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Abstract: A new polymorph of the ruthenium(II) diclofenac complex with formula [Ru(p-cymene)
(diclo)Cl] was synthesized, and its crystal structure was solved by single crystal X-ray diffraction.
The structure was refined by HAR, using five different relativistic bases sets (x2c-SVP, jorge-DZP-
DKH, jorge-TZP-DKH, x2c-TZVP, and x2c-TZVPP) and three effective core potential basis sets
(ECP-def2-SVP, ECP-def2-TZVP, and ECP-def2-TZVPP). Their influence on the structure parameters
was compared. The analysis of the supramolecular structure of the HAR/non-HAR structures, as well
as of the orthorhombic polymorph, was supported by the calculation and analysis of the Hirshfeld
surfaces. The best results were observed for HAR using triple-zeta-based sets. No significant effect
of base choice on Hirshfeld surfaces was observed. A study of the ability of the complex to interact
with ct-DNA was also performed. The complex was shown to interact with ct-DNA, but the mode of
interaction is not fully elucidated.

Keywords: crystal structure; HAR; ruthenium(II); NSAID; diclofenac; biological activity

1. Introduction

Diclofenac (diclo) is one of the most prescribed non-steroidal anti-inflammatory drugs
(NSAID) in the world. In addition to its anti-inflammatory effects, it is also indicated
for its analgesic and antipyretic effects. The mechanism of action of diclofenac, similar
to other NSAIDs, is based on the suppression of the conversion of arachidonic acid to
prostaglandin via the inhibition of cyclooxygenases (COX) [1,2]. There are three types of
COX. The function of COX-1 is mainly associated with physiological functions such as the
regulation of renal blood flow, gastric mucosal circulation, proper thrombocyte function,
etc. On the other hand, COX-2 is activated during inflammatory processes and is involved
in tumor invasion and metastasis [3,4]. Side effects of NSAIDs are mostly associated with a
lack of selectivity of COX-2 inhibition [3]. Several papers have been published showing
that transition metal complexes with NSAIDs have enhanced anti-inflammatory activity,
reduced side effects, and several of them exhibit cytostatic, cytotoxic, and anti-neoplastic
effects [5,6].

Several structures of metal complexes in which diclofenac acts as a ligand have been
published in Cambridge Structure Database (CSD) so far [7–26]. Almost in all complexes,
diclofenac coordinates via the carboxylic group (coordination via the chlorine atom has also
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been observed). However, only seven coordination modes of this ligand were observed.
A very common mode of coordination is the terminal monodentate, in which diclofenac
binds via a single oxygen atom to a central atom. Another common mode of coordination
is the chelate mode, in which both oxygen atoms are bonded to one central atom. Two
modes of coordination in which the two central atoms are bridged were observed, namely,
syn-anti and syn-syn (Figure 1). The syn-syn mode is observed in complexes whose cen-
tral atoms have short internuclear spacing. For example, in silver(I) complexes, such as
[Ag2(diclo)2(γ-pic)2] (γ-pic = 4-methylpyridine) (CSD Refcode CEVGOC) [27] and “paddle
wheel” copper(II) complexes such as [Cu2(diclo)4(MeOH)2] (MeOH = methanol) (CSD Ref-
code QIWXEC) [28] or [Cu2(diclo)4(DMSO)2] (DMSO = dimethyl sulfoxide) (CSD Refcode
YAVBUU) [29]. Syn-anti mode of coordination is less common and was described in the
case of the organometallic tin(IV) compound with formula catena-poly-[Sn(CH3)3(diclo)]
(CSD Refcode WAPGUT) [30]. Another way to bridge two central atoms is through a
single carboxylate oxygen atom. This mode of coordination is observed in the case of
[Sn4(Bu)8(diclo)4] (Bu = butyl(1-))(CSD Refcode KALYIF) [31]. The structures in which
diclofenac coordinates to one central atom in a bidentate chelating manner and at the
same time one of the oxygen atoms coordinates to the other central atom (µ2-η2:η1 chelat-
ing + bridging mode) (Figure 1) have also been published, for example, in case of com-
plex [Cd(diclo)2] (CSD Refcode UXOVUA) [32]. The mode of coordination in which di-
clofenac bridges up to three central atoms was also described in catena-[Ag4(α-pic)3(diclo)4]
(α-pic = 2-methylpyridine) (CSD Refcode CEVGUI) [27].
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Oliviera et al. studied the biological activity of a series of four ruthenium(II) com-
plexes whose composition can be described by the formula [Ru(bipy)(diclo)L] (L = dppe–
1,2-bis(diphenylphosphino)ethane, dppp–1,3-bis(diphenylphosphino)propane, dppb–1,4-
bis(diphenylphosphino)butane, or dppf–1,1’-bis(diphenylphosphino)ferrocene). All com-
plexes were shown to exhibit higher cytotoxicity compared to cisplatin and diclofenac alone
against the A549 (lung cancer), MDA-MB-231 (epithelial breast cancer), MCF-7 (breast
cancer), MRC-5 (non-tumor human lung fibroblast cells), and MCF-10A (non-tumor breast
cells) cell lines. The complexes show significant affinity to interact with bovine serum
albumin (BSA), and a study of the interaction with calf-thymus DNA (ct-DNA) demon-
strated minor groove binding [33]. Khan et al. published a study of the biological activity
of a complex whose molecular structure obtained by indirect methods can be described
by the formula [Ru(p-cymene)(diclo)(DMSO)Cl]. The synthesis of this complex is based
on the reaction of the dimeric precursor [Ru2(p-cymene)2Cl4] with sodium diclofenac salt
in dry methanol with a few drops of dimethyl sulfoxide at 80 ◦C for ten hours. Based
on the infrared spectrum, diclofenac is coordinated in a chelating manner. The interac-
tion with ct-DNA was also studied by UV-Vis spectroscopy and by studying the ability
to displace ethidium bromide (EB) from the EB–DNA complex. Complex interacts with
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DNA via intercalation and minor groove binding. The apparent association constant is
found to be 1.85 × 104 M−1. The cytotoxic effect on the MCF-7 cell line is comparable to
cisplatin [34]. Mandal et al. published a series of three ruthenium complexes with different
NSAIDs, the composition of which is described by the formulae [Ru(p-cymene)(nap)Cl],
[Ru(p-cymene)(diclo)Cl], and [Ru(p-cymene)(ibu)Cl] (nap = naproxen, diclo = diclofenac
and ibu = ibuprofen). Complex with diclofenac was prepared by reacting the dimeric pre-
cursor with the sodium salt of diclofenac in a mixed solvent (methanol–dichloromethane).
Crystals suitable for single crystal X-ray crystallography were prepared by diffusion of
diethyl ether into dichloromethane (DCM) solution. Ru(p-cymene)(diclo)Cl] crystallizes in
an orthorhombic crystal system with the Pbca space group. The complex exhibits significant
antiproliferative activity against A549, MCF7, and HeLa (cervical cancer) cell lines. The
complex was also shown to be able to inhibit COX. From the study of the stability of the
complexes, the authors point out that the complexes can only act as pro-drugs, and the
structure of the active form is still unknown [35]. The primary aim of this paper is to
present the effect of the choice of bases set at HAR on the crystallographic parameters. The
polymorph of the complex, which has been previously published (different polymorph),
was used as the object of research on this influence. This polymorph was prepared by
modifying the crystallization conditions. As a secondary aim of the work, the already
published study of the interaction of this complex with DNA is complemented by a study
using UV-Vis titration.

