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ABSTRACT

Bulatova, Margarita

Noncovalent interactions as a tool for supramolecular self-assembly of
metallopolymers

Jyvaskyld: University of Jyvaskyld, 2021, 62 p. (+included articles)

(JYU Dissertations

ISSN 2489-9003; 377)

ISBN 978-951-39-8630-8 (PDF)

This thesis shows the successful application of noncovalent interactions (NCls)
in crystal engineering. Various NCIs were applied to obtain 10 novel self-
assembled metallopolymeric structures: [Ptl.COD]- CHI;, [PtI.COD]- 0.5,
[PtBroCOD] - 0.5, [PtCL.COD]- I, [Ptl.COD]- 1.5FIB, [PtBr.COD]- 2FIB,
[PtClCOD] - 2FIB, trans-[PdI2(CNXyl)2] - Iz, trans-[Ptlo(CNXyl)2] - I, and KI - 1,1’-
bis(pyridin-4-ylmethyl)-2,2’-biimidazole. Several polymer geometries such as 0D,
1D, 2D, and 3D were achieved by fine-tuning the NCIs within the structures.
Dependence of the structural organization on the relative strength of the NCI was
considered, as well as the impact of the cooperative effect of multiple NCls.
Single crystal X-ray diffraction was used to study NCIs in the solid-state
structures experimentally. Modern computational techniques were used to
further study the NClIs and their influence on the structure including analysis of
electrostatic surface potential (ESP), NClplot, quantum theory of atoms in
molecules (QTAIM), and ESP/electron density (ED) minima analysis.

This thesis is divided into 3 parts. The first part provides a brief
introduction to crystal engineering, noncovalent interactions, and applications of
crystal engineering to the synthesis of metallopolymers. The second part briefly
explains the specific methods and techniques used to study NCI. The last part
summarizes the contribution of the author’s work in the field of NCls.

This thesis shows the close relation of the dimensionality of a self-
assembled metallopolymer with the strongest noncovalent interaction and that it
is also influenced by the cooperativity effect of weaker interactions.

Keywords: crystal engineering, noncovalent interactions, halogen bonding,
bifurcated bonding, metal-involved noncovalent interactions, platinum(Il)
complex, palladium(Il) complex, ESP, ELF, NClIplot, supramolecular
metallopolymers.
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Ei-kovalenttiset vuorovaikutukset tyokaluna metallopolymeerien supramoleku-
laariseen itsekokoonpanoon
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Tdssda vditoskirjassa tarkastellaan ei-kovalenttisten vuorovaikutusten (EKV)
hyodyntamistd kiteisten materiaalien rakenteiden hallitussa kasvatuksessa.
Kayttamalld erilaisia ei-kovalenttisia vuorovaikutuksia pystyttiin rakentamaan
kaikkiaan 10 uutta itse-rakentuvaa metallipolymeerirakennetta: [PtlCOD] - CHIs,
[PtCOD]- 0.5,  [PtBr.COD]- 0.5,  [PtCLCOD]- I,  [Pt,COD]- 1.5FIB,
[PtBroCOD] - 2FIB,  [PtC,COD]- 2FIB,  trans-[Pdl(CNXyl)2]- I,  trans-
[PtI(CNXyl)2] - I, ja KI- 1,1-bis (pyridin-4-yylimetyyli)-2,2"-biimidatsoli. Eri
yhdisteiden yksityiskohtaisia rakenteita voitiin hienosaatdd valitsemalla ja vah-
vistamalla ei-kovalenttisia kontakteja. T4lld tavoin voitiin saavuttaa 0D, 1D, 2D ja
3D jarjestelmid. Ty0ssd analysoitiin eri ei-kovalenttisten vuorovaikutusten roolia,
vaikutusta ja yhteisvaikutusta rakenteiden muodostumisessa. Kiintedn tilan ana-
lytiikassa hyodynnettiin erityisesti yksi-kide rontgendiffraktiota kiderakenteiden
kokeellisessa maddrityksessd. Laskennallisia menetelmid Yksityiskohtaisempaa
informaatiota vuorovaikutuksista haettiin kdyttamaélld laskennallisen kemian
menetelmid, mm. sihkostaattisen pintapotentiaalin (ESP) analysointia, NClIplot-
analyysid, molekyylien ja atomien kvanttiteoriaa (QTAIM), ESP:n ja elektroni-
tiheysminimien analyysia.

Viitoskirja jakautuu kaikkiaan kolmeen osaan. Ensimmadisessd osassa kay-
d&dn lapi tutkimuksen taustaa ja tarkasteltavia ei-kovalenttisia vuorovaikutuksia.
Edelleen taustoitetaan metallopolymeerien syntetiikkaa. Toisessa osiossa tarkas-
tellaan lyhyesti kdytettyjd ei-kovalenttisten vuorovaikutusten tutkimusmenetel-
mid. Kolmannessa osassa esitelldan varsinainen tekijan kokeellinen ja laskennalli-
nen tyo.

Tdmd opinndytetyd osoittaa, ettd itse-jdrjestdytyvien metallopolymeerien
muodostumisessa ei-kovalenttisilla vuorovaikutuksilla on voimakas ohjaava rooli.
Usein prosessia hallitsee voimakkaimmin jokin tietty vuorovaikutus, mutta loppu-
tuloksen kannalta kaikki vuorovaikutukset ja niiden yhteisvaikutus on lopulta
huomioitava.

Asiasanat: kidetekniikka, ei-kovalenttiset vuorovaikutukset, halogeenisidos,
kaksisuuntainen sidos, metalliin liittyvit ei-kovalenttiset vuorovaikutukset,
platina(Il)kompleksi, palladium(Il)kompleksi, ESP, ELF, NCIplot, supra-
molekyyliset metallopolymeerit.
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1 INTRODUCTION

Since the 1987’s Nobel Prize in chemistry awarded to Pedersen, Lehn, and Cram,
the field of supramolecular chemistry has attracted a lot of attention in the
scientific community. It drove the idea to develop the use of noncovalent
interactions (NClIs) in combination with crystal engineering. NCls have found
broad applications in synthesis, biomedicine, catalysis, and metallopolymers.!2
Metallopolymers consist of coordination complex units that are connected either
covalently or noncovalently via a linker compound that creates a polymeric
structure.?

The aim of this chapter is to introduce the reader to crystal engineering by
discussing basic concepts and methods applied in the field. Main definitions and
short explanations of the key concepts are presented.

1.1 Crystal engineering

The term crystal engineering was introduced by Schmidt in 1971.4 Itis a relatively
young interdisciplinary area that combines crystallography, chemistry, and ma-
terial sciences. It utilizes intermolecular interactions for the synthesis of novel
solid-state materials.>® A thorough understanding of such interactions helps in
fine-tuning the desired physical and chemical properties, such as non-linear op-
tics, luminescence, pharmacological and catalytic activity, gas storage, ion cap-
turing, and many more.

There are two keywords in the phrase “crystal engineering”. The first,
crystal describes a material in which atoms, molecules, or ions are packed in a
repeating three-dimensional periodic pattern. This pattern, or molecular
arrangement, is closely related to the properties of the material. The second word,
“engineering” means the control of the arrangement via various inter- and
intramolecular interactions, including hydrogen, halogen, chalcogen, pnictogen
bonding, dipole-dipole, various n-interactions, and metallophilic interactions.
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The ability to control the structure is closely related to control over the material
property.

Molecules are the main building blocks in the crystal that can be assembled
into organized structures. Pre-design of a building block is an important step in
crystal engineering because this is the stage that determines the
physical/chemical properties of the final material. Final adjustments and fine-
tuning over the desired system are accomplished via various design strategies.

1.2 Design strategies

There are two types of crystal design strategies. One relies on the desired prop-
erties of the final crystal and the other relies on the desired topology.

“From simple to complicated” or “from a molecule to a crystal” is the first
of the design strategies. The simplest design sequence is molecule — functional
group — synthon — crystal (FIGURE 1).” It is essential to choose the key molecule
in crystal design. That is, a molecule with certain physical and chemical
properties along with the desired intermolecular interaction sites. There can be
several key molecules, but the variety affects the ability to control the structure.
These molecules or molecular building blocks are assembled into organized
structures via intermolecular interactions. Therefore, it is essential to consider the
strength, directionality, and possibilities for multiple intermolecular interactions.
However, it is more complicated to predict the final crystal structure with more
possibilities for intermolecular interactions between molecules.

Topological design is a retrosynthetic strategy that is based on the preferred
geometry of the final product.® In a retrosynthetic strategy, the target crystal’s
structure is divided into simpler fragments that can be assembled via synthetic
procedures to give the desired product. Topological design is associated with
coordination compounds and has been applied in the synthesis of inorganic-
organic hybrid systems where the organic molecules cross-link coordination
compounds (metal complexes) creating zero-, one-, two-, or three-dimensional
networks (FIGURE 2). Here, the main properties of the material arise from the
metal complex. However, geometry modification of the organic molecules
(ligands) can add extra functions to the material, for example, gas storage or ion
capturing.

12



Molecule o—Q

I and  PtCI,COD

Functional Group —@

Synthon

Crystal o—o

FIGURE1  Self-assembly via halogen bonding.

Despite the differences, both self-assembly and intermolecular interactions
play an important role in both of the aforementioned strategies.
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FIGURE2  Schematic representation of cross-link coordination compounds creating 0D,
1D, 2D, and 3D networks.

1.3 Noncovalent Interactions

In this chapter, the difference between covalent and noncovalent interactions as
well as the key noncovalent interactions applied in this thesis will be briefly dis-
cussed.

1.3.1 What is an interaction? Covalent vs noncovalent

In introductory chemistry classes in high school, students are taught that there
are ionic, metallic, polar, and nonpolar covalent bonds. The definitions are quite
strict and one would think it would always be possible to assign an interaction
between two atoms to a certain bond type. However, then hydrogen bond is de-
fined as an intramolecular force, which makes things more complicated because
a hydrogen bond can be as strong as a covalent by energy.” So, is it covalent then?
In undergraduate chemistry even more intermolecular interactions are defined
as part of the term “noncovalent”.

A covalent bond is typically defined as the sharing of an electron pair
between two nuclei. On the other hand, a noncovalent interaction is based on the
electrostatics, charge transfer, and/or dispersive interaction. If a covalent

14



interaction leads to the formation of a molecule, a noncovalent interaction leads
to the formation of a molecular cluster.

Although the nature of the interaction is a highly discussed subject, in the
end, the main question is “what is a bond (interaction) between two atoms”?
According to the IUPAC Golden Book:

When forces acting between two atoms or groups of atoms lead to the formation
of a stable independent molecular entity, a chemical bond is considered to exist
between these atoms or groups.10

Simply, if an interaction has physical consequences it does exist.

Although IUPAC has clear definitions for ionic and covalent bonds, instead
of assigning an interaction as purely ionic, covalent, or noncovalent, it is
preferable to consider the contribution of a certain character of an interaction to
a bond. The character of the interaction can be described by some measurable
parameters and in the case of bonding these parameters are the energy and
distance of the interaction.

The interaction energy scale ranges from hundreds to just a few kJ /mol. The
distance scale ranges from a short interaction of less than 2 A to a long-distance
interaction of 2-5 A. While short-range high-energy interactions are typically
assigned to ionic and covalent bonds, the entirety of noncovalent interactions
starts at high energy short-range hydrogen bonds and ends at low energy
dispersive interactions that approach or even exceed the sum of the van der
Waals (vdW) radii. In the end, the strength of interaction must be strong enough
to create a stable molecular entity and therefore, although noncovalent
interactions are sometimes called “weak”, they are strong enough to create new
materials.

1.3.2 Halogen bond

Halogen bonding has brought a lot of attention to the scientific community dur-
ing recent decades as a powerful self-assembly tool.l'l! According to the IUPAC
definition:

A halogen bond occurs when there is evidence of a net attractive interaction
between an electrophilic region associated with a halogen atom in a molecular
entity and a nucleophilic region in another, or the same, molecular entity.12

A halogen bond can be schematically represented as R-X:--Y (FIGURE 3),
where R-X is a halogen bond donor (XBD) and Y is a halogen bond acceptor
(XBA). XBD consists of a group, R, covalently bonded to any halogen atom with
an electrophilic region (X). In XBA, Y is an entity with a nucleophilic region. The
d(X:-Y) distance between X and Y is usually less than the sum of the vdW radii
in halogen bonded systems.

The electrophilic region on the halogen atom is called a o-hole. Clark et al.'
have proposed the o-hole concept, which is a region of a positive electrostatic
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potential on the elongation of the R-X o-bond. More details of the o-hole concept
can be found in section 2.2.1 (ESP).

160 — 180°

O-

o-hole

X = Halogen atom with electrophilic region;
Y = Nucleophile.

FIGURE3  Schematic representation of a halogen bond.

The nature of a halogen bond is still debated among scientists. The question
of what component of the binding energy dominates is the central issue. As
Politzer and Clark suggested, all the components such as dispersion, charge-
transfer, polarization, and electrostatics contribute to the interaction. However,
the only physical observable is the binding energy.14

The main properties of a halogen bond, which include the directionality'®
and tunability,'® are closely related to o-hole properties, such as the size and
magnitude. The halogen bond is a directional interaction with an angle £(R-X:---Y)
normally between 160° and 180°.17

An advantage of halogen bonding is the tunability. The halogen bond
strength increases as the electronegativity of halide (X) decreases (F < Cl < Br <
I), and as the electron-withdrawing ability of R decreases. Therefore, the strength
of a halogen bond can be adjusted by varying the halide or the R group. For
example, fluorine can act as a XBD if R is a very strong electron-withdrawing
group.!®

The existence of a halogen bond can be confirmed experimentally,
theoretically, or preferably with a combination of techniques. The experimental
methods include SCXRD, NMR, IR, Raman, XPS, and UV-vis spectroscopies.
Theoretical confirmation can be done via QTAIM, NClIplot, DORI (density
overlap region indicator), ESP, ELF analyses. Some of these methods are
discussed in chapter 2.

1.3.3 Hydrogen bonding and n-interactions

There are many noncovalent interactions, such as hydrogen bonds (HBs), metal-
lophilic and m-interactions, triel, tetrel, pnictogen, chalcogen, halogen, and aero-
gen bonds.” All of them are actively applied in crystal engineering. In the scope
of this work, hydrogen bonding and n-interactions need to be briefly mentioned.

The hydrogen bond can be notated as D-H---A. It can be described
primarily via an electrostatic attraction between the positively charged end of a
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dipole, D-H, (hydrogen bond donor, HD) and the negatively charged entity, A,
(hydrogen bond acceptor, usually bearing a lone electron pair, HA). It can also
include some covalent and dispersion contributions.?’ The electronegativity of a
D group has to be higher than the electronegativity of a hydrogen atom to
sufficiently polarize the D-H bond. Both D and A can be represented by C, N, O,
F, P, S, Cl, Se, Br, and I. However, A can also be a double or triple bond as well
as any kind of a ni-system. HBs can be divided into two groups; symmetrical and
asymmetrical (FIGURE 4.1.a and 4.1.b). The strongest hydrogen bonds are
known to be short and symmetrical?® and involve charged species.?> The HB
energies range from 2 (weak) to 40 (strong) kcal mol-1.22

The nature of n-interactions is usually explained via the Hunter-Sanders
model,? where due to the quadrupole moment in the aromatic system, stacking
of aromatic fragments is arranged to minimize the electrostatic repulsion
between rm-systems and maximize attraction between sigma skeleton. This model
works well in describing the energetically favorable dispersion-dominating n-
interactions, such as face-to-edge, parallel displaced, and reversed polarity face-
to-face arrangements of the benzene rings as shown in FIGURE 4.2.b-4.2.d,
respectively. In contrast, cation-n and anion-m interactions are mainly
determined by electrostatic and induction contributions as shown in FIGURE
4.2.g and 4.2.h, respectively.?* A more general way to classify these interactions
is to subdivide them to neutral (FIGURE 4.2.a-4.2.f) and charged interactions
(FIGURE 4.2.g and 4.2.h). The range of energies of n-interactions is quite broad,
starting from 1 kcal /mol for dispersion dominated interactions to stronger than
30 kcal mol! for pancake bonding (parallel n-stacking interaction).526

1. Hydrogen bond
a.D-H-A  b.D-H-A
asymmetrical symmetrical

2. mr-interactions

©i|c C:
s

face-to-face edge-to-face parallel dispaced reversed polarity

Q
(o

O

ort—shaped
e. X f. h.
|
H OT F Q: F
|
<> Q > T
F
XH—1 lone pair—Tr cation—r anion—r

FIGURE4  Types of hydrogen bonds and m-interactions: 1a) asymmetrical HB; 1b) sym-
metrical HB; 2) various m-interactions.
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1.3.4 Metal-involved noncovalent interactions

In the context of this thesis, the nature of metal-involved noncovalent interactions
can be divided into polar, with clear electro- or nucleophilic roles assigned to
interacting atoms, and nonpolar, with undefined electro- or nucleophilic roles.
Examples of polar interactions include NCls involving o-holes (as in hydrogen,
halogen, chalcogen, etc.),??8 electron belts (as in semicoordination),” and mn-
clouds (as in cation-11).393! In addition, some of the metallophilic interactions in
heterometallic complexes such as weak electrostatic attractive interactions be-
tween low-valent closed shell (d'0, s?) and pseudo-closed shell (d®) metal ions
can be classified as polar.3223 Nonpolar interactions include some halogen bonds
of intermediate metal-halogen type®* and metallophilic interactions known for d-
block transition metal complexes (FIGURE 5).35

Polar

Interaction Interaction Interaction Metallophilic
involving involving involving interaction
o-hole electron belt m-cloud
Non-polar
R@ D
F G
Intermediate Metallophilic
metal+++halogen interaction
interaction

FIGURES5  Types of noncovalent interactions involving metal centers and halogen atoms.
The neutral regions are colored gray, electrophilic regions are colored red, nu-
cleophilic ones are blue.

