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ABSTRACT: Two concomitant pseudopolymorph coordination polymers
{[Cd2L2(OAc)4]·2DMSO}n (1) and {[CdL(OAc)2]·2.75H2O}n (2) were
synthesized by self-assembly of 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene
(L) and cadmium acetate in DMSO. Single-crystal X-ray diffraction
confirmed that 1D ladder structural motifs exist for pseudopolymorphs 1
and 2 which contain DMSO and water guest molecules, respectively. Our
study illustrated the active role of solvent water content in obtaining
compound 2. We find that the presence of water as an impurity in the
DMSO solvent creates the possibility of formation of concomitant
pseudopolymorph coordination polymers which is a unique event.
Furthermore, our analyses showed the effect of environmental humidity on
the transformation of unstable compound 1. 1D ladder pseudopolymorphic
compound 1 could be transformed to guest-free 1D linear compound
[CdL(OAc)2(H2O)]n (3′) (the powder form of single crystals of 3) through a scarce case of water absorption from air. Also, the
crystalline material of coordination polymer 3 was transformed to coordination polymer 2 through the dissolution−recrystallization
structural transformation process in DMF or DMSO. Our study clarified that the amount of water in the reaction container can
control the formation of one of the compounds 2 or 3. In the presence of a significant amount of water, compound 3 (coordinated
water) will be produced, whereas if a small amount of water is present, compound 2 (uncoordinated water) is prepared as an
exclusive product.

1. INTRODUCTION
The high potential of coordination polymers (CPs),1 such as
magnetic properties,2,3 catalytic activity,4,5 gas storage and
separation,6,7 electrical conductivity,8,9 and sensing,10,11 has
encouraged chemists and crystal engineers to investigate them
for more than 20 years.1 CPs are able to expand in one, two, or
three dimensions due to a wide variety of factors that can affect
their structure such as ligand(s), metal center(s), anion(s), and
solvent(s).1 One-dimensional (1D) CPs form a wide range of
structures such as ladder, linear, helical, zigzag, rotaxane, and
ribbon.12,13

Solvent system alongside other factors14−16 plays an
important role in tuning the final structure in CPs because it
accepts different roles during the self-assembly process such as
template, ligand, guest, and both ligand and guest.17−20 Solvent
not only is able to change the final structure but also could
affect the crystal’s habit and properties by changing the
dimension and topology,21,22 morphology,16,23 formation of
supramolecular isomers,24,25 conformation of the ligand,26−28

coordination environment of the metal center,29 and pore size
of the structure.30,31 Among solvents, water plays a significant
role due to it being the most abundant and nontoxic/green
solvent. As a result, it has drawn attention through scientific
history. Water can be used not only as a green solvent in
chemical processes but also can be absorbed from air and take

part in the chemical reactions or even interact with the metal
center in the self-assembly process.32−36 In addition, the
special ability of water in forming hydrogen bonds enables this
solvent to form more stable crystalline CPs.37 Another area
that the solvent can play an important role is supramolecular
isomerism.24,25 Supramolecular isomers are compounds with
different supramolecular networks, structure, or topology while
the same chemical compositions are used during the self-
assembly process.38,39 Pseudopolymorphs or solvatomorphs
are important classes of supramolecular compounds that can
differ in the number or type of guest solvent(s) in the
structure.38−43

Sometimes during the self-assembly process, two or more
different kinds of compounds are formed and crystallize
together in a special time or reaction condition. Although this
event is rather rare, there are some reports about it. In a few
interesting cases, supramolecular isomers were formed in the
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reaction vessel concomitantly.44−47 Although structural trans-
formation of CPs in the solid phase is highly regarded,48−56

there are few studies on the structural transformation in the
liquid phase in CPs, especially through dissolution−recrystal-
lization structural transformation (DRST).23,28,36,57−60

Herein, we report the synthesis and crystal structure of two
concomitant pseudo polymorphic CPs 1 and 2 through the
self-assembly process in dimethyl sulfoxide (DMSO) by using
the ditopic nitrogen donor ligand (L) and cadmium acetate.
Our results showed that the 1D ladder motifs of 1 and 2
contain free DMSO and water molecules, respectively. In
addition, we described the important role of water in the
formation/stability of compound 2 and the possibility of
formation of concomitant pseudopolymorphs 1 and 2. Also,
water absorption from air facilitates the single crystal-to-
powder transformation of 1D ladder in 1 to linear chain in 3′.
A similar transformation was reported in our previous work.28

Another transformation in this work was conversion from
compound 3 (1D linear chain with coordinated water) to
compound 2 (1D ladder with guest water) in DMSO or
dimethylformamide (DMF) through the DRST process.