2. Results
2.1. Synthesis and Spectral Properties

The procedure for preparing the single crystal of the polymorph published here

(triclinic, P
−
1) is slightly different from the method published previously (orthorhombic

polymorph, Pbca). The main difference was that the single crystals were prepared in a
refrigerator after the addition of diethyl ether. The orthorhombic polymorph was prepared
by the diffusion method. Another difference is the temperature at which the X-ray data
were collected. The dataset of triclinic polymorph was collected at 100 K; otherwise, the
orthorhombic were collected at 298 K [35].

The 1H NMR spectrum of the prepared complex is presented in Figure S1
(Supplementary Material). The highest chemical shifts have ring protons of diclofenac
ligand, specifically multiplet peaks in the area from 6.50 ppm to 7.32 ppm. In the range
of 5.39 ppm–5.60 ppm, we can observe two characteristic doublet signals of p-cymene
aromatic ring protons. The singlet, at 3.54 ppm with the integral intensity corresponding
to two protons, can be assigned to the -CH2-COO group of the diclofenac ligand. The
multiplet peak at 2.86 ppm belongs to the -CH(CH3)2 group of isopropyl-part of the p-
cymene ligand. The peak of the methyl-substituent of p-cymene is observed as a singlet at
2.27 ppm. The two methyl groups of isopropyl substituents -CH(CH3)2 have the lowest
chemical shifts, concretely, 1.29 ppm. The signals belonging to protons of used solvents can
also be found in the spectrum. The spectrum is complicated by several proton signals of
low integral intensity, which can be attributed to the partial hydrolysis of the complex, as
previously observed in similar complexes [14]. For this reason, the solution of the complex
for ct-DNA titrations was always prepared only prior to measurement.

The infrared spectrum (Figures S2–S4 in Supplementary Material) agrees with struc-
tural information obtained by single-crystal X-ray diffraction. The band at 3286 cm−1 can
be attributed to valence vibrations ν(NH) of the secondary amine group of the diclofenac
ligand. The presence of only one band in this region confirms that in the solid state, this
group is not hydrogen bonded. Valence vibrations ν(CH) of aromatic groups can be found
at 3066 cm−1. The presence of methyl groups can be observed on the asymmetric valence
vibrations band at 2956 cm−1, and symmetric vibrations are observed at 2864 cm−1. The
band at 1191 cm−1 can be assigned to skeletal vibrations of -CH-(CH3)2. These bands,
thus, provide strong evidence for the presence of p-cymene. The very intensive band at
776 cm−1 corresponds to deformational vibrations γ(CCH) of four neighboring C–H bonds
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of aromatic rings. Bands corresponding to νas(COO−) and νs(COO−) occur at 1506 cm−1

and 1442 cm−1. The difference between these two bands (δ) is lower than 150 cm−1 (specifi-
cally δ = 64 cm−1), which is consistent with the bidentate chelate mode of coordination of
diclofenac [36].

2.2. Crystal Structure

The molecular structure of the prepared complex is shown in Figure 2. Complex crystal-

lizes in a triclinic system with centrosymmetric space group P
−
1. The coordination number

of the ruthenium(II) central atom can be quantified by the number nine. The geometry of
the coordinating polyhedron is pseudo-octahedral, with three octahedral sites occupied by
p-cymene. The two coordination sites are occupied by oxygen-donor atoms of the carboxylic
group of diclofenac. Thus, diclofenac acts as bidentate chelate ligand. The corresponding
bond lengths are d(Ru-O1) = 2.1412(16) Å and d(Ru-O2) = 2.1706(16) Å. The p-cymene ligand
is coordinated with the central atom in a η6-manner. The complex can be described as a
half-sandwich or piano-stool complex. The last coordination site on the ruthenium(II) is
occupied by the chlorido ligand. The bond length is d(Ru-Cl1) = 2.3826(6) Å. Selected bond
lengths are summarized in Table 1 with regard to the HAR method of refinement used.
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Table 1. Comparison of HAR methods and IAM refinement on crystal structure parameters.

