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Abstract—A completely reversible phase transition in the MoO2Cl2(DME) compound with the retention of
the crystal system and space group is discovered and studied. The transition is also accompanied by the dou-
bling of the unit cell parameter and occurs without single crystal destruction. The crystal structure of the
MoO2Cl2(DME) complex are determined at 160 (modification I) and 150 K (modification II) (CIF files
CCDC nos. 1997752 and 1997751, respectively).
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INTRODUCTION
In the recent time, physicochemical processes in

the crystalline phases occurring without single crystal
destruction, so called single-crystal-to-single-crystal
transformations (SCSC), attract increased attention
of researchers, since these processes provide opportu-
nities for the development of basically novel devices,
such as volume 3D modules for information recording
[1] or photoswitches [2]. Among other processes, the
photochemical reactions [3], spin transitions [4], and
ligand isomerization [5] and ligand exchange in
porous structures [6] are intensively studied. Second-
order phase transitions in crystals induced by tempera-
ture or pressure changes also occur fairly frequently
without crystallinity and habitus losses [7, 8]. One of
the most popular methods for the determination of
parameters of these transitions is the monitoring of the
diffraction pattern of single crystals, although the
changes in the diffraction pattern are not pronounced
and need labor-consuming measurements of the
dependences of the unit cell parameters on the tem-
perature or pressure [9, 10]. We were interested in the
cases where the changes in the diffraction patterns
during phase transitions were distinctly pronounced
and can easily be determined visually [11]. The latter
takes place at such phase transitions where a change in
the crystal symmetry is accompanied by the disap-
pearance–appearance of glide symmetry elements or
a multiplication of the unit cell dimensions, since this

results in the disappearance–appearance of systematic
absences [12].

The reverse phase transition in the single crystal of
the MoO2Cl2(DME) complex in a range of 150–160 K
was studied in this work. Two structures of the com-
plex were determined at 160 (I) and 150 K (II).

EXPERIMENTAL

Anhydrous Na2MoO4 obtained by the calcination
of Na2MoO4 ⋅ 2H2O crystalline hydrate in a drying box
at 120–140°C for 6 h was used. Commercially avail-
able Me3SiCl (98% purity, Aldrich) was subjected to
an additional dehydration by reflux over aluminum
powder for 5 h followed by distillation in a dry argon
flow. Anhydrous ethylene glycol dimethyl ether
(DME) (99.5% purity, Merck) was used without addi-
tional dehydration.

1H NMR and mass spectra were recorded on
Varian VXR-400 and Varian CH-7aMAT spectrome-
ters (USA), respectively.

Synthesis of MoO2Cl2(DME) was carried out using
a previously described procedure [13]. The yield of the
target product was 20.0 g (69%). The crystals suitable
for X-ray diffraction analysis were prepared by the
812
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Table 1. Crystallographic data and structure refinement parameters for modifications I and II

Parameter
Value

I II

Empirical formula C4H10O4Cl2Mo C4H10O4Cl2Mo
Fw 288.96 288.96
Crystal size, mm 0.40 × 0.30 × 0.20 0.35 × 0.20 × 0.10
Crystal system Monoclinic Monoclinic
Space group P21/с P21/с

Temperature, K 160 150
a, Å 7.1866(1) 14.3460(3)
b, Å 11.0595(1) 11.1358(2)
c, Å 13.7604(3) 13.6587(2)
β, deg 117.653(1) 117.932(1)

V, Å3 968.75(3) 1927.84(6)

Z 4 8

ρcalc, g/cm3 1.981 1.991

μ(MoKα), mm–1 1.874 1.883

F(000) 568 1136
Range of θ, deg 2.49–27.49 1.61–27.47
Total number of ref lections 6871 13 788
Independent reflections (Rint) 2221 (0.0238) 4418 (0.0286)
Number of refined parameters 141 280
R1 (I > 2σ(I)) 0.0230 0.0259
wR2 (all data) 0.0609 0.0715
GoF 1.051 1.106

Δρmin/Δρmax, e/Å3 –0.507/0.574 –0.457/0.777
recrystallization from a dry mixture of acetone with
20% DME.

1H NMR (CDCl3), δ, ppm: 3.95 s (4H, CH2O–),
4.00 s (6H, –OCH3).

Mass spectrum (EI, 70 eV): 200 (MH+-DME), 165
(MH+-DME-Cl), 90 (DME).

X-ray diffraction analyses of modifications I and II
were carried out on a Siemens 1K automated diffrac-
tometer (Germany). The phase transition was moni-
tored on a Bruker SMART APEX II automated dif-
fractometer (Germany) using MoKα radiation (λ =
0.71073 Å, graphite monochromator) in the ω scan
mode. An absorption correction was applied by mea-
surements of equivalent reflection intensities [14]. The
structures of modifications I and II were solved by a
direct method and refined by full-matrix anisotropic

For C4H10O4Cl2Mo
Anal. calcd., % C, 16.40 H, 3.34 Cl, 24.42
Found, % C, 16.63 H, 3.49 Cl, 24.54
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least squares on F 2 for all non-hydrogen atoms [15].
All hydrogen atoms were found from the difference
Fourier synthesis and refined isotropically. The crys-
tallographic data and structure refinement results for
modifications I and II are presented in Table 1.
Selected bond lengths and bond angles are given in
Table 2.