2. EXPERIMENTAL SECTION
2.1. Materials and Instruments. 1,4-Bis(4-pyridyl)-2,3-

diaza-1,3-butadiene (L) was prepared according to the
condensation reported method.61 Compound 3 (crystalline
form of 3′) was synthesized according to previously reported
methods.28 Reagents and organic solvents were purchased

from chemical sources and were used without purification. In
some experiments, DMSO was dehydrated by an activated
molecular sieve. FTIR spectra of the solid compounds were
taken as 1% dispersion in KBr using a MB102 Bomem
instrument. Uncorrected melting points were obtained by an
Electrothermal 9100 instrument. PXRD analysis was per-
formed using a STADIP STOE diffractometer. SEM images
were taken by the VEGA3 model of the TESCAN company. A
USA DUPONT 951 instrument was used for the thermogravi-
metric analysis (TGA) of compounds 1 and 2.
Caution! Cadmium salts and compounds are toxic and

should be handled with care.
2.2. Synthesis of {[Cd2L2(OAc)4]·2DMSO}n (1) and

{[CdL(OAc)2]·2.75H2O}n (2). 0.0380 g (0.1426 mmol) of
Cd(OAc)2.2H2O and 0.030 g (0.1427 mmol) of L were
dissolved in 2.5 mL of DMSO separately. Then, the solution
containing L was added to the solution of cadmium salt and
stirred in an ambient temperature for 30 min. Then, the slow
evaporation method was used for growing single crystals of
compound 1. After 3 days, yellow needle-shaped single crystals
of compound 1 were formed. Interestingly, different yellow
plate-shaped single crystals of compound 2 were obtained in
the vial after 1 week. Compounds 1 and 2 were extracted and
separated from each other by a thin needle, and then they were
washed with DMSO and n-hexane. It should be noted that
single crystals of compound 1 were mechanically unstable and
become opaque after extracting from the mother solvent. In
contrast, single crystals of compound 2 remained stable for

Table 1. Crystallographic and Structure Refinement Data for 1−3

1 2 2sq 3

empirical formula C36H44Cd2N8O10S2 C16H16CdN4O6.75 C16H16CdN4O4 (+solvent) C16H18CdN4O5

fw/g mol−1 1037.73 484.73 440.73 458.75
crystal color, habit yellow, needle yellow, plate yellow, plate yellow, polyhedral
temperature/K 298(2) 100 100 298(2)
wavelength λ/Å 0.71073 0.71073 0.71073 0.71073
crystal system triclinic monoclinic monoclinic orthorhombic
space group P1̅ I2/a I2/a Pnna
crystal size/mm 0.50 × 0.30 × 0.20 0.25 × 0.25 × 0.35 0.25 × 0.25×0.35 0.30 × 0.25 × 0.25
a/Å 9.1808(18) 14.6056(4) 14.6056(4) 8.4253(17)
b/Å 12.351(3) 11.9674(4) 11.9674(4) 13.491(3)
c/Å 20.521(4) 23.3975(7) 23.3975(7) 16.459(3)
α/° 87.65(3) 90 90 90
β/° 77.55(3) 99.919(3) 99.919(3) 90
γ/° 86.00(3) 90 90 90
volume/Å3 2265.9(9) 4028.5(2) 4028.5(2) 1870.8(7)
Z 2 8 8 4
dcalcd/g cm−3 1.521 1.599 1.453 1.629
θ range/deg 2.28−25.00 3.5−28.4 3.5−28.4 1.95−25.00
F(000) 1048 1936 1760 920
abs coeff/mm−1 1.090 1.126 1.109 1.201
index ranges −10 ≤ h ≤ 10 −18 ≤ h ≤ 19 −18 ≤ h ≤ 19 −10 ≤ h ≤ 8