1 1a 1b 1c 1d 1e 1f 1g 1h

Base set IAM x2c-SVP Jorge-DZP-
DKH

Jorge-TZP-
DKH x2c-TZVP x2c-TZVPP ECP-def2-

SVP
ECP-def2-

TZVP
ECP-def2-

TZVPP

R1 [I ≥
2σ(I)] 0.0226 0.0187 0.0195 0.0186 0.0186 0.0186 0.0185 0.0183 0.0183

wR2 [I ≥
2σ(I)] 0.0616 0.0496 0.0511 0.0492 0.0492 0.0493 0.0492 0.0484 0.0484

R1 [all
data] 0.0244 0.0205 0.0212 0.0203 0.0203 0.0203 0.0202 0.0200 0.0200

wR2 [all
data] 0.0628 0.0506 0.0521 0.0501 0.0501 0.0502 0.0502 0.0494 0.0493

Ru1-Cl1 2.3820(6) 2.3816(5) 2.3816(5) 2.3817(5) 2.3817(5) 2.3817(5) 2.3817(5) 2.3817(5) 2.3817(5)
Ru1-O1 2.1711(15) 2.1705(12) 2.1709(12) 2.1705(12) 2.1705(12) 2.1705(12) 2.1702(12) 2.1702(12) 2.1702(12)
Ru1-O2 2.1434(15) 2.1425(12) 2.1429(12) 2.1426(12) 2.1426(12) 2.1426(12) 2.1422(12) 2.1422(12) 2.1422(12)

GOF 1.051 1.088 1.089 1.106 1.106 1.108 1.089 1.094 1.094
Largest

difference
peak/hole

1.18/−0.61 1.11/−0.69 1.10/−0.70 1.12/−0.69 1.13/−0.68 1.13/−0.69 1.12/−0.66 1.13/−0.66 1.13/−0.67

Based on the geometrical analysis in Olex2, no significant hydrogen bonds or π-π stacking
interactions [37] are found in the supramolecular structure of this complex. On the other hand,
the supramolecular structure of the orthorhombic polymorph [35] is stabilized by two types of π-
π stacking interactions. Specifically, between two symmetrically equivalent chloride-substituted
benzene rings of the diclofenac (

Inorganics 2023, 11, x FOR PEER REVIEW  5  of  15 
 

 

Table 1. Comparison of HAR methods and IAM refinement on crystal structure parameters. 

  1  1a  1b  1c  1d  1e  1f  1g  1h 

Base set  IAM  x2c‐SVP 
Jorge‐DZP‐D

KH 

Jorge‐TZP‐D

KH 
x2c‐TZVP  x2c‐TZVPP 

ECP‐def2‐SV

P 

ECP‐def2‐TZ

VP 

ECP‐def2‐TZ

VPP 

R1 [I ≥ 2σ(I)]  0.0226  0.0187  0.0195  0.0186  0.0186  0.0186  0.0185  0.0183  0.0183 

wR2 [I ≥ 

2σ(I)] 
0.0616  0.0496  0.0511  0.0492  0.0492  0.0493  0.0492  0.0484  0.0484 

R1 [all data]  0.0244  0.0205  0.0212  0.0203  0.0203  0.0203  0.0202  0.0200  0.0200 

wR2 [all 

data] 
0.0628  0.0506  0.0521  0.0501  0.0501  0.0502  0.0502  0.0494  0.0493 

Ru1‐Cl1  2.3820(6)  2.3816(5)  2.3816(5)  2.3817(5)  2.3817(5)  2.3817(5)  2.3817(5)  2.3817(5)  2.3817(5) 

Ru1‐O1  2.1711(15)  2.1705(12)  2.1709(12)  2.1705(12)  2.1705(12)  2.1705(12)  2.1702(12)  2.1702(12)  2.1702(12) 

Ru1‐O2  2.1434(15)  2.1425(12)  2.1429(12)  2.1426(12)  2.1426(12)  2.1426(12)  2.1422(12)  2.1422(12)  2.1422(12) 

GOF  1.051  1.088  1.089  1.106  1.106  1.108  1.089  1.094  1.094 

Largest 

difference 

peak/hole 

1.18/−0.61  1.11/−0.69  1.10/−0.70  1.12/−0.69  1.13/−0.68  1.13/−0.69  1.12/−0.66  1.13/−0.66  1.13/−0.67 

Based on the geometrical analysis  in Olex2, no significant hydrogen bonds or π‐π 

stacking interactions [37] are found in the supramolecular structure of this complex. On 

the other hand, the supramolecular structure of the orthorhombic polymorph [35] is sta‐

bilized by two types of π‐π stacking interactions. Specifically, between two symmetrically 

equivalent  chloride‐substituted  benzene  rings  of  the  diclofenac  (    ∢  9.284°; 

d(centroid∙∙∙centroid) = 3.650 Å; shift = 1.348 Å). Another type of the π‐π stacking inter‐

actions  [37]  is  between  the  p‐cymene  and  the  arene  ring  of  diclofenac  (∢  0°; 
d(centroid∙∙∙centroid) = 3.624 Å; shift = 0.825 Å). 

2.3. Hirshfeld Surfaces Analysis 

The intermolecular interactions of the complex published here (triclinic polymorph, 

P1),  the complex previously published by Mandal et al.  [35], and models obtained by 

HAR were analyzed by Hirshfeld surfaces which have been mapped over dnorm and shape 

index. Figure 3 shows Hirshfeld surfaces of a triclinic complex with Cl∙∙∙H/H∙∙∙Cl (d) and 

O∙∙∙H/H∙∙∙O (b); close contact is displayed with corresponding finger‐plot (c, e). Figure 4 

shows  two views  (a, b) on  the Hirshfeld surface of orthorhombic polymorph depicted 

Cl∙∙∙H/H∙∙∙Cl  close  contacts with  corresponding  finger‐plot prints  (c). A  significant dif‐

ference can be observed on the surfaces, namely, in the number and positions of intense 

red areas (where are closer intermolecular contacts than the sum of van der Waals radii). 

