Sinopfbd, 2024; 9(1): 72-95 https://doi.org/10.33484/sinopfbd.1370598

Sinop Universitesi Fen Bilimleri Dergisi

Sinop Uni J Nat Sci =155 29647878

https://dergipark.org.tr/tr/pub/sinopfbd

Crystal Structure and Hirshfeld Surface Analysis of a Heterometallic
Hofmann-Type-Like Compound

Zeki KARTALYY and Zarife Sibel SAHIN?

How to cite: Kartal, Z., & Sahin, Z. S. (2024). Crystal structure and Hirshfeld surface analysis of a heterometallic
Hofmann-type-like ~ compound.  Sinop  Universitesi ~ Fen  Bilimleri — Dergisi,  9(1),  72-95.
https://doi.org/10.33484/sinopfbd.1370598

Abstract
In this study; a new heterometallic compound defined by the open formula
. [Cd(H20)2Ni(CN)4]a[Cd(H20)4Ni(CN)a4]s was synthesized in crystal form.
Research Article Consisting of components such as water molecules, [Ni(CN)4]>~ anions,
and cadmium transition metal atoms, this new crystal structure has no
analogues which might have been previously obtained, even with other
transition metal atoms. It is a new compound and a unique example of a
Corresponding Author crystal. The st.ructural properties of this hetgrome_tallic compound have
Zarife Sibel SAHIN been characterized by single crystal X-ray dlffractlon spectroscopy (SC_—
zarifesibel @sinop.edu.tr XRD), FT-IR spectroscopy, thermal analysis and elemental analysis
methods. According to the data obtained from the SC-XRD technique, this
heterometallic compound has a monoclinic crystal system and a C2/c
space group. The asymmetric unit of this compound consists of five Cd(l1)

ORCID of the Authors ions, five Ni(ll) ions, eighteen cyanide ligands, and fourteen coordinated
7 K: 0000-0001-9739-0858 water ligand molecules. In addition, theoretical calculations have been
Z.S.S: 0000-0003-2745-7871 made with the Gaussian 03 program in order to obtain more information

about this heterometallic Hofmann-type-like compound. The chemical

properties of this new compound have been calculated using its HOMO

and LUMO values and the natural bond orbital (NBO) analyses. In

addition, Hirshfeld surface analysis of the asymmetric unit of this

compound has been performed with the CrystalExplorer program. As a

result of the Hirshfeld surface analysis, extensive information has been
Received: 04.10.2023 obtainec_j about the W_eak intramolecular and intermolecular forces that
Accepted: 22.02.2024 form this new crystalline compound.
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Heterometalik Hofmann Tipi Benzeri Bir Bilesigin Kristal Yapisi1 ve Hirshfeld Yiizey
Analizi

!Retired Professor, Kiitahya, Oz

43000, Tirkiye Bu ¢aligmada; agik formiil [Cd(H20)2Ni(CN)4]s[Cd(H20)4Ni(CN)4]s ile
tanimlanan yeni bir heterometalik bilesik, kristal formda sentezlendi. Su
molekiilleri, [Ni(CN)s]*>" anyonlari ve kadmiyum gegis metali atomlar
gibi bilesenlerden olusan bu yeni kristal yapmnin, diger gegis metali
atomlariyla bile daha énce elde edilmis olabilecek higbir analogu Yoktur.
Yeni bir bilesik ve kristalin essiz bir 6rnegidir. Bu heterometalik
bilesigin yapisal 6zellikleri, tek kristal X-1s1n1 kirinim spektroskopisi
(SC-XRD), FT-IR spektroskopisi, termal analiz ve elementel analiz
yontemleriyle karakterize edilmistir. SC-XRD tekniginden elde edilen

2Sinop University, Faculty of
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verilere gore bu heterometalik bilesik, monoklinik kristal sistemine ve
C2/c uzay grubuna sahiptir. Bu bilesigin asimetrik birimi bes Cd(II) iyonu,
bes Ni(Il) iyonu, on sekiz siyaniir ligandi ve on dort koordineli su ligandi
molekiiliinden olusur. Ayrica bu heterometalik Hofmann tipi bilesik
hakkinda daha fazla bilgi edinmek amaciyla Gaussian 03 programi ile
teorik hesaplamalar yapilmistir. Bu yeni bilesigin kimyasal 6zellikleri,
HOMO ve LUMO degerleri ve dogal bag yoriinge (NBO) analizleri
kullanilarak hesaplandi. Ayrica bu bilesigin asimetrik biriminin Hirshfeld
ylizey analizi CrystalExplorer programi ile yapilmistir. Hirshfeld yiizey
analizi sonucunda bu yeni kristal bilesigi olusturan zayif molekiil i¢i ve

This work is licensed under a molekiiller arasi kuvvetler hakkinda kapsamli bilgiler elde edildi.

Creative Commons Attribution ~ Anahtar Kelimeler: Hofmann tipi bilesik, Tek-kristal XRD analizi, FT-
4.0 International License IR spektroskopisi, Teorik hesaplamalar, Hirshfeld yiizey analizi

