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Abstract—The complexes [AgL2]PF6 (I) and [ZnLCl2] (II) (L = 2-(3,5-dimethyl-1H-pyrazol-1-yl)-4,6-
diphenylpyrimidine) were prepared by the reaction of zinc(II) chloride or silver(I) hexafluorophosphate with
L (M : L molar ratio of 1 : 1 or 1 : 2) in organic solvents. The structure of the complexes was determined by
X-ray diffraction (CIF file CCDC no. 2118498). In both complexes, L is coordinated in the bidentate chelat-
ing manner; the coordination unit is a distorted tetrahedron. The coordination unit of II is formed
by one coordinated molecule L and two chloride ions (ZnN2Cl2); in the case of silver(I), there are two mol-
ecules L (AgN4). The photoluminescent properties of compounds I and II in the solid state were studied. The
compound II shows f luorescence (1.3, 11 ns) in the blue spectral range (λmax = 378 nm; quantum yield of
7.8%). The maximum at 530 nm in the photoluminescence spectrum of I is red-shifted by ~140–160 nm rel-
ative to the emission maxima of L and II. The complex I shows white light emission (1.6, 11 ns, quantum yield
of 5.5%), which is due to intraligand transitions perturbed by the coordination of L to the silver atom. The
photostability of I was studied at 300 and 80 K.
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INTRODUCTION
Compounds emitting white light with chromaticity

coordinates of approximately (0.33, 0.33) according to
the International Commission on Illumination (CIE)
are called white luminophores, and the devices based
on them are called white-light emitting diodes
(wLED). The devices emitting white light have
important applications, for example, they are widely
used in lighting fixtures. Therefore, the search and
study of new compounds exhibiting efficient white
photo- and electroluminescence is an important task.

There are two main approaches to obtaining white
luminophores: the design of one-component (single
emitting materials) and multicomponent emitters.
One-component emitters include organic and coordi-
nation compounds that have a wide photolumines-
cence spectrum in the visible range, resulting in white
emission [1, 2]. Multicomponent systems are fabri-
cated using the following procedures: (1) doping of
polymeric matrices with organic compounds that emit
in red, green, and blue spectral ranges [2–5]; (2)
deposition of organic layers emitting red, green, and
blue light on one another [2]; (3) doping of organome-

tallic coordination polymers with red, green, and blue
fluorophores in a desired ratio [6–9]. A key problem of
the use of multicomponent emitters in lighting devices
is that various f luorophores often have different stabil-
ities and, as a consequence, they can separately fail
(burn down). This naturally disturbs the balance of
components and generally deteriorates the white
emission [10, 11]. In addition, their considerable
drawback is that the emission color may depend on the
voltage [11]. The systems that use one substance as a
white light emitter are free from these drawbacks;
therefore, they are promising for potential applica-
tions.

Currently, the following individual compounds
able to emit white photoluminescence are known:
zinc(II) and cadmium(II) complexes [12, 13],
although they usually demonstrate blue emission [14–
18], platinum complexes [19–22], rare examples of
lanthanide complexes [23, 24], and some organic mol-
ecules [25–27]. Several recent publications describe
the use of complexes of coinage metals such as cop-
per(I) [28, 29], gold(I) [30], and silver(I) [31–33].
Some mechanisms of white luminescence were stud-
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302 VINOGRADOVA et al.
ied, for example, platinum(II) coordination com-
pounds form exciplexes upon excitation; virtually
simultaneous emission of the exciplex and the mole-
cule gives rise to white luminescence [10, 22].

