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with the 7-methyl-3,3-diphenyl-3 H-pyrano[3,2-f]quinolinium cation
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Single crystals of the new cationic chromene, 7-methyl-3,3-diphenyl-3 H-pyrano|3,2-f]-
quinolinium iodide (C,5H,,NO)I (1), were synthesized. The crystal structure of the new com-
pound was studied, and quantum chemical calculation for the open and closed forms
were carried out. The bifunctional compounds containing mono- and bimetallic 3d
metal (tris)oxalates with the chromenium cation, (C,5HyNO);[Cr(C,04);]-4H,0 (2) and
(Cy5Ho)NO)[CrMn(C,04);] - H,O (3), were prepared. Compound 1 is paramagnetic due to
low-lying thermally excited states of the chromene molecules. At low temperatures (~2 K), the
paramagnetic states are frozen, and the compound becomes diamagnetic. Compound 2 is
paramagnetic and its magnetic properties are determined mainly by the Cr®* ions and the
thermally induced paramagnetic states of the chromene molecules. At high temperatures, the
magnetic moment of compound 3 consists of the contributions of the paramagnetic Cr3™ and
Mn?* ions and the thermally induced paramagnetic states of chromenes. At low temperatures
(2—3 K), the thermally induced magnetism of organic molecules is frozen, and the magnetical-
ly ordered (and, probably, spin-glass) state is observed in the two-dimensional network of metal
oxalates (7, = 3 K in the zero magnetic field). The UV irradiation leads to an increase in the
magnetic moment of the compound in the paramagnetic region due to the generation of
radiation defects.

Key words: molecular magnets, (tris)oxalates, polyfunctional compounds, photochromic
compounds; chromenes, ferromagnetic substances, thermally induced paramagnetism.

The systematic studies of the synthesis, the structural
and photochemical mechanisms of the transformations of
different classes of photochromic compounds have been
intensively carried out in the last 25 years.!=4 Photochro-
mic spiro systems (spiropyrans (SpP), spirooxazines
(Sp0O), and chromenes) are still promising photochromic
compounds for the design of information recording, stor-
age, and processing systems and as optical switches for the
properties of functional materials.! However, the photo-
chromic transformations in the crystals of neutral SpP
and SpO, which are accompanied by the Cg,p—O bond
cleavage followed by the isomerization of the molecules,
are extremely hindered because of the close packing of the

molecules in the crystal lattices. Recently,5—2 the salt
forms of spiropyrans [SpP]*X~, which exhibit photochro-
mic properties independent of the nature of the X~ anion
in the crystals, have been synthesized and investigated. It
was found that in the crystals of neutral SpP of the indo-
line series, the pyridopyran moieties of the molecules re-
sponsible for the photochromic transformations are close-
ly packed to form stacks (Fig. 1, a), which hinders the
photochromic transformations in the solid state.

On the contrary, in the crystals of the salts [SpP]*X~
containing the quaternary positively charged N atom of
the pyridopyran moiety (Fig. 1, b), the electrostatic inter-
actions between the X~ anion (X~ = I7) and the quater-
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Fig. 1. Crystal structures of neutral SpP of the indoline series (a)
and the salts [SpP] "1~ (b).

nized N* atom prevent’—? the formation of stacks of the
pyridopyran moieties. In SpP salts, the indoline moieties
form stacks, whereas the pyridopyran fragments together
with the X~ anions are loosely packed between the stacks,
thus providing the possibility of reversible photochromic
transformations in the crystals. The packing of the salts
[SpP]™X~is independent of the size of the X~ anion, which
was successfully replaced by paramagneticl® and ferro-
magneticll=14 anions, but the packing is very sensitive to
the substituents in the indoline moiety of [SpP]*.?

Hence, the detailed investigation of the crystal struc-
tures of salts of new spiro compounds can be of decisive
significance for the prediction of photochromic transfor-
mations of the cations in the solid state. This is of impor-
tance for the search for promising salts of spiro systems as
photochromic cation sublattices of hybrid crystals con-
taining the magnetic anion sublattice, for the photocon-
trol of the intra- and intermolecular magnetic coupling,
and the investigation of the effect of the photochromic
sublattice on the bulk behavior of molecular magnets.15 In
the cations of salts of photochromic chromenes, as op-
posed to the [SpP]™X~ and [SpO]*X~ salts, there are no
orbital n—c* interactions resulting in the weakening of
the Cg,p—O bond and favorable for photochromic trans-
formations. These salts have another (vibration) mecha-
nism of the Cg,p—O bond cleavage and are thermally
more stable.! Hence, they would be promising photo-
chromic structural blocks for the design of polyfunctional
molecules. Besides, no data were available on the struc-
tures of the salt forms of chromenes.