Introduction

In organic and inorganic chemistry, compounds obtained by reacting some metal atoms, especially
transition metal atoms with some ligand molecules ionic groups, are called "coordination compounds"
[1]. The coordination compounds are very interesting compounds in terms of their physical and chemical
properties. The interest in them in the field of science is increasing along with the number of researchers
working on coordination compounds and consequently the scientific research results published about
them. As a result of the chemical interactions of carbon and nitrogen atoms, either uncharged groups or
charged ionic groups can be formed, depending on the number of atoms involved and the type of bonds
formed between them. One of these ionic groups is the cyanide group (C=N), which has a negative
charge. In the formation of Hofmann-type and Hofmann-type-like compounds, compounds are obtained,
K2Ni (CN)4 compound, which is formed chemically by the cyanide group with potassium atom and
nickel atom, is the most widely used basis compound. [2]. By using the K>Ni (CN). compound, various
ligand molecules and transition metal atoms, many different compounds from 1D to 3D can be obtained
in powder form or crystal form. The general formulae of Hofmann type compounds and Hofmann-type-
like compounds are given as M(I1)LNi(CN)4 and M(IT)LL'Ni(CN)a, respectively. In these formulae, the
symbols L and L’ indicate different ligand molecules in the compounds. In Hofmann type compounds,
the number of this ligand molecule can be 1 or at most 2 depending on the nature of the L ligand molecule
[3-5]. Moreover, by replacing the Ni atom in the Ni (CN)4 ion group with palladium (Pd) and platinum
(Pt) atoms, new types of Hofmann compounds were formed, and by replacing Ni atom with zinc (Zn),
cadmium (Cd) and mercury (Hg) atoms, Hofmann-T-type compounds were formed [3-5]. In Hofmann-
type-like compounds, the number of these ligand molecules can be 1, 2, or more, depending on the
nature of the L and L' ligand molecules. In Hofmann-type-like compounds, the number of a single ligand
molecule must be either one or more than two (never n equals two). The compounds formed in all these
cases are the Hofmann-type-like compounds. Extensive information can be found on Hofmann-type
compounds and Hofmann-type-like compounds in previous works by us and other researchers [6-19].
The results of adding another ligand molecule to the structure of Hofmann-type and Hofmann-type-like

compounds formed by a kind of ligand with a transition metal atom can be examined by comparing their
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spectroscopic and crystalline data. If the effect of the additional ligand or ligands increases the stability

of the formed crystal structure, the storage volume and some other properties, this is a positive situation
for newly obtained compounds. In a previous study, some new Hofmann-type compounds and
Hofmann-type-like clathrates were obtained in powder and crystal form by using water molecules
(H20), K2Ni (CN)4 compound and zinc (Zn) transition metal atoms [16, 18, 19]. The aim of this study
is to synthesize Hofmann-type and Hofmann-type-like compounds in crystal form by using potassium
tetracyanonickelate (1) monohydrate [K:Ni (CN)s-H,O] compound, cadmium (1) chloride
monohydrate (CdCl,-H,0) compound and water (H20) molecules. In these chemical processes, the
water molecule acts as both a solvent and a ligand molecule. As a result of this study, it is expected to
obtain a Hofmann-type compound or a Hofmann type water clathrate in crystal form. The chemical
formula of this compound is either [Cd (H20)mNi(CN)4] (m > 2) or [Cd(H20)2Ni(CN)4]-n(H20) (n = 1,
2,3, ...)is expected. The “m” and “n” coefficients in the formulae show the number of ligand molecules
in the compound and the number of guest molecules in the clathrate, respectively. No data matching or
similar to all data were found for this Hofmann-type-like compound obtained in crystalline form.
Therefore, this compound is currently a first in its field.

Experimental
Materials

In this study, all chemical compounds such as potassium tetracyanonickelate(ll) monohydrate
K2[Ni(CN)4]-H20, (Fluka, 96%), cadmium(ll) chloride monohydrate (CdCl,-H-0), (Sigma Aldrich, 99+

%), and ammonia solution (NHs, Merck, 25%) were used to obtain the targeted compound.

Synthesis of  Compounds  with Formulae [Cd (H20)mni(CN)4]  or
[Cd(H20)2Ni(CN)a]*N(H20)

The compound in question was obtained as a result of the following processes. 1 mmol of K;
[Ni(CN)4]-H20 (0.259 g) was dissolved in 10 mL of twice distilled hot water. The compound CdCl,-H,O
(0.202 g) was added to this solution. In this study, the distilled water was used both as a solvent and a
ligand molecule. As a result of all these chemical reactions, Hofmann-type-like compound or Hofmann
type water clathrate, whose open formula is thought to be [Cd (H.O)mNi(CN)s] (m > 2) or
[Cd(H20)2Ni(CN)4]'n(H20) (n =1, 2, 3, ... ), was formed. It was a colorless suspension. By adding
diluted ammonia solution to this medium, the medium was made more transparent and purified from all
impurities in the medium. This clear mixture was stirred at 65°C for two hours, then filtered through the
most tightly meshed filter paper and allowed to crystallize at room temperature. As a result of this study,
after about two and a half months, a transparent, thin and long rod-like compound in crystalline form
was obtained. The compounds formed by transition metal atoms in a chemical interaction environment

with cyanide compounds, even with other ligand molecules and solvent molecules in the environment,
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can occur in very different numbers and in structural conditions, depending on the number of cyanide

ligands that bond [20, 21]. According to the data obtained from various techniques for this compound
obtained in crystal form, it was understood that it is an example of a Hofmann-type-like compound. The
full formula of this compound was determined as [Cd (H20)2Ni (CN)4]4[Cd(H20)4Ni(CN)4]s as a result
of various experimental studies. This compound will be denoted as 1 for short hereafter. The new
crystalline compound obtained is a very specific example of Hofmann-type-like compounds, as it
contains both a Hofmann-type compound with the formula ML;Ni (CN). and a Hofmann-type-like