The ionic complex [Ag(Dppb)2]BF4 (Dppb = 1,2-
bis(diphenylphosphino)benzene), which has a broad
emission band with a maximum at 526 nm in the solid
state was studied among other compounds in [32].
This complex was used as the only source of emission
in a wLED device in the poly(vinylcarbazole) matrix.
The fabricated device has a wider emission band than
the initial complex: almost white luminescence (max-
imum brightness of 365 cd/m2 at 20 V). It was shown
[33] that white light emission can be obtained and
wLED can be designed on the basis of silver(I) hybrid
compound [H2DABCO][Ag2X4(DABCO)] (DABCO =
1,4-diazabicyclo[2.2.2]octane). Recently, we pub-
lished a detailed study of two silver(I) nitrate com-
plexes with 2-amino-4-phenyl-6-methylpyrimidine
(Pym) [34]. At room temperature in the solid state,
one of the described complexes
([Ag3(Pym)2(H2O)0.55(NO3)3]) showed white lumi-
nescence.

In this study, silver(I) complexes were also synthe-
sized using a pyrimidine-based ligand, but with a pyr-
azole substituent present in position 2 of the pyrimi-
dine ring, instead of the NH2 group (Scheme 1). The
resulting compound, 2-(3,5-dimethyl-1H-pyrazol-1-
yl)-4,6-diphenylpyrimidine (L), mainly acts as a
bidentate ligand, unlike the previously used Pym; this
should promote the formation of mononuclear rather
than polymeric compounds. It was also of interest to
synthesize and study the photoluminescent (PL)
properties of the zinc(II) complexes with the ligand L
and to evaluate the applicability of this complex for
obtaining white light emission.

Scheme 1.
The purpose of this study is to synthesize silver(I)

and zinc(II) complexes with L, determine the crystal
structure of the complexes, and to study in detail their
photoluminescent properties in the solid state.

EXPERIMENTAL
The complexes were synthesized using compound L

(CAS 202192-87-8), silver(I) hexafluoroborate (CAS
26042-63-7), zinc(II) chloride (CAS 7646-85-7),
dichloromethane, ethanol, and acetonitrile (all were
reagent grade chemicals), which were commercially
available and were used without additional purifica-
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tion. The absorption and PL spectra were recorded for
solutions in dichloromethane (HPLC purity
grade). Despite the fact that the compound L is com-
mercially available, it can be synthesized by the reac-
tion of 2-hydrazino-4,6-diphenylpyrimidine (CAS
76071-58-4) with acetylacetone (CAS 123-54-6) in an
acidified ethanol solution by previously reported pro-
cedures [35, 36].

The elemental analysis (C, H, N) of complex II was
carried out on a vario MICRO cube instrument using
a standard procedure. The elemental analysis (C, H,
N) of f luorine-containing complex I was carried out
by a reported procedure [37].

For recording the diffuse reflectance spectra
(DRS), samples of the complexes were mixed with
barium sulfate in 1 : 100 ratio. The DRS were mea-
sured on a UV-3101 PC Shimadzu instrument. The
spectra are presented as the Kubelka–Munk function,
F(R) = (1 − R)2/2R, where R is the diffuse reflectance
coefficient of the sample in comparison with BaSO4.
The optical spectra for solutions were recorded on an
SF-2000 spectrophotometer. Thermogravimetric
analysis (TG) was carried out using a NETZSCH TG
209 F1 Iris Thermo Microbalance. X-ray powder dif-
fraction (XRPD) study was perfomed on a Shimadzu
XRD-7000 diffractometer (CuKα radiation, Ni filter,
Seller slits of 2.5°, and divergence slits of 0.5°)
equipped with a DECTRIS MYTHEN2 R 1K detec-
tor.

The IR spectra of the complexes and the ligand
were measured on a DIGILAB Scimitar FTS 2000
FTIR spectrometer in the 4000–400 cm–1 range and a
Vertex 80 Bruker spectrometer in the 600–100 cm–1

range. The samples were ground in an agate mortar
with dry KBr or polyethylene and pressed into pellets.
The IR bands were assigned by comparison with pub-
lished data [38, 39].