These  red areas  represent mainly weak hydrogen bonds of C–H∙∙∙X  (where X = O, Cl) 

type. A  lower number of  these  red areas  is observed only  for  the orthorhombic poly‐

morph. Consistent with the analysis in Olex2, no other intermolecular interactions pre‐

sent in the supramolecular structures of the complexes were found. Similarly consistent 

with  the Olex2 geometric  analysis  is  the observation of  the  complementary  triangular 

surfaces with  opposite  signs  of  shape  index  in  the  case  of  orthorhombic  polymorph, 

which is characteristic of the presence of the π‐π stacking interactions. These alternating 

triangular patches were not observed  in the case of triclinic polymorph nor  in  its HAR 

models. The Hirshfeld surfaces for other structures are presented in the supplementary 

material (Figures S5–S14). A view of the threedimensional Hirshfeld surface plotted over 

electrostatic potentials of IAM models of both polymorphs is shown in Figure S15. The 

electrostatic potential  over  the Hirshfeld  surfaces  is  plotted;  the  blue  region  (positive 

electrostatic potential) over the surface represents the hydrogen donor potential, whereas 

the hydrogen bond acceptors  (chlorine and oxygen atoms) are  represented by  the  red 

region (negative electrostatic potential) [38]. The electrostatic potentials on the Hirshfeld 

surfaces  of  both  polymorphs  are  very  similar  and  correspond  to  hydrogen  bonds  of 

C–H∙∙∙X (where X = O, Cl) type. 

9.284◦; d(centroid· · · centroid) = 3.650 Å; shift = 1.348 Å).
Another type of the π-π stacking interactions [37] is between the p-cymene and the arene ring of
diclofenac (

Inorganics 2023, 11, x FOR PEER REVIEW  5  of  15 
 

 

Table 1. Comparison of HAR methods and IAM refinement on crystal structure parameters. 

  1  1a  1b  1c  1d  1e  1f  1g  1h 

Base set  IAM  x2c‐SVP 
Jorge‐DZP‐D

KH 

Jorge‐TZP‐D

KH 
x2c‐TZVP  x2c‐TZVPP 

ECP‐def2‐SV

P 

ECP‐def2‐TZ

VP 

ECP‐def2‐TZ

VPP 

R1 [I ≥ 2σ(I)]  0.0226  0.0187  0.0195  0.0186  0.0186  0.0186  0.0185  0.0183  0.0183 

wR2 [I ≥ 

2σ(I)] 
0.0616  0.0496  0.0511  0.0492  0.0492  0.0493  0.0492  0.0484  0.0484 

R1 [all data]  0.0244  0.0205  0.0212  0.0203  0.0203  0.0203  0.0202  0.0200  0.0200 

wR2 [all 

data] 
0.0628  0.0506  0.0521  0.0501  0.0501  0.0502  0.0502  0.0494  0.0493 

Ru1‐Cl1  2.3820(6)  2.3816(5)  2.3816(5)  2.3817(5)  2.3817(5)  2.3817(5)  2.3817(5)  2.3817(5)  2.3817(5) 

Ru1‐O1  2.1711(15)  2.1705(12)  2.1709(12)  2.1705(12)  2.1705(12)  2.1705(12)  2.1702(12)  2.1702(12)  2.1702(12) 

Ru1‐O2  2.1434(15)  2.1425(12)  2.1429(12)  2.1426(12)  2.1426(12)  2.1426(12)  2.1422(12)  2.1422(12)  2.1422(12) 

GOF  1.051  1.088  1.089  1.106  1.106  1.108  1.089  1.094  1.094 

Largest 

difference 

peak/hole 

1.18/−0.61  1.11/−0.69  1.10/−0.70  1.12/−0.69  1.13/−0.68  1.13/−0.69  1.12/−0.66  1.13/−0.66  1.13/−0.67 

Based on the geometrical analysis  in Olex2, no significant hydrogen bonds or π‐π 

stacking interactions [37] are found in the supramolecular structure of this complex. On 

the other hand, the supramolecular structure of the orthorhombic polymorph [35] is sta‐

bilized by two types of π‐π stacking interactions. Specifically, between two symmetrically 

equivalent  chloride‐substituted  benzene  rings  of  the  diclofenac  (    ∢  9.284°; 

d(centroid∙∙∙centroid) = 3.650 Å; shift = 1.348 Å). Another type of the π‐π stacking inter‐

actions  [37]  is  between  the  p‐cymene  and  the  arene  ring  of  diclofenac  (∢  0°; 
d(centroid∙∙∙centroid) = 3.624 Å; shift = 0.825 Å). 

2.3. Hirshfeld Surfaces Analysis 

The intermolecular interactions of the complex published here (triclinic polymorph, 

P1),  the complex previously published by Mandal et al.  [35], and models obtained by 

HAR were analyzed by Hirshfeld surfaces which have been mapped over dnorm and shape 

index. Figure 3 shows Hirshfeld surfaces of a triclinic complex with Cl∙∙∙H/H∙∙∙Cl (d) and 

O∙∙∙H/H∙∙∙O (b); close contact is displayed with corresponding finger‐plot (c, e). Figure 4 

shows  two views  (a, b) on  the Hirshfeld surface of orthorhombic polymorph depicted 

Cl∙∙∙H/H∙∙∙Cl  close  contacts with  corresponding  finger‐plot prints  (c). A  significant dif‐

ference can be observed on the surfaces, namely, in the number and positions of intense 

red areas (where are closer intermolecular contacts than the sum of van der Waals radii). 