compound with the formula ML4Ni(CN)4 (see Figure 1).
Instrumentation

A suitable crystal of 1 was selected for data collection which was performed on a D8-QUEST
diffractometer equipped with a graphite-monochromatic Mo-K, radiation at 296 K. The structure was
solved by direct methods using SHELXS-2013 [22] and refined by full-matrix least-squares methods on
F? using SHELXL-2013 [23]. The H atoms were located in a difference map refined freely. The high
residual electron densities (maxima and minima) and metal center separations are 0.964 and 0.849 A.
Therefore, these high residual electron densities could not be defined from the refinement of the
structure. The following procedures were implemented in our analysis: data collection: Bruker APEX2
[24]; program used for molecular graphics were as follows: MERCURY programs [25]; software used
to prepare material for publication: WinGX [26]. The FT-IR spectrum of compound 1 was gained
immediately as soon as the crystal was obtained under normal laboratory conditions using the Bruker
Optics Vertex 70 FT-IR Spectrometer (3650 — 400) cm™ wavenumber range, 2 cm™ resolution, using
the KBr technigque. The metal amounts in the structure of compound 1 were analyzed with the Perkin-
Elmer optima 4300 DV ICP-OES device, and the carbon, nitrogen and hydrogen amounts were analyzed
with the CHNS-932 (LECO) elemental measuring device. TG and DTG analysis curves of the thermal
behavior of compound 1 were recorded with an SII EXSTAR 6000 TG/DTA 6300 thermal analyzer in
a temperature range (20-800) °C at a heating rate of 5 °C/min in the nitrogen atmosphere. Since there
is an FT-IR device in our laboratory, FT-IR spectra of all compounds in powder or crystal form can be
obtained by us as soon as possible. However, since the analysis of the elements in the structure of any
compound or the SC-XRD structure analysis is carried out with devices in other departments or even in
other cities of our institution, these processes can take place after a very long time after the synthesis of
the compound. Some changes in the structure of some compounds (such as loss of water and guest
molecules) may occur during this long period of time. For this reason, some differences may occur
between the FT-IR results of some compounds and the elemental analysis and SC-XRD results. A

similar situation for compound 1 is described in section 3.3.1.
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Results and Discussion
Crystallographic Analysis of Compound 1.

The experimentally measured and theoretically calculated amounts of C, H, N, Cd and Ni atoms in the

structure of compound 1 are listed in Table 1.

Table 1 Elemental analysis of compound 1.

1 [0) 0)
Open formula of compound 1 and its Elemental analysis, found (%6) / (calculated) (%)

molecular mass M (g) C H N Cd Ni
[Cd(H20)2Ni(CN)4]s[Cd(H20)4Ni(CN)a]s 14.19 1.95 17.06  34.03 17.35
M; =2980.99 (14.50) (1.89) (16.93) (33.94) (17.72)

The asymmetric unit of the heterometallic compound 1 consists of five Cd (1) ions, five Ni (1) ions,
eighteen cyanide ligands and fourteen coordinated water molecules (see Figure 1). The Cd (lI) ions in
this heterometallic compound have two different types of coordination geometry. In the first of these
coordination geometries, the Cdl, Cd3 and Cd5 ions are coordinated by two nitrogen atoms from
cyanide ligands and four oxygen atoms from water molecules, thus showing distorted octahedral

coordination geometry.

Zz
=

Figure 1. The molecular structure of 1 showing the atom numbering scheme.

In the second coordination geometry, the Cd2 and Cd4 ions are coordinated by two nitrogen atoms from
cyanide ligands and two oxygen atoms from water molecules, thus showing distorted tetrahedral
coordination geometry. Details of data collection and crystal structure determinations are given in Table
2. The Cd-N bond distances range between 2.209(10) and 2.442(8) A [26-28], while the Cd-O bond
distances range between 2.178(9) and 2.586(12) A. As it can be seen in Figure 1 and Table 3, the Cd
atoms and water molecules in the structure of compound 1 are sequentially bonded to each other, either
double or quadruple. The bond formed when two water molecules are attached to the Cd atoms is shorter
than the bond formed when four water molecules are attached to the Cd atoms. That is, the Cd atom
attracts two water molecules more strongly than four water molecules. The distance between the C and
N atoms in the C=N groups in compound 1 varies between 1.12 and 1.17 A. Depending on this situation,
the bond constants of the triple bonds in the C=N groups will also take different values. As a result of

this situation, multiple splits are observed in the stretching vibrations of the C=N group. Similar
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situations are also seen between Ni-N atoms. The implications of these results will reveal the different

aspects in the spectroscopic and thermal behavior of compound 1.

Table 2 Crystal data and structure refinement parameters for compound 1.

Empirical formula C36Hs56CdsN3sNigO2s
Formula weight 2981.15
Crystal system Monoclinic
Space group C2/c

a(A) 31.761 (4)
b (A) 15.954 (2)
c(A) 18.546 (2)
£ 98.379 (4)
V (A3) 9297.3 (19)
Z 4

Dc (g cm™) 2.130

1 (mm?) 3.86

0 range (°) 3.0-28.3
Measured refls. 89261
Independent refls. 8972

Rint 0.057

S 1.18
R1/wWR2 0.077/0.163
Tmax/Tmin 592/-267
CCDC 1851097

Each Ni (I1) ion is surrounded by four cyanide ligands, the Ni—C bond distances range between 1.842(10)
and 1.883(11) A, respectively. The coordination around Ni(ll) ions are square-planar. The Cd (1) and
Ni (I1) ions are bridged by cyanide ligands, generating 1D coordination polymer running parallel to the
[111] direction, with Cd--'Ni distances ranging between 5.049 and 5.313 A [29, 30]. The various bond
types in compound 1 and the necessary information about them are given in Tables 3 and 4. Adjacent
these 1D coordination polymers are further joined by O-H--*N hydrogen bonds. The combination of

these interactions produces 2D network (see Figure 2).

