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ARTICLE INFO ABSTRACT

Keywords: In this paper, we report one-pot reactions of the same reactants 4,5-dicyanoimidazole and Cul in different sol-
Copper complex vents. In pure MeCN, the reaction resulted in previously reported MOF structure [Cu(4,5-dicyanoimidazo-
Imidazole le)]5(MeCN)g 5, (1). On the other hand, when MeCN/MeOH solvent mixture was used, a new coordination
ggﬁ] ne(r)lt effect polymer [Cu(4,5-dicyanoimidazole)(MeCN)(Cul)],, (2) was formed. The crystallization yielded very different
DFT structures as determined by X-ray crystallography. In 1, the solvent molecule acetonitrile occupies the MOF pores
QTAIM via weak interactions, but in 2 it is coordinated to the metal center. Computational DFT calculations and to-

pological charge density analysis were utilized to explore the different crystal structures with the focus on the
role of the methanol solvent.

1. Introduction

Porous metal organic frameworks, MOF structures, are at the
moment one of the main areas in coordination chemistry, with the focus
on the synthesis of these fascinating architectures and the tunability of
the structures to obtain desired characteristics. Creditable reviews about
the manifold syntheses and the effect of reaction conditions on the
framework architectures [1-5] as well as their applications e.g. in en-
ergy storage [6,7], gas storage [8], electrochemical materials [9],
luminescent materials [10], catalysis [11], and magnetic materials [12,
13] are available, including also studies of the bio-significance of chiral
MOFs [14].

The aim in the MOF studies is mainly focused on directing the syn-
thesis to obtain desired architectures and hence desired functionality in
applications. There are lots of challenges since the reaction conditions
have crucial impact on the self-assembly. The combination of reaction
variables e.g. the precursor choice [15,16], the reaction type [17,18],
the solvent [19], the pH [20], the temperature [21], the molar ratios
[22], the concentrations [23], the counter-ions [24] and manipulation of
crystal growth, guide the reactions. However, there seems to be no
governing rules for the effect, but the ample studies rather give the
parameters for specific metal/ligand systems [25]. For example, the
effect of the solvent has been explained by the terms of solubility, sol-
vation, hydrogen bonding [26], coordination ability, molecular size,
effect on pH, effect on the protonation/deprotonation process, polariz-
ability, or kinetics of the crystal growth process [27]. It still seems to be a
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great challenge to construct the preferred structures.

Very often the systems contain nitrogen ligands, such as aromatic
pyridines, pyrimidines, imidazoles, or cyanides. One ligand with po-
tentiality to MOF structures is 4,5-dicyanoimidazole. In 2016, Hu et al.
reported the synthesis and crystallographic studies on [Cu(4,5-dicya-
noimidazole)];(0.1cyclohexanol,0.45nitrobenzene), [28], formed in
the solvothermal synthesis. The Cu(I)-dicyanoimidazole MOF with sol-
vent in pores was found to crystallize in chiral space group. The
adsorption/desorption properties of the material were reported.
Further, the CD spectrum was measured to characterize the optical ac-
tivity and the photoluminescent behavior. In 2017, Zhao et al. prepared
in a large scale at room temperature the corresponding MOF with MeCN
in the pores [29]. The structure shows exceptional resistance towards
many chemicals, offering great potentiality to practical use. In both
articles, TGA was used to examine the solvent amount in pores.

Furthermore, a selection of organic amines has been utilized as
templates to create MOF structures with 4,5-dicyanoimidazole. The
protonated amines were suggested to have an important role in tem-
plating the structure and were located at the cavities. The one-pot syn-
theses in the presence of Cul created frameworks based on Cuyl, clusters
bridged by tetradentate dicyanoimidazoles [30].

In this work, we prepared derivatives of 4,5-dicyanoimidazole with
Cul in constant reaction conditions except for the solvent in crystalli-
zation. In addition to experimental studies, the effect of the solvent was
computationally studied to explain its role in the formation of the
crystalline structures.
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2. Results and discussion
2.1. Syntheses and characterization

In this work, we carried out the room temperature, one-pot syntheses
between Cul and 4,5-cyanoimidazole. If pure acetonitrile was used in
crystallization, colorless cubic crystals of [Cu(4,5-dicyanoimidazo-
le)];(MeCN)gsn, (1) with MeCN molecules in the pores was formed
(Fig. 1). The crystallographic study confirmed the structure consistent
with the one published by Zhao [29]. The space group was 14122 in both
determinations. The cell axes were a 9.2513(8) f\, b 9.2513(8) 10\, c
22.2791(19) A whereas the values for Zhao’s determination were a
9.281(17) A, b 9.281(17) A, ¢ 22.07(5) A. The temperature in our
measurement was 150 K, in Zhao’s work it was 293 K. The data
collection was done using Mo K, radiation (A = 0.71073 f\) in both cases.
The ligand is deprotonated and acts as a four-electron donor. Thus, each
nitrogen is bonded to copper centers.