These  red areas  represent mainly weak hydrogen bonds of C–H∙∙∙X  (where X = O, Cl) 

type. A  lower number of  these  red areas  is observed only  for  the orthorhombic poly‐

morph. Consistent with the analysis in Olex2, no other intermolecular interactions pre‐

sent in the supramolecular structures of the complexes were found. Similarly consistent 

with  the Olex2 geometric  analysis  is  the observation of  the  complementary  triangular 

surfaces with  opposite  signs  of  shape  index  in  the  case  of  orthorhombic  polymorph, 

which is characteristic of the presence of the π‐π stacking interactions. These alternating 

triangular patches were not observed  in the case of triclinic polymorph nor  in  its HAR 

models. The Hirshfeld surfaces for other structures are presented in the supplementary 

material (Figures S5–S14). A view of the threedimensional Hirshfeld surface plotted over 

electrostatic potentials of IAM models of both polymorphs is shown in Figure S15. The 

electrostatic potential  over  the Hirshfeld  surfaces  is  plotted;  the  blue  region  (positive 

electrostatic potential) over the surface represents the hydrogen donor potential, whereas 

the hydrogen bond acceptors  (chlorine and oxygen atoms) are  represented by  the  red 

region (negative electrostatic potential) [38]. The electrostatic potentials on the Hirshfeld 

surfaces  of  both  polymorphs  are  very  similar  and  correspond  to  hydrogen  bonds  of 

C–H∙∙∙X (where X = O, Cl) type. 
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2.3. Hirshfeld Surfaces Analysis

The intermolecular interactions of the complex published here (triclinic polymorph,

P
−
1), the complex previously published by Mandal et al. [35], and models obtained by HAR

were analyzed by Hirshfeld surfaces which have been mapped over dnorm and shape index.
Figure 3 shows Hirshfeld surfaces of a triclinic complex with Cl· · ·H/H· · ·Cl (d) and
O· · ·H/H· · ·O (b); close contact is displayed with corresponding finger-plot (c, e). Figure 4
shows two views (a, b) on the Hirshfeld surface of orthorhombic polymorph depicted
Cl· · ·H/H· · ·Cl close contacts with corresponding finger-plot prints (c). A significant
difference can be observed on the surfaces, namely, in the number and positions of intense
red areas (where are closer intermolecular contacts than the sum of van der Waals radii).
These red areas represent mainly weak hydrogen bonds of C–H· · ·X (where X = O, Cl)
type. A lower number of these red areas is observed only for the orthorhombic polymorph.
Consistent with the analysis in Olex2, no other intermolecular interactions present in the
supramolecular structures of the complexes were found. Similarly consistent with the
Olex2 geometric analysis is the observation of the complementary triangular surfaces with
opposite signs of shape index in the case of orthorhombic polymorph, which is characteristic
of the presence of the π-π stacking interactions. These alternating triangular patches were
not observed in the case of triclinic polymorph nor in its HAR models. The Hirshfeld
surfaces for other structures are presented in the supplementary material (Figures S5–S14).
A view of the threedimensional Hirshfeld surface plotted over electrostatic potentials of
IAM models of both polymorphs is shown in Figure S15. The electrostatic potential over
the Hirshfeld surfaces is plotted; the blue region (positive electrostatic potential) over the
surface represents the hydrogen donor potential, whereas the hydrogen bond acceptors
(chlorine and oxygen atoms) are represented by the red region (negative electrostatic
potential) [38]. The electrostatic potentials on the Hirshfeld surfaces of both polymorphs
are very similar and correspond to hydrogen bonds of C–H· · ·X (where X = O, Cl) type.
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Waals interaction of H⋯H type. In the case of the triclinic complex, the percentage is 
49.9%, and in the case of the orthorhombic, it is 51.0%. The HAR models of the structure 
have an equal fraction of this interaction, specifically 50.6%. Another significant close 
contact is the weak hydrogen bonds Cl⋯H/H⋯Cl, which account for 22.4% in the case of 
the triclinic polymorph of the complex and 24.9% in the case of the orthorhombic poly-
morph. The HAR models show the same proportion of these close contacts, specifically 
21.7%. Weak C⋯H/H⋯C interactions account for 13.9% and 10.8% in the case of the tri-
clinic and orthorhombic complexes, respectively. In the case of this close contact, we can 
also observe a minimal difference in the HAR models, exactly 13.1% for HAR1 and 13.0% 
for the others. Further weaker hydrogen bonding is revealed by the contribution of the 

Figure 3. Graph showing the fraction of individual close contacts on the Hirshfeld surfaces for HAR
model (1a), IAM model (1), and published polymorph (Pbca) (a), dnorm mapped Hirshfeld surface
of the IAM model of complex (b) with corresponding fingerprint plot showing only H· · ·O/O· · ·H
close contacts (c), and Cl· · ·H/H· · ·Cl close contacts (d,e).
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First, the spectrum of the complex was measured, where a maximum could be seen at a 
wavelength of 275 nm. Subsequently, the solution of ct-DNA with concentration 1.57 × 
10−4M was added sequentially in 16 additions, up to a total added volume of 900 μL. The 
changes in the UV-Vis spectrum of the complex are shown in Figure 5. Initially, a rapid 
decrease in absorbance was observed, and later an increase was noted. There is a blue 
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Table 2. Data obtained from the UV-Vis study of interaction of prepared complex with ct-DNA. 

λ (nm) Δλ (nm) ΔA/A0 (%) Kb (M−1) 
275 −6 22 a 9.99 (±3.21) × 105 
233 −1 49 5.35 (±0.61) × 105 

Figure 4. dnorm mapped Hirshfeld surface of the published complex [35] showing two views (a,b) on
Cl· · ·H/H· · ·Cl close contacts with corresponding fingerprint plot (c).

