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Abstract—A new complex [Zn(Piv)2(Pyzphen)] (I) was prepared by the reaction of pyrazino[2,3-
f][1,10]phenanthroline (Pyzphen) with Zn(II) pivalate [Zn(Piv)2]n. An X-ray diffraction study (CIF file
CCDC no. 1912821) revealed that complex I has a mononuclear structure, with ZnN2O4 coordination unit
being a distorted trigonal prism. Quantum chemical simulation of dimerization of complex I, resulting in the
hypothetical binuclear product [Zn(Piv)2(Pyzphen)]2 (II), showed that two energy demanding transition
states present on the path of association of the complex molecules may prevent the experimental isolation of
binuclear complex II. According to the results of luminescence studies of the Pyzphen ligand and complex I,
the ligand emission band shifts to the blue region upon coordination to zinc(II) ion.
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INTRODUCTION

Zinc carboxylate complexes with N-donor ligands
are known to be promising objects for applications in
various fields of chemistry, physics, biology, medi-
cine, and many other fields of science and technology
as active sites, which often determine the properties of
compounds and processes using them. Numerous car-
boxylate derivatives with zinc(II) ions exhibit biologi-
cal activities [1, 2], serve as active substances of drugs
[3] or precursors of complex oxide materials with
unique physical characteristics [4], and are convenient
precursors for the chemical assembly of photolumi-
nescent Zn-Ln heterometallic complexes, potential
components of photoactive materials [5–8] and
porous metal-organic frameworks [9–12]. Note that
molecular complexes can themselves exhibit unusual
photoactivity [13], in particular, intense ligand-cen-
tered luminescence, which largely depends on the
nature of substituent in the carboxylate group and the
electronic structure of the additional N-donor ligand
[14–16], the presence of solvated molecules in the
solid phase [17, 18], and packing of molecules in the
crystal. As regards the last-mentioned case, the mole-
cules of complexes in the crystalline state can be either
packed separately or interact through various intermo-
lecular contacts [19] (H-bonds, stacking, halogen–
halogen bonds, and other [20–29]), which opens up
the opportunity to control the photophysical charac-
teristics of the crystal. Analysis of the published data

reveals increasing interest in the catalytic properties of
carboxylate complexes containing zinc ions [30, 31].
For example, the catalytic activity of zinc carboxylates
in various processes involving CO2 has been discussed
in the literature [32–36].

In view of the foregoing, gaining information about
the structure of zinc carboxylate complexes function-
alized by additional N-donor ligands, the role of
structural effects, and ligand coordination details (ste-
ric factors, intra- and intermolecular interactions) is a
relevant task. The search for the ways of varying lumi-
nescence behavior of these compounds (for example,
blue and red shifts upon ligand coordination) can be
quite useful for developing processes for targeted syn-
thesis of photoactive d-4f heterometallic complexes
containing d10 blocks sensitizing the luminescence of
lanthanide ions [37–40]. Furthermore, studies of
complexes of this type are important for modeling and
studying the nature of structure-forming factors
responsible for the efficiency of intermolecular inter-
actions, which is necessary for the development of
fundamental principles of the chemical design of
dynamic molecular crystals with definite adjustable
photoluminescence [7, 8, 41], electrophysical [42,
43], catalytic [31], and other practically useful proper-
ties [44].

Recently, we studied in detail a wide systematic
series of Zn(II) and Cd(II) pivalate complexes func-
tionalized with bi- and tridentate N-donor chelating
260
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ligands [45]. In continuation of this study, we prepared
a new mononuclear complex [Zn(Piv)2(Pyzphen)] ·
2C7H8 (Pyzphen is pyrazino[2,3-f][1,10]phenanthro-
line), determined its molecular and crystal structure,
studied the luminescence behavior, and evaluated the
possibility of its aggregation in the solid phase (e.g.,
during crystallization from a solution), in particular,
dimerization to give the hypothetical complex
[Zn2(Piv)4(Pyzphen)2].

EXPERIMENTAL
All synthetic operations were carried out in air

using commercially available solvents: acetonitrile
(Khimmed, reagent grade), toluene (Khimmed,
reagent grade), and Pyzphen (Sigma-Aldrich, 99%).
The complex [Zn(Piv)2]n was synthesized by a known
procedure [46].