When the solvent was changed to MeCN/MeOH mixture, a new
polymeric compound [Cu(4,5-dicyanoimidazole)(MeCN)(Cul)], (2) as
light yellow needle-like crystals was obtained (Fig. 2). The crystallo-
graphic data is given in supporting information. The compound crys-
tallizes in non-centrosymmetric space group P2;/c. In this case, the
MeCN solvent molecule is coordinated through the cyano group to the
metal center. The environment of each copper center is a trigonal plane,
in which two deprotonated imidazole groups are accompanied by an
acetonitrile molecule. The -Cu(acetonitrile)L-chains are connected to
Cuyly units through one of the cyano groups of the ligands. The other
cyano group remains unattached, but connects to the neighboring li-
gands or solvent via weak hydrogen-bonding interactions. The strength
of the H-bonding interactions was —5 to —6 kJ/mol, according to the
QTAIM (Quantum Theory of Atoms in Molecules) analysis. The Cu-Cu
distance is 3.273 A between the layers.

Both syntheses were repeated several times with various concen-
trations and molar ratios, but always the same products were obtained.
Therefore, we can conclude that only the presence of MeOH controls the
course of the reaction. The role of MeOH as structure directing agent
might be thought to be a solubility factor. Thus, if the solubility of Cul is
diminished in the presence of the alcohol, this could cause its easier
involvement in the crystallization and the final product. The presence of
MeOH enhances the coordination of MeCN molecule. Calculations of the
electron density revealed, that in MeOH solvent field the negative
charge of the nitrogen of the MeCN increases, thus facilitating its co-
ordination into a metal cation (Table 1). The steric hindrance of the
solvent molecule has also been suggested to control the reaction, but
obviously the steric hindrance between CH3CN/CH3OH is not crucial.

The experimental IR spectra of the crystalline products in KBr
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showed the major v(C-N) peak at 2233 cem ! for 1, 2245 and 2233 cm !
for 2, while the values for free ligand are 2261 and 2246 cm™!. The shift
to lower frequencies is usually associated to the side-on coordination of
the cyano group. The shifts to higher frequencies are usually attributed
to the end-on coordination of nitrile to the metal center, but systematic
information that links the coordination mode and the shift is lacking
[31]. In order to explain the shifts observed in the experimental spectra,
we simulated the IR spectra at the DFT level. However, to get reliable IR
frequencies, the structures of the molecular models must be optimized.
Therefore, we created small molecular models from the initial crystal
structures including only the closest coordination sphere of copper ions.
It was also necessary to terminate the models with additional hydrogen
atoms attached to the imidazole nitrogens to mimic copper coordination
to surrounding units and to ensure optimized geometries as close to the
crystal structures as possible. The optimized models [Cu(4,5-dicyanoi-
midazole)4] and [Cu(4,5-dicyanoimidazole)2(MeCN)] (M1 and M2,
respectively) are presented in Figure S1 and the corresponding simu-
lated IR spectra are shown in Figure S2. Although the models represent
the coordination sphere of each copper atoms well, they cannot account
for longer range symmetry of the crystal structures. For example, in M1
there are both coordinated and non-coordinated cyano groups though in
the crystal structure of 1, the deprotonated ligand lies in the highly
symmetric structure, and only one type of C-N bonds is present. On the
other hand, model M2 is too symmetric having only non-coordinated
cyano groups in the imidazole rings, although in 2 one of the cyano
groups is coordinated to nearby Cusl4 motifs. Nevertheless, by
combining the information obtained from the two models, we were able
to interpret the most important peaks in the experimental spectra.