The structures of modifications I and II were
deposited with the Cambridge Crystallographic Data
Centre (CIF files CCDC nos. 1997752 and 1997751,
respectively; deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk).

RESULTS AND DISCUSSION
We searched for polymorphous modifications

characterized by the doubling of one of the presented
unit cell parameters (taking into account possible
transpositions of axes) in the Cambridge Structural
Database [16]. The structures of polymorphs of the
tungsten complex WO2Cl2(DME) attracted our atten-
tion: KUDGIZ (monoclinic I) and KUDGIZ01
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Table 2. Selected bond lengths (Å) and angles (deg) for modifications I and II

Bonds and angles
II (150 K) I (160 K)

molecule 1 molecule 2 Z' = 1

Mo=O 1.688(2), 1.692(2) 1.687(2), 1.691(2) 1.686(2), 1.689(2)
Mo–Cl 2.3501(7), 2.3692(7) 2.3641(7), 2.3688(8) 2.3580(8), 2.3621(7)
Mo–O 2.297(2), 2.311(2) 2.278(2), 2.304(2) 2.2806(15), 2.303(2)
O=Mo=O 104.75(10) 104.84(12) 104.77(10)
ClMoCl 157.22(3) 158.82(3) 158.08(3)
OMoO 70.61(6) 70.71(6) 70.94(6)

Fig. 1. Crystallographically independent molecule in the
structure of modification I. Thermal ellipsoids are pre-
sented with 50% probability.
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(monoclinic II). The first of these structures was stud-
ied at room temperature [17], and the second structure
was studied at 120 K [18]. The authors [18] noticed
that the lattice parameters were similar for both poly-
morphs, but they did not consider the possibility of a
phase transition. We revealed during preliminary
experiments that the operation with WO2Cl2(DME)
was very inconvenient because it was not resistant to
hydrolysis. We decided to study the molybdenum ana-
log, the more so the both compounds are isostructural
at room temperature [19].

The crystal structures of the MoO2Cl2(DME)
complex were determined at 160 (I) and 150 K (II). It
turned out that the structures of modifications I and II
had the same crystal system and the same space group
no. 14 but differed twice by the cell parameter а
(Table 1), cell volume, and number of crystallograph-
ically independent molecules Z' (Figs. 1 and 2, respec-
tively). It turned out that the completely reversible
phase transition occurred between these temperatures
without any appreciable degradation of the single
crystal quality. The intensities of a series of reflections
forbidden for the high-temperature phase (doubling
reflections with the odd index h for the low-tempera-
ture modification, Fig. 3) was monitored to determine
the exact position of the transition point. As can be
seen, the transition is situated in a narrow range less
than 1 K and accompanied by a sharp change in the
intensities of systematic absences.

The molecules of the complex in both modifica-
tions are localized in general positions and represent
distorted octahedra with the cis arrangement of doubly
bound terminal oxygen atoms (O=Mo) and trans
arrangement of the chlorine atoms. As can be seen
from the data in Table 2, the geometric parameters of
the complex change very slightly during the phase
transition.

This phase transition results in a significant mutual
shift of the molecules. The shortest intermolecular
Mo···Mo distances in the structure of modification I
are 5.59 and 6.00 Å, whereas in modification II they
are appreciably longer: 5.71 and 6.06 Å.

The structure of modification I exhibits the short-
ened intermolecular contact of the methylene group
RUSSIAN JOURNAL OF CO
and terminal oxygen atom (O=Mo) with the Н···О
distance equal to 2.50 Å, which can be considered as a
С–Н···О hydrogen bond of the medium strength [20].
In the structure of modification II, this contact is sig-
nificantly weakened (2.60 Å) on cooling, but several
shortened С–Н···Cl contacts (2.74–2.86 Å) are
formed. It is most likely that this phase transition
occurs due to the weakening of some contacts with the
simultaneous enhancement of other weak intermolec-
ular interactions С–Н···Х, which are structure form-
ing for this compound due to cooperativity.

The completely reversible phase transition in the
MoO2Cl2(DME) structure with the retention of the
crystal system and space group was found. The transi-
tion is accompanied by the doubling of the unit cell
parameters and occurs without single crystal destruc-
tion. It is shown that the transition is situated in a nar-
row temperature range less than 1 K and is accompa-
nied by a sharp change in the intensities of systematic
absences easily observed visually. This makes this
ORDINATION CHEMISTRY  Vol. 46  No. 12  2020
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Fig. 2. Both crystallographically independent molecules of the structure of modification II. Thermal ellipsoids are presented with
50% probability.
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compound very convenient for the fast calibration of
low-temperatures accessories to diffractometers, the
more so the transition point (156 K) lies almost at
middle of a temperature range of 100–200 K in which,
according to the CSD data, more than 50% single-
crystal experiments are presently carried out.
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Fig. 3. Temperature dependences of the intensity of two
reflections forbidden for the phase of modification I. 
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