−14 ≤ k ≤ 14 −14 ≤ k ≤ 15 −14 ≤ k ≤ 15 −14 ≤ k ≤ 16
−24 ≤ l ≤ 24 −29 ≤ l ≤ 28 −29 ≤ l ≤ 28 −17 ≤ l ≤ 19

collected data 16651 16025 16025 5244
unique data (Rint) 7948 (0.1399) 4443 (0.032) 4443 (0.032) 1645 (0.0591)
parameter, restrains 513, 0 288, 0 228, 0 111, 0
R1

a, wR2
b [I > 2σ(I)] 0.0801, 0.2077 0.0303, 0.0718 0.0271, 0.0669 0.0410, 0.0921

GOF on F2 (S) 0.929 1.09 1.33 1.055
largest diff peak, hole/e Å−3 1.726, −2.390 0.60, −0.67 0.52, −0.68 0.710, −0.601
CCDC no. 2211160 2211161 2211162 2211163

aR1 = Σ||Fo| − |Fo||/Σ|Fo|. bwR2 = [Σ(w(Fo
2 − Fc

2)2)/ΣW(Fo
2)2]1/2.
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several months in air. Yields of 20 and 46% for compounds 1
and 2, respectively, were obtained. mp: 252−256 and 258−
259.5 °C for 1 and 2, respectively. Elemental analysis for 2:
calculated: C, 39.20; H, 4.42; N, 11.43; found: C, 40.37; H,
3.38; N, 11.64. Elemental analysis for 1 was similar to 3′.28
FTIR (KBr, cm−1) for compound 1: 1602(s), 1567(s),
1416(s), 1345(w), 1310(m), 1229(m), 1056(w), 1009(m),
942(w), 880(w), 826(m), 679(s), 620(w), 543(m), 456(w)
(Figure S1, Supporting Information). FTIR (KBr, cm−1) for
compound 2: 3423(m), 1607(s), 1563(s), 1420(s), 1343(w),
1305(m), 1228(m), 1062(m), 1012(m), 950(m), 824(s),
737(w), 671(s), 618(m), 520(s), 460(m) (Figure S2,
Supporting Information).
2.3. Synthesis of Pure {[Cd2L2(OAc)4]·2DMSO}n (1).

0.0380 g (0.1426 mmol) of Cd(OAc)2.2H2O and 0.030 g
(0.1427 mmol) of L were dissolved in 1.5 mL of dried DMSO
separately. It should be mentioned that the DMSO solvent was
dehydrated by using an activated molecular sieve for several
days. Then, the solution of ligand was added dropwise to the
vial containing the solution of cadmium acetate. The resulted
solution was stirred in room temperature for 30 min. After
that, the solution was transferred to a clean vial containing 0.1
g of activated molecular sieve for capturing any probable water
molecules from the salt and the environment. Then, the rim of
the vial was sealed to avoid water absorption from air, and only
three small holes were created on the rim. After 3 days, yellow
needle-shaped crystals of compound 1 appeared purely without
formation of compound 2 (yield 40%).
2.4. Synthesis of Pure {[CdL(OAc)2]·2.75 H2O}n (2).

Compound 2 was synthesized purely at a higher temperature
(50 or 100 °C) by mixing 1:1 molar ratio of metal and ligand
in DMSO according to the preparation method of concom-
itants 1 and 2 (yield 60%). Other experimental methods and

reaction conditions that resulted in pure compound 2 are
summarized in Table S1, Supporting Information.
2.5. Synthesis of [CdL(OAc)2(H2O)]n (3). Compound 3

was previously synthesized by Fonari62 and us.28 For the
synthesis methods and characterization, please see our
previous report28 and Supporting Information.
2.6. Synthesis of Powder [CdL(OAc)2(H2O)]n (3′) from

{[Cd2L2(OAc)4]·2DMSO}n (1). As mentioned in the exper-
imental section, single crystals of compound 1 were unstable
after extracting from the mother solvent. After careful
examination of the analysis results, it was found that
compound 1 loses its free solvents after leaving the mother
solvent and absorbs water molecules from the environment.
Our results showed that single crystals of compound 1
completely transform to pure polycrystalline sample of
compound 3 (3′).

3. SINGLE-CRYSTAL X-RAY DIFFRACTION STUDIES
Details of the single-crystal structure analysis for CPs 1−3 are
given in the Supporting Information. Crystal data and
refinement details for 1−3 are represented in Table 1. Selected
bond lengths and angles for 1−3 are represented in Tables
S2−S5, respectively. In order to clarify the structure of
compound 3 and explain the transformation of compound 1 to
3, we report a new data collection on compound 3. Also, we
report the crystal structure of 2 after removing free disordered
solvent molecules by Squeeze using Platon63 software as 2sq.