IWL\% ;‘>°<:/P:><’fr><:/ z

Figure 2. An infinite 2D network in compound 1.
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Table 3 Selected bond distances for compound 1 (4)

C1-Nil 1.853(11) C2-Nil 1.883(11) C3-Nil 1.877(11)
C4-Nil 1.856(11) C5-Ni2 1.863(10) C6-Ni2 1.872(11)
C7-Ni2 1.863(11) C8-Ni2 1.849(11) C9-Ni3 1.863(10)
C10-Ni3 1.877(10) C11-Ni3 1.868(11) C12-Ni3 1.881(11)
C13-Ni4 1.867(12) C14-Ni4 1.859(12) C15-Ni4 1.873(11)
C16-Ni4 1.857(11) C17-Ni5 1.842(10) C18-Ni5 1.872(11)
Cd1-01 2.318(9) Cd1-02 2.360(10) Cd1-N1 2.420(8)
Cd2-03 2.178(9) Cd2-04 2.191(9) Cd2-N5 2.258(9)
Cd2-N4 2.291(8) Cd3-06 2.313(10) Cd3-05 2.308(9)
Cd3-07 2.373(9) Cd3-N8 2.375(9) Cd3-08 2.397(10)
Cd3-N9 2.442(8) Cd4-010 2.185(10) Cd4-09 2.185(9)
Cd4-N13 2.209(10) Cd4-N12 2.291(9) Cd5-011 2.257(10)
Cd5-012 2.282(11) Cd5-013 2.329(11) Cd5-N16 2.337(9)
Cd5-014 2.586(12) Cd5-N17 2.375(9)

C1-N1 1.154(13) C2-N2 1.140(14) C3-N3 1.124(14)
C4-N4 1.142(13) C5-N5 1.134(13) C6-N6 1.141(14)
C7-N7 1.146(15) C8-N8 1.151(14) C9-N9 1.138(13)

Table 4. Hydrogen-bond parameters for compound 1 (4, 9

D-H - A D-H H-A DA D-H A
O1—HIA---N3V 0.85 2.45 3.254 (14) 158
O1—HIB N6V 0.84 2.45 3274 (13) 171
02—H2A---N3" 0.88 2.59 3.461(16) 172
03—H3A---N7V 0.84 2.43 3.189 (14) 151
03— H3B---N9V 0.84 2.59 3.289 (13) 142
O4—HA4A---N2Vi 0.84 2.43 3.238 (14) 161
O4—H4B---N2" 0.84 2.37 3.205(13) 174
05— H5A---N14V 0.84 2.61 3.305(15) 142
O5—H5B--N11V 0.84 2.49 3.260 (14) 154
06—H6B N6V 0.84 2.49 3.288 (13) 160
06—HG6A---N3Vi 0.84 2.50 3.233(14) 147
O7—H7A---N3Vi 0.97 2.58 3.495(16) 158
08— HS8B---N11V 0.85 2.62 3454 (15) 165
09—H9B---N1 0.83 253 3.245(13) 146
09—H9A - -N15V 0.83 2.36 3132 (14) 154
010—H10B---N7i 0.84 2.50 3.178 (14) 139
010—H10A--N10Vi 0.83 2.43 3.245(14) 169
O11—H11A---N15ii 0.89 2.55 3.426 (15) 174
011—H11B---N1gii 0.85 2.51 3.287 (15) 154
012—H12B---N11Y 0.81 2.49 3.193(15) 145
012—HI12A---N14vi 0.83 251 3.204 (16) 143
O14—H14B---N17 0.90 2.42 3.165(18) 141
014—H14A---011 0.89 2.46 3.150 (18) 134

Symmetry codes: (iii) —x+2, —y+1, —z+3; (iv) X, —y+1, z—1/2; (v) —x+1, —=y+1, —z; (vi) —x+3/2, —y+3/2,

—z+1; (vii) x, —y+1, z+1/2.
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A closer look at the smaller particles that make up compound 1 shows that these particles have two

different structures. The first of these different structures is the example of a Hofmann-type-like
compound formed by the Cd1 and its attached Ni (CN)4 group with four water ligand molecules. The
other is an example of a Hofmann-type compound formed by the Cd2 and its attached Ni (CN)4 group

with two water ligand molecules (see Figure 3).

Figure 3. Types of compounds formed by Ni(CN)4 groups attached to Cd1 and Cd2 Hofmann type
compound (a), Hofmann-type-like compound (b) and (c).
As it can be clearly seen from Figure 1, the structure of compound 1 is not only in the same type. That
is, it is not only in the form of a Hofmann type compound or just in the form of a Hofmann-type-like
compound. The crystal structure of compound 1 consists of the sequential and regular bonding of parts
(a) and (b) is shown in Figure 3. As such, the structure of compound 1 can be said to belong to the group
of Hofmann-type-like compounds (Figure 3 (c)). This kind of structure is a situation that has emerged
for the first time in our experimental studies. A similar structure has not been encountered in the studies
of other researchers. In addition, the approximate dimensions of compound 1's asymmetric unit have a
length of 39.30 A and a width of 6.53 A [in the (Obc) plane]. The approximate dimensions of a complete
unit molecule in the same plane are 78.59 A in length and 6.53 A in width. The dimensions of the
asymmetric unit of no compound we have obtained so far have not had such large values. In terms of its
size values, compound 1 almost approaches the group of "supramolecules". In order to understand the

structural size of compound 1, the packed state of its crystal structure is given in Figure 4.