The stability of the silver(I) complex on exposure to
light was studied using a laser diode emitting light at
405 nm (200 mV power). Samples of the complex were
pressed in KBr pellets, the pellets were irradiated for a
definite period of time, and then IR spectra were
recorded in the 600−300 cm−1 range.

Synthesis of [AgL2]PF6 (I). A solution of AgPF6
(23.2 mg, 0.0919 mmol) in acetonitrile (3.0 mL) was
added to a solution of L (60.0 mg, 0.184 mmol) in
dichloromethane (1.0 mL). A colorless transparent
solution formed. When the solution volume decreased
to ~2 mL, a white precipitate started to appear. The
mixture was stirred for approximately 30 min at room
temperature. The precipitate was filtered off on a glass
porous filter, washed with acetonitrile, and dried in
air. The yield was 57 mg (68%).

For C42H36N8F6PAg
Anal. calcd., % C, 55.7 H, 4.0 N, 12.4
Found, % C, 55.5 H, 3.8 N, 12.6
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SYNTHESIS, STRUCTURE, AND PHOTOLUMINESCENCE 303
In a week, large, well-faceted colorless crystals
appeared in the mother liquor. According to the single
crystal X-ray diffraction data, the composition of the
crystals was [AgL2]PF6.

Synthesis of a polycrystalline sample of [ZnLCl2]
(II). A solution of ZnCl2 (23.2 mg, 0.160 mmol) in
ethanol (2 mL) was added to ligand L (40.2 mg,
0.123 mmol) in dichloromethane (2 mL). The result-
ing colorless transparent reaction mixture was stirred
for 10 min at heating (T = 60°C); after that, a white
polycrystalline product formed. The product was
stirred with the mother liquor for 2 h with gentle heat-
ing (T = 35°C). The precipitate was filtered off,
washed with dichloromethane (2 mL), and dried in
air. The yield was 42 mg (74%).

Synthesis of crystals of [ZnLCl2] (II). A solution of
ZnCl2 (7.0 mg, 0.051 mmol) in ethanol (2 mL) was
added to a solution of ligand L (50.0 mg, 0.153 mmol)
in ethanol (2 mL). The resulting colorless transparent
reaction mixture was stirred for approximately 2 min at
heating (T = 60°C), after that a white polycrystalline
product is formed. The product was stirred with the
mother liquor for 1 h. The precipitate was filtered off
and washed with ethanol (1 mL). The yield was 23 mg
(99%). Colorless transparent prismatic crystals
appeared in the mother liquor 3 months later. Accord-
ing to the single crystal X-ray diffraction data, the
composition of the crystals was [ZnLCl2].

Single crystal X-ray diffraction study of compounds
I and II was carried out at 150 K on a Bruker D8 Ven-
ture diffractometer equipped with a CMOS PHOTON
III detector and an IμS 3.0 microfocus source (Montel
focusing mirrors, MoKα radiation). The reflection
intensities were measured by ϕ and ω scanning of nar-
row (0.5°) frames. The data reduction was performed
using the APEX3 program package [40]. The struc-
tures were solved by direct methods and refined by
full-matrix least squares on F 2 in the anisotropic
approximation for non-hydrogen atoms using the
SHELXTL software package [41]. The hydrogen
atoms of organic ligands were located from difference
electron density maps and refined in the rigid body
approximation. The crystal data and X-ray diffraction
experiment details are summarized in Table 1.

Additional structural data for I and II are deposited
with the Cambridge Crystallographic Data Centre

For C21H18N4Cl2Zn
Anal. calcd., % C, 54.5 H, 3.9 N, 12.1
Found, % C, 54.8 H, 3.8 N, 11.9

For C21H18N4Cl2Zn
Anal. calcd., % C, 54.5 H, 3.9 N, 12.1
Found, % C, 55.8 H, 4.3 N, 12.6
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(CCDC no. 2118498; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).