4. RESULTS AND DISCUSSION
4.1. Synthesis of Compounds 1−3. Several 1D cadmium

CPs containing 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene (L)
have been reported previously.16,28,62,64,65 Reaction of Cd-
(OAc)2·2H2O and Schiff base ligand in DMSO (as purchased)

Scheme 1. Concomitant and Pure Synthesis Routes of Compounds 1−3 and 3′28
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at room temperature using the slow evaporation method
resulted in concomitant formation of single crystals of 1 and 2.
Also, using a higher temperature (50 or 100 °C) without
changing other factors resulted in 2 purely. In order to obtain
crystals of 1 purely, dehydrated DMSO was used, and activated
molecular sieve was added to the reaction vessel. Also, crystals
of compound 1 completely transformed to a powder sample of
3 (3′) after extracting from the mother solvent and exposing
them to air at ambient temperature. In contrast, crystals of
compound 2 were stable at ambient temperature for several
months (Scheme 1). Compound 3 (crystalline) and 3′

(powder) have been reported recently by our research
group28 and Fonari et al.62

4.2. Crystal Structure Analysis of Compounds 1−3.
4.2.1. Compound {[Cd2L2(OAc)4]·2DMSO}n (1). X-ray crystal-
lography for the needle-shaped single crystals of compound 1
shows that it crystallizes in the triclinic crystal system and P1̅
space group. The asymmetric unit contains two cadmium
atoms, two L, four coordinated acetate anions, and two
uncoordinated DMSO molecules (Figure 1a). There are two
kinds of Cd(II) ions as metal centers; however, both have the
same N2O5 coordination environment. They show coordina-
tion number 7, completed by two nitrogen atoms from

Figure 1. (a) ORTEP diagram of the asymmetric unit of 1. Thermal ellipsoids are at 30% probability level. Hydrogen atoms of ligands and anions
have been omitted for clarity. (b) 1D ladder of 1, coordination environments of Cd(1) and Cd(2), and π−π interactions between two pyridine
rings of two parallel ligands. Cg(1): centroid of N(1)−C(1)−C(2)−C(3)−C(4)−C(5); Cg(2): centroid of N(8)−C(24)−C(25)−C(26)−
C(27)−C(28); Cg(3): centroid of N(4)−C(8)−C(9)−C(10)−C(11)−C(12); Cg(4): centroid of N(5)−C(17)−C(18)−C(19)−C(20)−C(21).
(c) Packing arrangement of 1D ladders in the ABCD form in 1. DMSO solvent molecules have been omitted for clarity in (b, c).
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Table 2. Hydrogen Bond Parameters (Y−A····H−D) for Compound 1a

D−H···A d (D−H)/Å d (H···A)/Å d (D···A)/Å <(DHA)/°
C(9)−H(9)···O(9) 0.93 2.62 3.288(18) 129
C(22)−H(22)#1···O(9) 0.93 2.63 3.26(2) 126
C(6)−H(6)···O(10) 0.93 2.85 3.486(2) 126
C(25)−H(25)#1···O(10) 0.93 2.73 3.412(2) 131
C(35)−H(35B)#2···O(1) 0.96 2.71 3.639(2) 162
C(10)−H(10)···O(1)#3 0.93 2.53 3.414(14) 159

aSymmetry codes: #1: 2 − x, 2 − y + 1, 1 − z; #2: 1 − x, 1 − y, 2 − z; #3: −x, −y + 1, −z + 2.

Figure 2. (a) ORTEP diagram of the asymmetric unit of 2. Thermal ellipsoids are at 30% probability level. Hydrogen atoms have been omitted for
clarity. (b) 1D ladder of 2 and coordination environment of the metal center. Cg−Cg distance between two pyridine rings of two L in the ladder
structure. Cg(1): centroid of N(1)−C(1)−C(2)−C(3)-C(4)−C(5); Cg(2): centroid of N(4)−C(8)−C(9)−C(10)−C(11)−C(12). (c−e)
Packing arrangements of 1D ladders in the ABCD form in 2 from different views.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00405
ACS Omega 2023, 8, 13140−13152