Attenuated total reflectance (ATR) IR spectrum of
the compound was measured in the 400–4000 cm–1

range on a Perkin Elmer Spectrum 65 spectrophotom-
eter equipped with a Quest ATR Accessory attachment
(Specac). Elemental analysis was performed on a
EuroEA-3000 automatic C,H,N,S-analyzer
(EuroVektor). The excitation and emission spectra of
solid samples were measured at room temperature in
the visible spectral range on a Perkin-Elmer LS-55
spectrometer.

Synthesis of [Zn(Piv)2(Pyzphen)] · 2C7H8 (I ·
2C7H8). Pyrazino[2,3-f][1,10]phenanthroline
(0.0232 g, 0.1 mmol) was added to a suspension of
[Zn(Piv)2]n (0.0268 g, 0.1 mmol) in acetonitrile
(10 mL). The obtained mixture was vigorously stirred
at 60°C for 2 h. After cooling to room temperature, the
resulting transparent solution was kept in an open bea-
ker for 48 h. The glassy mass formed upon evaporation
of most of acetonitrile was recrystallized from acetoni-
trile (5 mL), and then toluene (5 mL) was added. The
solution thus formed was kept in an open 25-mL con-
ical f lask for 24 h, which resulted in the formation of
large single crystals of complex I · 2C7H8. The yield
was 0.0451 g (66%).

ATR IR (ν, cm–1): 2958 m, 2869 w, 1591 s, 1558 s,
1495 m, 1481 vs, 1404 vs, 1390 s, 1360 s, 1311 m, 1216 s,
1172 m, 1125 w, 1083 s, 1030 m, 1003 w, 966 w, 893 s,
839 s, 824 vs, 809 s, 793 s, 732 vs, 711 m, 696 vs, 647 m,
667 w, 613 s, 538 w, 466 s, 435 s, 418 vs.

Single crystal X-ray diffraction study of complex I ·
2C7H8 was performed on a Bruker APEX II diffrac-
tometer (CCD detector, MoKα, λ = 0.71073 Å, graph-
ite monochromator) [47]. Semiempirical absorption
corrections were applied [48]. The structure was

For C38H42N4O4Zn
Anal. calcd., % C, 66.71 H, 6.18 N, 8.19
Found, % C, 66.60 H, 6.00 N, 8.30
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solved by the direct and Fourier methods and refined
in the full-matrix anisotropic approximation for all
non-hydrogen atoms. The hydrogen atoms attached to
carbon atoms of organic ligands were generated geo-
metrically and refined in the riding model. The calcu-
lations were done using the SHELXL-2014/6 program
package [49]. Crystallographic parameters and struc-
ture refinement details for complex I · 2C7H8:
C38H42N4O4Zn, M = 684.12, crystal size: 0.40 ×
0.30 × 0.25 mm, colorless parallelepipeds, T = 296(2)
K, monoclinic system with space group P2/c, a =
12.1112(13), b = 11.9092(12), c = 14.0018(15) Å, β =
112.184(2)°, V = 1870.1(3) Å3, Z = 2, ρ = 1.215 g/cm3,
μ = 0.699 mm–1, θ = 2.32°–26.37°, –15 ≤ h ≤ 15,
‒14 ≤ k ≤ 14, –17 ≤ l ≤ 17; 13579 measured reflections,
3819 unique reflections, 2804 reflections with I ≥
2σ(I), Rint = 0.0371, Tmin/Tmax = 0.740/0.832,
GOOF = 1.442, R1 = 0.0805, wR2 = 0.1622 (for all
data), R1 = 0.0581, wR2 = 0.1524 (for I ≥ 2σ(I)),
Δρmin/Δρmax = –0.489/0.366 e Å–3.

Additional crystallographic parameters for struc-
ture I · 2C7H8. were deposited with the Cambridge
Crystallographic Data Centre (CCDC no. 1912821;
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk).