The photoluminescence and excitation spectra of
the complexes in the solid state were recorded using a
Horiba Fluorolog 3 spectrofluorimeter equipped with
steady (450 W) and pulsed xenon lamps as light
sources, a cooled detector, and double grating exci-
tation and emission monochromators. The quantum
yield was measured with a Fluorolog 3 spectrofluo-
rimeter equipped with quantum sphere (Quanta-φ).
The photoluminescence and excitation spectra were
corrected for the source intensity (lamp and grating)
and to the spectral response to emission (detector and
grating) using standard correction curves. Tempera-
ture-dependent measurements were carried out using
Optistat DN in the 77–300 K range.

The photoluminescence decay kinetics in the
nanosecond time range was recorded by time-cor-
related single photon counting using a NanoLED
pulsed light source and a NanoLED-C2 controller.
Complex I was excited at 350 nm; and the emission
was registrated at the 530 nm emission maximum; in
the case of II, excitation was carried out at 300 nm and
emission was registrated at 387 nm maximum (T =
300 K). The luminescence decay kinetics in the milli-
second time range was measured using a pulsed xenon
lamp (λexcit = 320 nm, λem = 500 nm).

The photostability of [AgL2]PF6 was studied using
two procedures.

Procedure 1. A fresh portion of the polycrystalline
sample of complex I was placed between two quartz
glasses, and its PL spectrum was recorded upon exci-
tation at 360 nm. Next, the sample was irradiated suc-
cessively with a set of wavelengths from 300 to 500 nm
with a step of 10 nm (with this approach, the total irra-
diation time was ~10 min) and the emission spectrum
was recorded once again at the initial parameters, and
then two emission spectra, recorded before and after
the irradiation, were compared.

Procedure 2. For an identical freshly prepared sam-
ple, 10 PL spectra were recorded in succession with
excitation at 320 nm. In this case, the total irradiation
time of the sample was 8 to 10 min depending on the
range in which the emission spectra were recorded.
The conclusion about the sample photostability was
drawn from the change in the intensity of the PL spec-
trum both in the first and in the second procedures.
Note that for substances that do not degrade under the
action of electromagnetic radiation, the emission
spectra do not change if they are recorded under the
same conditions.

RESULTS AND DISCUSSION
The reaction between ligand L and silver(I) hexa-

fluorophosphate in a CH2Cl2−MeCN (1 : 3) mixture
results in the formation of a white polycrystalline pre-
cipitate (I, Scheme 2).
  Vol. 48  No. 5  2022
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Table 1. Crystallographic data and structure refinement details for I and II

Parameter
Value

I II

Molecular formula C42H36F6N8PAg C21H18N4Cl2Zn
M 905.63 462.66
System Monoclinic Monoclinic
Space group P21/c C2/c

a, Å 15.6308(3) 23.992(2)
b, Å 18.6760(4) 14.014(1)
c, Å 14.0639(2) 16.239(3)
β, deg 111.582(1) 131.286(2)

V, Å3 3817.7(1) 4102.8(9)

Z 4 8

ρ(calcd.), g/cm3 1.576 1.498

μ, mm–1 0.643 1.472

F(000) 1840 1888
Crystal size, mm 0.12 × 0.08 × 0.08 0.15 × 0.10 × 0.04
Range of θ angles, deg 1.401–26.373 1.920–25.708
Number of measured reflections 50592 18927
Number of unique reflections 7812 (Rint = 0.0360) 3889 (Rint = 0.0611)
Completeness of data collection for θ = 25.00°, % 99.9 99.8

S-factor on F 2 1.048 1.068

R1, wR2 (I > 2σI) 0.0250, 0.0726 0.0546, 0.1414
R1, wR2 (all reflections) 0.0306, 0.0754 0.0729, 0.1526

Residual electron density, min/max, e/Å3 0.323/–0.546 1.809/–0.630
Scheme 2.