As the first interpretation, the experimentally observed unexpected
shift to lower wave numbers, when the stretching frequencies of coor-
dinated C-N groups were compared with the free dicyanoimidazole
could be verified. It should be noted that the calculated frequencies were
not scaled, and therefore the absolute values are somewhat over-
estimated. Nevertheless, the relative trends of the experimental spectra
were well reproduced. The calculated v(C-N) in free dicyanoimidazole
were 2397 and 2384 cm ™}, which shifted to 2348 and 2344 cm™! upon
deprotonation. In model M1, the non-coordinated cyano groups gave
stretching signals at 2371-2252 cm™?, but the coordinated cyano groups
showed clearly lower wave numbers, 2240-2230 cm™ L. However, this
was not a result of the side-on coordination, but of the considerable
redistribution of charge in the ligands. According to the QTAIM analysis,
the coordinated nitrogen atoms gain electron density upon coordination,
which interestingly affects the charge on the non-coordinated cyano
groups as well.

When the experimental IR spectra for 1 and 2 are interpreted with
the help of computational results, it can be seen, that the spectrum of 1

Fig. 1. [Cu(4,5-dicyanoimidazole)];(MeCN)y s, (1) The MeCN molecules in the pores are omitted. (14,22, a = 9.2513(8) A, b =9.2513(8) 10\, c = 22.279(2) f\).
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Fig. 2. [Cu(4,5-dicyanoimidazole)(MeCN)(Cul)], (2) (P2;/c, a = 4.3140(4) A, b =29.893(3), A, c = 8.8458(8) A, f = 100.540(2)°).

Table 1

Electrostatic potential (ESP) maps, and charges of the nitrogen atoms for the
deprotonated (L(im)) and protonated (L(Him)) 4,5-dicyanoimidazole and MeCN
L(ace) building blocks. The values in parenthesis represent charges in the solvent
field of MeOH.

Molecule  ESP q(N1)* q(N2)* q(N3)° q(N4)"
L(im) ~1.251 ~1.251 -1.382 ~1.382
(—1.269) (—1.269) (—1.390) (—1.390)
L(Him) —-1.325 —1.190 —-1.229 —1.246
(-1.319)  (-1.217)  (-1.287) (-1.314)
~1.324
(~1.402)

L(ace) '

a

imidazole group.
b cyano groups.

shows peaks only for coordinated cyano groups (2233 cm™?), but the
spectrum of 2 shows both non-coordinated (2245 em™ ) and coordi-
nated (2233 cm™ 1) C-N frequencies. This is consistent with the observed
crystal structures. For further verification of the structure of 2, the fre-
quencies of model M2 were compared with those of free MeCN. Unfor-
tunately, according to the simulations, the intensity of the C-N
stretching frequency of MeCN is very low, and hence it cannot be seen in
the experimental spectrum. In addition, the calculated v(C-N) in free
MeCN was 2408 cm ™}, and in the coordinated acetonitrile ligand in M2
2404 cm™ L. Therefore, the question whether the acetonitrile molecule is
coordinated in 2 or not remains inconclusive according to IR spectrum.

2.2. Charge density of the building blocks

To explain the differences in the crystal formation, we calculated the
relative charge distribution of the building blocks (dicyanoimidazole
and acetonitrile) by using topological charge density analysis via Bader’s
Quantum Theory of Atoms in Molecules (QTAIM) method. Table 1 lists
the nitrogen charges of each molecule with and without the solvent field
of methanol (values in parentheses correspond to the molecules in
MeOH). For 4,5-dicyanoimidazole, the effect of deprotonation was also
studied. The Table includes the corresponding electrostatic potential
(ESP) maps of the systems to visualize the differences.

Deprotonation of the imidazole ring modifies the originally rather
uneven charge distribution of the 4,5-dicyanoimidazole into a balanced
one, where the cyano nitrogens exhibit somewhat larger negative

charge, and would be slightly more prone to attach to copper cations
than the imidazole nitrogens. However, the difference is not large, and
hence all nitrogens coordinate to copper ions in the structure of 1. On
the other hand, MeOH solution increases the negative nitrogen charge in
MeCN more than in the dicyanoimidazoles, thus promoting its coordi-
nation to copper, when MeOH is present, as in the formation of 2.