Quantum chemical calculations were performed
using the Gaussian 09 program [50] by density func-
tional theory (DFT) with the B3LYP functional [51],
which adequately reproduces characteristics of metal
coordination compounds [45, 52–55], and the
Def2SVP basis set. The stationary points on the
potential energy surface (PES) were identified by full
optimization of the geometry of the molecular struc-
tures with DFT wavefunction stability check. The
dimerization mechanism of the complex was studied
by searching for all stationary points along the reaction
path. The transition states were located using the stan-
dard procedure of the Gaussian software (Opt = TS,
calcfc). The fact that the identified transition states
belong to the discussed mechanism was ascertained by
gradient descent in the positive and negative directions
of the gradient vector, which had an imaginary eigen-
value (imaginary frequency). The graphical images of
molecular structures were obtained using the Chem-
Craft program [56], in which the Cartesian coordi-
nates of atoms found by quantum chemical calcula-
tions were used as the input parameters.

RESULTS AND DISCUSSION

The reaction of the zinc(II) coordination polymer
[Zn(Piv)2]n with a stoichiometric amount (1 : 1) of
bidentate chelating N-donor ligand, pyrazino[2,3-
f][1,10]phenanthroline, gave the coordination com-
pound [Zn(Piv)2(Pyzphen)]. The complex was iso-
lated from an acetonitrile–toluene mixture (1 : 1) as
single crystals suitable for X-ray diffraction.
  Vol. 46  No. 4  2020
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Table 1. Selected bond lengths, bond angles, and intermolecular contacts for [Zn(Piv)2(Pyzphen)] · 2C7H8*

* Symmetry codes: #1 1 – x; y, 1/2 – z; #2 1 – x, 1 – y, –z; #3 1 – x, –1 + y, 1/2 + z.

Bond d, Å Angle ω, deg

Zn(1)–N(1) 2.118(2) O(1)Zn(1)O(1A) 139.72(17)
Zn(1)–O(1) 2.012(2) O(1)Zn(1)N(1A) 111.95(10)
Zn(1)–O(2) 2.377(3) O(1)Zn(1)N(1) 99.27(11)
O(1)–C(1) 1.250(4) O(1A)Zn(1)N(1A) 99.27(11)
O(2)–C(1) 1.226(5) O(1A)Zn(1)N(1) 111.95(10)
N(1)–C(10) 1.326(4) N(1)Zn(1)N(1A) 78.07(12)
N(1)–C(6) 1.353(3) O(1)Zn(1)O(2A) 99.22(11)
N(2)–C(12) 1.324(5) O(1)Zn(1)O(2) 58.27(11)
N(2)–C(11) 1.357(4) N(1)Zn(1)O(2) 147.65(11)

C(6)–C(6A)#1 1.461(5) N(1)Zn(1)O(2A) 88.88(9)

C(11)–C(11A) 1.403(6) O(1A)Zn(1)O(2A) 58.27(11)
C(12)–C(12A) 1.365(8) O(1A)Zn(1)O(2) 99.22(11)

N(1A)Zn(1)O(2) 88.88(9)
N(1A)Zn(1)O(2A) 147.65(11)
O(2)Zn(1)O(2A) 115.83(14)

C–H···O C···O, Å H···O, Å CHO angle, deg

C(9)–H(9)···O(1D)#2 3.339(4) 2.54 144.1

C(12)–H(12)···O(2H)#3 3.440(4) 2.60 150.2
According to X-ray diffraction data, the compound
crystallizes in monoclinic space group P2/c as a sol-
vate with two toluene molecules. A twofold axis passes
through the Zn(1) atom and between the carbon
atoms of the C(6)–C(6A), C(11)–C(11A), and
C(12)–C(12A) bonds of the coordinated Pyzphen
molecule (Fig. 1a). Selected bond lengths and bond
angles of complex I · 2C7H8 are summarized in
Table 1. The ZnN2O4 coordination polyhedron,
formed by two N atoms of the chelating Pyzphen mol-
ecule and four O atoms of the chelating carboxylate
groups, is a distorted trigonal prism (D3h, SQ(P) =
6.174) according to calculations using the SHAPE 2.1
software [57]. There are π-stacking interactions
between the Pyzphen aromatic moiety
C(6)C(7)C(11)C(11A)-C(7A)C(6A) and toluene sol-
vate molecules (the distance between the ring cen-
troids is 3.66 Å; the shortest C(6)···C(1S) distance is
3.434(7) Å; the angle between the ring planes is
12.4(6)°) (Fig. 1a). The intermolecular C–H···O
bonds between the H atoms of Pyzphen and O atoms
of the carboxylate groups of the adjacent molecules of
the complex (each molecule of the complex forms
eight C–H···O bonds with four adjacent molecules)
give rise to a supramolecular network in the bc plane
(Fig. 1b, Table 1).