The Hirschfeld 2D fingerprints were used for a more quantitative analysis of close
contacts. The largest fraction of close contacts on the Hirshfeld surface is weak van der
Waals interaction of H· · ·H type. In the case of the triclinic complex, the percentage is 49.9%,
and in the case of the orthorhombic, it is 51.0%. The HAR models of the structure have an
equal fraction of this interaction, specifically 50.6%. Another significant close contact is the
weak hydrogen bonds Cl· · ·H/H· · ·Cl, which account for 22.4% in the case of the triclinic
polymorph of the complex and 24.9% in the case of the orthorhombic polymorph. The
HAR models show the same proportion of these close contacts, specifically 21.7%. Weak
C· · ·H/H· · ·C interactions account for 13.9% and 10.8% in the case of the triclinic and
orthorhombic complexes, respectively. In the case of this close contact, we can also observe
a minimal difference in the HAR models, exactly 13.1% for HAR1 and 13.0% for the others.
Further weaker hydrogen bonding is revealed by the contribution of the O· · ·H/H· · ·O
interaction, which has a value of 7.4% in the case of the triclinic structure along with its
HAR models. In the case of the orthorhombic complex, this close contact accounts for
6.1%. The presence of the π-π stacking interactions can be demonstrated by the differential
proportion of C· · ·C close contacts. Structures in which the π-π stacking is not found have
a value of these contacts in the interval 3.4–3.9%; on the contrary, in the orthorhombic
polymorph, this value is higher, specifically 6.1%. A graph representing the individual
percentages of close contacts at Hirshfeld surfaces is shown in Figure 3a. Fingerprints with
significant-close contacts are illustrated in Supplementary Material (Figures S16–S26).

2.4. Interaction with DNA

The titration of the prepared complex with ct-DNA was monitored by UV-Vis spec-
troscopy. This method can elucidate whether the complex interacts with ct-DNA, can pro-
vide information on the mode of interaction, and also provides the binding constant. First,
the spectrum of the complex was measured, where a maximum could be seen at a wave-
length of 275 nm. Subsequently, the solution of ct-DNA with concentration 1.57 × 10−4 M
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was added sequentially in 16 additions, up to a total added volume of 900 µL. The changes
in the UV-Vis spectrum of the complex are shown in Figure 5. Initially, a rapid decrease
in absorbance was observed, and later an increase was noted. There is a blue shift (hyp-
sochromic) to lower wavelengths. Data obtained from the UV-Vis study are summarized in
Table 2.
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Table 2. Data obtained from the UV-Vis study of interaction of prepared complex with ct-DNA.

λ (nm) ∆λ (nm) ∆A/A0 (%) Kb (M−1)

275 −6 22 a 9.99 (±3.21) × 105

233 −1 49 5.35 (±0.61) × 105

a Due to the hyper- and hypochromism present, the first and last absorbance values were used to calculate
the difference.

3. Materials and Methods
3.1. Materials and Synthesis

All chemicals and solvents used for synthesis were reagent grade (Acros Organics,
Alfa Aesar, or Centralchem) and were used without further purification.

Synthesis of [Ru(p-cymene)(diclo)Cl]. To a 50 cm3 of dichloromethane (DCM) solution
of [Ru2(p-cymene)2Cl4] (0.5 mmol, 0.306 g, 1 equiv.) 20 cm3 of methanolic (MeOH) solution
of diclofenac sodium salt (1 mmol, 0.318 g, 2 equiv.) was added. The reaction mixture
was allowed to stir at laboratory temperature for two days. Subsequently, the solvent was
removed using a rotary vacuum evaporator, and the solid was dissolved in 10 cm3 of DCM.
After filtration of the solution, a small amount of diethyl ether was added, and the solution
was left to crystallize in the refrigerator in a sealed ampoule. After a few days, the product,
in the form of orange crystals, was filtered out of the solution. The yield of the obtained
product was 0.2582 g (46%). Elemental analysis for [C24H24Cl3NO2Ru]: exp. (calc.) (%) C
51.11 (51.03); H 4.25 (4.10); N 2.27 (2.48). FTIR (ATR) ν/cm−1: 3286, 6066, 2956, 1721, 1562,
1506, 1442, 1388, 1272, 1088, 886, 776, 737, 695, 624, 450. 1H NMR (300 MHz, CDCl3, 298 K)
δ/ppm: 7.32 [d, 2H, J = 8.0 Hz, CH of C6H4], 7.16 [d, J = 7.4 Hz 1H, CH of C6H4], 7.08 [m,
1H, CH of C6H4], 6.94 [m, 2H, CH of C6H4], 6.50 [d, 1H, J = 6.1 Hz, CH of C6H4], 5.60 [d,
2H, CH of p-cym], 5.38 [d, 2H, J = 6.1 Hz, CH of p-cym], 3.54 [s, 2H, CH2 of CH2COO], 2.86
[m, 1H, CH of CH(CH3)2], 2.27 [s, 3H, CH3 of p-cym], 1.29 [m, 6H, CH3 of CH(CH3)2].
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3.2. Single-Crystal Crystallography