2.3. Nature of bonding in the crystals

We created more extended models for the crystalline state materials
and studied the nature of the interactions in order to find the ones
having major impact on the packing of the solid state structures. Fig. 3
shows the models, which were cut from the experimentally obtained
crystal structures. The model for 1 included eight Cu atoms with the
surrounding ligands, [Cug(4,5-dicyanoimidazole);g], while the model
for 2 consisted of six Cu atoms, ten dicyanoimidazole ligands, six ace-
tonitriles, and two attached [Cu4l4] units, giving as the overall model
[Cug(4,5-dicyanoimidazole); o(MeCN)g(Cul)g]. Fig. 3 shows the bond
critical points (BCPs) and the bond paths in the models according to the
QTAIM analysis. The numbering scheme of the selected BCPs from the
closest coordination sphere of copper ion is followed in Table 2, where
the properties of the electron density at the BCPs are listed.

As can be seen from the larger electron density and the larger
interaction energy at the Cu-NC bond critical point compared with the
one forming with imidazole nitrogens, the cyano groups coordinate
more strongly to copper ions in the structure of 1. This is consistent with
the charge distribution found in the free dicyanoimidazole ligand
(Table 1), where the larger negative charge of the cyano nitrogen sug-
gested stronger interaction with metal ions. However, the Cu-Nj,, also
exhibits notable attractive interaction (—154 kJmol'l), confirming that
all nitrogens of the ligands have strong metal-ligand bonding with Cu.
Interestingly, the coordination to copper has increased the electron
density as well the strength of the C=N multiple bond of the cyano
group compared with that of the free ligand. Typical of the metal-ligand
bonding, the nature of all the Cu-N bonds is partially covalent, as can be
seen from the |V|/G value, which falls between 1 and 2. The delocal-
ization index (bond index) is around 0.5, again indicating that the Cu-N
bonds are similar in nature. In compound 2, the only difference is the
reversed order in the values of the electron densities and interaction
energies at the Cu-Nj, and Cu-NC BCPs. Notably, the strength of inter-
action between copper ion and nitrogen of the MeCN molecule (BCP
#2") is about the same as that of the imidazole cyano groups in structure
1. Because of the similar trends, the preferred N-coordination of copper
ions to different types of ligands will be determined by the reaction
conditions, such as the presence of methanol solvent in the case of
structure 2.
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Fig. 3. Bond paths and bond critical points for computational models of 1 (left) and 2 (right). The color code is Cu = orange, N = blue, C = gray, H = white, I =

purple. The numbering scheme of the BCPs is followed in Table 2.

Table 2

Properties of the electron density at the selected bond critical points (see Fig. 3)
of crystal structures of 1 and 2, and the free ligands L(im) and L(ace). p =
electron density at the BCP, |V|/G = ratio between potential energy density and
kinetic energy density, DI(A,B) = delocalization index between atoms A and B,
Eint = interaction energy.

BCP# Type p(eA™®) [V|/G DI(A,B) Enr (kJmol )
[Cug(4,5-dicyanoimidazole);g] (1)

1 Cu-Njp, 0.506 1.15 0.46 —153
1 Cu-Nip, 0.509 1.15 0.46 —154
2 Cu-NC 0.607 1.18 0.56 —212
2 Cu-NC 0.610 1.18 0.56 —213
3 C-N 3.179 1.83 2.01 —2382
[Cue(4,5-dicyanoimidazole) 1o(MeCN)s(Cul)s] (2)

1 Cu-Njy, 0.642 1.22 0.57 —213
1 Cu-Nj, 0.684 1.23 0.58 —236
2 Cu-NC* 0.548 1.16 0.49 —180
2" Cu-NC(ace) 0.571 1.17 0.51 —194
3 C-N 3.098 1.87 2.06 —2271
4" C-N" 3.241 1.81 2.13 —2461
4,5-dicyanoimidazole (L(im))

3 C-N 3.080 1.88 2.19 —2238
3 C-N 3.079 1.88 2.19 —2237
Me(CN) (L(ace))

3 C-N 3.112 1.85 2.28 —2307

2 interaction to Cuyl, motif.
b non-coordinated cyano group.

3. Experimental
3.1. Materials and methods

Commercially available reagents Cul (98%, Sigma-Aldrich) and
1,5-dicyanoimidazole (99%, Aldrich) were used without purification.
The organic solvents were dried using molecular sieves. Infrared spectra
were measured from KBr pellets using Bruker Vertex 70 Fourier trans-
form infrared spectrophotometer in the range of 4000-400 cm™!. The
elemental analysis was performed on varioMICRO V1.7.