According to elemental analysis data, the obtained
product had the composition AgL2PF6. In the mother
liquor, large colorless transparent crystals suitable for
the single crystal X-ray diffraction analysis appear

within a week (Fig. S1). The calculated X-ray diffrac-
tion pattern derived from single crystal XRD data is in
good agreement with experimental X-ray powder dif-
fraction pattern of complex I (Fig. S2).
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Complex II was obtained by the reaction of zinc(II)
chloride with ligand L in ethanol (or in an EtOH–
CH2Cl2 mixture) as a white powder, described as
ZnLCl2 according to elemental analysis data (see
Scheme 2). This polycrystalline phase can also be
obtained with other Zn : L molar ratios (1 : 1, 1.3 : 1,
or 1 : 3), which was confirmed by XRPD (Fig. S3).
The CHN analysis corresponding most closely to the
theoretical one was obtained in the reaction with a
minor excess of zinc(II) salt with respect to L (Zn : L =
1.3 : 1). This was due to the absence of L impurity in
the sample of the complex. This sample was used sub-
sequently for photophysical studies of complex II. The
single crystals of II for X-ray diffraction were obtained
from the mother liquor of the synthesis carried out at
Zn : L ratio of 1 : 3. The calculated X-ray diffraction
pattern derived from the single crystal XRD data coin-
cides with the X-ray powder diffraction patterns for all
isolated polycrystalline ZnLCl2 samples (Fig. S3).
This provided the conclusion that the same phase was
formed in all cases.

The crystal structure of the complex I is formed by
the [AgL2]+ and [PF6]– ions. The structure of complex
cation is shown in Fig. 1; the crystallographic data are
summarized in Table 1. Two molecules L are coordi-
nated to the silver atom in the bidentate chelating
mode through the pyrazole N(2) atom and pyrimidine
N(3) atom. The silver coordination polyhedron is a
distorted tetrahedron. The bond lengths of I are sum-
marized in Table 2. The pyrazole, pyrimidine, and
phenyl rings are planar to within 0.01 Å. The planes of
the pyrimidine rings are rotated relative to the pyrazole
ring planes by 10.4° and 9.2°. The angles between the
pyrimidine and phenyl ring planes are 21.4°, 37.1° and
26.9°, 34.8°, respectively. In the structure of I, inter-
molecular contacts are observed between the f luorine
atoms of hexafluorophosphate anions and hydrogen
atoms of the benzene rings of the [AgL2]+ complex
cations; the F…H and F…C distances are approxi-
mately 2.3–2.5 Å and 3.1–3.3 Å, respectively.

The crystal structure of II is formed by the ZnLCl2
molecules (Fig. 2, Table 1). The coordination mode of
L is the same as in complex I. Zinc coordinates one
molecule L; the zinc coordination polyhedron is com-
pleted by chlorine atoms to a distorted tetrahedron.
The coordination of ligand L results in formation of a
nearly planar ZnN3C five-membered chelate ring,
with the Zn(1) atom deviating from the mean chelate
plane by –0.0092 Å. The bond lengths for II are given
in Table 2. The pyrazole, pyrimidine, and phenyl rings
are planar to within 0.01 Å. The angles between the
pyrimidine and phenyl ring planes are 7.6° and 46.5°;
the plane of the pyrimidine ring is rotated relative to
the pyrazole ring plane by 4.1°. In the structure of II,
intermolecular contacts are observed between the
chlorine atoms and the hydrogen atoms of the pyra-
zole and phenyl rings of neighboring molecules; the
Cl…H distances are approximately 2.7–2.8 Å, and the

Cl…C distances are 3.4–3.6 Å. Worthy of note is the
π-stacking interaction between the centers of the pyr-
azole and phenyl rings of neighboring molecules,
arranged parallel to each other in the crystal structure,
with the distance between the planes being approxi-
mately 3.490 Å. The distance between the centroids of
these rings is 3.682 Å. (Fig. S4). The bond lengths and
angles in the complexes are in good agreement with
reported data [42].