Data collection and cell refinement of all compounds were carried out using Stoe
StadiVari diffractometer using Pilatus3R 300K HPAD detector. Xenocs Genix3D Cu HF
(microfocused sealed tube, λ = 1.54186 Å) has been used as an X-ray source. The multi-scan
absorption corrections were applied using the program Stoe LANA software [39]. The
diffraction intensities were corrected for Lorentz and polarization factors. The structure was
solved using ShelXT [40] program and refined by the full-matrix least-squares procedure
Independent Atom Model (IAM) with ShelXL (version 2018/3) [41]. The structure of the
complex was also refined by implementing Hirshfeld Atom Refinement (HAR) [42,43]. The
NoSpherA2 implementation [44] of HAR makes used for tailor-made aspherical atomic
factors calculated on-the-fly from a Hirshfeld-partitioned electron density. The least-squares
refinements of the HAR model were then carried out with olex2.refine (version 1.5) [45]. The
wave function for HAR was calculated using ORCA 4.2.0 software [46], hybrid exchange-
correlation functional PBE0 [47]. For the purpose of comparison, the following relativistic
basis sets were chosen: x2c-SVP (for HAR1); jorge-DZP-DKH (for HAR2); jorge-TZP-DKH
(for HAR3); x2c-TZVP (for HAR4); and x2c-TZVPP (for HAR5) [48–50]. The following
effective core potential (ECP) basis sets [51] were also chosen: ECP-def2-SVP (for HAR6);
ECP-def2-TZVP (for HAR7); and ECP-def2-TZVPP (for HAR8) [52]. Geometrical analyses
were performed with ShelXL/Olex2.refine. The structures were drawn with OLEX2 [53].
The crystal data, conditions of data collection, and refinement are reported in Table 3.

Table 3. Crystallographic data for the reported compound and for published polymorph [35].

Compound Pbca 1

Chemical formula C24H24Cl3NO2Ru C24H24Cl3NO2Ru
Bases set -(IAM) -(IAM)

Mr 607.89 607.89
Crystal system Orthorombic Triclinic

Space group Pbca P
−
1

T/K 298(2) 100
a/Å 16.8227(12) 9.4171(2)
b/Å 11.3329(8) 10.8706(2)
c/Å 25.1614(17) 12.7090(2)
α/◦ 90 90.2240(10)
β/◦ 90 107.2210(10)
γ/◦ 90 112.2920(10)

V/Å3 4797.0(6) 1139.83(4)
Z 8 2

Crystal size/mm 0.36 × 0.27 × 0.24 0.11 × 0.063 × 0.03
ρcalc/g·cm−3 1.567 1.771

S 1.071 1.051
R1 [I > 2σ(I)] 0.0282 0.0237
wR2 [All data] 0.0741 0.0657

REFCODE/CCDC TESSAO [35] 2235444

3.3. Hirshfeld Surface Analysis

The software CrystalExplorer (version 21.5) [54] was used to calculate the Hirshfeld
surface [55,56] and associated fingerprint plots [57–63].

3.4. Spectral Methods

Infrared spectra were collected using NICOLET 5700 FTIR (Nicolet) spectrometer using
the ATR technique at room temperature. UV-Vis spectra were measured on SPECORD 250
Plus (Carl Zeiss Jena). 1H NMR spectrum was collected with Varian Unity-Inova (300 MHz).
Chemical shifts are reported in ppm relative to CDCl3 as an internal standard.
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3.5. DNA Binding Studies

The interaction of the prepared complex with ct-DNA has been studied via the UV-Vis
monitored titration. Firstly, the ct-DNA solution was prepared by dissolving in citrate
buffer (containing 15 mM of sodium citrate and 150 mM of NaCl at pH = 7.0). Addi-
tionally, using the ratio of absorbance at 260 nm and at 280 nm, it was found that the
ct-DNA was sufficiently pure from proteins [64]. The concentration of ct-DNA was deter-
mined by UV-Vis spectroscopy using the molar absorption coefficient of ct-DNA at 260 nm
(6 600 M−1cm−1) [64]. The UV-Vis spectra of the prepared complex were collected in the
presence of DNA at increasing concentrations. The DNA-binding constant of the complex,
Kb (M−1), was determined via the Wolfe–Shimer equation and the plot [DNA]/(εA-εf) vs.
[DNA].

4. Discussion

The synthesis of the new polymorph of complex [Ru(p-cymene)(diclo)Cl] was based
on a slightly different procedure than the one published [35] for orthorhombic polymorph,
and the differences were also in the procedure of preparation of the single crystals. The
composition and purity of the sample were confirmed using spectral methods, with results
indicating slow hydrolysis of the complex. X-ray structural analysis revealed that it is a

new polymorph, specifically the complex that crystallizes in a triclinic system with a P
−
1

space group. If we compare the impact of HAR on R1 and wR2 values (Table 2), we can say
that there has been a decrease in these values compared to the non-aspheric refinement.
Specifically, the closest to the model refined without HAR is model HAR2 with Douglas–
Kroll–Hess Gaussian basis set with double zeta valence quality (Jorge-DZP-DKH). Next
in order is the model HAR1, which is based on the Karlsruhe split valence polarization
bases set. The best and, at the same time, very similar results were obtained using higher
level bases sets, with triple-zeta polarisation (x2c-TZVP in HAR4, x2c-TZVPP in HAR5,
and Jorge-TZP-DKH in HAR3). By comparing the bond lengths between the ruthenium(II)
central atom and chlorido ligand, it can be concluded that the use of HAR resulted in a
slight reduction in these lengths independent of the chosen basis set. Additionally, very
small changes are observed in the case of ruthenium(II) and p-cymene centroid distance.
In the case of bond lengths between the oxygen donor atoms of diclofenac and the central
atom, a slight decrease is observed in one case, and a significant increase in the length of
Ru1-O2 bonds is observed (Table 2). These differences are shown graphically in Figure 6.
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Analysis of the supramolecular structure of all the obtained models, together with the
published polymorph, was performed using Hirshfeld surfaces. The analysis showed a
significant difference between the polymorphs. It was also confirmed that the described
changes in the molecular structures due to the HAR base were not significantly reflected in
the supramolecular structure.