Although each interaction has its own nature and properties, it is important
to remember that frequently several NCIs contribute to the arrangement of the
structure. This effect is called cooperative and it means that various NClIs are
strengthening or weakening each other.3¢37 Cooperative effects are especially
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important in metal-involved NClIs that are usually accompanied by stronger
types of NCI. For example, cooperation of n-1r and metallophilic interactions are

necessary  to  stabilize extended chain  structures in  neutral
[Pt(II) / Pd(IT) (CN CeHa-p-CH3)2Cly] aryl isocyanide complexes (FIGURE 6).3

.

~P-CH,),CL)]

FIGURE 6  Cooperative effect of m-m interactions and metallophilic contacts that stabilizes
extended chains of [Pt(Il)/ Pd(II)(CNCsHs-p-CHs)>Cl2] complexes. Hydrogens
are omitted for clarity.38

It is possible to achieve various metal-involved contacts by modifying the
interlinking molecule even within the same metal complex. A prime illustration
of this are I and 1,3,5-triiodotrifluorobenzene (1,3,5-FIB) cocrystals of
nitrosoguanidinate Ni(Il) complexes [Ni{NH=C(NMe2)NN(O)}2]. In the case of
an I> cocrystal, a semi-coordination Ni---I contact is formed. In the 1,3,5-FIB
cocrystal, an intermediate type of Ni---I contact was observed® and in the 1,4-
diiodotetrafluorobenzene cocrystal, no Ni---I contact was observed (FIGURE 7).3

Another way to control the metal-involving contacts is to modify the metal
center without changing any other variables. For example, in the case of the
cocrystals of [M(acac)z] (M =Pd, Pt, acac = acetylacetonate) with 1,3,5-FIB, the XB
pattern is dependent on the metal center.*® Due to the difference in d,*
nucleophilicity of the Pt(I) center compared to the Pd(Il) center, it is possible to
turn the M---I interaction on or off.
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Cocrystals of [Ni{NH=C(NMe,)NN(O)},]

1) Semicoordination interaction 2) Intermediate
metal-halogen interaction

FIGURE7 Influence of XBD on the NCIs involved on the metal centers of
[Ni{NH=C(NMe2)NN(O)}2]: 1) Ni---I semi-coordination contact in an I cocrys-
tal and 2) an intermediate type of Ni---I contact in a 1,3,5-FIB cocrystal.3* Only
metal-involved NClIs are presented in the picture.

[Pt(acac),]-2(1,3,5-FIB)

FIGURE 8 Halogen bonding patterns in cocrystals of [M(acac):] (M = Pd, Pt; acac =
acetylacetonate) with 1,3,5-FIB: 1) No M-I contact of 1,3,5-FIB with a Pd(II)
center and 2) M-I contact of 1,3,5-FIB with a Pt(II) center.4
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2 METHODS

This chapter briefly introduces specific methods to study noncovalent
interactions used in this thesis. General methods, as well as specific methods not
used in these studies, are not discussed.

2.1 Experimental studies

2.1.1 Single crystal X-Ray diffraction (SCXRD)

One of the most common methods for analyzing the molecular structure is single
crystal X-ray diffraction (SCXRD). The difficulty with this method is obtaining a
single crystal perfect enough to gain publishable data. However, it is able to ob-
tain valuable information on the arrangement of the atoms in space and geomet-
rical parameters, such as bond lengths and angles.

Experimentally obtained distances between non-covalently interacting
atoms are usually shorter than the sum of the corresponding vdW radii in NCIs.#!
Bondi’s vdW radii are commonly used for NClIs.#? Thus, the distance reduction
ratio (Rix) is a common parameter for estimating and comparing the NCls relative
strengths. For example, a shorter contact means a stronger NCI. Rix can be
calculated as Rix = d(I'*-X)/(Rlvaw + RXvaw), where I is atom with the electron-
deficient area (e.g. iodine), X is an atom with the electron-rich area, d(I---X) is the
distance between I and X, and Rlyaw and RX;aw are the corresponding vdW radii
of I and X.

TABLE 1 Selected data on Bondi's vdW radii.4
Atom E.)ondi vdW, Atom E.)ondi vdW,
A A
H 1.20 I 1.98
cl 1.75 Pd 1.75
Br 1.85 Pt 1.63
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2.1.2 BN, 19Pt NMR spectroscopy

Another useful experimental technique for the study of NClIs is "N NMR spec-
troscopy.#344 It is able to distinguish various isomers, tautomeric forms, rotamers,
and noncovalent interactions.#>4¢ Although the N nucleus (with 1=1/2) has
lower natural abundance (0.3%) than 13C (1%), it is advantageous for isotopic la-
beling because the labeled location is easily identified from the more abundant
isotope, 1N. It is also ideal because it has a range of chemical shifts of about 900
pm. This enables investigation of a wide selection of compounds. The main dis-
advantages of >N NMR spectroscopy are its low gyromagnetic ratio, which is a
factor of 10 lower than 'H, and its low signal-to-noise ratio. It is important to use
a reference compound in liquid state "N NMR studies.

The N nucleus is used in solid-state NMR (SSNMR) spectroscopy that is
especially valuable for solid-state studies of bulk material, solvent sensitive, and
polymeric compounds. The sensitivity of the N nucleus appears as a shift of the
5N signal for coordinative or noncovalent interaction.647

Although Pt NMR is one of the oldest NMR methods,* it is utilized less
in studies of Pt complexes compared to more common methods, such as 'H or
BBC NMR. However, Pt NMR is an important non-destructive characterization
tool.

The 1%°Pt nucleus has nuclear spin quantum number of I=1/2, a natural
abundancy of 33.7% and a 9.94x10-3 receptivity relative to 'H.* Due to the short
relaxation times signal accumulates quickly, which makes taking direct 1D %Pt
spectra a routine measurement. An advantage of this method is the unique signal
for certain types of Pt centers. Chemical shifts are very sensitive to the
environment of the complex in the 1°°Pt spectra. The method can distinguish
between oxidation states, conformations, and ligands in the coordination sphere
(donor atoms) of Pt.50

195Pt NMR resonances must be compared to a reference compound for the
chemical shift (6(Pt), in ppm). A DO solution of Nay[PtCls] is a common
reference (8(Pt) = 0 ppm) because of its good solubility, commercial availability,
affordable price, and relative stability. The chemical shifts of °°Pt are dependent
on the temperature of spectrum measurement, the concentration of the sample,
and solvent effects. The reported error of this method is up to +£5 ppm. However,
considering the wide resonance window of 15000 ppm, it is relatively small. It is
important to choose the correct window, otherwise, a problem of folded peaks
can arise due to the limited working window of the spectrometer.5!

Although this method is sensitive to the coordination environment of the
complex, it is not widely used to investigate noncovalent interactions. The
reasons for this are the small differences in chemical shifts of the original complex
and the complex with NClIs, stability of the interaction in solution, and solubility
of the sample. Great care must be taken when setting the experimental
parameters.

In 2020, I---Pt XB was investigated with Pt-NMR by Katlenok et al.5? In
this study, I---Pt XB was studied by titrating half-lantern Pt complexes with XBD
(XBD = 1,4-diiodotetrafluorobenzene and 1,1’-diiodoperfluorodiphenyl).
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Titrations of a 1:1 ratio led to a slight change in the 1Pt chemical shifts. Therefore,
the titrations were continued up to a 1:20 molar ratio, where changes in the
chemical shifts became noticeable (up to 64 ppm).
To summarize, important features of 1Pt NMR in the context of this thesis are:
e The oxidation state of the metal influences the chemical shifts
(FIGURE 9.1).
e Going down in group 17 of the periodic table makes the chemical
shifts more negative (FIGURE 9.2).
e Isomerization of square planar Pt complexes influences the chemical
shifts (FIGURE 9.3).

—_—

Ko[Pt'/Clg] Ko[Pt''Cly]
0 ppm -1628 ppm

2. [Pt(NH3)sCll"  [Pt(NH3)Brl"  [Pt(NH3)3!l"
-2353 ppm -2492 ppm -2819 ppm

3. cis-Pt(Me;s0)(py)Cl2  trans-Pt(Me,S0)(py)Cl2
-2856 ppm -2957 ppm

FIGURE9  Examples of the resolution ability of the 1%Pt NMR method. 1) Distinguishing
between various oxidation forms, 2) resolving different halides, and 3) resolv-
ing cis-and trans-isomers.

2.2 Theoretical studies

It is not always possible to look deep into the interaction experimentally. Instead,
theoretical modeling can provide scientists with this opportunity. In this chapter,
we will look into some well-established and modern theoretical techniques used
in this thesis. Electrostatic surface potential analysis gives clues to the best
nucleophile/electrophile pairing in molecules. QTAIM justifies the pairs and
gives estimates the covalency of the interaction. The NCI method visualizes
noncovalent interactions in real space and is able to distinguish interactions by
the strength and attractive/repulsive nature. A combination of ELF and QTAIM
is applied to understand the donor-acceptor nature of the interaction. Analysis
of ED and ESP minima profiles reveals the philicity of NCI. Together these
methods improve our understanding of the nature of NClIs and give the ability
to predict possible structures of systems of interest.
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2.2.1 Electrostatic Surface Potential (ESP)

An elegant way to predict the possible direction and strength of a noncovalent
interaction suggested by Politzer et al. is the analysis of the electrostatic potential
(ESP) surface.’ ESP is a measurable value that can be obtained both theoretically
and experimentally by diffraction techniques.5*> It should be calculated at the
0.001 a.u. contour of the molecule’s surface because it illustrates 96% of the elec-
tronic charge of a molecule as recommended by Bader et al.>

Anisotropic charge distribution on the surface of the molecule results in the
localized positive or negative potential regions. The positive potential region,
called a o-hole as it is located on the covalent o-bond, has several important
features. This includes the o-hole magnitude, Vsmax, the most positive
electrostatic potential at the isosurface, and size of a o-hole, which is the area of
the positive ESP. The magnitude determines the strength of the interaction while
the size of the o-hole influences the directionality of the interaction. These
features can be influenced by varying the electron-withdrawing or donating
groups. Strength of the NCI is correlated with Vsmax and increases for the
pnictogen group as N <P < As < Sb, for the chalcogen group as O <S <Se < Te,
and for the halogen group as F < Cl < Br < I. The common trend in these groups
is that the less electronegative and more polarizable atom leads to a bigger Vs max.
An illustration of this phenomenon is the trifluoromethane halides, where the o-
hole features are enhanced by the strong electron-withdrawing properties of the
CFs group (FIGURE 10).

CCEC

V, .= 79kimol" V. =97 kImol'V, =129 kJ mol"

SRR

CF,Cl CF Br
-129 kd mol +129 kJ mol"

FIGURE 10 Electrostatic potential surface calculated at the PBE0/def2-TZVP level on
the 0.001 au molecular surfaces of trifluoromethane halides of a) CF, b)
CFsCl, c¢) CFsBr, and d) CFsl.
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2.2.2 Quantum Theory of Atoms in Molecules (QTAIM)

Bader’s QT AIM>” identifies covalent and noncovalent interactions differently by
analysis of the topology of the electron density p(r), where p is the electron den-
sity (ED) and r is a spatial variable. The distribution of the ED is affected by elec-
tron-nuclear force, with the maximum at the nuclear sites that decays when mov-
ing away from the nucleus. Lines of density maximum connecting neighboring
atomic regions are called bond paths. Topological analysis of the p(r) via the first
(gradient, Vp(r)) and second (Laplacian, V?p(r)) derivatives provides useful struc-
tural information, such as a measure of the strength of an interaction between
two molecular systems and of the degree of covalency.

The first derivative of the ED describes the maxima, minima, or saddle
points in space (EQUATION 1). It vanishes at certain extremum points called
critical points (CPs) where Vp(rcp) = 0. The second derivative, V2p(rcp), describes
the characteristics of the CPs, such as the local charge concentration or
diminution. The symmetric (3x3) matrix of the partial second derivativesis called
the Hessian of p (VVTp(rep)). It is used to explore V2p(rep) and is given in
EQUATION 2. Diagonalization of the Hessian matrix allows one to obtain three
eigenvalues, A1, A2, and A3, and these represent the principal axes of curvature
(EQUATION 3).

Eigenvalues define the rank (number of non-zero eigenvalues) and the
signature (the algebraic sum of the signs of eigenvalues) of a CP (rank, signature)).
Topologically stable CPs always have a rank of three that gives four possible
combinations such as (3, -3), (3, 1), (3, +1), and (3, +3). At (3, -3) CP, all
curvatures are negative and p is a local maximum. At (3, —1) CP or the bond
critical point (BCP), two curvatures are negative, one is positive, and p is a
maximum in one plane and a minimum perpendicular to that plane. At (3, +1)
CP, or the ring critical point (RCP), two curvatures are positive, one negative,
and p is a minimum in one plane and a maximum perpendicular to that plane.
At (3, +3) CP or a cage critical point, all curvatures are positive and p is a local
minimum.

EQUATION 1. Vp(rep) = 150+ J 50 + k5
?p  3*p 3%
dx%2  0xdy 6xaz\
02 02
EQUATION 2. V7o (1p) = ayapx 6_3/'2 6y6pz
azp azp az_p
0z0x 9zdy  0z?2

2

EQUATION 3 V2p(r,y) = + £ + =M+ + A3, whered; < A, <3

The relationship between the energetic topological parameters and V2p(rcp)

via the local form of the virial theorem allows one to obtain the total electron
energy density, H(rcp), the potential electron energy density, V(rcp), and the
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kinetic energy density, G(rcp). Here, G(rcp) and V(rep) are positive and negative
quantities, respectively (EQUATIONS 4-5).58

EQUATION 4. 272p(1p) = 26 (1) + V (72)
EQUATION 5 H(ry) = G(rep) + V(rep)

The covalency of the interaction can be studied through the relationship
between V(rep) and G(rep). When | V(rep) | > G(rep), then V2p <0 in the internuclear
region and indicates a shared interatomic interaction, i.e., covalent or polar
bonding. If the magnitude of G(r.p) dominates over the interaction, then V?p(rcp) >
0, which means closed-shell interactions or ionic bonds and NCls. Here, p(rcp)
quickly increases away from the BCP.

It is also possible to estimate covalency with the delocalization index, 6(i,j),
which describes the number of electrons shared between atomic basins €2; and ;.
High localization indices are associated with covalent bonding while low indices
indicate ionic or NCIs.>

For the description of various NCls, the QTAIM method became an
invaluable tool. For example, topological analysis of the electron density is
included in the IUPAC definition of XB. When XB takes place there is a bond path
and a (3, -1) critical point between two neighboring atomic basins.’?> Although
QTAIM is widely used in the study of NClIs, visual representation of NCls
through BCPs and bond paths is not very intuitive.

2.2.3 Noncovalent Interactions plot (NClplot)

Developed by Johnson and coworkers in 2010, the NCIplot program has been
used in studies of NClIs.®0 This program is a powerful computational tool for real
space visualization and estimating the relative strength of NClIs.

The essential quantity in the NCI method is the reduced electron density
gradient (s or RDG), which describes a deviation from a homogeneous electron
distribution. It is closely related to the quantum-chemical electron density, p
(EQUATION 6), which is a quantity that allows one to deduce various chemical
properties. Thus, s depends on local density inhomogeneities that depend on the
chemical region of the molecule. For example, in the event of bonding, the s value
approaches zero.

EQUATION 6 s(r) = —— 7ol

3(2m?)3 p(r)3

Another important parameter in the NCI method is the sign of the second
eigenvalue (sign(A2)) of V?p (EQUATION 3). When V2p = 0, evaluating the
eigenvalues allows to determine the type of interaction: all eigenvalues are
negative at nuclei (maxima of p), positive at the minima of p, and at the remaining
points of space have A1 <0 and A3 > 0, while A2 can be both positive and negative.
If A2 > 0, the interaction is assigned as repulsive but if A2 < 0, the interaction is
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assigned as attractive. This feature is used by the NCI method to characterize the
NCls.

To analyze noncovalent interactions in the system, s has to be plotted
against the sign(\2)p. In the resulted 2D graph interactions are represented by
spikes. Attractive, dispersive, and repulsive interactions can be assigned through
the sign(A2)p value. Attractive interactions are located in [-0.05, -0.005] sign(A2)p
range. Dispersive interactions associated with low-density values are located in
[-0.005, 0.005] sign(\2)p range. Finally, repulsive interactions are located in [0.005,
0.05] sign(A\2)p range.®® In 3D visualizations based on 2D plot data NClIs are
represented by reduced density gradient isosurfaces. The color of the isosurface
represents the interaction strength. Isosurfaces are colored in the red-green-blue
(RGB) scheme, where red indicates strong destabilizing interactions, green
indicates delocalized medium to weak interactions, and blue indicates strong
stabilizing interactions.