13144

https://pubs.acs.org/doi/10.1021/acsomega.3c00405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00405?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00405?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pyridine rings of two L and five oxygen atoms of three acetate
anions that form a distorted pentagonal-bipyramidal geometry
(Figure 1b). Important bond angles and bond distances for
compound 1 are listed in Table S2, Supporting Information. As
shown in Figure 1b, the structure of compound 1 is extended
only by ligand L in one dimension. Two acetate anions are
bridged between cadmium centers via the coordination mode
of the chelate bridge, and two others exhibit the chelate
coordination mode. Although acetate anions do not participate
in the extension of structure, their presence and unique
coordination pattern resulted in the 1D ladder CP (Figure
1b).16,28,66 As shown in Figure 1a, DMSO solvent molecules
are present in the structure as guests. Their locations between
ladder motifs are shown in Figure S4, Supporting Information.
In the crystal structure of compound 1, π−π interactions are
also found between two pyridine rings of two parallel ligands in
the ladder structure. These π−π interactions can be classified
as head-to-head ones.67 The pyridine rings involved in
aromatic−aromatic interactions are almost face-to-face67 with
the Cg(1)−Cg(2) distance of 3.731(6) Å and the Cg(3)−
Cg(4) distance of 3.734(6) Å (Figure 1b). Investigation of the
packing of 1 shows that the arrangement of ladders is in a
parallel ABCD form (Figure 1c). The simplified image of the
structural motif and the packing arrangement in compound 1
drawn by Topos software68 are shown in Figure S5, Supporting
Information.
Also, a close investigation of the structure of compound 1

reveals some weak C−H···O hydrogen bonds between the
DMSO guest molecules and the ladder framework (Table 2
and Figure S6). It seems that these weak hydrogen bonds
cannot sufficiently stabilize the crystal lattice in compound 1.
Since these interactions are weak, they easily allow the guest
solvent to leave the network, and this phenomenon causes the
destruction of the structure and its transformation into another
structure. This structural transformation will be discussed in
the following sections.

4.2.2. Compound {[CdL(OAc)2]·2.75H2O}n (2). X-ray
crystallography for 2 reveals that it crystallizes in the
monoclinic crystal system and I2/a space group. The
asymmetric unit contains one cadmium atom, one L, two
coordinated acetate anions, and several uncoordinated water
molecules (Figure 2a). Since free water molecules were
disordered, they were removed by Squeeze program of Platon
software63 (compound 2sq). Coordination environment
around the metal center was a distorted (N2O5) pentagonal
bipyramid, and the metal center is 7-coordinated as described
for 1 (Figure 2b).
Some important bond distances and angles for 2 and 2sq are

listed in Tables S3 and S4, Supporting Information. In this
compound, ligand L extended the polymeric structure in one
dimension by two pyridine rings which formed a bridge
between the two metal centers. The acetate anions bridge the
two metal centers similar to compound 1 (Figure 2b). In 2, the
aromatic−aromatic distance (Cg(1)−Cg(2) = 3.965 Å) is
outside the range acceptable for the interaction to take place.67

Also, unlike compound 1, parallel pyridine rings are displaced
(Figure 2b).
X-ray crystallographic analysis of compounds 1 and 2

revealed that these concomitant compounds are pseudopoly-
morphs as they have the same structural motif with different
guest molecules (DMSO for 1 and H2O for 2). Packing
investigation of compound 2 shows that the ladder arrange-
ment is totally different from compound 1 and can be

described as an inclined ABCD form. As shown in Figure 2c−
e, ladders A and B make an angle of about 50° with respect to
each other, and ladders A and C are in the same direction, but
the locations of the metal centers in these ladders are different
in a way that the metal center in C is located in the middle of
A. Ladders A and D not only make an angle of about 50° with
respect to each other, but also the locations of the metal
centers in these ladders are different. It should be noted that
the same pattern is repeated among other layers in the
structure of 2. Simplified images of structural motifs and
packing arrangement for compound 2 are shown in the
Supporting Information (Figure S7). The search for the
reasons for forming this unusual packing of 2, which is
completely different from 1, led us to investigate different
interactions in this structure. Probably, C−H···O hydrogen
bonding between adjacent ladder motifs in compound 2 is the
main reason for inclined ABCD packing (Table 3 and Figure

3). As a result, in 2, hourglass-like channels were formed, filled
by disordered water guest molecules (Figures 4 and 5). Using
2sq cif file (after Squeeze of guests) and Mercury software,69 it
was determined that 15.7% of the unit cell volume (631.93 Å3)
is empty. This volume is equivalent to the space created by the
inclined packing of ladders and occupied by the disordered
guest water molecules (Figure 5).