The IR spectra of I and II are measured and ana-
lyzed in the range from 4000 to 100 cm–1 (Figs. S5
and S6). The basic vibrations of the complexes and the
ligand L are presented in Table 3. The vibrations of
CH and CH3 groups and the stretching-bending vibra-
tions of the rings in the IR spectra of the complexes I
and II are slightly shifted relative to the corresponding
vibrations in the spectrum of L. The vibration mode at
840 cm–1 found in the spectrum of I corresponds to
the uncoordinated  ion. In the low-frequency
region, new bands appear in the spectra of the com-
plexes compared with the spectrum of L, while some
bands disappear. In the IR spectrum of the
complex II, the Zn–N and Zn–Cl bands are located
in the same range (345–310 cm–1), which complicates
their assignment. Presumably, the bands at 343, 336,
and 315 cm–1, which are absent in the spectra of L,
correspond to stretching modes in the ZnN2Cl2 coor-
dination unit. The Ag–N mode is weaker in the IR
spectrum of I than in the IR spectrum of II and is
located at 336 cm–1.

The photoluminescent properties of complexes I
and II were studied in the solid state at room tempera-
ture; for complex I, studies were also carried out at
temperatures between 77 and 300 K. Note that for
ligand L and the complexes, absorption spectra in
dichloromethane were recorded (Fig. S7). An absorp-
tion spectra of the complexes are almost identical to
the spectrum of L; no metal–ligand charge transfer
bands were found above 350 nm, indicating that the
complexes dissociate almost completely in solution.
For the ligand L, photophysical characteristics in
solutions were obtained. The ligand L shows one emis-
sion band at 380 nm with an excited state lifetime of
6.8 ns (Fig. S8) and a quantum yield of 0.4% (λexcit =
320 nm).

Compound II has a blue emission which is typical
for zinc(II) complexes [14–18]; the PL band in the
spectrum of II (λem = 387 nm) is red-shifted with
respect to the PL band of L (λem = 368 nm) by 19 nm
(Fig. 3). Generally, the PL spectrum of II resembles
the PL spectrum of L (λem = 368 nm). The emission
band at 387 nm has two excited state lifetimes (t1 =
1.6 ns, t2 = 11 ns, Table 4, Fig. S9); the contribution of
the first time is less than 0.01%, which can be caused
by the relaxation of excited surface molecules. Similar
positions of the maxima in the PL spectra of II and L
(387 and 368 nm) and similar nanosecond lifetimes

6PF−
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48  No. 5  2022
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Fig. 1. Structure of the [AgL2]+ complex cation.
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(11 and 9.1 ns) apparently indicate that the nature of
emission of II is related to intraligand transitions of
the coordinated molecule L. The quantum yield of PL
of II is higher by an order of magnitude (Table 4),
which is due to the formation of more rigid and planar
[ZnLCl2] molecule.

Complex I exhibits almost white luminescence
upon photoexcitation at various wavelengths (λexcit =
320, 340, 360, 390 nm) (Fig. 4, Fig. S10, Table S1).
For example, after excitation at 390 nm, the chroma-
ticity of the emitted light corresponds to the 0.30;
0.37 point in the CIE coordinates. The PL spectrum
of complex I shows one broad band with a maximum
at 500–540 nm with a vibrational structure; the exci-
tation spectrum also shows a vibrational structure.
The emission band of I has two nanosecond lifetimes
(Table 4, Fig. S11), which are close to the lifetimes of
II and L. Apparently, the emission of II is due to intra-
ligand transitions strongly perturbed by the coordi-
nated silver atom.