The main advantage of the NCI method is its insensitivity to the choice of
computational method (the same densities are obtained with different methods).
Another advantage is the possibility to compare the relative strength of
interactions between a series of compounds. For example, in the case of the 4-
halobenzonitriles series (CIBzCN, BrBzCN, and IBzCN; Bz = CsHy),°! the N-XBD
distances were found 3.31 A for CIBzCN, 3.27 A for BrBzCN, and 3.18 A for
IBzCN. The corresponding Rix values are 1.00 for CIBzCN, 0.96 for BrBzCN, and
0.90 for IBzCN, suggesting that the strength of XB is increases in the row CIBzCN,
BrBzCN, and IBzCN. The NClIplot method gives the same trend with the
corresponding sign(A2)p values of -0.005 for CIBzCN, -0.008 for BrBzCN, and -
0.013 for IBzCN (FIGURE 11).
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CiBzCN

—0.005 sign(A,)p

BrBzCN

sign(A)p <0 sign(A,)p >0
Wiiicne  dwese _ ovsve ] “00000
0.2 0005 0  0.005 02 HCCIBrlI N

FIGURE 11 Isosurfaces representing NCls in the 4-halobenzonitrile series (CIBzCN,
BrBzCN, and IBzCN)¢! calculated on the PBE0-D3/def2-TZVP level.
N---Hal halogen bonds represented as green isosurfaces with the corre-
sponding sign(A2)p values in red.

2.2.4 Electron Localization Function (ELF)

As a derivative of the electron density, the ELF allows one to locate areas of
shared and unshared electron pairs and describe the bonding (both covalent and
noncovalent).®? Just as in NCI method, an advantage of the ELF is its independ-
ence from the calculation method or the basis set used. Visualization of the ELF
provides an intuitive understanding of interactions that involve electron pairs.
The scale is defined as 0 < ELF <1, where 1 corresponds to areas of high localiza-
tion of electrons, i.e., lone electron pairs, chemical bonds, and atomic shells. A
combination of the ELF and QTAIM analyses shows bond paths at the interaction
areas to give an additional view on the donor-acceptor nature of the interacting
species. This combination has been applied in the investigations of XBs and other
NCls.63-70

The power of combining ELF and QTAIM can be demonstrated by
visualizing the halogen bonding (I1A---X) in the [PtXoCOD] -nl> (X =1, Br, C, n =
0.5 or 1) cocrystals (FIGURE 12). In the I1A---X XB bond path, a (3, -1) critical
point passes through the region of higher electron localization (lone pairs) on the

28


https://noncovalent).62

halide ligands and there is lower electron localization (o-hole) on I1A atoms in L.
This confirms the electrophilic nature of I> and the nucleophilic nature of the
halide atom in a halogen bond. Moreover, the decreasing ELF values for halide
ligands of Cl > Br > I predicts the strongest XB interaction with [PtCl.COD],
which is confirmed via other methods in sections 2.2.5 and 3.3.1.

- 0.50

0.00

FIGURE 12 Halogen bonds I1A---X in cocrystals of [PtCL,COD] -1 (1), [PtBr.COD] -0.51»
(2), and [Pt,COD]- 0.51> (3) and the corresponding ELF projections to-
gether with bond paths (black lines), BCPs (blue dots), nuclear critical
points (NCPs, brown dots), and RCPs (orange dots).

2.2.5 Electron Density (ED) and ESP (ED/ESP) minima studies

Analysis of the ED and ESP minima profiles along the bond path allows one to
determine the philicity of interacting atoms in NClIs.67-6%71-74 This method is
based on the superposition of gradient fields of the electrostatic potential ¢(r)
and electron density p(r). Boundaries of p-basins and ¢-basins of the bonded at-
oms can be determined at zero-flux conditions Vp(r)-n(r)=0 and V¢(r)-n(r)=0.
Here, n(r) is a unit vector normal to the surface of atomic ¢-basin. This method
allows one to deduce the electrostatic forces involved in the interaction and de-
termine the nucleophilic/electrophilic nature of the interacting atoms in combi-
nation with the QTAIM BCPs and bond paths. In the 1D profiles of the p(r) and
¢(r) functions along the bond path between interacting atoms, the minimum of
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¢(r) is shifted towards the nucleophilic atom while the p(r) minimum is shifted
towards the electrophilic atom.

This can be illustrated with the [PtXoCOD] - nl> (X =1, Br, Cl, n=0.5 or 1)
cocrystals that contain halogen bonds, where the nucleophilic nature of the
[PtX2COD] halide and electrophilic nature of the iodine atoms of I> is confirmed
via ESP and ELF analyses (see sections 2.2.4 and 3.3.1). Analysis of the ED/ESP
minima shows a clear shift of ESP minimum towards the [PtXo2COD] nucleophilic
halide whereas the ED minimum shifts towards the electrophilic I1A atom in all
cocrystals (FIGURE 13).

1.0 - ED
ESP
1 a.u.
0.5 4
11A
0.0
0
1.0 ~ ED
ESP
2 a.u
0.5 -
0.0 11A
0
1.0 1 ED
ESP
3 a.u.
1A
Cl1
0.0 i T T r o electrophilic atom
0 1 2 3d,A

nucleophilic atom

FIGURE 13 1D profiles of the ED (black) and ESP (red) functions along the I1A---X1 (X
=1, Br, Cl) bond paths and the corresponding structures in [Ptl,COD] - 0.51,
(1), [PtBroCOD] - 0.51> (2), and [PtCL,COD] I, (3) cocrystals.
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3 RESULTS AND DISCUSSION

This chapter establishes the main direction of the research in this thesis. It starts
with the choice of the systems, the aims of the study, and continues with the
influence of various NCIs on the structure of metallopolymers. Synthetic
procedures along with experimental and computational details can be found in
publications I-III and the corresponding supplementary information files.

3.1 Choice of systems studied

As the general idea of our research was the application of NCls for the creation
of noncovalently bonded metallopolymers, the systems of the study had to be
metal complexes with some interlinking units. Out of many metal complexes, Pt
and Pd complexes were of particular interest to us because they have been widely
applied in synthesis, catalysis, and medicine.”>-”7 Tunability of the halogen bond
was utilized to create different metallopolymers based on [PtXo2COD] (X =1, Br,
Cl; COD = 1,5-cyclooctadiene) and trans-[MI2(CNXyl)2] (M = Pd or Pt; CNXyl =
2,6-dimethylphenyl isocyanide) complexes. [PtX2COD] complexes are known as
a great starting material for the synthesis of square planar Pt(II) complexes.”8-80
It was expected that axial Pt-X XBs would be obstructed due to the bulkiness of
the COD ligand, which simplified the study of XB by limiting the amount of the
additional interactions. In the case of trans-[MI2(CNXyl).], relatively simple syn-
thetic routes and availability of the d.? orbital on the metallocentre made these
square planar complexes perfect candidates for the study of metal-involved in-
teractions. In addition, the similar atomic radii of Pd (1.4 A) and Pt (1.35 A)s!
enable us to obtain isomorphic Pd and Pt complexes to analyze similarities and
differences in the isomorphic I> cocrystals, in particular, the influence of the metal
center on the metal-involved NCL

Three molecules were chosen as XBDs. These were I, 1,4-
diiodotetrafluorobenzene (FIB), and CHIs. These XBDs can be called “classic” as
they were discussed in the [IUPAC definition of a XB'? and even in Hassel’s Nobel
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speech.8? Furthermore, various geometries of the target metallopolymer can be
achieved as I> and FIB have two possible directions for XB and CHI; has three.
Additionally, FIB is capable of n-interactions and CHI; is a known hydrogen
bond donor. Overall, tuning the geometry of the desired metallopolymer can be
accomplished in two directions: by varying the halide (X) of the complex and by
varying the XBD molecule.

In the case of systems of paper III, the original idea was to create a
covalently bonded Pt metallopolymer. However, instead of coordinating to Pt, L
was formed a noncovalently bonded 1D polymeric structure with KI. There were
several attempts to control crystal growth of the ionic salt, out of which two
general methods can be distinguished. The first was mechanical by limiting
growth space, e.g., in single-walled carbon nanotube.?3 The second was chemical
by directing crystal growth with coordination compounds that limit the
growth.84+-86¢ We were focused on the second method, and have chosen 1,1'-
bis(pyridin-4-ylmethyl)-2,2"-biimidazole (L) as a modifier molecule. N-
heterocyclic-based ligands, including L, have the ability to form HBs and XBs as
shown by Aakeroy et al.#88 The 1D polymeric structure obtained was a perfect
example of NClIs application in KI crystal growth control by chemical modifier.

The molecules described here can be divided into two categories,
electrophiles and nucleophiles (FIGURE 14). Molecules with electrophilic centers
interacted with molecules with nucleophilic centers to yield 10 new cocrystals
self-assembled via NCIs. They are [PthCOD]- CHI;, [Ptl.COD]- 0.51,
[PtBroCOD] - 0.5, [PtCL.COD]- I, [Ptl.COD]- 1.5FIB, [PtBr.COD]- 2FIB,
[PtCI,COD] - 2FIB, trans-[PdI(CNXyl)] - I, trans-[Ptl,(CNXyl)2] - I, and KI- L.
The influence of the NClIs on the structural organization in those cocrystals will
be discussed further.
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Nucleophiles

[PtBr,COD] [PtCI,COD]

- OF

trans-[PdI,(CNXyl),] trans-[Ptl (CNXyl),]

1,1°-bis(pyridin-4-ylmethyl)-2,2"-biimidazole (L)
Electrophiles

¢ ¥
FIB CHI,

K N

FIGURE 14 Nucleophilic ([PtX2COD)], trans-[MI>(CNXyl).], and L) and electrophilic (KI,
I, CHIs, FIB) molecules utilized in the creation of metallopolymeric struc-
tures.

3.2 Aims of the study

The heroes of this thesis are noncovalent interactions, which are called weak in
some sources compared to covalent or ionic bonds. However, the cooperative ef-
fect of several NCIs may enhance the stability of the final material. A general aim
of this thesis was to utilize NClIs to design novel noncovalently bonded metallo-
polymers. A more ambitious aim was to use a combination of approaches to
deepen our understanding of intermolecular interactions. NCIs can be more pre-
cisely used in crystal engineering with a greater level of understanding of non-
covalent bonding. The main experimental analysis used to study NCIs here was
single crystal X-ray diffraction, which was accompanied by various computa-
tional methods. The combination of these answered questions about the nature
of the NCls.
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This thesis is based on 3 publications that used the approach “molecule —
noncovalent interaction — metallopolymer”. The major goal was to create novel
metallopolymers bonded by NClIs. The additional subgoals were:

1) Study the influence of various halogen bond donors in the self-
assembly of metallopolymers and utilize halogen bonds to control
the geometry and length of the final product (publications I and II).

2) Investigate the role of metal-involved interactions in various
metallopolymeric cocrystals (publications I-III).

3) Consider the influence of cooperative effects of NCI on the structure
of the obtained cocrystals (publications I-III).

3.3 Noncovalent interactions in self-assembled metallopolymers

3.3.1 Halogen bonding as a tool for self-assembly of metallopolymers!!!

Halogen bonding was the key instrument to interlink [PtXoCOD] and trans-
[MI2(CNXyl)2] (M = Pd or Pt) complexes into metallopolymers. However, in the
case of the Pd/Pt isocyanide complexes, the focus was to study metal-involved
interactions (see section 3.3.2).

Analysis of anisotropic charge distribution was applied to XBDs to
determine the directionality of possible NCIs. CHI3 molecule has four electron
deficient areas available for NCIs, and Vsmax value of the HB site area is higher
than Vsmax values of the XB sites (FIGURE 15). Even higher Vs max values (TABLE
2) were found for I and FIB molecules that have two electron deficient areas each.
Therefore, the strength of XBs is expected to be higher for I and FIB XBDs
compared to CHIs.

34



TABLE 2 Maximum ESP (Vsmax) of selected halogenated molecules (calculated at the
PBEO0-D3/def2-TZVP level).

Molecule Atom Vs,max, k] mol-1

I 110
CHIs H 129
L I 137
FIB I 139

RN TS
RGP

Hecore NN N

< -129 kJ mol™ > 129 kJ mol™

FIGURE 15 Electrostatic potential surface of CHIs, I, and FIB calculated at the PBEO-
D3/def2-TZVP level on the 0.001 au molecular surfaces.!

Four types of geometries were achieved with the halogen bonding applied.
These include 0D, 1D, 2D, and 3D. Both 0D and 1D geometries were obtained for
[PtX2COD] - nl> cocrystals (FIGURE 16). Geometries of the 0D network were
found for [PtBroCOD] - 0.51> and [Ptl.COD] - 0.51> isostructural cocrystals, which
represent heterotrimeric clusters, i.e., clusters containing three subunits where
one differs from the other two. The [PtCICOD] - I» cocrystal represents a 1D
network. Pt NMR studies confirmed that in cocrystallizations with I> neither
substitution of the halide in the [PtX2COD] complex nor Pt(II) oxidation happens.
For CDCl; solutions of [PtX2COD] - I> samples, only one %Pt peak was found
with no significant shift compared to the sample of [PtXoCOD] in CDCls. This
allowed us to build supramolecular systems that contained Pt(II) centers based
on these cocrystals. Moreover, fine-tuning of the complex composition, such as
changing the halide, gave the possibility to switch from an isolated cluster to a
polymeric structure.

Measured geometrical parameters of the cocrystal confirms “classical”
halogen bonding with the £(I-I--I) angles close to 180° (TABLE 3). The Rix
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parameter is higher for heterotrimers, which means a slightly stronger XB in the
case of [PtCl.COD] - I cocrystal.

0D networks

3 1D network

FIGURE 16 Halogen bonding in the 0D networks (heterotrimers) of [Ptl.COD] - 0.51 (1)
and [PtBr.COD] - 0.5I> (2) along with the 1D network of [PtCl,COD] - I» (3).
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TABLE 3

Characteristic parameters of the I-I---X-Pt (X = I, Br, Cl)) halogen bonds in the
0D networks of [PtlCOD] - 0.51> and [PtBroCOD] - 0.5I cocrystals along with
the 1D network of [PtClo,COD] I».

Cluster d(I-X), A £(I-I--X),° 2£(I---X-Pt),° Rix
[Pt,COD] 0.5, | 3.4107(5) | 175.779(17) | 86.130(11) | 0.86
[PtBr,COD] 0.5 | 3.2850(7) | 175.75(2) 87.276(19) | 0.86
[PtCLCOD] I, | 3.1465(14) | 173.11(3) | 127.01(6) 0.84

2D network geometries were found for [Ptl.COD] - CHI;5 cocrystal. The first
dimension is created by XB and the second by HB. In addition, a 2D network was
found in trans-[MI2(CNXyl)2] - I» cocrystals where the first dimension is created
by XB and the second by n-stacking (FIGURE 17). Cocrystal of [PtI,COD] - CHIs
represents the first known example of a transition metal iodide complex with
CHIs. However, the strength of XBs in CHIz cocrystal is the weakest of all the
studied systems (TABLE 4) based on the Rix parameter. The cocrystal was also
the most unstable of all systems studied, most likely due to the light sensitivity
of the iodoform itself.®

TABLE 4 Characteristic parameters of the Y-I---I-M (Y = CHL or  and M = Pd or Pt)
halogen bond in the 2D network of [Ptl,COD] - CHIs and trans-
[MIx(CNXyl)2] - I cocrystals.

Cluster Y-[.--I-M d(I--1),A 2(-I-1),° £(I--I-M),° Rix
LHC-I1A--11-Ptl | 3.6359(5) | 167.79(14) | 124.032(14) | 0.92

[PtI,COD] -CHI; LHC-12A---11-Ptl | 3.6815(5) | 172.83(14) | 110.322(13) | 0.93
LHC-I3A---11-Pt1 | 3.7723(5) | 164.41(15) | 92.385(11) | 0.95

- | 13-14---11-Pd1 3.4986(11) | 173.07(3) | 65.82(2) 0.88
trans-[PAL(CNXyD2l o 731 5 45 3.5034(11) | 173.10(3) | 65.74(2) 0.88
o | I3-I4--11-Ptl 3.5195(9) | 172.13(3) | 66.875(17) | 0.89
trans-[PHACNXyD2l b 7315 3520609 | 17231(3) | 66.751(17) | 0.89
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2D networks 9 (|_3|

trans-[Ptl,(CNXyl),]-l,

FIGURE 17 Halogen bonding in the 2D networks of [PtCOD]- CHIs (1), trans-
[PAL(CNXyl)2] - I» (2), and trans-[Ptlo(CNXyl).] - I (3) cocrystals.
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An uncommon bifurcated I-I---(I-M) contact was found in trans-
[MI2(CNXyl)2] - I (M = Pd or Pt) cocrystals that could be divided into two contacts
as I---I and M:--I. The relative strengths of the I---I interactions are fairly similar in
both cocrystals according to Rix parameter with 0.88 and 0.89 for Pd and Pt
cocrystals, respectively (TABLE 4). The M:--I contact strength estimated by the
Rix value is weaker than of the I---I contact in both cocrystals, which suggests I---1
XB is the determining factor for the interaction between the complex and I»
molecule.