4.2.3. Compound [CdL(OAc)2(H2O)]n (3) and 3′. In order
to clarify the structure of compound 3 and to stress its
importance in transformation studies, we report a new data
collection. As we reported previously,28 crystal structural
analysis shows that the compound is C2-symmetrical, and the
coordination environment of cadmium atoms contains two
ligand, two acetate anions, and one coordinated water
molecule (Figure 6a). In contrast to compounds 1 and 2, in
the case of 3, a distorted pentagonal-bipyramidal geometry (7
coordination number) was formed by four oxygen atoms of

Table 3. Hydrogen Bond Parameters (Y−A····H−D) for
Compound 2a

D-H···A d (D−H)/Å d (H···A)/Å d (D···A)/Å <(DHA)°
C(4)−H(4)···O(1) 0.95 2.50 3.387(3) 156
C(10)−
H(10)···O(4)#1

0.95 2.48 2.999(3) 115

C(10)−H
(10)···O(2)#2

0.95 2.51 3.269(3) 137

C(7)−H(7)···O(4) 0.95 2.71 3.154 109
aSymmetry codes: #1: 3/2 − x, y, 1 − z, #2: x, 1/2 − y, 1/2 + z.

Figure 3. C−H···O hydrogen bonding between adjacent ladder motifs
in compound 2. Hydrogen bonds are shown as green dashed lines.
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two acetate anions, two pyridine rings of two ligand L, and one
oxygen atom from the coordinated water molecule (Figure
6b). Information related to bond distances and angles for 3 are
listed in Table S5, Supporting Information. Figure 6b shows
that compound 3 expands through the ligand in one dimension
and forms a 1D polymeric linear chain. Further investigation
about the crystal structure description and important
interactions of 3 has been reported in our previous work.28

It should be noted that the crystal structure of 3′ (polycrystal-

line form of 3) has been determined by the Rietveld method
previously.28

4.3. Controlling Role of Water Content and Temper-
ature in the Formation of Concomitant vs Pure Form of
Pseudopolymorphs 1 and 2. Since water was not used as
the solvent in the experimental process, it seems that water
guest molecules in the lattice of 2 were absorbed from
humidity in air, DMSO solvent, or cadmium acetate hydrate
salt. The interesting point is that the presence of water
molecules in the self-assembly process creates a concomitant
formation of pseudopolymorphs which�to the best of our
knowledge�is quite unique. For more investigation and to
understand the role of humidity, water molecules were
removed from DMSO and cadmium acetate salt by using an
activated molecular sieve and sealing the rim of the sample to
avoid absorbing water from air. As a result of removing water
from the reaction vessel, only crystals of compound 1 have
been formed and crystals of 2 could not be obtained. As
mentioned, compound 2 was formed almost 4 days after
compound 1. Since the time of formation and the applied
temperature used in the reaction are two main factors in
understanding the stability of compounds70 and, for most of
the time, more stable compounds have been prepared at higher
temperature,70−74 it made us consider that probably 2 is more
stable than 1. For more investigation, the test was repeated for
the synthesis of 1 and 2 in DMSO at 50 and 100 °C which led
to interesting findings. In these higher temperatures, only
compound 2 was obtained. This result shows that formation of
compound 2 needs either more time (1 week) at low
temperature (RT) or higher temperature in comparison with
compound 1. In all reactions, the presence of a small amount
of moisture (as impurity) in the reaction container was found
to be necessary for the formation of compound 2 in pure or
concomitant form.
4.4. Investigation of the Morphology and Stability of

Concomitant Pseudopolymorphs 1 and 2. As mentioned,
both compounds 1 and 2 have shown 1D ladder structural
motif with different guest solvent molecules (DMSO for 1 and
H2O for 2) which confirms that they are pseudopolymorph
supramolecular isomers. Our results show that in our case,
differences in guest solvents did not affect the structural motif
significantly but affect the pattern of arrangement of 1D
ladders. Also, guest solvents affected the morphology and
stability of compounds 1 and 2. The optical microscope images
have shown that compounds 1 and 2 have needle and plate
shapes, respectively (Figure 7a). For further investigation, SEM
image of the sample containing two compounds 1 and 2 was
taken, which clearly shows the difference in morphology
(Figure 7b). Although the fact that the solvent used in the
reaction affects the morphology of CPs was previously
confirmed by our team,16,23 this work showed that even
guest solvents can affect the morphology of pseudopolymorph
CPs.
Another interesting point is about the role of guest water

solvents in the stability of compound 2. Interestingly, when
single crystals of 2 were separated from the mother solvent,
they kept their crystal shape and brilliance at an ambient
temperature for several months. In contrast, single crystals of 1
lost their transparency gradually after extraction from the
solvent. These evidences show that compound 2 is more stable
than compound 1 in air. This fact led us to the conclusion that
despite the higher boiling point of DMSO, probably free water
molecules increase the stability of compound 2 through strong

Figure 4. View of the disordered guest water molecules located in the
1D channel of 2. (a) View along the crystallographic a-axis. (b) View
along the crystallographic b-axis. For more clarity, water molecules are
illustrated in the space filling mode.