Figure 4. The packed state of the crystal structure of compound 1.
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Computational Studies on Compound 1

Gaussian 03 program, DFT/B3LYP method and LanL2MB basis set [31] were used in all theoretical
calculations of compound 1 [32]. All the calculated values of compound 1 were made visible with the
help of GaussView 4.1 program [33]. To calculate molecular geometry, atomic coordinates obtained
from X-ray geometry were used. DFT calculations with a hybrid functional B3LYP (Becke’s three
parameters hybrid functional using the Lee-Young-Parr (LYP) correlation functional [34, 35]) using the

Berny method [36, 37] were performed.
HOMO-LUMO Energy Levels of Compound 1

The HOMO and LUMO concepts of a chemical compound are defined as the "boundary orbital” of that
compound. The energy difference between these boundaries orbital indicates the physical and chemical
properties of that compound. In order to better understand the structure of compound 1 with some of its
chemical and electronic properties, a simple model of it was made. This simple model was created from
the smallest units that make up the structure of compound 1 (Figures 3 (a) and Figures 3 (b)) and their
combination (Figure 3 (c)). The first part of this simple model (Figure 3 (a)) will hereinafter be referred
to briefly as (1-a) and the second part (Figure 3 (b)) hereinafter briefly referred to as (1-b). Similarly,
the third part (Figure 3 (c)); which is the simple model of compound 1, hereinafter briefly referred to as
(1-c). Some theoretical calculations have been made about each of these simple models with the
Gaussian 03 program DFT/B3LYP method LanL2MB basic set [32]. In addition to these calculations,
some theoretical calculations were made with the same basis set for the asymmetric part of compound
1 and for the whole. These new calculation results are hereinafter referred to as (1-asy) and (1),
respectively. Theoretical calculations of all the obtained parts are listed in Table 5. These calculations
were made separately for the structures in Figure 3 (a) and Figure 3 (b) and for the combined structure
in Figure 3 (c). The Figure 3 (c) here is a combined form of these two simple structures, taking into
account the structural symmetry of compound 1, as an example of the main compound. Thus, it was
investigated how the chemical and electronic properties of Hofmann-type compounds and Hofmann-
type-like compounds change as a result of the combination of these compounds. The boundary orbitals
of simple models assumed to contribute to the formation of compound 1 and compound 1 are given in

Figure 5 and Figure 6, respectively.
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Figure 5. According to the DFT/B3LYP method and the LanL2MB basis set, the graphics of boundary
orbitals of the theoretical units of compound 1 (a) and (b) and of their combinations (c).
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Figure 6. Also, the graphics of boundary orbitals of the asymmetric unit of experimental compound 1
(a) and of all experimental compound 1 (b).

On closer inspection of Figure 5, it can be seen that in simple models of compound 1 with few atoms,

the boundary orbitals are distributed over almost all atoms (see Figure 5 (a) and Figure 5 (b)). In Figure

5 (c) and Figure 6 (a), it is seen that the boundary orbitals prefer to be located at the ends of the structure

in structures with more atoms. It is seen that the boundary orbitals of compound 1 are located on the [Ni

(CN)4]? ion groups located in the middle of the structure (see Figure 6 (b)). They have been re-inserted

into this figure at greater magnification to give a better view of the boundary orbitals. The following
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conclusion can be drawn from this: the shape and arrangement of the boundary orbitals in a compound

are closely related to the number of atoms and ion groups in that compound and to their arrangement
with respect to each other. The occupied orbital, vacant orbital, total orbital numbers and HOMO,
LUMO values of the compounds and some chemical efficiency values are given in Table 5.

The electronic properties of a compound obtained by chemical methods are calculated with the help of
its ionization potential (I = -HOMO) and Electron affinity (A = -LUMO) values. The formulae for some
parameters that can be calculated with the help of the ionization potential (I) and electron affinity (A)

values of a compound are listed below [38-41].

AE=A -1 (Energy gap value) (D)
x=(I+A)/2=-u (Electronegativity, Negative chemical potential) 2
n=>1-A)/2 (Chemical hardness) (3)
S=1/2n (Chemical softness) @
o =p?/2n (Electrophilicity index) (5)

The energy gap value (AE), electronegativity (), negative chemical potential (-p), chemical hardness
(1), chemical softness (S) and electrophilicity index values () calculated for all compounds according

to these formulae are given in Table 5 in term (eV) unit.

Table 5 Calculated frontier molecular orbitals energies and chemical reactivity descriptors (in “eV”

units)
Chemical efficiency Compounds
values 1-a 1-b 1-c 1-asy 1
Occupied orbital 51 61 128 262 550
Vacant orbital 25 29 61 126 264
Total orbital 76 90 189 388 814
HOMO (-I) -5.5178 -4.1494 -2.8724 -3.1271 -6.298
LUMO (-A) -4.9875  -3.6691 -2.7159 -3.0523 -6.295
AE=(A-1) 0.5303 0.4803 0,1565 0.0748 0.00272
X 5.2527 3.9093 2.7942 3.0897 6.2966
u -5.2527  -3.9093 -2.7942 -3.0897 -6.2966
n 0.2652 0.2402 0.0783 0.0374 0.00136
S (eV)? 1.8854 2.0816 6.3898 13.3690 367.647
® 34.0983  31.8123 49.8885 127.6238 14570.376

After examining the theoretical values in Table 5, the following conclusions can be reached:

»  The number of occupied, vacant and total orbital in a compound increases in direct proportion to
the number of atoms in that compound.

»  The difference between HOMO and LUMO energy levels in a compound is inversely proportional
to the number of atoms in that compound.

»  The values of HOMO and LUMO energy levels in a compound depend more on the type of atoms

and the arrangement of those atoms than on the number of atoms in that compound.
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» While the n value of a compound is inversely proportional to the number of atoms in that

compound, the S and ® values are generally directly proportional to the number of atoms in that

compound.