3D geometries where 2 dimensions are created by XB and the third is added
by n-stacking were obtained for [PtX2COD] - nFIB cocrystals (FIGURE 18). The
[Ptl2COD] - 1.5FIB cocrystal contains two nonequivalent Pt(II) complex units. In
the first unit, complex of Pt(Il) forms four XBs with four FIB molecules (orange
circles in FIGURE 18.1); in the second, complex of Pt(II) forms two XBs with two
FIB molecules (red circles in FIGURE 18.1). The [PtBr.COD]- 2FIB and
[PtCI2COD] - 2FIB cocrystals have isomorphic structures (FIGURE 18.2 and 18.3)
and in both structures the Pt(II) complex forms four XBs with four FIB molecules
(red circles in FIGURE 18.2 and 18.3). The XB is averagely stronger in the
isomorphic cocrystals than in [PtlCOD] - 1.5FIB according to the Rix values
(TABLE 5).

TABLE 5 Characteristic parameters of the C-I---X-Pt (X = L, Br or Cl) halogen bond in
the 3D networks of [Pt,COD] - 1.5FIB, [PtBr,COD]- 2FIB and
[PtCI,COD] - 2FIB cocrystals.

Cluster C-I---X-Pt d(I--X), A 2£(C-1--X),° £(I+-X-Pt),° Rixe
C-I1A--12-Ptl | 3.7054(6) | 175.71(18) 71.518(13) | 0.94

C-I3A---I1-Ptl | 3.5928(5) | 175.12(15) 106.504(17) | 0.91

) C-12A---14-Pt2 | 3.7371(6) | 177.50(18) 71.250(13) | 0.94

[Ptl2COD] -1.5FIB C-I14A--I3-Pt2 | 3.6081(5) | 171.80(18) 78.371(13) | 0.91
C-I5A---I3-Pt2 | 3.5870(6) | 177.21(16) 121.312(15) | 0.91

C-I6A---14-Pt2 | 3.8068(5) | 168.46(17) 93.962(12) | 0.96

) C-I1A---Br1-Ptl | 3.4635(15) | 176.5(3) 83.00(4) 0.90
[PtBr,COD] 2FIB C-12A---Br1-Ptl | 3.3296(16) | 171.1(3) 116.40(5) 0.87
) C-I1A---CI1-Pt1 | 3.396(2) 175.99(19) 83.06(6) 091
[PtCLCOD] 2FIB C-12A---Cl11-Pt1 | 3.214(2) 172.56(19) 119.55(8) 0.86

aRix = d(I+-X)/ (Rlvaw + RXvaw), where Rix is distance reduction ratio, I is a donor atom, X is an acceptor atom, d(I---X) is the

distance between [ and X in A; Rlyaw and RXyqw are the vdW radii of I and X correspondingly determined by Bondi.+2
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[PtCL,COD]- 2FIB Q-

FIGURE 18 Halogen bonding in the 3D networks of [PtCOD]- 1.5FIB (with two inde-
pendent [Ptl;COD] units) (1), [PtBroCOD] - 2FIB (2), and [PtCl.COD] - 2FIB (3)
cocrystals.

Among the CHI;, I, and FIB cocrystals the average Rix parameter indicates

that strength of XB increases in the row CHI; (R;x = 0.93), FIB (R;x =0.91), and I»
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(R;x = 0.87). Comparing this trend with the Vimax values, both the highest Rix
and lowest Vs max values reflect the weakest XB of the systems studied, which was
for CHIz molecule. However, FIB and I> systems had similar Vsmax values but
noticeably different Rix values, which raised the question of the strength of the
XB.

The NCI method allowed us to compare the relative strength of XBs in these
systems and visualize the interaction patterns in real space. This demonstrated
the directionality of the interaction. Comparison of the relative strengths of XB
through the peak sign(\2)p values is presented in TABLE 6 in the order of
strongest to weakest interaction. The strongest XBs were found for the I»
cocrystals (FIGURE 19), the FIB cocrystals had medium XB strength (FIGURE
20.1-20.3), and in the CHIs cocrystal were the weakest XBs we considered
(FIGURE 20.4). Interestingly, there was no correlation between the strength of the
XB and the variation of the halide (I, Br, or Cl) or the metal center (Pt or Pd) in
the discussed systems. The strongest XBs were found in the linear I> cocrystals
(heterotrimers or 1D polymer). The presence of additional interactions, either
M:--1 or HB or n-interactions, weakens the halogen bond in the case of 2D and
3D systems. The relative strength of XB is dependent on XBD and increases in the
order of CHIs < FIB <1 according to the NCI analysis.

TABLE 6 Sign(\2)p data on noncovalent interactions in various halogen bonded clus-
ters.
Cluster Interaction sign(\2)p
([Pt,COD]). - I I1A---I1-Ptl -0.0198a
([PtCLCOD]), - I, I1A---Cl1-Ptl -0.0198a
([PtBr,COD]) - I, T1A--Brl-Ptl -0.0191a
(trans-Pdl(CNXyl)2])a- I 14---11-Pd1 & _
13---12-Pd1 0.0167%
(trans-[Ptl(CNXyl)2])s - 14---11-Ptl & _ b
13---12-Pt1 0.0164
I2A---Cl1-Pt1 -0.01632
[PECLCOD]: (FIB)o TTA--CI1-PtL 2001187
12A---Br1-Ptl -0.01612
[PtBr2CODI" (FIB)1o ITA-Brl-Ptl 200129
I1A---12-Ptl -0.01382
I3A---11-Ptl -0.01132
I5A--I3-Pt2 & -0.01312
(PLCODL:-(FIByo .13 ~0.01312
12A.--14-Pt2 -0.01042
I6A---14-Pt2 -0.0094a
T1A-T1-Ptl & I2A--T1-Pt1 —'g‘gﬁgz
[PLCOD] - (CHL): 13A-11-Ptl ~0.01025
H1AA---11-Ptl -0.00972

aPeak sign(A2)p values of NClIs calculated for the single point structures at the PBE0-D3/def2-TZVP level. bPeak sign(A\2)p
values of NCls calculated for the single point structures at the MO6L/ def2TZVP/def2TZV level.
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FIGURE 19 Isosurfaces representing the strongest halogen bonding in the clusters of 1)
([PtLCOD])2- I, 2) ([PtBrCOD]):" I, 3) ([PtCLCOD])2" L, 4) (trans-
PdIz(CNXyl)z])4' I, and 5) (trans—[Ptlz(CNXyl)z])4~ L.
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FIGURE 20 Isosurfaces representing the moderate to weakest halogen bonding in 1) clus-
ters of ([Ptl.COD]). - (FIB)10 with two independent [PtlCOD] units (a and b),
2) [PtBroCOD] - (FIB)10, 3) [PtCL,COD)] - (FIB)10, and 4) [Ptl.COD] - (CHI)a.

To conclude, XB was successfully used to create various supramolecular
systems as presented in publications I and II. It is possible to modify the strength
of interaction and size of a cluster by varying XBD. Changing the halide in the
complex allowed us to synthesize systems of various geometries.

Isostructural cocrystals were obtained in publications I and IL In
publication I, this was achieved by varying the Pt(II) complex halide and in
publication II by varying the metal center of the complex. In the series of
[PtX2COD] - nXBD cocrystals, one pair of isomorphs was formed. They were
[PtBr.COD]/[PtI,COD] cocrystals with I and [PtCl.COD]/[PtBr.COD]
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cocrystals with FIB. The [PtBroCOD] cocrystals were always an isomorphic pair,
which demonstrates the intermediate nature of Br in the Cl-Br-I row.

An essential role of XB in crystal engineering of the systems under study
was justified through SCXRD and computational studies. The halogen bonds
allow building novel self-assembled polymers as the strongest noncovalent
stabilizing interaction with the possibility of fine-tuning.

3.3.2 The role of metal-involved NClIs in the stabilization of metallopoly-

During SCXRD and NCI method structural analysis metal-involving I---M con-
tacts were found in addition to halogen bonding in [PtXCOD] - nFIB and trans-
[ML(CNXyl)2] - I (M = Pd or Pt) cocrystals (FIGURE 21). The strongest interac-
tions based on Rix and sign(A\2)p values were found in trans-[MI(CNXyl)2]s I
(TABLE 7). The Rix values were 0.94 for I---Pd and 0.93 for I---Pt and the sign(\2)p
values were -0.0159 for I---Pd and -0.0160 for I---Pt. In addition, there is only a
small difference in these values between I---M and I---I interactions (TABLE 4 and
TABLE 6). Therefore, the I---M interaction can be interpreted as fairly strong. The
I---Pt interactions of the [PtXoCOD] - nFIB cocrystals are at the border of existence
based on the Rix values (Rix > 1) and much weaker than the I---I XB in the same
cocrystal based on the sign(A2)p values (TABLE 6 and TABLE 7). The I---Pt inter-
actions with the lowest Rix and sign(A2)p values were selected for further studies
and these include C1A-I1A---Ptl and C4A-12A---Pt2.

The I---M interactions were further studied with the ELF, QTAIM, and
ED/ESP minima analyses to estimate the impact and donor-acceptor nature of
the I---M contact on the structural stabilization in the cocrystal.

TABLE 7 Characteristic sign(\2)p and geometric parameters of the metal-involved X-
[.--M-I (X = Cor I; M = Pd or Pt) interactions in of cocrystals of the 0-3D net-

works.

Cluster X-1---M-I d(I--M), A £(X-I--M),° Ria sign(\2)p
CIA-TTA-Ptl |3.7990(6) | 142.14(18) | 1.02 | -0.0089%

([PtLCOD]), (FIB)1o CAA-I2A-PL2 | 3.8127(4) | 141.13(17) | 1.02 | -0.0087
C10A-T4A--Pr2 | 4.0089(5) | 148.38(18) | 1.07 | -0.00662

[PtBr,COD] (FIB)1o C2A-TTA-Ptl | 3.9821(8) | 143.8(3) 1.06 | -0.00652
[PtCL,COD] (FIB)1o C3A-TTA-Ptl | 3.8732(6) | 143.02(18) | 1.03 | -0.0075
| 13-14--Pd1 3.4038(8) | 12858(3) | 0.94 | -0.0159
(trans-[PAI(CNXyD:])s L2 [ 7375 45 3.4038(8) | 128.64(3) | 0.94 | -0.0159
| 1B3-1a-pPr 3.4648(6) | 128.10(3) | 0.93 | -0.0160°
(trans-[P(CNXylD)s T =255 3.4601(6) | 12827(3) | 0.93 | -0.0160°

aPeak sign(\2)p values of NCIs calculated for the single point structures at the PBE0-D3/def2-TZVP level.
bPeak sign(\2)p values of NClIs calculated for the single point structures at the MO6L/ def2TZVP/def2TZV level.
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FIGURE 21 Isosurfaces representing the metal-involving interactions (red circles) in
the clusters of 1) ([Ptl.COD]):- (FIB)1o with two independent [Ptl,COD]
units (a and b), 2) [PtBr.COD] - (FIB)1o, 3) [PtCL.COD] - (FIB)1wo, 4) (trans-
[PAL(CNXyl)2])s - I, and 5) (trans-[Ptly(CNXyl)2])s - Lo.

Combined ELF and QTAIM analyses confirmed the existence of I.-M
interactions in the trans-[MIo(CNXyl)2]s- I» clusters for the I3-14---M1 and 14-
I3--:-M2 contacts (FIGURE 22.1 and 22.2) and the ([Ptl.COD)])2 - (FIB)10 cluster for
ClA-I1A---Ptl and C4A-12A---Pt2 contacts (FIGURE 22.3 and 22.4). Appropriate
(3, -1) BCPs and bond paths connecting the I and M centers were found for these
contacts. The filled d,? orbitals were identified by the increasing ELF areas
around the Pd and Pt atoms above and below the bond paths connecting metal
centers and iodide ligands (cyan color in FIGURE 22). The I---M bond paths pass
exactly through the d,? orbitals.
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FIGURE 22 The ELF projection and QTAIM bond paths (black lines), BCPs (blue dots),
nuclear critical points (brown dots), cage critical points (green dots), and
ring critical points (orange dots) for the X-I.--I and X-I.-M interactions (X
=T or CI; M = Pd or Pt) in the clusters of 1) (trans-[Pdl;(CNXyl)2])s" I, 2)
(trans-[Ptly(CNXyl)2])s - I, and 3-4) two independent [Pt,COD] units of the
([PtI,COD])2 - (FIB)1o cluster.

46



Relatively low concentrations of electron pairs in the d.? orbitals areas
outside the I-M-I plane in the trans-[MI2(CNXyl)2] - I cocrystals may indicate the
weak nucleophilic nature of the metal centers (FIGURE 22). On the other hand,
I.--M bond paths go through the areas of intermediate electron pair concentration
of the iodine atoms in I». Thus, the I..-M interaction may be weakly polar or
nonpolar.

Bond paths connecting noncovalently interacting I and Pt centers in the
([PtICODY])2 (FIB)10 cluster pass between maximum and minimum ELF areas on
the I atoms. This makes the philicity of the interacting centers unclear, especially
as Pt(II) centers can act as electrophiles3*? and nucleophiles.?”401

Analysis of the order of the ED and ESP minima along the bond path is a
way to describe the philicity of interacting atoms in NClIs.67-6971-74 In this method,
the nucleophilic atom is the one where the minimum ESP is shifted towards it.
Alternatively, the electrophilic atom is the one the ED minimum is shifted
towards it. The ESP minima is slightly shifted to the Pt ED basins in both
([PtCOD])2- (FIB)10 and (trans-[Ptlo(CNXyl)2])s- L. This indicates the weak
nucleophilic nature of the Pt atoms (FIGURE 24.1 and 24.2). In both cases, the
I---Pt interaction can be considered as metal-involved halogen bonding.

The minima of the ED and ESP functions are overlapped in the (trans-
[PdI2(CNXyl)2])s - I cluster (FIGURE 24.3). This indicates the nonpolar nature of
the I.--Pd interaction with unclear nucleophilic/electrophilic roles. Analogous
intermediate interaction between semi-coordination and metal-involving
halogen bonding have been described for a Ni(II) complex.34

Such nonpolar noncovalent interactions involving metal atoms resembling
metallophilic Pd---Pd and Pt---Pt interactions in related palladium and platinum
chloride isocyanide complexes have been discussed.?2-¢ We decided to
perform ELF and ED/ESP minima analysis for two systems with confirmed
metallophilic nature to compare the similarity of such contacts, namely
COYBOIO01 and CPICPT12.%3 Two model clusters, (cis-[PdCl2(CNPh)2])2 and (cis-
[PtCl2(CNPh)2])2 were created based on the SCXRD data. Combined ELF and
QTAIM analysis of the model clusters indicated the existence of nonpolar
metallophilic interactions of Pd---Pd and Pt---Pt with an appropriate (3,-1) BCP
and a bond path connecting the interacting metals along with a symmetric
distribution of lone pairs (FIGURE 23).

Further 1D profiles of the ED and ESP functions along the M:--M bond paths
in (cis-[MCI2(CNPh)z])2 (M = Pd or Pt) clusters were analyzed. Overlapped ED
and ESP functions were observed for the M:--M interactions in the clusters of (cis-
[PdCl2(CNPh).])2 and (cis-[PtCl2(CNPh)z])2 analogous to the I---Pd interaction in
the (trans-[PdIo(CNXyl)2])s- I (FIGURE 24.4a and 24.4b, respectively).
Additionally, QT AIM analysis revealed that the electron density and Laplacian
values of ED in the I.--Pd BCPs in (trans-[PdI>2(CNXyl)2])s - I» cluster (0.016,/0.037-
0.038 a.u.) are similar to Pd---Pd (0.012/0.030 a.u.) and Pt---Pt (0.016/0.038 a.u.)
BCPs in the (cis-[MCI2(CNPh).])2 cluster. Both have nonpolarity and similar
strength I.--Pd contacts to metallophilic interactions and can be considered as a
quasimetallophilic interactions.
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FIGURE 23 The ELF projection and QTAIM bond paths (white lines), BCPs (blue dots),
nuclear critical points (brown dots), cage critical points (green dots), and
ring critical points (orange dots) for the M.-M interactions in (cis-
[PACL(CNPh).])2 (left) and (cis-[PtCl(CNPh)2])2 (right) model clusters.

Another example of metal-involving NCIs was found for the system of an
inorganic compound (KI) in the environment of organic compound (N-
heterocyclic ligand L). In this hybrid material, the cubic motif of potassium iodide
remained the same within a coordination polymer of 1D potassium iodide wire
wrapped by the organic ligand (FIGURE 25).