Figure 5. (a) View of channels along the crystallographic a-axis in
2sq. Contact surfaces are illustrated by gold color. (b) View of the
hourglass-like channels along the c-axis in 2sq.
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hydrogen bonds between themselves and also with the
electronegative atoms of the structural framework. Unfortu-
nately, the free water molecules were disordered in structure,
and it was not possible to describe the details of their hydrogen
bonds in this paper.

4.5. Structural Transformation Studies. 4.5.1. Single
Crystal-to-Powder Transformation (1 to 3′). As mentioned in
previous sections, compound 1 was unstable after extracting
from the mother solvent and exposing to air. After the
preliminary examination of the powder diffractograms of
compound 1 before and after grinding, a significant mismatch
with the simulated pattern of compound 1 was observed. Since
we had recently observed a similar phenomenon in the
compounds of this family,28 by comparing the results of FTIR,
TGA, and XRD analyses of the powder sample of compound 1
with compound 3 (single crystal of 3′), we realized that they
are the same. It means that when unstable crystals of
compound 1 are extracted from the mother solvent and
exposed to air, they lose their lattice solvent (in this case
DMSO), absorb water molecules from air, and transform to 3′
(powder form of 3). Because the sample loses its single-crystal
state during the transformation, this is considered as single
crystal-to-powder transformation. In the previous article, we
have determined the structure of a powder sample similar to
sample 3′ by the Rietveld method.28

4.5.1.1. PXRD Studies. The XRD analysis for compound 1
was performed when it was extracted from the reaction vessel
(at the beginning of transformation). As shown in Figure 8,
there was some agreement between experimental and
simulated XRD patterns. The differences and unknown peaks
could be attributed to the beginning of the transformation. The
XRD analysis was carried out again when the crystals of 1 were
exposed to air and lost their crystal shape and lattice solvents.
XRD analyses showed that it was completely different from the
simulated XRD pattern of 1 and was similar to the XRD
pattern of compound 3. Since all characterizations of the new
powder of compound 1 (3′) were in agreement with the
crystals of 3, and also in the previous work, the structure
determination of the same powder sample was done by
Rietveld method,28 it was not deemed necessary to do it again.

Figure 6. (a) ORTEP of the coordination environment of cadmium atom in 3. Symmetry codes: (i): 1 + x, 1 + y, z, (ii): 2.5 − x, 2 − y, z, (iii): 1.5
− x, 1 − y, z. (b) Linear chain and N2O5 geometry of cadmium centers in 3.

Figure 7. Images of (a) the optical microscope and (b) SEM of
sample containing pseudopolymorphs of 1 and 2.
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The simulated XRD analysis for the as-synthesized compound
and compound 2 were in good agreement and confirmed that
compound 2 was pure and stable even after grinding (Figure
9).

4.5.1.2. TGA. Since compound 1 was unstable after leaving
the mother solvent and quickly transformed into compound 3′,
it was not possible to perform TGA for the sample before
transformation. So, TGAs for compound 1 (after trans-
formation) and for compound 2 were performed in the
range of 25−700 °C under N2 and 10 °C/min heating rate
(Figure 10). Also, TGA analysis for compound 3′ was
performed previously28 at the same range, and the results
showed a similar thermal behavior of 1 (after transformation)
and 3′ (Figure 10). Figure 10 shows that the TGA curves of
compounds 3′ and 1 (after transformation) are similar. These
results testify for the transformation from 1 to 3′. The thermal
behavior curve for compound 2 shows that this compound is
stable until 190 °C and the water molecule does not leave the
structure until this temperature. This result confirms that

probably there are strong hydrogen bonds in the lattice that
made the guest water molecules nonvolatile until around 190
°C and made the structure stable. Also, TGA confirms that
there are almost three water molecules in the structure. The
first weight loss step of 34.78 wt % occurred in the range of
190−280 °C and is associated with the release of three water
molecules and two acetate anions in two steps (calc. 34.97 wt
%).