The interaction of the complex with ct-DNA was also studied using UV-Vis spec-
troscopy; also, Mandal et al. performed a study of the interaction of the complex with
ct-DNA using fluorescence spectroscopy and found that the complex was unable to displace
EB from the EB–DNA complex [35]. Based on this, they suggested that interaction with
DNA is not the primary mechanism of the antiproliferative effects of the complex. Based
on our study, it can be said that some interaction does occur (due to changes in spectrum
with blue shift). The binding constant calculated according to the peak at 275 nm is equal
to Kb = 9.99 × 105 M−1. However, this value is burdened with a significant error because
of DNA absorption in this area. Therefore, it was also calculated according to the peak at
233 nm. This more accurate value is Kb = 5.35 × 105 M−1. However, we have not confirmed
a clear mechanism of interaction either due to more complex changes in the spectrum.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11050190/s1, Figure S1: The 1H NMR spectrum of
prepared complex; Figure S2: The FTIR spectrum of prepared complex; Figure S3: Comparation
of FTIR spectra of prepared complex and diclofenac sodium salt; Figure S4: Comparation of FTIR
spectra of prepared complex and dimeric precursor; Figure S5: Hirshfeld surface for HAR1 model of
complex mapped over dnorm (left) and shape index (right); Figure S6: Hirshfeld surface for HAR2
model of complex mapped over dnorm (left) and shape index (right); Figure S7: Hirshfeld surface
for HAR3 model of complex mapped over dnorm (left) and shape index (right); Figure S8: Hirshfeld
surface for HAR4 model of complex mapped over dnorm (left) and shape index (right); Figure S9:
Hirshfeld surface for HAR5 model of complex mapped over dnorm (left) and shape index (right);
Figure S10 Hirshfeld surface for HAR6 model of complex mapped over dnorm (left) and shape index
(right); Figure S11 Hirshfeld surface for HAR7 model of complex mapped over dnorm (left) and
shape index (right); Figure S12 Hirshfeld surface for HAR8 model of complex mapped over dnorm
(left) and shape index (right); Figure S13 Hirshfeld surface for prepared complex with non-HAR
(IAM) model of complex mapped over dnorm (left) and shape index (right); Figure S14 Hirshfeld
surface for orthorhombic polymorph of complex mapped over dnorm (left) and shape index (right) [35];
Figure S15 Hirshfeld surface mapped over the electrostatic potential of 1 (top) and orthorhom-bic
polymorph (botton), with positive and negative potential indicated in blue and red, respectively;
Figure S16 The full two-dimensional fingerprint plots of prepared complex (AIM model), showing (a)
all interactions, (b) O· · ·H/H· · ·O, (c) C· · ·H/H· · ·C, (d) C· · ·C, (e) H· · ·H, and (f) Cl· · ·H/H· · ·Cl
close contacts; Figure S17 The full two-dimensional fingerprint plots of HAR1 model of pre-pared
complex, showing (a) all interactions, (b) O· · ·H/H· · ·O, (c) C· · ·H/H· · ·C, (d) C· · ·C, (e) H· · ·H,
and (f) Cl· · ·H/H· · ·Cl close contacts; Figure S18 The full two-dimensional fingerprint plots of HAR2
model of prepared complex, showing (a) all interactions, (b) O· · ·H/H· · ·O, (c) C· · ·H/H· · ·C, (d)
C· · ·C, (e) H· · ·H, and (f) Cl· · ·H/H· · ·Cl close contacts; Figure S19 The full two-dimensional fin-
gerprint plots of HAR3 model of prepared complex, showing (a) all interactions, (b) O· · ·H/H· · ·O,
(c) C· · ·H/H· · ·C, (d) C· · ·C, (e) H· · ·H, and (f) Cl· · ·H/H· · ·Cl close contacts; Figure S20 The full
two-dimensional fingerprint plots of HAR4 model of prepared complex, showing (a) all interac-
tions, (b) O· · ·H/H· · ·O, (c) C· · ·H/H· · ·C, (d) C· · ·C, (e) H· · ·H, and (f) Cl· · ·H/H· · ·Cl close
contacts; Figure S21 The full two-dimensional fingerprint plots of HAR5 model of prepared complex,
showing (a) all inter-actions, (b) O· · ·H/H· · ·O, (c) C· · ·H/H· · ·C, (d) C· · ·C, (e) H· · ·H, and (f)
Cl· · ·H/H· · ·Cl close contacts; Figure S22 The full two-dimensional fingerprint plots of HAR6 model
of prepared complex, showing (a) all interactions, (b) O· · ·H/H· · ·O, (c) C· · ·H/H· · ·C, (d) C· · ·C,
(e) H· · ·H, and (f) Cl· · ·H/H· · ·Cl close contacts; Figure S23 The full two-dimensional fingerprint
plots of HAR7 model of prepared com-plex, showing (a) all interactions, (b) O· · ·H/H· · ·O, (c)
C· · ·H/H· · ·C, (d) C· · ·C, (e) H· · ·H, and (f) Cl· · ·H/H· · ·Cl close contacts; Figure S24 The full
two-dimensional fingerprint plots of HAR8 model of prepared complex, showing (a) all interactions,
(b) O· · ·H/H· · ·O, (c) C· · ·H/H· · ·C, (d) C· · ·C, (e) H· · ·H, and (f) Cl· · ·H/H· · ·Cl close contacts;
Figure S25 The full two-dimensional fingerprint plots of orthorhombic polymorph [35], showing (a)
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all interactions, (b) O· · ·H/H· · ·O, (c) C· · ·H/H· · ·C, (d) C· · ·C, (e) H· · ·H, and (f) Cl· · ·H/H· · ·Cl
close contacts; Figure S26 π-π interactions in a polymorph that was previously published [35].
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