Although there are examples of hybrid materials containing KI units in the
literature, but in all of the known examples original motif of Kl is quite distorted.
The one with the least distortion was achieved by limiting the growth of KI'in a
single-walled carbon nanotube.?> However, using this growth limitation method
disables the opportunities to further modify the structure with chemical
modifiers. Previously, chemical modifiers were only allowing to synthesize finite
units of KI within hybrid material or infinite units with noticeable distortion from
the original cubic KI structure.34-8695-97

To the best of our knowledge, the [KslsLs]n synthesized in our group was
the first hybrid material containing a 1D-chain of KI with a geometry of the Kals
core closely resembling that of pure Kl salt (TABLE 8) with only minor distortion.
The K-I-K and I-K-I angles between the neighboring cubes in the polymer are
170.41(2)°, while in pure KI, the corresponding angles are 180°. The distortion is
most likely due to the flexibility of the ligand. Interestingly, the ligand bite angle
may be crucial for the interaction as a similar ligand, 1,1’-bis(pyridin-3-ylmethy]l)-
2,2-biimidazole, did not produce a polymeric structure. A strong interaction
between KI and the ligand leads to a sum of the vdW bond distances (1.55 + 2.75
= 4.3 A) much shorter than the of the N-K interaction (2.815(2) and 2.906(2) A).

48


https://nanotube.83

1a 1.0

0.5 A

0.0

2a 1.0

0.5 4

0.0

33 1.0 -

0.5 A

0.0

1.0
4a

0.5

0.0

TED " 1€eD
ESP ESP
a.u. o a.u.

. i
0.5
11A Pt1 12A
T T T 0.0
1 3 d A 0
1eD 2b 10 7ep
ESP ESP
a.u. a.u.
& 0.5 A
14 Pt1 13
1 0
ED \ 71ED
ESP ESP
a.u. | a.u.
14 13
1 0
ED ' 1ED
ESP ESP
a.u. | a.u.
Pd Pt
0 1 0 1 2 3

FIGURE 24 1D profiles of the ED (black) and ESP (red) functions along the I.--M bond
paths in the two independent [Ptl.COD] units of ([PtI.COD])2 - (FIB)1o clus-

ter (la and 1b),

(trans-[Pt(CNXyl)2])a- I» (2a and 2b),

(trans-

[PAI(CNXyl)2])s - I (3a and 3b), and along the M---M bond paths in (cis-
[PACL(CNPh).])2 (4a) and in (cis-[PtClo(CNPh).])2 (4b).
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FIGURE 25 Noncovalent scissors: a unique 1D-polymer of KI cut out from 3D KI salt
by 1,1’-bis(pyridin-4-ylmethyl)-2,2’-biimidazole ligand (L).

TABLE 8 Comparison of the bond lengths and angles in the 1D-polymer of KI
([KalsLa]n) and pure KI ([KI]n).

Compound Distances Angles
P d(X-Y) A Angle °
K1-I1 = K3-13 3.5037(5)
A 4 A - 86.336(13) -
K2-12 = K4-14 = K1-I3 3.5674(5) 2K-I-K 89.198(11)
(KLLd] K3-11
4n K4-12 = K2-14 3.5037(5) 90.397(10)
K1-12 = K2-I1 = K3-14 = 2I-K-1 ' B
KAl3 3.4759(4) 96.490(13)
[K]a K1-I1 3.5246(4) | 2K-I-K 90

Additional confirmation of the interaction of potassium ions with nitrogen
atoms of the ligand in the bulk material was studied by >N CPMAS (CP = cross
polarization, MAS = magic angle spinning) NMR spectroscopy. The solid-state
5N NMR spectrum of a pure ligand was compared to that of the 1D-polymer.
Two magnetically nonequivalent nitrogen nuclei corresponding to the pyridine
(6 =251.82 ppm) and biimidazole (6 = 200.09 ppm) nitrogen atoms were detected
in the ligand spectrum. However, only one magnetically nonequivalent nitrogen
nuclei (6 = 199.09 ppm) peak was observed in the KI polymer, which was
assigned to biimidazole nitrogen atoms that are not involved in complexation.
The disappearance of pyridine >N chemical shifts can be caused by quenching
of the N pyridine signal from coordination of the pyridine nitrogen atoms to KI.

Coordination to KI influences the physical properties of the ligand, e.g.,
luminescence. The ligand in a pure form is luminescent in the solid-state with
two emission maxima at 340 nm and 430 nm with excitations at 315 and 350 nm,
respectively. Comparison of the spectra of the pure ligand and the 1D-polymer
revealed quenching of the luminescence in the polymer. This is likely due to
quenching of the excited states by the heavy K and I atoms.

It is worth mentioning that in liquid state studies, 'H, 13C, and 2D PFG
H,'5’N HMBC NMR spectra and luminescence, no coordination of the ligand to
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KI was detected in a MeOH solution and no signal intensity change compared to
the pure ligand was detected.

The nature of the interaction between KI and supporting ligands was
analyzed by QTAIM via comparisons of [Kals]n, [Kals]n[Kol2]an, and [KalsLa]n
model clusters with n = 2 (FIGURE 26), as well as a single KI molecule (TABLE
9). The nature of K--I and I-I interactions is quite similar within the model
clusters. It is clearly electrostatic as the potential energy density/kinetic energy
density ratio is less than 1 and only minimal electron sharing is involved in the
interaction according to the small 8(A,B) delocalization index value. There is no
clear influence of the ligand on K-I and I-I interactions in the cluster
representing ligand-supported 1D-chain of KI ([KalsL4]2). However, the KN
interaction (13-16 kJmol™) is the strongest in the system according to interaction
energy values. This raises the question of what makes ligand coordination
favorable for this structure.

QC

I
K
N

000

K], ‘ /
K, LKL, |
[K4|4L4]2

FIGURE 26 Visualization of [Ksls]z, [Kals]2[Kolo]s, and [KalsLa]> model clusters. Hydrogens
of L are omitted for clarity.
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FIGURE 27  [K4lyL4] cluster model including bond paths (lines) and BCPs (green dots). The
numbering of the selected BCPs is identical to TABLE 9.

Additional QTAIM studies were performed to understand the effect of the
ligand coordination on structural stabilization. Model clusters comprising 1, 2,
and 3 units of potassium iodide salt [Kals]n[K2l2]sn and ligand-supported 1D-
polymers [KslsL4]n were compared. It was shown that a one-dimensional
extension of the [K4l4Ls]n chain is energetically more favorable than extension of
the [Kals]n[KoDo]an chain representing pure KI. This indicates the stabilizing role
of the ligand (TABLE 10).

To summarize, metal-involved interactions can influence the growth of the
crystal. It is important to consider the geometrical parameters of linker molecules
as they may have a strong effect on structural self-assembly. For example, the bite
angle of the modifier ligand fits the geometry of KI salt better to yield a ligand-
supported 1D-KI polymer.
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TABLE 9 The QTAIM analysis of the electron density (p / eA-=), the ratio of potential
energy density and kinetic energy density (| V|/G), delocalization index be-
tween A and B (bonding) atoms (0 (A,B)), and interaction energy between two
interacting atoms (Eint) at the selected BCP of the [Kals]o, [Kals]o[Kolo]s, [KalsLa]2
model clusters, and the single KI molecule. The numbering of the BCPs can be

found in FIGURE 27.
BCP# Type o/ eAs |V]/G 5 (A,B) Emr/
kJmol-!

[Kals]2

1 K1 0.063 0.81 0.11 -6.8

2 K1 0.064 0.82 0.10 -7.0

3 I--1 0.018 0.74 0.04 -1.0

4 I--1 0.018 0.73 0.04 -1.0
[Kala]2[ K2l2]s

1 K1 0.063 0.82 -6.9

2 K1 0.062 0.81 -6.7

3 I--1 0.016 0.70 -0.9

4 I--1 0.016 0.70 -0.9
[KalsLs]2

1 K1 0.070 0.84 0.11 -7.8

2 K1 0.066 0.84 0.10 -7.4

3 I--1 0.018 0.73 0.03 -1.0

4 I--1 0.018 0.73 0.03 -1.0

5 K-N 0.113 0.85 -16.4

6 K-N 0.095 0.85 -13.2

7 H-1 0.033 0.77 -4.5

8 N--I 0.033 0.85 -3.0
KI

1 K1 0.150 0.98 0.31 -21.7

TABLE 10  Stabilization energies (Estb) in kJmol! for the ligand supported models of
[Kals]n[K2l2]4n and the chain-like models of [K4ls]n depending on the number of
units n. The values are referenced to the smallest unit of n=1.

n__ Estab [Kyly]a[Kolo]un , KJmol1  Estab [K4l4La]n, KJmol-1  AEstab kJmol-1
10 0 0
2 -131 -143 12
3 -265 -293 28

3.3.3 Cooperative effect of various NCIs!-1II

Similar to other studies, our structural investigations were focused on the
application of a certain NCI (either XB or metal-involved interaction). However,
it is always a combination of NClIs influencing the structural organization and
even the weakest interactions matter. In the aforementioned research, [PtX2COD]
and trans-[MIx(CNXyl)z2] cocrystals along with ligand-supported 1D-polymer of
KI, cooperative effects of multiple interactions influenced the structural
organization. Metal-involved interactions, hydrogen bonding, and m-
interactions directed the final geometry of the cocrystal in addition to the
strongest interaction in the system (XB or K--N).
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The issue with these cooperative effects is the difficulty in predicting all
possible interactions within the system. However, the more that is known about
the possible NClIs, the easier it is to predict the product’s final geometry. This
includes donor/acceptor pairs, directionality, and possible interaction sites.
Therefore, one can estimate structural organization in advance by choosing the
appropriate linker.

In this thesis, I, CHI3, and FIB were used as XBDs. Iodine molecule was the
simplest XBD with two potential interaction sites. Indeed, 1> acted as a classical
XBD via o-hole and either heterotrimeric or 1D polymer cocrystals with
[PtX2COD] were observed. However, in trans-[MI(CNXyl)2] cocrystals, a
combination of XBs between a complex and I, along with intermolecular n-
stacking between CNXyl ligands formed a 2D structure. Therefore, it is important
to consider not only linker properties but also the interlinking unit properties.

There are four sites available for NClIs in the case of CHIs, three of which
for XBs and one for HB. Availability of hydrogen bonding adds an extra
dimension to the halogen bonded 1D-chain. This builds a 2D structure in the
[Ptl2COD] - CHI5 cocrystal. The HB is the weakest NCI in this cocrystal according
to NClplot analysis. However, it is comparable in strength with the weakest XB
at sign(\2)p = -0.0097 compared to sign(\2)p = -0.0102, respectively.

The FIB molecule has many potential sites for NCI. The iodine atoms can
participate in XBs, phenyl ring in n-interactions, fluorine atoms in various
intermolecular interactions. Therefore, application of FIB in the design of
cocrystals is the most demanding from the prediction point of view, but the most
simple from the experimental. This is because structures with FIB are more stable
than with I» or CHI:. In [PtXoCOD] - nFIB, the contacts that direct the 2D
structural arrangement are the XBs between the iodine atoms of the complex and
FIB. The stacking of the FIB molecules adds the last dimension completing the
3D arrangement. The unusual I--Pt, F---1, and I--:m noncovalent interactions
enhance the structural stabilization of the cocrystal together with classical
halogen bonds.

An interplay of strong K---N interactions and weak H-I (Emr =-4.5 kJmol-)
and NI (Emwr =-3.0 kJmol') interactions stabilizes the structure of the ligand-
supported 1D-polymer of KI. Intramolecular H--N bonds within the ligand has
an extra impact on the ligand’s rigidity, which also affects the bite angle of the
ligand.

Although multiple interaction sites of linker molecules make predicting
possible geometries more challenging, in some cases it's advantageous.
Cooperativity of multiple NCIs is known to improve structural stabilization,
chelation, and regioselectivity in catalysis.?”
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SUMMARY

Although the field of NClIs has blossomed during the last 20 years, there is still
much to learn. The simultaneous involvement of several NCIs makes it difficult
to predict the geometry of the final product. Scientists are trying to split the
problem into smaller parts and first have a good understanding of each NCI's
nature. This could improve the predictability of the NCI, which is crucial for the
real world applications. The application is always an important task for
researchers. This is the reason to accumulate as much fundamental data as
possible and that is what I hope my Ph.D. research has contributed to.

The aim of this thesis was to unite three research projects from my Ph.D.
studies. Applications of the “molecule — noncovalent interaction —
metallopolymer” strategy to these systems allowed us to create polymeric
compounds with differing 0-3D dimensional geometries. It was shown that the
dimensionality is closely related to the strongest noncovalent interaction with
additional cooperating weaker interactions.

Halogen bonding is a powerful tool in the supramolecular self-assembly of
metallopolymers. It was clearly the strongest interaction and therefore a driving
force for self-assembly in publications I and II. The choice of halogen bond donor
influences the strength of the interaction within these systems, which was shown
by SCXRD and the NClplot method. The interaction strength of the XBDs
incresease as CHIs < FIB < I,. Therefore, structural optimization can be performed
by choosing the appropriate donor-acceptor pairing.

Metal-involved interactions influenced the structural stabilization in the
research in publications I-III. Metal-involved type contact was found to be almost
two times weaker than halogen bonding in the [PtlCOD] - 1.5FIB cocrystals,
while the M:--I interaction in trans-[MI2(CNXyl)2] - I was found to be only a bit
weaker than the I---I halogen bond. This played a crucial role in the structural
organization. Curiously, the N-K interaction was the strongest in the 1D-KI
polymeric structure and had the biggest impact its stabilization according to the
QTAIM analysis. Therefore, the N-K interaction is the driving force in the
structural organization of this system.

Lastly, the cooperativity of various interactions effected the structural
arrangements in the aforementioned systems. These relatively weaker
interactions even added one more dimension to the structure in some cases. For
example, the H---I hydrogen bond in [PtICOD] - CHI;5 cocrystal or the n-stacking
interactions between CNXyl fragments in trans-[MI2(CNXyl)z] - I cocrystals. A
combination of strong N-K interactions and weaker N---I and H---I interactions
stabilized the polymer growth in the ligand-supported 1D KI chain.

To conclude, all three research projects from my Ph.D. studies have
contributed to fundamental knowledge of noncovalent interactions. All projects
illustrate the ability of NClIs to fine-tune the structural organization. The aim of
fundamental science is to expand our understanding of the topic so this “know-
how” can be applied to generate new functional materials.
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ABSTRACT: Complexes of PtX,COD (X = Cl, Br, I; COD = 1,5-cyclooctadiene)
were cocrystallized with classical halogen-bond donors (CHI;, I, and 14-
diiodotetrafluorobenzene (FIB)), resulting in noncovalently bound supramolecular
aggregates of various lengths—from heterotrimers to polymers. The influence of
halides in the complexes on the geometry and strength of the halogen bond (XB)
was studied both experimentally by single-crystal XRD and theoretically by
quantum chemical methods such as noncovalent interaction plots (NCI-plot),
electrostatic potential (ESP) surface analysis, and a combination of electron
localization function (ELF) and quantum theory of atoms in molecules (QTAIM)
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analyses. It was shown that strength of XB interactions in the adducts increases in

the order CHI; > FIB > I,. Although halogen bonding was found to be the main preorganizing force in the structures, in the case of
FIB adducts a rare Pt---I interaction was involved in additional stabilization of the structure. Hence, fine-tuning of halogen bonding
can influence the length of the polymer, as well as the strength and directionality of interactions in the adduct.

1. INTRODUCTION

Platinum(II) square-planar complexes are actively used in
synthesis, catalysis, photochemistry, and supramolecular
chemistry."” In the case of noncovalent interactions Pt(II)
complexes with halides as ligands are particularly interesting,
due to the ability of both the halide and a Pt(II) center to
participate in a halogen bond.’~ Platinum(II) halide 1,5-
cyclooctadiene (COD) complexes (PtX,COD, X = Cl, Br, I)
are classically used in the synthesis of complexes featuring a
square-planar platinum(II) center®™® due to the easily
replaceable COD ligand. The COD ligand is quite bulky and
due to steric hindrance can possibly obstruct the participation
of a Pt(II) center in halogen bonding.

Noncovalent interactions, in particular halogen bonds
(XBs), are known for their preorganizational abilities in
coordination chemistry.”'" According to the IUPAC defi-
nition'" of a halogen bond, typical halogen-bond donors
(further XBD) include such molecules as I,, CHI;, and 1,4-
diiodotetrafluorobenzene (FIB). Moreover, I, and CHI; have
played a key role in the understanding of the structural features
of halogen bonds in Hassel’s Nobel lecture.'” The use of such
classical halogen-bond donors as FIB, I,, and CHI, leads to the
formation of strong noncovalent interactions in their adducts.

Due to the tunability, relative strength, and directionality,
halogen bonding has been used as a self-assembly tool in
crystal engineering:'*~" for example, in the synthesis of self-
assembled polymers.'®™"" To apply halogen bonding as a fine-

© XXXX American Chemical Society

7 ACS Publications

tuning tool, it is crucial to understand its nature, and for this

3 and experimental methods"*

purpose, several theoretical®’~
may be used. However, only a combination of methods will
give a full picture of the nature of the interactions.