4.5.1.3. FTIR Analysis. FTIR analyses were performed for
better understanding of the synthesized compounds and
transformation process by using assignments reported in the
literature.75,76 FTIR spectra of compounds 1 and 2 exhibit
signals related to the ligands and acetate anions (Figures S1
and S2). The band around 1600−1610 cm−1 corresponds to
the stretching mode of Schiff base bond (C�N) in the ligand.
Also, the bands around 1565−1570 and 1415−1420 cm−1 can
be related to the stretching modes of the acetate anions. As
expected, the FTIR spectra of compound 1 do not show any
bands corresponding to free DMSO molecules.75,76 Instead, a
broad band related to coordinated water molecules appears at
around 3200 cm−1(ca. 3300−3000)76 in compound 1 after
exposing to air and grinding (Figures 11 and S1, Supporting
Information). In addition, comparison of the FTIR spectra of
compounds 1 and 3′ revealed that they are similar (Figure 11).
Hence, FTIR spectra are another witness for the trans-
formation of 1 to 3 (3′). In compound 2 (Figure S2), a broad
band related to uncoordinated water molecules appears at
around 3400 cm−1(ca. 3550−3200).76

4.5.2. DRST. In order to investigate the transformation of
compound 3 to 1 and 2 through the DRST process, several
single crystals of 3 were immersed and dissolved in DMSO and
DMF at 100 °C. After 1 week, new yellow plate-shaped crystals
were obtained in both the solutions (Figure 12). Single-crystal
X-ray analysis of these crystals showed that they are the same
as compound 2. This result clarified that transformation from 3
to 2 is possible through the DRST process. The result of
synthetic experiments and structural transformations using the
DRST method showed that the amount of water in the
reaction container plays an important role in the formation of
one of the compounds 2 (uncoordinated water) or 3

Figure 8. Experimental XRD patterns of crystals of compound 1 (b)
immediately after synthesis and without grinding and (c) after
exposure to air and grinding. (a, e) Simulated XRD patterns of 1 and
3. (d) Experimental XRD pattern of crystal 3.28

Figure 9. XRD patterns of compound 2. (a) Simulated pattern. (b)
Experimental pattern.
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(coordinated water). If a significant amount of water (reaction
solvent) is present, compound 3 will be synthesized as a pure
compound. Whereas if a small amount of water is present in
the system through absorption from air or solvent impurity,
compound 2 is specifically prepared as the exclusive product.
A proof of this claim is the transformation of compound 3 to

compound 2 through DRST in DMF or DMSO, in which the
reaction environment has a low amount of water. Also, in all
synthesis methods to obtain compound 2, which is given in

Table S1 (Supporting Information), only minor amounts of
water are present (Scheme 2).

Figure 10. Comparison of TGA for compounds 1, 2, and 3′.28

Figure 11. FTIR analyses of 1 after transformation to 3′ and 3.28

Figure 12. DRST process for transforming compound 3 to compound
2.

Scheme 2. Transformation Routes of 3 to 2 through the
DRST Process and the Role of Amount of Water in Creating
2 versus 3
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5. CONCLUSIONS
In summary, we reported the synthesis of two concomitant
pseudopolymorph CPs {[Cd2L2(OAc)4]·2DMSO}n (1) and
{[CdL(OAc)2]·2.75H2O}n (2) through the self-assembly
process in the DMSO solvent. Structure analysis for
compounds 1 and 2 revealed the formation of 1D ladder
motif for the pseudopolymorphs 1 and 2 containing DMSO
and water guest solvents, respectively. Our study showed that
the presence of water impurity in DMSO plays an important
role in the formation of compound 2 and also creating the
possibility of formation of concomitant pseudopolymorphs 1
and 2. Our analyses revealed that compound 2 is more stable
than compound 1. In contrast to compound 2, compound 1
was unstable in air at room temperature. Environmental
humidity provided the driving force for the single crystal-to-
powder transformation of 1 (1D ladder) to 3′ (1D linear
chain) after extracting 1 from the mother solvent and exposing
to air. Also, we showed that compound 3 transformed to
compound 2 in DMF or DMSO through the DRST process.
The result of synthetic experiments and structural trans-
formations using the DRST method showed that the water
content in the reaction container plays an important and
decisive role in the formation of one of the compounds 2
(uncoordinated water) or 3 (coordinated water). If a
significant amount of water (as reaction solvent) is present,
compound 3 will be synthesized as a pure compound. Whereas
if a small amount of water is present (through absorption from
air or solvent impurity), compound 2 is specifically prepared as
the exclusive product.
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