Calculations of Some Other Chemical Properties of Compound 1 and Its Theoretical

Representatives

The electric dipole moment of a compound composed of different atoms and molecules is due to the
molecular charge distribution of that compound. The electric dipole moment of a compound has a 3D
vector character in 3D space. Therefore, the electric dipole moment can be used to show the motion of
electric charges in a compound. The orientation of the dipole moment vector in a compound in 3D space
depends on the location of the centers of the positive and negative charges in that compound. The dipole
moment of a compound in electrostatic equilibrium is constant and its positioning is precisely
determined. If an external electric field is applied to the electron cloud of any compound in electrostatic
equilibrium, its electric charges will move and its charge balance will be disturbed. This degree of
distribution is called "polarizability" for that compound. Often, the term "polarizability" is used instead
of the term "mean polarizability”. The electric dipole moments (p), average polarizability (),
polarizability anisotropies (Aa)) and first-order hyperpolarizability (8,) values of the asymmetric part of
compound 1 and its theoretical representatives were calculated by the finite field method using the
LanL2MB basis set in DFT/B3LYP [31, 32]. When trying to calculate the u, ay, Ao and S, values of
all of compound 1 with the same method, a negative result was always encountered. This negative result
is thought to be due to the fact that the structure of compound 1 is too large to be resolved by the
calculation method used. The formulae used to obtain the amounts of (w), (@), (Aa) and (B,) Specific
values of these compounds are given below, respectively. These formulae have been used by many

researchers and us before [42-44].

u= /u,zc + p% + pZ (Dipole moment) (6)

ap = T8 (Mean polarizability) 7)
—_ _ _ 2 2 2

Aa = \[ (= ayy) " +ayy “ZZ)2+(ZZZ Gaoe) "0y + @t @2y) | Apisotropies of polarizability) (8)

Bo = / B%+ B% + B2  (First-order hyperpolarizability) (9)

Bx = Bxxx + Bxyy + Bxzz (X component of 3,) (10)

,By = Byyy + :Bxxy + Byzz (y component of ;) (11)

Bz = Bzzz + Bxxz + :Byyz (z component of ) (12)

The calculated (w), (ag), (Aa) and (B,) values of the compounds using these formulae are given in Table

6. In this study, the theoretically calculated Aa, a and S, values for the compounds were converted
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from atomic units (au) to electrostatic units (esu) with the factors of 0.1482x102* and 8.6393x107,

Kartal and Sahin

respectively. [42, 43].

Table 6. The u, ay, Ao and S, values of the asymmetric part of compound 1 and its theoretical
representatives

Parameters Compounds
l-a 1-b 1-c 1-asy

ux (D) -24.6654 35.6274 0.0643 73.8146
uy (D) 2.2919 -4.6636 38.7170 -78.5181
1z (D) 1.2564 1.8401 0.8494 0.8494
u (D) 24.8035 35.9785 38.7264 107.7668
oxx (au) -89.1973 -107.8012 -169.8287 -22.7458
oy (au) 2.6674 -0.5592 -0.1760 6.4194
ayy (au) -92.7932 -111.7138 -274.7731 -479.5327
oz (au) -11.1955 3.7203 -14.1062 12.7070
ayz (au) -14.4335 1.2258 0.3310 27.5447
02z (au) -78.0362 -69.5888 -129.9467 -301.9711
Ao, (esu) 5.1337x10% 6.0582x10% 1.9203x102% 5.9642x10%
a, (esu) -3.8536x10%2  -4.2845x10% -2.8383x10%2  -3.973x102
Bxxx (aU) -526.5466 734.0383 4.3061 22328.6763
Bxxy (al) -33.5952 27.0237 1207.2505 -8235.3116
Bxyy (au) -153.5749 179.2955 -0.7505 383.2087
Byyy (a.u.) 43.5007 -51.1417 701.2097 -1473.0625
Bxxz (au) 49.8452 15.6047 40.8439 -85.3687
Bxyz (au) 10.3340 0.4362 -94.1506 -262.8113
Byyz (au) -14.7025 -3.5084 3.5014 -32.2804
Bxzz (au) -96.4647 149.0481 -0.1803 -47.8405
Byzz (au) 1.7828 -24.1799 202.3563 -374.1381
Bzzz (au) 3.5123 15.8444 4.1633 4.6113
Bo (esu) 6.7182x10% 7.9053x10% 1.0438x10%° 2.0946x10%8

According to the analysis made on the values in Table 6, the following results were obtained.

» The dipole moment values of the studied theoretical and experimental compounds are directly
proportional to their atomic number, that is, to their electric charge.

» Since ay and Aa values of the studied theoretical and experimental compounds depend on the
distribution of their atoms and electric charges in 3D space, there is no certain proportionality between
these values.

» The B, values of the studied theoretical and experimental compounds are equal to the square root
of the sum of the squares of their Bx, By and B, components. In other words, these values are increasing

in direct proportion to the number of atoms in the compounds and their electrical charges.
Hirshfeld Surface Analysis of Compound 1

Types of bonds that ensure the stability of a crystalline structure; They are in the form of metallic bonds,
various types of bonds between other atoms in the structure, hydrogen-hydrogen and van der Walls
interactions of smaller intensity. A program called CrystalExplorer was created by Spackman et al to

calculate weak interactions in crystal structures [45]. This program can calculate the surface types of a
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crystal such as Hirshfeld, Promolecule, Crystal Voids, Electron Density, Deformation Density,

Electrostatic Potentials, Molecular Orbitals and Spin Density [45]. A 2D map of the Hirshfeld surface
calculated for a molecular structure is very important in understanding the intramolecular interactions
of that molecular structure. Hirshfeld surface analysis, which is used to identify various interactions in
a crystal structure, identifies these interactions with the help of red, blue and white colors. Red areas on
a Hirshfeld surface indicate hydrogen bond interactions, blue areas indicate long-reach interactions, and
white areas indicate van der Waals interactions. The intensity of each color on the Hirshfeld surface of
a crystal structure is directly proportional to the magnitude of the interactions [45]. The Hirshfeld surface
analysis approach of compound 1 is a graph-based tool that facilitates understanding interactions in that
molecular structure [45]. The different views of the Hirshfeld surface created by the CrystalExplorer
program for compound 1 and the 2D fingerprint graphs produced from them and the percentages of

various interactions are shown in Figure 7.