Unlike zinc pivalate adducts with 2,2'-bipyridine,
1,10-phenanthroline and its substituted analogues,
and with 2,2':6',2''-terpyridine [45], which we
RUSSIAN JOURNAL OF C
described previously, the molecules of [Zn(Piv)2(Pyz-
phen)] in the crystal are isolated. The formation of
π-stacking interactions between the coordinated Pyz-
phen molecules, giving rise to a supramolecular stack
structure, was observed previously for the heterome-
tallic molecular complex [Zn2Tb(OH)(Piv)4-
(NO3)2(Pyzphen)2] · MeCN [58]. Apparently, the
π-stacking interactions between the Pyzphen ligands
of the neighboring [Zn(Piv)2(Pyzphen)] molecules is
prevented by the interaction with toluene solvate mol-
ecules.

Previously, it was shown that cadmium ions form
binuclear complexes with 2,2'-bipyridine and batho-
phenanthroline, while zinc ions form mononuclear
compounds under similar conditions, which correlates
with the results of quantum mechanical calculations
[45]. According to DFT calculations, the formation of
binuclear cadmium complexes is barrierless and is
accompanied by release of 14.1 kcal/mol of energy.
The likely appearance of a possible intermediate and,
as a consequence, a transition state on the path of
association of zinc complexes  indicates that dimeriza-
tion of zinc(II)-containing monomers should be
accompanied by energy expenditure, which accounts
for the absence of stable binuclear complexes in the
case of zinc derivatives in the series of compounds we
studied [45]. To continue these studies, we carried out
analogous quantum chemical calculations for
[Zn(Piv)2(Pyzphen)] and its hypothetical dimer
OORDINATION CHEMISTRY  Vol. 46  No. 4  2020
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Fig. 1. (a) Molecular structure of the complex [Zn(Piv)2(Pyzphen)] · 2C7H8 (hydrogen atoms are omitted, dashed lines show the
interactions between the centroids of aromatic rings); (b) fragment of crystal packing (methyl groups and solvate molecules are
not shown). A: 1 – x, y, 1/2 – z; B: x, 1 – y, 1/2 + z; C: x, 1 + y, z; D: 1 – x, 1 – y, –z; E: x, –1 + y, z; F: 1 – x, 1 + y, 1/2 – z; H:
1 – x, –1 + y, 1/2 + z. 
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Table 2. Total energy (E) without and with inclusion of zero-point energy (EZPE), relative energy (ΔE) without and with
inclusion of zero-point energy (ΔEZPE) calculated by DFT B3LYP/Def2SVP

Structure E, a.u. ΔE, kcal/mol EZPE, a.u. ΔEZPE, kcal/mol

[Zn(Piv)2(Pyzphen)] –3228.455033 –3227.986915

2[Zn(Piv)2(Pyzphen)] –6456.910066 15.6 –6456.973829 15.9

[Zn(Piv)2(Pyzphen)]2 –6456.934938 0.0 –6455.999169 0.0

A –6456.921600 8.4 –6455.985522 8.6

B –6456.928902 3.8 –6455.992884 3.9

TS1 –6456.916950 11.3 –6455.980872 11.5

TS2 –6456.921344 8.5 –6455.985365 8.7
[Zn(Piv)2(Pyzphen)]2, a formal analogue of the
known complex [Zn(OAc)2(Phen)]2 (Phen = 1,10-
phenanthroline) [59].

According to the calculations (Table 2), the stabili-
zation energy of the dimer [Zn(Piv)2(Pyzphen)]2 with
respect to dissociation into two monomers is
15.9 kcal/mol. This value is comparable with that cal-
culated for close analogues with a cadmium(II) ion
(14.1 kcal/mol) and formally implies thermodynamic
stability of the dimer. However, this result is in sharp
contrast with structural characteristics of the zinc(II)-
containing molecule. Presumably, the inability of the
zinc complex [Zn(Piv)2(Pyzphen)] to form a dimer is
attributable to the mechanism of its formation and
crystallization.

