X-ray diffraction (PXRD) and thermogravimetric
analysis (TGA)

To confirm the phase purity of all compounds, the PXRD pat-
terns have been recorded at room temperature. The diffraction
peaks of the as-synthesized samples are in agreement with the
simulated data, indicating the phase purity of the synthesized
compounds (Fig. S21 and S22†). Moreover, as shown in
Fig. S23,† the isostructurality of these compounds is con-
firmed based on comparison of the simulated PXRD patterns
from the X-ray single-crystal data. The thermal stability of com-
pounds has been investigated through thermogravimetric ana-
lysis (TGA), exhibiting similar decomposition patterns
(Fig. S24†). The comparable weight loss patterns observed in
the TGA curves of the Zn-MeOH/Zn-EtOH, Cd-MeOH/Cd-EtOH
and Hg-MeOH/Hg-EtOH imply similar decomposition path-
ways. However, the distinct percentage of weight loss for each
compound indicates a difference in the stability of their frame-
works. It is plausible that variations in the nature of bonding
or the strength of intermolecular forces within the structures
may contribute to the dissimilar thermal behaviors. Table S3†
presents the temperature range, along with the calculated and
observed weight loss percentages for methanol and ethanol
guest molecules.

Conclusion

In summary, this work demonstrates a systematic investigation
of the synthesis of six structurally identical ZnII, CdII and HgII

pseudopolymorphic urea-based coordination polymers. The
crystal structure determination by SC-XRD of these isostruc-
tural coordination polymers revealed one-dimensional zig-zag
chains. The expected bifurcated hydrogen bonds between urea
groups, typically forming an α-tape motif, were absent in these
structures. Instead, the coordination polymers exhibit a
unique arrangement where robust and repetitive hydrogen
bonds between the urea groups and solvent molecules (MeOH
or EtOH) connect the chains, forming a distinctive supramole-
cular network. Additional interactions, including urea–
CvO⋯πpy (lone pair–π) and C–H⋯I hydrogen bonding, con-
tribute to stabilizing the crystal structure. This work is one of
the few systematic studies that comprehensively examines the
aspect of controlling pseudopolymorphism via supramolecular
interactions. These findings highlight the significant role of
solvent interactions in supramolecular assemblies, extend the
understanding of pseudopolymorphism and provide insights
for designing materials with tailored intermolecular
interactions.
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