Although the field of halogen-bond-driven self-assembled
metallopolymers has vastly progressed in the past decade,”* >’
the topic is still developing and the question how to control
the geometry of a polymer and, particularly, the strength of
interactions between polymer units is still in the air. To answer
this question, simple molecular systems should be explored. In
this study classics meet classics: classical halogen-bond donors
XBD (such as molecular iodine, iodoform, FIB) and classical
synthons PtX,COD were used to create metallopolymeric
adducts. The aim of this research was to study the influence of
various halides in the complexes on the supramolecular
preorganization of the halogen-bond acceptor (XBA). For
this purpose, noncovalent interactions were investigated using
modern computational (such as NCI-plot, ELF, and ESP
analyses) and structural (single-crystal X-ray diffraction
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Scheme 1. Synthesis of PtX,COD-nXBD Adducts

7 X CHl,
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1:-1.5FIB, 2:2FIB, 3-2FIB

Table 1. Characteristic Parameters of the Y—I-"X—Pt Halogen Bonds (Y = C, I; X = I, Br, Cl) in the Crystal Structures of the

Obtained Adducts
cluster Y-I.--X—Pt d(I-X), A
1-CHI, LHC-I1A---11-Pt1 3.6359(5)
LHC-I2A---11-Pt1 3.6815(5)
LHC-I3A--11-Pt1 3.7723(5)
1-0.51, I-T1A--11-Pt1 3.4107(5)
2:0.5L, I-11A--Brl1—Ptl 3.2850(7)
3L I-11A--Cl1—Pt1 3.1465(14)
1-1.5FIB C—I1A--12—Pt1 3.7054(6)
C—I3A-11-Pt1 3.5928(5)
C—12A--14—Pt2 3.7371(6)
C—I4A-13—P12 3.6081(5)
C—I5A-13—Pt2 3.5870(6)
C—I6A-14—Pt2 3.8068(5)
2-2FIB C—I1A--Brl1—Ptl 3.4635(15)
C—I2A--Br1—Ptl 3.3296(16)
3-2FIB C—I1A--Cl1—Pt1 3.396(2)
C—12A--Cl1—Pt1 3.214(2)

£(Y-I--X), deg £(1-X—Pt), deg Ry”
167.79(14) 124.032(14) 0.92
172.83(14) 110.322(13) 0.93
164.41(15) 92.385(11) 0.95
175.779(17) 86.130(11) 0.86
175.75(2) 87.276(19) 0.86
173.11(3) 127.01(6) 0.84
175.71(18) 71.518(13) 0.94
175.12(15) 106.504(17) 091
177.50(18) 71.250(13) 0.94
171.80(18) 78.371(13) 091
177.21(16) 121.312(15) 091
168.46(17) 93.962(12) 0.96
176.5(3) 83.00(4) 0.90
171.1(3) 116.40(5) 0.87
175.99(19) 83.06(6) 091
172.56(19) 119.55(8) 0.86

Ry = d(1-+X)/(RY qw + R¥,qw), where Ryy is a distance reduction ratio, I is a donor atom, X is an acceptor atom, d(I-X) is the distance between I
and X in A, and R' 3 and R¥ 4 are the van der Waals radii of I and X, respectively, as determined by Bondi.*®

(SCXRD)) methods, and the results are discussed in the
following sections.

2. RESULTS AND DISCUSSION

2.1. Synthesis of PtX,COD Adducts. PtX,COD com-
plexes were synthesized according to the procedure reported
by Rigamonti et al.”® with slight modifications such as longer
reaction times and an additional recrystallization step.
PtX,COD-nXBD adducts (X =1 (1), Br (2), Cl (3); XBD =
I,, CHL, FIB) were obtained by slow cocrystallization of
PtX,COD and the corresponding XBD, taken in a 1:2 molar
ratio, from CHC, solutions at room temperature (Scheme 1).
No cocrystals with iodoform were obtained for 2 and 3.
Similarly, attempts to cocrystallize PtX,COD with iodopenta-
fluorobenzene were unsuccessful.

2.2. Analysis of the SCXRD Structures. The relative
strengths of halogen bonds or other noncovalent interactions
can be estimated by a comparison of the experimentally
obtained distance between noncovalently interacting atoms
and the sum of the corresponding van der Waals (vdW)
radii.”” The reduction in the distances of noncovalent
interaction (in percent) can be calculated as Ry = d(I---X)/
(RY,qw + RX.qw) X 100%, where Rjy is a distance reduction
ratio, I (iodine) is an XBD atom, X is a, XBA atom, d(I---X) is
the distance between I and X, and R’ 4, and RX 4, are the vdW
radii of I and X, respectively, as determined by Bondi.*® Crystal
structures of the obtained adducts were investigated by
SCXRD. Characteristic parameters of XB in the Y—I.--X—Pt
(where Y = C, I; X = I, Br, Cl) interaction can be found in
Table 1.

2.2.1. CHI; Adduct. In the adduct 1-CHI; PtI,COD
complexes are linked to one another through CHI; molecules
via halogen bonding, creating a 1D polymeric structure (Figure

1). In the crystal structure only one iodine of the complex (11,
Figure 1) participates in noncovalent interactions. The
platinum complex in 1-CHI; is interacting with four CHI;
molecules, forming one hydrogen bond (see Table S2 in the
Supporting Information for the details) and three halogen
bonds (Table 1). The donor—acceptor distances in all of the
halogen bonds were found to be less of the sum of vdW radii.

1A

Figure 1. Adduct 1-CHI;: noncovalent interactions of the adduct 1-
CHI, (top); halogen-bonding-driven (1-CHIL;), polymer (bottom).

https://dx.doi.org/10.1021/acs.cgd.0c01314
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Furthermore, geometric parameters of the halogen bonds were
found to be typical.

Although there are a few examples of CHI; adducts with
some transition-metal complexes (trans-[PtX,(NCNAlk,),] (X
= Cl, Br)*' and trans-[MCL,(NCNMe,),] (M = Pt, Pd)’) and
with an alkali-metal complex ([Na(DB18C6)(H,0),]I-
(THF),(CHL,), where DB18C6 = dibenzo-18-crown-6>%), 1-
CHI, is the first example of a CHI; adduct with a transition-
metal iodide complex.

2.2.2. I, Adducts. In the series of PtX,COD adducts with I,
(Figure 2) 1-0.5I, and 2-0.5I, form isolated heterotrimers (1---

XBD 1, will approach 3. Further discussion can be found in
section 2.3.1.

An elongation of a covalent bond (R—X, where RX is an
XBD, X is any halogen atom with an electron-deficient region,
R is the group covalently bound to X) in an XBD is a typical
observation according to the IUPAC definition of halogen
bonding (R—X:-Y, where - is an XB and Y is an XBA with an
electron-rich area)."' The elongation indicates the strength and
nature of the interaction between the XB donor and acceptor.
In case of I, adducts the I-I bond length of the molecular
iodine varies quite a bit (Table 2), increasing in the order 31,

1)

1A Br1

Br1

Pt1
= 1A 1A

-~ Gid” o Wy

Figure 2. Adducts of PtX,COD (X = I, Br, Cl) with L,: (1, 2) 1-0.5],
and 2-0.5I, represent isomorphic heterotrimers; (3) 3-1, represents a
polymeric structure.

L1 and 2--I,-+-2) with isomorphic structures, whereas the
adduct 31, forms the polymer [3-,],. On the basis of the
experimentally obtained geometrical parameters (Table 1) it is
assumed that in all the adducts the I, molecule acts as a XBD,
while complexes 1—3 act as XBAs. Within the series the
strengths of the XBs are rather similar: the distance reduction
ratio Ryx is 0.86 for adducts 1-0.51, and 2-0.51, and 0.84 for 3-
I,, meaning a slightly stronger XB. However, £(I---X—Pt) is
closer to a 90° angle in the case of adducts 1-0.5I, and 2-0.51,
(86.130(11) and 87.276(19)°, respectively), and in the case of
3-1, the angle is obtuse (127.01(6)°). This can be explained by
a difference in the halide charge polarizations®—the least
polarized chloride is less sensitive to the direction from which

Table 2. I-I Distances in the Obtained Single Crystals of
the PtX,COD-1, Adducts

adduct
1-0.5L, 2:0.5L, 3L
d(1-1), A 2.7516(6) 2.7256(8) 2.7002(6)

< 2-0.51, < 1-0.51,. In the solid-state structure of I, obtained by
low-temperature SCXRD at 110 K, the I-I bond length is
2.7179(2) A** In comparison to that, the I-I bond length in
the obtained adducts is elongated, except for the adduct 3-I,
(2.7002(6) A), for which the shortest I-I distance is found.
Also, in 3-I, the XB was slightly stronger than in the other two
adducts according to the Ryx value (0.84 for 3-1,, 0.86 for 1-
0.51,, and 2-0.5L,).

Within the series of I, adducts no substitution of the halide
coordinated to the Pt(II) complex takes place, although for
transition-metal complexes substitution of the halide in a
reaction with I, is known in the literature.>>>® One of the rare
examples with no halide substitution can be found in the work
of Johnson et al,”” where the series of sterically crowded
neutral pincer palladium complex eswith various halides (Cl,
Br, I) interact with an I, molecule. However, the most
probable explanation is steric hindrance preventing the
substitution, yet in the I, adducts obtained in the current
work steric availability does not result in halide substitution. It
is worth mentioning that Pt(II) complexes are often oxidized
to Pt(IV) in reactions with L,.**~*' However, neither oxidation
of Pt(II) to Pt(IV) nor halide substitution occurs in the case of
2:0.51, or 3-1,. This was confirmed by a '**Pt NMR analysis,
which revealed only one '**Pt peak in PtX,COD + I, CDCl,
solutions with no significant shift in comparison to the pure
PtX,COD in CDCl; (see the Pt NMR analysis section in the
Supporting Information).

2.2.3. FIB Adducts. Inspired by the successful cocrystalliza-
tions of I, adducts, another popular halogen-bond donor, FIB,
was tested. All of the adducts 1-1.5FIB, 2-2FIB, and 3-2FIB
have a 2D polymeric structure; however, only 2-2FIB and 3-
2FIB represent isomorphs (Figures 3 and Figure 4). In the case
of 1-1.5FIB, the crystal structure contains two inequivalent
Pt(11) complex units: first, where the metal complex forms four
XBs with four molecules of FIB; second, where the metal
complex forms two XBs with two molecules of FIB (Figure
3.1).

The strengths of the XBs estimated by the distance
reduction ratio Ry are rather similar in the case of 2-2FIB
(0.87 and 0.90) and 3-2FIB (0.86 and 0.91) and tend to be
slightly weaker in the case of 1-1.5FIB (0.91—0.96). Moreover,
other types of interactions were found among the adducts such
as Pt---I (Table 3), F---z (Table 4), and exclusively for 1-1.SFIB
an 12--l interaction (COD double bond, with d(I1-- Il) =

https://dx.doi.org/10.1021/acs.cgd.0c01314
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Figure 3. Polymeric adducts of PtX,COD (X = I, Br, Cl) with FIB:
(1) 1-1.5FIB adduct contains two independent Pt,COD units (upper
and lower pictures) and 1 at the upper picture participates in four
XBs, while 1 in the lower picture participates in only two XBs; (2, 3)
structures 2-2FIB and 3-2FIB represent isomorphs.

Table 3. I-Pt Distances in the Obtained Single Crystals of
the Adducts PtX,COD-nFIB

cluster contact, I---Pt d(1---Pt), A Rp”
1-1.5FIB 11A---Ptl 3.7990(6) 1.02
DA--PR2 3.8127(4) 1.03

22FIB T1A--Ptl 3.9821(8) 1.07
32FIB I1A-Ptl 3.8732(6) 1.05

“Rpe = d(I-+Pt)/(Ryqw + R™,qw), where Rl is a distance reduction
ratio, I is an I atom, Pt is a Pt atom, d(I-+-Pt) is the distance between I
and Pt in A, and R',4y and R™ g4y are the van der Waals radii of I
(1.98 A) and Pt (1.72 A), respectively, as determined by Bondi.*

Table 4. F-xr Distances in the Obtained Single Crystals of
the Adducts PtX,COD-nFIB

cluster contact, F---7 atoms involved in 7-plane d(F--m), A
1-1.5FIB F9A--7 2A, F2A, F1A, T1A, F4A, F3A  2.846(5)
2-2FIB F3A-7 11A, F1A, F24, 11A, F1A, F2A 2.701(6)
3-2FIB F3A-m 11A, F1A, F2A, T1A, F1A, F2A 2.719(S)

3.719(5) A). These interactions were further studied with
quantum-chemical methods in section 2.3.3.

In summary, isomorphic structures were found in both the I,
and FIB series; however, the isomorphic pairs are different 1-
0.51, is isomorphous to 2-0.5I,, and 2-2FIB is isomorphous to
3-2FIB. In all of the adducts in the case of the acute I.--X—Pt
angle the XB tends to be weaker than in the case of the obtuse
angle (Table 1), which may be associated with the additional
interaction with the Pt(II) center. Interestingly, the adducts of
2 are always involved in isomorphism.

On the basis of the average Riy parameter among the CHI,
I,, and FIB series the strength of the XB increasing in the order
CHI; (Rix = 0.93) < FIB (Rix = 0.91) < I, (Rx = 0.85). This
tendency is in agreement with computational data (based on
the maximum of electrostatic potential (V) values, the
distribution of electron pairs, and an analysis of NCI-plots, see
section 2.3).

2.3. Theoretical Studies of Noncovalent Interactions.
With the help of computational chemistry the electrostatic
nature and relative strength of noncovalent interactions
discovered by SCXRD can be described. Due to computational
efficiency and reasonable accuracy the Kohn—Sham (KS)
density functional theory (DFT) method was used to calculate
the electron density distribution.

A careful analysis of the calculated electron density
distribution can reveal noncovalent interactions and their

S —Q,

d L s o

ol e S

Figure 4. Grown view of the SCXRD structures of adducts with FIB (1-1.SFIB, 2-2FIB, and 3-2FIB; left, middle, and right pictures, respectively)

along the a axes. 2-2FIB and 3-2FIB structures represent isomorphs.
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properties. Out of all of the computation methods, a
combination of three approaches may give a broader picture
of the noncovalent interactions: an analysis of electrostatic
potential (ESP),>*** a noncovalent interaction (NCI) plotm
analysis, and the electron localization function (ELF)* in
combination with Bader’s quantum theory of atoms in
molecules (QTAIM).** Noncovalent interactions can be
characterized and further visualized in real space with the
NCI-plot™ program. The great advantage of this program is
insensitivity to the choice of computational method (same
densities by different methods). The main function of the
NCI-plot is to reveal whether the interaction is repulsive or
attractive and to describe the strength of noncovalent
bonding.*>** The map of electrostatic potential (MEP)
visualizes the anisotropic charge distribution on the 0.001 au
contour of a molecule’s surface. That feature can be used to
predict and interpret noncovalent interactions.’>*”** The
electron localization function calculates and visualizes shared
and unshared electron pairs. Previously this function has
already been used in investigations of XBs and related
interactions.””™>® A combination of ELF and QTAIM analyses
displays bond paths at the interaction areas, which helps to
interpret the donor—acceptor nature of the interaction. A
further analysis of the order of the ED (electron density) and
ESP (electrostatic potential) minima along the bond
paths*"*?73%%775% 4llows revealing the nucleophilic and
electrophilic partners in the interactions.

While ESP and ELF + QTAIM analyses provide information
about the donor—acceptor nature of interactions, an NCI-plot
analysis reveals the strength and visualizes noncovalent
interactions in real space.

The models for theoretical studies were directly cut from the
corresponding experimental crystal structures, creating clus-
ters: 1-(CHL),; (1)yh, (2)yL, (3)yLy (1), (FIB)y, 2
(FIB) ¢, 3-(FIB) .

2.3.1. Electrostatic Potential Surface (ESP) Analysis. An
analysis of the anisotropic charge distribution visualized by a
map of electrostatic potential (MEP) can explain observed
noncovalent interactions."*°>" In the case of halogen bonding
an electron-deficient area (o-hole located on the elongation of
the covalent o-bond) at the surface of the XB donor atom
interacts with an electron-rich area at the surface of the XB
acceptor atom. The directionality of the halogen bond is
dependent on the o-hole magnitude,®” the value represented
by the maximum of the ESP (V,,,). Therefore, to estimate the
geometry and strength of the noncovalent interaction V.
must be analyzed. As proposed by Bader et al., the electrostatic
potential should be calculated at the 0.001 au contour of a
molecule’s surface since it illustrates 96% of the electronic
charge of a molecule.®?

All of the XBDs and XBAs were subjected to an analysis of
anisotropic charge distribution. MEPs of XBAs (PtX,COD, X
= Cl, Br, I; Figure S) visualized differences in the polarizability
of halides in the Pt(II) complexes: polarizability increases in
the order 3 < 2 < 1. The least polarized chloride is least
sensitive to the directionality of the halogen bond. In the case
of XBDs almost similar V,,,, values were found for I, and FIB
(Figure 6 and Table S), and the smallest value was found for
CHI;. According to the V. value both I, and FIB are more
favorable XBDs than CHI; and therefore can form stronger
XBs.

Although these values slightly differ from Ry (CHI; (Rix =

0.93), FIB (R = 091), I, (R = 0.85)) and the NCI-plot

oS

<t
-
»

1
5

e®-

P11,COD PtBr,COD PLCI,COD
cHececiosre or: NN
-0.055 0.055

Figure S. Electrostatic potential calculated at the PBEO0-D3/def2-
TZVP computational level on the 0.001 au molecular surface of
PtX,COD using the same color scale from —0.055 to +0.055 au.