It is known that silver(I) compounds can be unsta-
ble on exposure to light; therefore, one of the goals of
the study was to assess the stability of the obtained
complex I under the action of electromagnetic radia-
tion with different energies. The photostability of I was
RUSSIAN JOURNAL OF C
studied at 300 and 77 K under irradiation at different
wavelengths (Figs. S12–S16). At room temperature,
the complex decomposes rather rapidly under the
action of light (Figs. S12, S13). After 10 min, the
intensity of the main PL band decreases by approxi-
mately 15% (Fig. S12), but with gradual decrease in
the PL intensity, the shape of the emission line is
retained (Fig. S13). After 2 h of irradiation, the PL
spectrum virtually disappears (Fig. S14). The destruc-
tion of the complex may be associated with the
destruction of the coordination bond and reduction of
Ag+ to Ag0. Therefore, it can be concluded than irradi-
ation induces more intense destruction of the lumi-
nescent silver(I) complex (ϕ = 5.5%) compared to the
less luminescent ligand L (ϕ = 0.5%); this decreases
the intensity of the PL band in the spectrum. We
attempted to observe this process by IR spectroscopy.
The photostability of complex I was studied in the
range of 600–300 cm–1, since the greatest number of
differences between the spectrum of I and the spec-
trum of L is concentrated in this range (Fig. S6). A
KBr pellet of I was irradiated with a laser at λ = 405 nm
for various periods of time, and then the IR spectrum
was recorded. This was not accompanied by any
changes in the IR spectrum of I (Fig. S17), which indi-
OORDINATION CHEMISTRY  Vol. 48  No. 5  2022
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Table 2. Selected interatomic distances (Å) in structures I and II

Bond d, Å Bond d, Å

I II

Coordination unit
Ag(1)–N(11) 2.180(1) Zn(1)–N(1) 2.038(4)
Ag(1)–N(21) 2.181(1) Zn(1)–N(3) 2.113(3)
Ag(1)–N(12) 2.478(1) Zn(1)–Cl(1) 2.217(1)
Ag(1)–N(22) 2.477(1) Zn(1)–Cl(2) 2.204(1)

Pyrazole rings
N–N 1.373(2), 1.378(2) N–N 1.379(4)
N–C 1.323(2)–1.380(2) N–C 1.330(5), 1.374(5)
C–C 1.363(2)–1.409(2) C–C 1.364(6), 1.403(6)
C–CMe 1.487(2)–1.492(2) C–CMe 1.483(6), 1.485(6)

Pyrimidine ring
N–C 1.318(2)–1.350(2) N–C 1.315(5)–1.366(5)
C–C 1.386(2)–1.391(2) C–C 1.381(6), 1.387(6)
C–CPh 1.478(2)–1.484(2) C–CPh 1.478(5), 1.466(5)

Phenyl rings
1.374(3)–1.401(2) 1.368(7)–1.416(6) Å

Intermolecular contacts
F(5)…H(172)' 2.518 F(5)…C(172)' 3.301 Cl(1)…H(56)' 2.804 Cl(1)…C(56)' 3.485
F(5)…H(256)' 2.427 F(5)…C(256)' 3.256 Cl(1)…H(2)' 2.773 Cl(1)…C(2)' 3.565
F(1)…H(272)' 2.368 F(1)…C(272)' 3.165 Cl(2)…H(73)' 2.872 Cl(2)…C(73)' 3.606

Table 3. Main vibrational frequencies in the IR spectra of the ligand L and the complexes I and II

Compound ν(CH), cm–1 ν(CH3), cm–1 (ν + δ)rings ν(P–F) ν(M–N) ν(M–Cl)

L 3080
3045

2981, 2924 1604, 1592, 
1578, 1570,
1531, 1499

I 3142
3110
3096
3060

2971, 2922 1602, 1594, 
1577, 1567,
1527, 1498

840 336

II 3146
3117
3090
3063

2986, 2926, 
2849

1602, 1594, 
1577, 1570,
1531, 1523

343, 336, 315 
(mixed 

with Zn–Cl)

343, 336, 315 
(mixed 

with Zn–N)
cates that the changes of molecules of I involve only
the surface of the sample. Note that both complexes
are thermally stable up to 300°C (Figs. S18 and S19).