P AEEER PRGN P

Figure 7. Percentages of contrlbutlon of some mtramolecular and extramolecular interactions in the

asymmetric part of compound 1 to crystal formation; C...C (a), Cd...H/H...Cd (b), Cd...N/N...Cd (c),

C..H/H..C (@), C..N/N...C (e), C..Ni/Ni...C (f), C...0/0...C (g), H...H (h), N...H/H...N (I), Ni...Ni

(), N..N (k), N...O/O...N (I), O...H/H...O (m), O...0 (n), and 2D fingerprint plot of all interactions in
the asymmetric part of compound 1 (0)

A 2D fingerprint graph of a crystal structure makes it possible to quantitatively examine all the molecular
interactions in that crystal structure together. The 2D fingerprint graph provides the advantage of
highlighting and distinguishing short-range contacts in the crystalline structure [45]. From all the 2D
fingerprint views of compound 1, the interactions that hold the molecules together in its crystal structure
are N-H, C-H, C-C, H-H, C-C, C-O, N-O, C-Ni, N-N, Cd-N, N-N, Ni-Ni ... and others. The
contributions of these interactions to the formation of the crystal structure of compound 1 are shown in
Table 7.
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Tablo 7. The contribution percentages of each of the intramolecular and intermolecular interactions
that form the crystal structure in the asymmetric part of compound 1 to the Hirshfeld surfaces,
ordered from largest to smallest.

Interactions Contribution (%)
N--H/H--N 40.8
H--H 12.4
C--H/H--C 10.3
C--C 8.3
C--0/0--C 6.5
N--O/O--N 6.4
C--Ni/Ni--C 3.2
N--N 2.7
Cd--N/N--Cd 2.6
Ni--Ni 2.2
C--N/N--C 1.3
Cd--O/0--Cd 0.9
O--H/H--O 0.7
0--0 0.6
Cd--H/H--Cd 0.5

Interpretation of The FT-IR Spectrum of Compound 1

Experimental FT-IR spectrum of compound 1 is given in Figure 8. In this spectrum, firstly, the vibration
modes of the water molecule, which is the ligand, and then the [Ni(CN)4]% ion group were investigated

separately.
Vibrations of the H20 in Compound 1

Since there are two hydrogen and one oxygen atoms in the structure of the water molecule, it has three
vibration modes defined as vas(OH), vs(OH) and 6(OH) in its FT-IR spectrum [46 - 48]. A new vibration
band is formed as a result of the overlapping of vas(OH) and vs(OH) modes in the FT-IR spectrum of
the compound formed by bonding a water molecule to a metal atom. This new vibration band belongs
to the water molecule and is a very broad band in the range of wavenumbers of about 3500 and 3200
cm-1. If a compound has unbounded water molecules in its structure, then in its FT-IR spectrum, a single
very sharp and intense stretching vibration peak appears around the wavenumber of 3600 cm-1.
However, in some cases, in the FT-IR spectra of agueous compounds with bound water molecules, the
vibration modes vas(OH) and vs(OH) can be seen separately at lower wavenumbers than in the free
water molecule. The vibration modes of liquid water were experimentally obtained in our laboratory at
wavenumbers vas(OH) 3470 cm™, vs(OH) 3257 cm™ and §(OH) 1641 cm™. As can be easily seen from
all the figures of the crystal structure of compound 1, the water molecules are attached to the Cd atoms
as two different groups. The physical conditions are different for the bound water molecule in each
different group. Therefore, at least two different vibration groups should be expected for the bound water
molecules. In fact, in the same region, peaks belonging to the combination and overtones of some of the

vibration modes formed at lower wavenumbers of the H,O molecule and the [Ni(CN)4]? ion group can
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be found.
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Figure 8. The experimental FT-IR spectra of compound 1.

It is a fact that water molecules bonded to Cd atoms as binary groups will be under the influence of a
stronger attraction force by the Cd atom than water molecules bonded as quaternary groups. As a result
of this situation, the vibrations found in the higher wavenumber will belong to the water molecules that
are bonded in binary. From the FT-IR spectrum of compound 1, values of 3567 and 3373 cm™ with 3548
and 3346 cm™* can be assigned for va(OH) and vs(OH) vibrations for binary and quaternary H,O groups,
respectively. From these results, it was seen that the va(OH) and vs(OH) vibration modes of the binary
and quaternary H,O groups in compound 1 shifted to higher wavenumbers compared to the values of
the vibrations in the liquid water molecule. The shift values to this high wavenumber are (97 - 78) cm™*
and (116 - 89) cm™, respectively. The vibration peak seen at wave number 3643 cm™ in the FT-IR
spectrum of compound 1 indicates that some water molecules are guests in the cavities of the crystal
structure, without binding to any atoms. However, there is no water molecule as a guest in the crystal
structure of compound 1, which was resolved by the SC-XRD method. The explanation for this is when
compound 1 first formed; its immediate FT-IR spectrum was taken. At that moment, there are some
guest water molecules in compound 1. However, about six months after obtaining compound 1, its
crystal structure was resolved and its elemental analysis was carried out. During this long period of time,
the guest water molecules were separated from the crystal structure of compound 1. The two peaks
observed at wavenumbers 1625 and 1602 cm™ in the FT-IR spectrum of compound 1 in Figure 4
correspond to the bending vibrations of the two different water groups in compound 1. These bending
vibrations shifted to the wavenumber region as low as 16 and 39 cm™* value relative to the values in the

free water molecule.
Vibrations of the [Ni (CN)4]> lon Group in Compound 1

Various theoretical and experimental information about the [Ni (CN)4]* ion group can be seen in
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previous articles of ours and other researchers [6, 7, 9-19, 45, 46]. The vibration modes of the [Ni