—2 N
@® e

.,HOC.,F.I

FIB

- A
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-0.049

Figure 6. Electrostatic potential calculated at the PBEO0-D3/def2-
TZVP computational level on the 0.001 au molecular surface of CHI;,
I, and FIB using the same color scale from —0.049 to +0.049 au.

Table 5. Maximum ESP (V,,,.) Values of Selected
Halogenated Molecules Calculated at the PBE0-D3/def2-
TZVP Level

molecule atom )

map Al
CHI, I 0.042
H 0.049
1, 1 0.052
FIB 1 0.053

trend (see section 2.3.2) (CHI; (sign(4,)p = 0.0116), FIB
(sign(4,)p = 0.0135), I, (sign(4,)p = 0.0196)), they give an
estimation of the directionality and strength (the strongest
possible is with I, and FIB) of the interaction.

2.3.2. NCI-Plot Analysis. To visualize noncovalent inter-
actions in real space, the reduced electron density gradient (s)
has to be plotted against sign(4,)p: interactions are visualized
as spikes in the graph. Attractive interactions are located in the
—sign(4,)p area, and the stronger the interaction, the more
negative sign(4,)p is. To visualize noncovalent interactions in

https://dx.doi.org/10.1021/acs.cgd.0c01314
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Figure 7. Plot of sign(4,)p vs s (left) and gradient isosurface (right, s = 0.3 au; in the [—0.013, — 0.008] au range of sign(/,)p) for the cluster 1-
(CHL),. Green isosurfaces on the 3D plot represent weak stabilizing interactions. All spikes in the 2D plot represent XBs, except the second spike,

which represents a ring interaction in COD.

real space, an input of the 2D plot data is used to construct
reduced density gradient isosurfaces. Obtained isosurfaces
correspond to the spikes of the 2D plot, and the interaction
strength is described by the color of the interaction. The plot is
colored in the RGB (red—green—blue) scheme, where red
represents strong destabilizing interactions, green delocalized
medium to weak interactions, and blue strong stabilizing
interactions. Low density value isosurfaces (ie, —0.005 <
sign(4,)p < 0.005 au) are associated with weaker dispersion
interactions, while slightly higher density value isosurfaces (i.e.,
—0.05 < sign(4,)p < —0.00S au and 0.005 < sign(4,)p < 0.05
au) are associated with stronger noncovalent interactions.®* To
create a concise image, different cutoffs were applied,
visualizing only the interactions in the region of interest.
However, due to program limitations, the COD ring
interaction was not cut out, although it is not considered
relevant to the discussion.

To get an insight into the interactions in the obtained crystal
structures, it was decided to use 2D NClI-plots for numerical
descriptions and 3D plots for visualizations of interactions in
real space.

2.3.2.1. CHI; Adduct. In the case of 1-(CHLy), five relatively
strong noncovalent interactions are located in the [—0.013,
—0.008] au range of the sign(4,)p area (Figure 7 and Table 6).

Table 6. sign(4,)p Data on Noncovalent Interactions in the
Adduct 1-(CHL,),

interaction sign(4,)p
I1A---I11-Ptl, I2A---11-Pt1 —0.0123
COD ring —0.0110
I3A--11-Ptl —0.0102
H1AA---I1-Ptl —0.0097

According to the NCI-plot analysis the strength of interaction
increases in the order HIAA--I1-Pt < I3A--I1-Pt < COD
ring < IIA-I1-Pt & I2A--I1-Pt; this correlates to the
interaction strength deduced by SCXRD studies.

2.3.2.2. I, Adducts. In the case of I, clusters plots of s vs
sign(4,)p have the same shape with slight differences (see
Figure S6 in the Supporting Information). Two types of
noncovalent interactions (XB and ring interaction in COD)
were found in the [—0.022, 0.005] au range of sign(4,)p
(Figure 8). In the 2D plots the leftmost spike represents an XB,

the next spike represents a ring interaction in COD; sign(4,)p
numerical values of the interactions are presented in Table 7.

According to an NCI-plot analysis the XB in the cluster (2),-
I, is the weakest of the I, adduct series (sign(4,)p = —0.0191),
while XB in (1),-1, and (3),], represent interactions of the
same strength (sign(4,)p = —0.0198), although the difference
among the three is quite small. On comparison of these results
(2),L, < (1)1, = (3),-1, with SCXRD deduced strengths 1-
0.51, = 2-0.51, < 3-I,, it can be seen in both cases the I, adduct
with 3 is involved in the strongest XB interaction.

2.3.2.3. FIB Adducts. In the series of FIB adducts various
noncovalent interactions were found in the [—0.018, —0.006]
au range of sign(4,)p (Figure 9 and Table 8). The patterns of
2D plots appear similar for the isomorphic structures 2-(FIB)
and 3-(FIB),. The strength of the XB estimated with the
distance reduction ratio Rjx increases in the order (1),-(FIB);,
< 2-(FIB),y & 3-(FIB),, which correlates with the strength
trend by an NCI-plot analysis (Table 8). Moreover, an NCI-
plot analysis revealed other types of stabilizing interactions
among the adducts such as Pt---I, a F---7 interaction, and an
2.l (COD double bond) interaction exclusively for (1),
(FIB),, (detailed information on F--z and I--Il interactions
can be found in Table S6 and Figure S7 in the Supporting
Information). Although these types of interactions are weaker
than XBs, they are still located in an area more negative than
weaker dispersive interactions (—0.005 < sign(4,)p < 0.005
au), providing extra stabilization in the structure. Despite the
presence of the sterically hindering COD ligand, a Pt--I
contact was found in all of the FIB adducts. The strength of the
Pt interaction increases in the order 2-(FIB),, < 3-(FIB),, <
(1), (FIB) (. Possibly the strength of the XB becomes weaker
due to a competition of the XB and an attractive Pt--I
interaction between 1 and the FIB molecule. This correlates
with the trend deduced by SCXRD analysis that for a wider
Pt—X:-I angle a stronger XB interaction is observed.

On the basis of the average sign(4,)p parameter among the
CHI,, 1, and FIB series of adducts the strength of XB increases

in the order CHI; (sign(4,)p = —0.0116) < FIB (sign(4,)p=
—0.0135) < I, (sign(4,)p = —0.0196). This estimation is in the
agreement with the experimental evaluation based on the
average Ry parameter. Although NCI-plot analysis gives
information about the topology and strength of interactions,
it cannot determine the donor—acceptor nature of the

https://dx.doi.org/10.1021/acs.cgd.0c01314
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Figure 8. Plots of the sign(4,)p vs s (left) and gradient isosurfaces (right, s = 0.3 au; in the [—0.022, — 0.005] au. range of sign(4,)p) for (1) (1),
L, (2) (2),-1, and (3) (3),-L,. 2D plots are colored such that purple, orange, and green represent plots for 1, 2, and 3 clusters with I, respectively,
The isosurfaces on the 3D plots are colored such that blue and green represent very strong and medium to weak stabilizing interactions,
respectively. The leftmost spike in all 2D plots represents an XB, and the second spike from the left represents a ring interaction in COD.

Table 7. sign(4,)p Data on Noncovalent Interactions in
PtX,COD (X = CI, Br, I) Adducts with I,

sign(4,)p
interaction (1), (2),L, 3),L,
I1A--X-Ptl —0.0198 —0.0191 —0.0198
COD ring —0.0113 —0.0119 —0.0078

interactions. However, ELF + QTAIM and ED/ESP minima
studies can give an insight into the nature of the interaction,
and they are discussed in section 2.3.3.

2.3.3. Electron Localization Function (ELF) Analysis. In
order to get more information about the weak interactions
under study, a topological analysis of the electron density
distribution (within the formalism of Bader's QTAIM
method)44 for the 1-(CHLy),, (1)L, (2)yL, (3)yL, (1)y
(FIB),o, 2:(FIB)(, and 3:(FIB),, clusters as model systems
was performed, followed by a calculation and analysis of the
electron localization function (ELF).****~%” The ELF is a
derivative of the electron density, which allows the location of
areas of shared and unshared electron pairs. A combination of

ELF and QTAIM methods is represented in Figures
10—Figure 14, where ELF projections were plotted together
with bond (3, —1) critical points (blue), nuclear (3, —3)
critical points (brown), ring (3, +1) critical points (orange),
and bond paths (black lines).

In 1-(CHL,),, the I--I bond paths (Figure 10) go through
the ELF > 0.75 areas on the iodine I atoms (i.e., through the
lone pairs) and through depleted ELF regions on the iodoform
I atoms corresponding to a reduced shielding of I nuclei in the
o-holes. These observations confirm the XB nature of the I--:I
interactions, where iodide ligands represent nucleophiles and
iodoform molecules represent electrophiles.

The same observations were performed for (1),-1, and (2),
I, (Figure 11), (3),'1, (Figure 12), 2-(FIB),, and 3-(FIB),
(Figure 13), and halogen-bonding bond paths go through lone
pairs on the halide ligands and the o-holes on I atoms in XB
donors. It is notable that in the case of the (1),I, and (2),1,
clusters (Figure 11) ELF areas, bond critical points, and bond
path locations are the same for both clusters, revealing the
similarity in nature of the noncovalent interactions. Suppos-
edly, the similarity follows the isomorphism of the correspond-

https://dx.doi.org/10.1021/acs.cgd.0c01314
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Figure 9. Plot of sign(4,)p vs s (left) and gradient isosurface (right, s = 0.3 au; in the [—0.018, —0.0045] au range of sign(4,)p) for (1) (1),
(FIB),o (2) 2-(FIB),,, and (3) 3:(FIB),,. The isosurfaces on the 3D plots are colored such that blue and green represent strong and medium to
weak stabilizing interactions, respectively. The leftmost spike in all 2D plots represents an XB, which is shown in blue.

ing crystals. The same trend is observed for 2-(FIB),, and 3-
(FIB),, (Figure 13).

In the case of (1),-(FIB),, (Figure 14), two of the C—I---I—
Pt XBs are followed by the C—I---Pt interactions, as confirmed
by bond paths and bond critical points. The nature of these
interactions is not clear, because the I---Pt bond paths go
through the ELF areas between the maximum and minimum
on the I atoms. Platinum(II) centers can be both electro-

5,31,70

philes®®®” and nucleophiles in I---Pt in the other systems.

More information about the philicity of interacting atoms in
noncovalent interactions can be obtained by an analysis of the
order of the ED (electron density) and ESP (electrostatic
potential) minima along the bond path.*"*37>%%77>% The
minimum of ESP is shifted toward the nucleophilic atom, while
the ED minimum is shifted toward the electrophilic atom. The
1D profiles of the ED and ESP functions along the I---X (X =
Cl, Br, I) bond paths confirmed the nucleophilic nature of the

halides toward diiodine and organoiodides due to a valuable

https://dx.doi.org/10.1021/acs.cgd.0c01314
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Table 8. sign(4,)p Data on Noncovalent Interactions in (1),"(FIB), 2*(FIB),, and 3+(FIB),, in the [—0.018, — 0.006] au

Range of sign(4,)p)

(1), (FIB) 1o 2-(FIB),q
interaction sign(4,)p interaction

I1A---I2—Ptl —0.0138
ISA---13—-Pt2 —0.0131

12A.--Br1—-Ptl
14A.--13—Pt2 —0.0131
16A---14—Pt2 —0.0094
I3A---11-Pt1 —-0.0113

I1A---Br1-Ptl
12A---14—-Pt2 —0.0104
I4A:--Pt2 —0.0066
I1A---Ptl —0.0089 I1A---Ptl
12A---Pt2 —0.0087

3-(FIB),,
sign(4,)p interaction sign(4,)p
—0.0161 12A--CI1-Pt1 —0.0163
—0.0129 I1A---Cl1-Pt1 —0.0118
—0.0065 I1A---Ptl —0.0075

Figure 10. ELF projections and bond paths (black lines), BCPs (blue
dots), NCPs (brown dots), and RCPs (orange dots) for the C—I---I—
Pt XBs in 1-(CHL,),.

0.50

0.00

Figure 11. ELF projections for the I-I--X—Pt XBs in (2),-I, (top, X
= Br) and (1), ], (bottom, X = I).

shift of the ESP minima to the halide electron density basins in
all cases (Figures S8—S12 in the Supporting Information).

The analogous 1D profiles of the ED and ESP functions
along the I1A--Ptl and I2A---Pt2 bond paths in (1),-(FIB),,
indicate (Figure 15) that the ESP minima in both cases are
only slightly shifted to the Pt electron density basins.

This shift may be interpreted as the nucleophilicity of Pt
toward I in both cases. It means that I1A---Ptl and I2A---Pt2
can both be treated as metal-involving halogen bonding.

0.00 0.50 1.00

Figure 12. ELF projection and bond paths (black lines), BCPs (blue
dots), NCPs (brown dots), and RCPs (orange dots) for the I-I---Cl—
Pt XBs in (3),',.

0.00

Figure 13. ELF projection and bond paths (black lines), BCPs (blue
dots), NCPs (brown dots), and RCPs (orange dots) for the C—I---X—
Pt XBs in 3-(FIB),, (X = Cl, top) and 2-(FIB),, (X = Br, bottom).

However, low values of the shifts, together with the
geometrical parameters of the contacts (£(C1A—I1A---Ptl)
= 142.14(18)° and «£(C4A-I2A---Pt2) = 141.13(17)%;
d(I1A---Ptl) = 3.7990(6) A and d(I2A---Pt2) = 3.8127(4) A,
more than R'gy + RMgw = 3.73 A), still preserve the
possibility of intermediate® or even invert®” philicity in the I---
Pt interactions.

3. CONCLUSIONS

Novel adducts of platinum(II) halide 1,5-cyclooctadiene
(COD) complexes with classical XB donors were successfully

https://dx.doi.org/10.1021/acs.cgd.0c01314
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Figure 14. ELF projection and bond paths (black lines), BCPs (blue dots), NCPs (brown dots), and RCPs (orange dots) for the C—I---X—Pt XBs

and the C—I---Pt interactions in (1),-(FIB);,.

1.0 7gp 10 7ep
ESP ESP
a.u. a.u
0.5 - 0.5 A
11A Ptl 12A Pt2
0.0 T Y T 0.0 T T T
0 1 2 3 0 1 2 3

Figure 15. Criterion of ED minimum vs ESP minimum: the ED (black) and the ESP (red) for the I1A-+-Ptl and I2A---Pt2 interactions in (1),

(FIB),o. Interatomic distances are given in A.

crystallized for the first time. When the halide in the complex
was changed, various geometries in the adducts were achieved.
Within the PtX,COD-nXBD series one pair of isomorphic
cocrystals was always formed: PtBr,COD/PtI,COD in
cocrystals with I, and PtCL,COD/PtBr,COD in cocrystals
with FIB. Interestingly, the adducts of PtBr,COD are always
involved in isomorphism. This shows the intermediate nature
of Br in the row Cl-Br—L

All of the structures have unique properties. The adduct
PtI,COD-CHI; represents the first example of a transition-
metal iodide complex with CHI;. The fact that neither
substitution of halide in the PtX, COD complex nor Pt(II)
oxidation takes place in cocrystallizations with I, is a rare
feature of these cocrystals, allowing the building of supra-
molecular systems containing Pt(II) centers. Moreover, in the
case of PtX,COD-nl, complexes, small changes in the complex
composition, such as a variation of the halide, gives a
possibility of switching from an isolated cluster to a polymeric
structure. PtX,COD-nFIB adducts contain such unusual
noncovalent interactions as I---Pt, F---z, and 12--Il interactions,
giving additional stabilization to the adduct together with
classical halogen bonding.

Computational studies revealed that halogen bonds are the
strongest noncovalent stabilizing interactions in all the
obtained systems, confirming an important role of XB in
crystal engineering. According to the NCI-plot studies strength
of halogen bonding is increasing in the row CHI;, FIB, I,, and

this trend agrees with SCXRD studies. Another type of weak
interactions found in FIB adducts is possible I---Pt metal
involving halogen bonding. This type of contact was studied
with a novel combination of ELF + QTAIM analyses. The
method has revealed the nucleophilicity of the Pt center
toward I of the FIB molecule, deepening the understanding of
the donor/acceptor pairing.

To summarize, in this work we have successfully applied
noncovalent interactions, in particular halogen bonding, as an
instrument to create various supramolecular clusters. When
halides of the system are modified, it is possible to influence
the strength of the interaction and cluster size. Understanding
these trends allows the use of noncovalent interactions as a
tool to build novel metallopolymers.