In order to confirm this hypothesis, we used the
approach comprising examination of the potential
energy surface in the dimer dissociation region. For
this purpose, the PES of [Zn(Piv)2(Pyzphen)]2 was
scanned by increasing the M–M distance with 0.1 Å
increments and with optimization of the other param-
eters of the reaction system. As shown by calculations
(Table 2, Fig. 2), the increase in the Zn···Zn distance
is accompanied by cleavage of one pivalate bridge to
give an intermediate (A), destabilized relative to the
dimer [Zn(Piv)2(Pyzphen)]2 by 8.6 kcal/mol. The
presence of this intermediate in the reaction path indi-
cates that dimerization proceeds via a transition state,
which implies existence of an energy barrier. Further
increase in the Zn···Zn distance affords a weakly
bound dimer (B), which dissociates to give two mono-
nuclear complexes [Zn(Piv)2(Pyzphen)].

In order to study the dimerization mechanism of
the [Zn(Piv)2(Pyzphen)] monomer, the search for
transition states was performed between the minima
found during PES scanning. According to calcula-
tions, two [Zn(Piv)2(Pyzphen)] molecules form, with-
out a barrier, weakly bound complex B. As the mono-
RUSSIAN JOURNAL OF C
mers further approach each other, intermediate A is
formed. This process involves transition state (TS1)
and proceeds via a barrier of 7.6 kcal/mol. The second
transition state (TS2) has geometric and energy
parameters close to those of intermediate A (Table 2).
The gradient descent from structure TS2 along a gra-
dient vector brings the system to the dimer
[Zn(Piv)2(Pyzphen)]2. The presence of two transition
states along the reaction path is probably responsible
for the fact that zinc-containing dimer cannot be
detected experimentally. The schematic image of the
energy profile of [Zn(Piv)2(Pyzphen)] dimerization is
shown in Fig. 3. The results of quantum-chemical cal-
culations allowed to explain stabilization of
[Zn(Piv)2(Pyzphen)] as the monomer.

We investigated the photoluminescence behavior
of Pyzphen and its complex. The excitation spectrum
of the Pyzphen ligand at λemis = 550 nm shows bands
at 286, 360, and 399 nm (with a shoulder at 425 nm)
(Fig. 4). The emission spectrum at λexcit = 400 nm
exhibits a broad band with a maximum at 550 nm. The
excitation spectrum of the complex [Zn(Piv)2(Pyz-
phen)] · 2C7H8 at λemis = 538 nm contains a set of
bands at 236, 254, 335, 395, and 428 nm (Fig. 4). The
emission spectrum of the complex at λexcit = 395 nm
consists of a broad band at 538 nm with a shoulder at
~600 nm. The complex formation of Pyzphen with
zinc(II) induces a blue shift of the principal emission
band of the ligand by 12 nm.

Thus, we synthesized and structurally character-
ized a new zinc(II) pivalate complex functionalized
with a chelating N-donor ligand, pyrazino[2,3-
f][1,10]phenanthroline. According to X-ray diffrac-
tion data, the complex is mononuclear, the ZnN2O4
coordination unit is a distorted trigonal prism. Quan-
tum chemical simulation of dimerization of
[Zn(Piv)2(Pyzphen)], resulting in a hypothetical
binuclear product [Zn(Piv)2(Pyzphen)]2, demon-
OORDINATION CHEMISTRY  Vol. 46  No. 4  2020
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Fig. 2. Geometry optimization for the structures obtained by PES scanning, according to DFT B3LYP/Def2SVP calculation
results. Hydrogen atoms are omitted, the bond lengths are given in Å.
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strated that the presence of two energy-demanding
transition states on the path of association of complex
molecules may be the factor preventing isolation of the
dimer [Zn(Piv)2(Pyzphen)]2. The obtained calcula-
tion results are in full agreement with the data pub-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
lished previously [45]. The results of studies of the
photoluminescence behavior of Pyzphen and
[Zn(Piv)2(Pyzphen)] · 2C7H8 indicated that chelation
to the zinc(II) ion induces a blue shift of the principal
emission band of the ligand.
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Fig. 3. Schematic view of the mechanism of dimerization of two complexes [Zn(Piv)2(Pyzphen)], according to DFT
B3LYP/Def2SVP calculation results. 
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