At 77 K, the complex I is photostable. Figure S15
shows the curves for luminescence intensity versus
time (λem = 540 nm) upon excitation at 360 nm; it
can be seen that the intensity remains invariable. Fig-
ure S16 presents a comparison of the spectra before
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
and after irradiation. For the complex I, the PL and
excitation spectra were recorded and the lifetimes were
measured at various temperatures (Fig. 5 and Fig.
S20). As the temperature is lowered, a new line with its
own vibrational structure appears in the PL spectrum.
The lifetimes, which increase by six orders of magni-
tude (0.16 ms, 4.8 ms, Table 4), indicate the appear-
ance of a new emission mechanism associated with the
  Vol. 48  No. 5  2022
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Fig. 2. Structure of the [ZnLCl2] complex.
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relaxation of triplet states. This mechanism can be
related to charge transfer excited states (MLCT).
RUSSIAN JOURNAL OF C

Fig. 3. Photoluminescence, excitation, and diffuse reflec-
tance spectra of the complex II at 300 K. 
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Silver(I) and zinc(II) chelate complexes with
2-(1H-pyrazol-1-yl)pyrimidine derivative were syn-
thesized and structurally characterized. In both com-
plexes, the 2-(1H-pyrazol-1-yl)pyrimidine core is
coordinated bidentately, giving rise to mononuclear
[AgL2]PF6 and [ZnLCl2] complexes.

As a rule, organic molecules containing aromatic
carbocyclic and heterocyclic moieties luminesce due
to n–π* and π–π* transitions, which naturally lead to
blue luminescence. It is quite expectable that the used
ligand L shows blue emission. While considering the
formation of zinc(II) and silver(I) complexes with L,
we compared the influence of metal coordination on
the PL behavior of molecule L. At room temperature,
both complexes possess f luorescence, the coordina-
tion of zinc(II) ion does not strongly perturb the levels
of the ligand, and the [ZnLCl2] complex shows blue
emission, similar to that of the ligand L, but with a
higher quantum yield. Meanwhile, the coordination of
silver(I) ion, presumably, introduces a much greater
perturbation to the orbitals of the coordinated ligand,
which induces a pronounced shift and broadening of
the PL band. The resulting broad band covers the
whole visible range, which generates white lumines-
cence.
OORDINATION CHEMISTRY  Vol. 48  No. 5  2022
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Table 4. Photophysical data for ligand L and complexes I and II in the solid state

Compound Maximum in the PL spectrum Quantum yield Excited state lifetime

L 368 nm
(λexcit = 340 nm, 300 K)

0.5%
(λexcit = 340 nm, 300 K)

t = 9.1 ns
(λexcit = 300 nm, λem = 380 nm, 300 K)

I 408, 435, 530 nm
(λexcit = 360 nm, 300 K)

Not less than 5.5%
(λexcit = 360 nm, 300 K)

t1 = 2.8 ns, t2 = 12 ns
(λexcit = 350 nm, λem = 530 nm, 300 K)

455, 485, 520 nm
(λexcit = 360 nm, 77 K)

t1 = 0.16 ms, t2 = 4.8 ms
(λexcit = 320 nm, λem = 500 nm, 77 K)

II 387 nm
(λexcit = 340 nm, 300 K)

7.8%
(λexcit = 320 nm, 300 K)

t1 = 1.3 ns, t2 = 11 ns
(λexcit = 300 nm, λem = 387 nm, 300 K)

Fig. 4. Photolumiunescence (λexcit = 360 nm purple line),
excitation (λem = 530 nm pink line), and diffuse reflec-
tance spectra (orange line) of the complex I at 300 K. 
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Fig. 5. Photolumiunescence spectra at various tempera-
tures (λexcit = 360 nm) and excitation spectra at 77 (λem =
455 and 530 nm) for the complex I. 
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