(CN)4]% ion in the K [Ni(CN)4]-H20 compound and the vibration modes of the [Ni(CN)4]? ion in the

compound 1's structure were compared with each other. In this way, the effect of compound formation

on these modes was investigated. In the FT-IR spectrum of a compound with a cyanide group, sharp
peaks with varying intensity in the wavenumber range of 2200-2000 cm™* correspond to cyanide groups
[20, 46]. The study of McCullough et al on this subject was used to determine the vibration modes of
the [Ni (CN)4]% ion in compound 1 [50]. Let us examine the most important vibration modes of K,
[Ni(CN)4]-H20 in order from largest wavenumber to smallest. In the FT-IR spectrum of K,
[Ni(CN)4]-H20, the vg(Ni-CN), E, mode is at 2122 cm™. This vibration mode was observed in
compound 1 at wavenumbers 2168, 2145, and 2123 cm™ as splitting into three. The reason for this triple
splitting can be understood by examining the crystal structure of compound 1. The nitrogen atoms of
the four cyan groups in the structure of compound 1 form three different bonding patterns with other
atoms around it. These bonding forms are the bond between N and two different H atoms, the bond
between N and Cd atoms, and the bond between N and Cd and H atoms, respectively. It can be said that
the bond constants of these bonds are in the same order of magnitude but at different values close to
each other. These three types of bonds with different bond constants cause the vibration mode of the
cyan group to be split into three. It can be said that vo(Ni—CN), Ey; m(Ni-CN), Az and 3(Ni—CN), E,
vibration modes appear in the FT-IR spectrum of compound 1 at wavenumbers of 584, 462 and 420 cm"
!, However, in the FT-IR spectrum of compound 1, it is very difficult to accurately interpret the peak
values in this region. Because, in this region, stretching and bending vibrations of CN groups with three

different properties and various modes of some other groups coexist.
Thermal Behavior of the Compound 1

TGA and DTG graphs of compound 1 are given in Figure 9. According to his TGA graph, compound 1
preserved its crystalline structure while heating from 20 °C to 90 °C. However, after this temperature,
water molecules, which are ligands, started to separate from the crystal structure of compound 1. In this
first step of the thermal analysis, 4 water molecules attached to the Cd atom left the crystal structure of
compound 1. These 4 water molecules were first separated from the crystal structure of compound 1
because they have weaker bonds than the 2 water molecules attached to the other Cd atom. This first
step of the thermal analysis occurred in the low temperature range of 90 - 116 °C, with a peak of about
105 °C. [found/(calc.)% = 11.85/(12.09)% ].
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Figure 9. Thermal graphic of compound 1.

In the second step of the thermal analysis of compound 1, 2 water molecules, which were more tightly
bound as ligands to the other Cd atom in the crystal structure, were separated from the crystal structure
of compound 1. This second step of the thermal analysis took place in the temperature range 125-180
°C, which is a slightly higher temperature range than the first temperature range, with a peak at 158 °C.
[found/(calc.)% = 4.48/(4.84) %]. In the third step of the thermal analysis, it is thought that the square
planar Ni(CN)4 bridges in the structure of compound 1 deteriorate with the effect of increasing
temperature. In this step, the triple bonds in the CN groups were broken, and then the C and N atoms
were burned out by the effect of high temperature. It can be seen from Figure 9 that the third step of the
thermal analysis occurs in the temperature range of about 442-544 °C and has a peak at 497 °C.
[found/(calc.) % = 30.87/(31.43) %]. Finally, it is understood that only Cd and Ni atoms remained in the
thermal analysis of compound 1. [found/(calculated)% = 51.18/(51.66)%].

Conclusion

In this study, a new heterometallic Hofmann-type-like compound defined by the open formula [Cd
(H20)2Ni (CN)4]4[Cd (H20)sNi (CN)4]s was synthesized in crystal form by chemical reaction. In the
reaction medium, water was used both as a ligand molecule and as a solvent. In this heterometallic new
Hofmann-type-like compound, the H>O ligand molecule behaved like a monodentate ligand molecule
by binding from the O atom to the Cd transition metal atoms. These Cd-O bonds played a very important
role in the formation and stability of the crystal structure of the obtained new heterometallic compound
1. In obtaining the crystal structure of compound 1, the bonds made by the oxygen atom of the ligand
water molecule with the Cd transition metal atom, as well as the various bonds made by its hydrogen
atoms with different atoms in the environment played very important roles. The various bonds that the
hydrogen atoms of the ligand water molecule make with different atoms in the environment show a

distribution ranging from the strongest to the weakest bonds forming the crystal structure of compound
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1 (see Table 7). In addition, due to the weak interaction forces between the ligand water molecules

forming the structure of compound 1, it was thought that its volume could easily change depending on
the guest molecules that would enter this structure. Therefore, the volumes of the host structures formed
by the ligand water molecule will be able to stretch at a certain rate. Therefore, it can be thought that
these new structures are more suitable for the storage of certain gases and other guest molecules than
the host structures formed by larger ligand molecules. Furthermore, all Ni (11) ions in the structure of
the crystal of compound 1 are surrounded by four cyanide groups, forming a square planar arrangement.
In contrast, Cd (I1) ions possess two distinct environmental arrangements within the structure. In one of
these coordination geometries, some Cd (l1) ions have a distorted octahedral coordination geometry
formed by the two nitrogen atoms of the cyanide groups and the four oxygen atoms of the ligand water
molecules. In the other coordination geometry, the other Cd (Il) ions have a distorted tetrahedral
coordination geometry formed by the two nitrogen atoms of the cyanide groups and the two oxygen
atoms of the ligand water molecules. The probabilities of various guest molecules of suitable size
entering the gaps in the structure of compound 1, which is a Hofmann-type-like compound obtained in
crystalline form, can be investigated experimentally. Consequently, clathrate forms of compound 1 can
be obtained in future studies.
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