4. EXPERIMENTAL SECTION

4.1. General Computational Details. All of the obtained
systems were analyzed within the scope of DFT theory. In the
calculation of noncovalently bonded systems it is important to
consider dispersion forces: for example, a the D3 dispersion
correction of Grimme can be applied.”" The PBE0-D3 dispersion
corrected functional is a good option for systems containing
noncovalent interactions.”'~’> While for most atoms the 6-31G*
basis set will perform well, in case of the XB series with various halides
one needs to consider adding basis set optimization for halides. For
this purpose the def2-TZVP basis set’® with a pseudopotential for the
inner-core electrons can be used. This basis set can be obtained from
the basis set exchange database.”” The use of the def2-TZVP basis set

https://dx.doi.org/10.1021/acs.cgd.0c01314
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with effective core potential (ECP) for heavy atoms is good for
reducing computational cost in systems with many heavy elements
(heavier than Kr) and describing relativistic effects in deep core
electrons.”® Wave function files were obtained in the Gaussian 09
(revision D.01) program package.”” Complexes 1—3, CHIL,, I,, and
FIB were subjected to full energy minimization using the PBE0-D3
dispersion corrected functional with a 6-31G* basis set for all atoms
except for chlorine, bromine, iodine, and platinum, for which a def2-
TZVP basis with a pseudopotential for the inner-core electrons was
used. The models for the solid-state structures were directly cut from
the corresponding experimental crystal structures (creating clusters 1-
(CHL), (1)yL, (2)2L, (3)yL, (1),:(FIB)y, 2:(FIB)y, and 3-
(FIB),,) and analyzed without geometry optimization due to
complexity. The strength and topology of the interactions were
studied with the NCL-plot program” implemented in Critic2
software,”” and 2D and 3D visualizations were performed with the
Gnuplot®" and VMD programs,® respectively. ESP surfaces of the
PtX,COD and XBD molecules were calculated and visualized with
AIMALL.> ELF projections and QTAIM analyses were performed
with Multiwfn 3.7 Coordinates and numbering for single molecules
and clusters can be found in Tables S7—S13 in the Supporting
Information.

4.2, General Experimental Details. All chemicals and solvents
such as CHCl; (VWR Chemicals BDH), EtOH (99.5%, Altia
Industrial), diisopropyl ether (>98.5%, Fluka Chemical Corp.),
K,PtCl, (99.9%, Alfa Aesar), KBr (99%, J.T. Baker), KI (>99.0%,
Fisher Scientific), COD (>98.0%, Aldrich), PtCL,COD (99%, Strem
Chemicals), I, (Mallinckrodt), CHI; (>99%, Fluka AG), and FIB
(99%, Fluorochem) were used without additional purification.

The crystal data for all of the obtained adducts are summarized in
Tables S3—SS in the Supporting Information. For each experiment a
single crystal was selected from the sample under a microscope in
darkness (except for the light from the microscope itself), immersed
in cryo-oil, and mounted in a MiTeGen loop SCXRD data for the
measurement. Single crystals were measured on a Bruker-Nonius
Kappa CCD diffractometer with an APEX-II CCD detector using
graphite-monochromated Mo Ka (4 = 0.71073 A) radiation at 170 K.
The data collection and reduction for data processing was performed
using the programs DENZO and SCALEPACK.* The intensities for
data collected by the Bruker-Nonius Kappa diffractometer were
corrected for absorption using SADABS*® with the multiscan
absorption correction type method. All structures were solved with
direct methods (SHELXT-2015)*" and refined by full-matrix least
squares on F* using the OLEX2*® software, which utilizes the
SHELXL-2015"* module. All H atoms were positioned geometrically
and constrained to ride on their parent atoms: Uy, = 1.2U,q(parent
atom).

Caution! COD is hazardous to health and should be handled with
care.

PtX,COD complexes were synthesized according to the procedure
reported by Rigamonti et al.”® with slight modifications.

4.2.1. Synthesis of Ptl,COD (1). K,PtCl, (1 mmol, 418.6 mg) was
dissolved in 10 mL of distilled water, and then KI (S mmol, 834 mg)
was added to the mixture and it was stirred for 1 h; the solution
turned brown. After that 10 mL of 100% glacial acetic acid and COD
(4 mmol, 432.7 mg, 0.49 mL) were added sequentially. The mixture
was stirred at 80 °C overnight to give was a transparent reddish
solution with a yellow precipitate. The precipitate was filtered off with
a Buchner funnel and successively washed with 25 mL of H,0, 30 mL
of EtOH, and 25 mL of diisopropyl ether. After that yellow precipitate
was dissolved in CHCI; and left for recrystallization at RT by slow
solvent evaporation. Yield: 439.4 mg (79%).

4.2.2. Synthesis of PtBr,COD (2). K,PtCl, (0.5 mmol, 207.6 mg)
was dissolved in S mL of distilled water, and then KBr (2.5 mmol,
297.5 mg) was added to the mixture and it was stirred for 1 h; and the
solution turned reddish. After that S mL of 100% glacial acetic acid
and COD (3 mmol, 216.4 mg, 0.25 mL) were added sequentially. The
mixture was stirred at 80 °C overnight to give a yellow solution with a
yellow precipitate. The precipitate was filtered off of the solution with
a Buchner funnel and successively washed with 10 mL of H,0O, 15 mL

of EtOH, and 10 mL of diisopropyl ether. After that the yellow
precipitate was dissolved in CHCI; and left for recrystallization at RT
by slow solvent evaporation. Yield: 187.8 mg (0.41 mmol, 81%).

4.2.3. Cocrystallizations of Ptl,COD with Halogen-Bond Donors.
PtI,COD (0.03 mmol, 16.7 mg) was dissolved in 2 mL of CHCl;, and
0.06 mmol of the halogen-bond donor was added sequentially. The
solution was stirred until the mixture became homogeneous and then
left for crystallization at RT by slow solvent evaporation.

Anal. Found for Pt[,COD-1,: C, 14.47; H, 1.86; N, 0.00. Calcd: C,
14.05; H, 1.77; N, 0.00. Found for PtL,COD-CHI,: C, 11.60; H, 1.6;
N, 0.01. Caled: C, 11.37; H, 1.38; N, 0.00. Found for PtI,COD-1,4-
CeF.L: C, 17.48; H, 1.17; N, 0.00. Caled: C, 17.60; H, 1.04; N, 0.00.

4.2.4. Cocrystallizations of PtBr,COD with Halogen-Bond
Donors. PtBr,COD (0.02 mmol, 9.3 mg) was dissolved in 2 mL of
CHCl;, and 0.04 mmol of the halogen-bond donor was added
sequentially. The solution was stirred until the mixture became
homogeneous and then left for crystallization at RT by slow solvent
evaporation.

Anal. Found for PtBr,COD-L,: C, 16.59; H, 2.14; N, 0.00. Calcd:
C, 16.29; H, 2.05; N, 0.00. Found for PtBr,COD-1,4-C;F,I,: C,
19.45; H, 1.40; N, 0.00. Calcd: C, 18.96; H, 0.96; N, 0.00.

4.2.5. Cocrystallizations of PtCl,COD with Halogen-Bond
Donors. PtCL,COD (0.03 mmol, 11.2 mg) was dissolved in 2 mL
of CHCl;, and 0.06 mmol of the halogen-bond donor was added
sequentially. The solution was stirred until the mixture became
homogeneous and then left for crystallization at RT by slow solvent
evaporation.

Anal. Found for PtCL,COD:-L,: C, 19.14; H, 2.36; N, 0.00. Calcd:
C, 19.18; H, 2.41; N, 0.00. Found for PtCLCOD-1,4-C(F,L: C,
21.38; H, 1.23; N, 0.00. Calcd: C, 20.39; H, 1.03; N, 0.00.
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The crystal growth of potassium iodide was controlled by using
the neutral organic 1,1'-bis(pyridin-4-ylmethyl)-2,2'-biimidazole (L)
ligand as a modifier. The selected modifier allows the preservation
of original cubic [K4l4] units and their arrangement into a linear
ligand-supported 1D chain. The supported [K4l,] cubes are only
slightly distorted compared to the cubes found in pure Kl salt. The
N-K binding of the ligand to the Kl salt, as well as weak [---H,
N---H, and N---l interactions, stabilizes the structure to create a
unique 1D polymer of neutral potassium iodide ionic salt inside the
[K4l4L4], complex.

Controlled crystal growth is an important method for tuning
the physicochemical properties of compounds in the solid
state." Various compounds can inhibit or promote crystal
growth and, thus, have been used as crystal growth
modifiers.”™ Interactions between a crystallizing solute and a
modifier compound can range from covalent bonds to non-
covalent interactions such as van der Waals interactions,
electrostatic interactions, hydrogen bonding, n-m stacking,
etc.” To obtain the desired impact on crystal growth, a modi-
fier must be carefully designed with consideration of all pos-
sible forms of interactions.

The growth of an inorganic salt, such as KI, can be con-
trolled physically by space limitation or chemically by using
modifier molecules that limit the free 3D self-assembling
growth of KI units. Sloan et al. have used the physical ap-
proach to limit the growth of KI within a single-walled car-
bon nanotube (SWCNT). It has been shown that it is possible
to grow a 1D KI chain consisting of repeating cubic K,I, units
by using SWCNTs with a 1.2-1.6 nm median diameter. Al-
though the cubic basic structures of the repeating [K,l,] units
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resembled closely those found in pure KI, some distortions
of K-I distances and K-I-K angles were observed.” Inside the
restricted space of a SWCNT, only one-dimensional growth
was possible and further modifications of KI were prevented.
The chemical approach can be used to control and modify
the growth of crystals containing potassium iodide. There
have been several attempts to organize KI into continuous
structures with organic and metalorganic molecules.
Kruszynski et al. have synthesized a hybrid net compound
using hexamethylenetetramine (htma) ligands that are
bonded to K atoms through the nitrogen atoms of the li-
gands. The presence of htma molecules promotes the growth
of nearly linear 1D chains of K-I-K-I. Furthermore, htma
molecules link neighboring chains into parallel bundles.
However, in this case, the cubic K,I, units found in pure KI
are lost and replaced with a simple chain.® Rhodium tetra-
carboxylates have also been inserted into the continuous KI
structure giving more or less a planar arrangement of K and
I, as shown by Amo-Ochoa et al.” Liu et al. have reported the
structure of [Cu,K(Mtta)l,] (where Mtta is deprotonated
5-methyl-1H-tetrazole). In this structure, the KI units can be
seen as a chain of “opened potassium iodide cubes”, where

Fig. 1 Formation of a polymeric [K4l4L4l, chain.
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Cu and the two nitrogen atoms of the Mtta ligand are
inserted in one edge of the cubes.® Using 2,9-dimethyl-1,10-
phenanthroline ligands, Buttery et al. have obtained an even
more opened structure, where the length of the KI chain has
been limited to six K and four I atoms.® However, in all of
the chemically modified structures described above, the origi-
nal cubic arrangement of pure KI is either heavily distorted
or completely lost and the chemical additives used cannot re-
ally be seen as modifiers for crystal growth.

By using 1,1"-bis(pyridin-4-ylmethyl)-2,2"-biimidazole (L) as
the chemical modifier, we succeeded in obtaining the first
1D polymeric structure that retains the original cubic K,I,
structure of KI (Fig. 1). In the ligand supported polymer of
[K4l4Ly],, the K,I, cubes are repeated only in one direction.
The 1D polymeric compound was obtained in the reaction of
KI with 1,1-bis(pyridin-4-ylmethyl)-2,2-biimidazole (L) in
methanol under ambient conditions. To obtain the [K,I,L,],
product with a reasonable yield, an excess of KI was needed
in the reaction mixture. The X-ray quality crystals were
obtained by allowing the solvent to evaporate slowly. The
polymer growth was driven by self-assembly of the compo-
nents; however, the detailed mechanism of the crystal growth
is not clear (Fig. 1). According to the solid state studies (see
the ESL} solid state studies), the [K,I4L,], polymer is stable in
air up to 200 °C. Liquid state studies (see ESL} liquid state
studies) of [K,I4L,], revealed that upon longer storage in a
protic solvent, such as methanol, the coordination of the li-
gand to potassium iodide is lost, and the structure collapses
back to the K" and I” ions, releasing the neutral ligand.

According to the single crystal XRD data,i the nearly
cubic [K,1 ], units in the structure are supported by the li-
gands (Fig. 2). Each distorted octahedral coordination sphere
of K atoms consists of four I atoms and two pyridine nitrogen
atoms of the ligands.

In the [K,,L,;], cube, the K-I distances range from
3.4759(4) A to 3.5674(5) A, and K-I-K and I-K-I angles within
the cube range from 86.336(13)° to 89.198(11)° and from
90.397(10)° to 96.490(13)°, respectively. Additionally, the K-N
distances vary slightly from 2.815(2) A to 2.906(2) A (Fig. 2),
being the average K-N bond length according to the Cam-
bridge Structural Database.'® The Ky, core units in the
K,1,L, structure closely resemble the cubic structure of the
crystalline pure KI salt, where the K-I distances are 3.525 A
and the K-1-K angles as well as the I-K-I angles are 90°.""

Two ligand-supported cubes are connected with direct K-I
bonds (3.4712 A, bond A in Fig. 2), which are slightly shorter
than K-I bonds within the cubes (3.5674 A, bond B in Fig. 2).
The K-I-K and I-K-I angles between neighboring cubes in
the polymer are 170.41(2)°, in pure KI, the
corresponding K-I-K or I-K-I angles are 180°. Despite the
slight distortion of the K41, unit within the [K,I,L,],, polymer,
the basic cubic arrangement of the K,I, core is retained com-
pared to the pure KI.

However, the geometry of the ligands allows the [K,I,L,]
units only to form a linear [K,I,L,],, polymeric chain instead
of a 3D structure. L was found to be extremely selective to-
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Fig. 2 Structure of the [K4l4L4], polymer [**]. Top: left - Ligand; right -
[K4l4Lls] unit. Selected bond lengths (A) and angles (°): K1-11 = K3-13:
3.5037(5), K2-12 = K4-14 = K1-13 = K3-I1: 3.5674(5), K4-12 = K2-14:
3.5037(5), K1-12 = K2-11 = K3-14 = K4-13: 3.4759(4), K-N: 2.815(2) and
2.906(2). The K-I-K angles of the supported unit range from 86.336(13)
to 89.198(11) and the I-K-I angles from 90.397(10) to 96.490(13).
Bottom: A chain of three [K4l4L4] units. K-I distance between the units
(A): 3.4712(5) A and within the unit (B): 3.4759(4) A. K-I-K and I-K-I an-
gles between the supported units along the chain: 170.41(2)°.

wards KI. No other alkali metal halide 1D polymers were
obtained under the same crystallization conditions. Likewise,
the use of a similar ligand (1,1-bis(pyridin-3-ylmethyl)-2,2'-
biimidazole) instead of 1,1"-bis(pyridin-4-ylmethyl)-2,2'-
biimidazole failed to produce a polymeric structure due to
the change in the location of the coordination sites.

The impact of the supporting ligands on the stability of
the [K4l,], chain-like structure was studied computationally
(for details see the ESIT)."*™*® Models comprising 1, 2, and 3
K,I,L, units were cut directly from the crystal structure and
analyzed without geometry optimization. The energetics of
the corresponding unsupported linear [K,,], models,
obtained from the crystal structure of pure KI, were also ana-
lyzed and compared with the ligand supported models.

Single point energies of [K,L,], and [K,1,L,], (7 = 1-3) were
calculated. In both series, the n = 1 case was set as the refer-
ence with zero energy, and the stabilization energies obtained
by adding the second and the third cubes to the models (n =
2 and 3) were calculated. The two series were compared to
see if the presence of ligands had any impact on the stability
of the growing chain. The addition of new cubes ([K,,L,] or
[K,1,]) into the chains stabilizes the growing structure in both
cases as expected. However, the stabilization effect is empha-
sized in the case of the ligand-substituted [K4l4L,], model.

This journal is © The Royal Society of Chemistry 2018
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According to the results, the growth of the ligand-supported
1D polymer is energetically favored over the growth of pure
KI. The results are summarized in more detail in the ESLj}
Computational studies and Results and discussion (Tables S2
and S3 and Fig. S6-S97).

Selected properties of the electron density of [Kyly],,
[Kaly]o[Ksls]or and [KuI4L,), models (for visualization of the
models; see the ESL} Fig. S6 and S8) were analyzed by quan-
tum theory of atoms in molecules (QTAIM) to study the na-
ture of the interactions. The calculations indicate that when
the [K,1,L4], chain forms, the nature of the K--'I interactions
remains essentially the same as in the cubic [K,1,],, without
supporting ligands. This is the case even though the interac-
tion of the ligand nitrogen atoms with the potassium ions is
fairly strong, 13-16 k] mol™". All K---I and I--I interactions
also remain clearly electrostatic. This is confirmed by the ra-
tio between potential energy density and kinetic energy den-
sity, which is less than 1 in all cases. The electrostatic charac-
ter of the interaction is further supported by the small value
of the delocalization index indicating only a negligible
amount of electron-sharing in these contacts. The ligands
form additional weak hydrogen bonding interactions (I:--H
and N---H), as well as n-n and N--‘I interactions, which have
a further role in the stabilization. Notably, the interactions
remain the same even in the larger 3D models of the crystals.

Conclusions

The results show that it is possible to limit the growth of
[K,I,] units in only one dimension by choosing a suitable
modifier ligand. According to computational studies, a one-
dimensional extension of the ligand supported [K,I,L4], chain
is energetically more favorable than the extension of the pure
[K,l,], chain, indicating the directing role of the ligand. In
addition to the N-K bonds, weak interactions support the
structure further. The key to the linear growth lies in the flex-
ibility of the ligand, its steric properties, and its suitable bite
distance. The bite distance also promotes its high selectivity
towards KI salt. With careful design, it should be possible to
obtain selective crystal growth modifiers for other ionic salts
also.
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