3.2. Crystal structure determination

The crystals of 1 and 2 were immersed in cryo-oil, mounted in a
Nylon loop, and measured at a temperature of 150 K. The X-ray
diffraction data were collected on a Bruker Kappa Apex II diffractometer
using Mo K, radiation (A = 0.71073 /o\). The APEX2 [32] program
package was used for cell refinements and data reductions. The

structures were solved by direct methods using the SHELXS-2018 [33]
program with the WinGX [34] graphical user interface. A numerical
absorption correction (SADABS) [35] was applied to all data. Structural
refinements were carried out using SHELXL-2018 [33].

The N-H hydrogen atoms were located from the difference Fourier
map and constrained to ride on their parent atoms, with Ujs, = 1.2 Ueq
(parent atom). All other hydrogen atoms were positioned geometrically
and constrained to ride on their parent atoms, with C-H = 0.95-0.98 A
and Ujso = 1.2-1.5 Ueq (parent atom). The crystallographic details are
summarized in Table S1.

3.3. Computational details

All calculations were performed by applying Gaussian 09 software
package [36]. The optimized geometry and simulated infrared spectra
with no scaling for small molecular models of the structures were ob-
tained by PBEO functional [37] with 6-31G(d) basis set for C, N, and H
atoms and def2-TZVPPD basis set [38] for Cu and I atoms.

To obtain the electronic properties of the solid state structure of 2,
and to compare those with the structure of 1, we performed topological
charge density analysis with the QTAIM (Quantum Theory of Atoms in
Molecules) [39] method, which allowed us to access the nature of the
bonding via calculating different properties of the electron density at the
bond critical points (BCPs). The analysis was done with the AIMALL
program [40] using the wavefunction obtained from the single point
DFT calculations of extended models cut directly from the crystal
structure and used without optimization.

3.4. Synthesis of [Cu(4,5-dicyanoimidazole)];,(MeCN)g 5, (1)

Cul (32.3 mg, 0.169 mmol) was dissolved in MeCN (1.0 ml). 4,5-
dicyanoimidazole (20.2 mg, 0.171 mmol) was dissolved in MeCN (0.5
ml). The solutions were combined. After a few weeks, colorless crystals
at +4 °C were formed. Yield 7.3 mg. IR (KBr): v(C-N) 2233 cm L. Calc.
for C¢Hz 5N4 5Cu C% 35.83; H% 1.25; N% 31.33. Found. C% 36.99; H%
1.73; N% 30.74.

3.5. Synthesis of [Cu(4,5-dicyanoimidazole)(MeCN)(CuD)], (2)

Cul (32.2 mg, 0.169 mmol) was dissolved in MeCN (1.0 ml). 4,5-
dicyanoimidazole (19.8 mg, 0.168 mmol) was dissolved in MeOH
(0.5 ml). The solutions were combined. After a few weeks, yellow
crystals at +4 °C were formed. Yield 10.6 mg. IR (KBr): v(C-N) 2233,
2245 cm™ L. Calec. for CyH4N5ICus C% 20.40; H% 0.98; N% 16.99. Found.
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C% 21.24; H% 1.06; N% 17.01.

4. Conclusions

In this paper, we present one-pot reactions of the same reactants 4,5-
dicyanoimidazole and Cul in different solvents. The presence of meth-
anol solvent in the crystallization process was found to affect the final
crystal structure of the product. In pure MeCN, crystallization yields a
known 3D MOF structure 1. However, if the crystallization is done in the
mixture of acetonitrile and methanol, the latter promotes the coordi-
nation of MeCN to copper ions, and a new polymeric chain structure 2 is
formed. Computational studies revealed that the explanation for the
better coordination of MeCN lies in the increasing negative charge at the
nitrogen end of the molecule from the original non-solvent value of
—1.324 to —1.402 in the methanol solvent field. Therefore, in MeCN/
MeOH solvent mixture the acetonitrile molecules bind to copper and
form the coordination polymer structure 2, while in the MOF structure 1
the MeCN solvent is included in the pores only with weak hydrogen-
bonding interactions. According to the QTAIM analysis, the nature of
the metal coordination is similar for all nitrogen donors of the ligands,
including MeCN. The Cu-N bonds are typical, rather strong metal-ligand
bonds exhibiting interaction energies around —150 to —230 kJmol},
some electron sharing, and delocalization indices around 0.5. Therefore,
the preferred coordination modes will depend on subtle changes in the
reaction conditions when the compounds crystallize.
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