In the present study, the structure of the new cationic
chromene, viz., 7-methyl-3,3-diphenyl-3 H-pyrano| 3,2-f]-
quinolinium iodide (1), was investigated and quantum
chemical calculations for the closed and open forms
of this compound were carried out for the first time.
The previously unavailable bifunctional compounds con-
taining mono- and bimetallic 3d metal (tris)oxalates
(2 and 3, respectively) with the chromenium cation were
synthesized.

Experimental

The '"H NMR spectra were recorded on a Bruker DRX-250
spectrometer (250 MHz).

Synthesis of 7-methyl-3,3-diphenyl-3H-pyrano[3,2-f]quin-
olinium iodide (1). 3,3-Diphenyl-3H-pyrano]3,2-f]quinoline
(0.34g, 1 mmol)!7 and iodomethane (3 mL) were heated in
a sealed tube at 60 °C for 3 h. Then the reaction mixture was
cooled, an excess of iodomethane was removed by evaporation,
and the precipitate that formed was washed with diethyl ether.
An amorphous bright-yellow powder was obtained in a yield of
0.46 g (96%). The analytical sample was isolated by the crystalli-
zation from ethanol, m.p. 210—213°C. 'H NMR (CDCl,), &:
4.82 (s, 1 H, Me); 6.53 (d, 1 H, H(2), /= 10.1 Hz); 7.25—7.46
(m, 11 H, H(1), 2 Ph); 7.82 (d, 1 H, H(5), J/ = 9.6 Hz); 8.08
(dd, 1 H, H9), / = 8.8 Hz, J/ = 5.8 Hz); 8.17 (d, 1 H, H(6),
J=29.6 Hz); 9.17 (d, 1 H, H(10), J = 8.8 Hz); 10.10 (d, 1 H,
H(8), J = 5.8 Hz). Found (%): C, 63.88; H, 4.35; N, 3.01.
C,5H,0INO. Calculated (%): C, 62.90; H, 4.22; N, 2.93

Synthesis of 7-methyl-3,3-diphenyl-3H-pyrano|[3,2-f]quin-
olinium tris(oxalato)chromate (i) trihydrate (2) and 7-methyl-
3,3-diphenyl-3 H-pyrano[3,2-f]quinolinium tris(oxalato)man-
ganate(ir)chromate (1) monohydrate (3). Molecular magnets 2
and 3 were synthesized according to the known method!3 in
aerobic aqueous methanolic solutions at ~20 °C in the absence
of UV irradiation. Compound 2. The yield was 72%. Found (%):
C, 68.43; H, 4.50; Cr, 3.83; N, 2.87; O, 28.31. C4;HgCrN;0yq.
Calculated (%): C, 68.07; H, 4.76; Cr, 3.64; N, 2.94; O, 28.29.
Compound 3. The yield was 56%. Found (%): C, 50.03; H, 2.72;
Cr, 7.00; Mn, 7.38; N, 1.93; O, 30.00. C5;H»,CrMnNO,. Calcu-
lated (%): C, 50.34; H, 2.97; Cr, 7.04; Mn, 7.43; N, 1.89; O, 30.31.

Elemental analysis of polycrystalline samples of 2 and 3 was
carried out in the Analytical Center of Collective Use of the
Institute of Problems of Chemical Physics of the Russian Acade-
my of Sciences by electron probe microanalysis and local X-ray
spectral microanalysis with a Vega I1 XM U digital scanning elec-
tron microscope (Tescan, Brno, Czech Republic) equipped with
a secondary electron (SE) detector, a backscatter electron (BSE)
detector, and a low vacuum secondary tescan detector (LVSTD)
fitted with YAG (yttrium aluminum garnet) crystals, using an
INCA Energy 450 energy dispersive X-ray spectrometer equipped
with a semiconducting Si(Li) detector (Oxford Instruments Ltd.,
Great Britain), and with an INCA Wave 700 wave length dispersive
X-ray spectrometer (Oxford Instruments Ltd., Great Britain).

X-ray diffraction study was carried out on an automated four-
circle Bruker P-4 diffractometer (graphite monochromator,
MMo-Ka) = 0.71073 A, 293 K, 6/26-scanning technique). The
X-ray diffraction data were collected from a poor-quality plate-
like single crystal of 1 with dimensions 0.2x0.1x0.1 mm3. The
unit cell parameters were determined and refined based on
35 reflections in the 6 angle range from 5 to 15°. The X-ray data
set was collected in the 6 angle range of 2.20—25.01°; the total
number of independent reflections was 3476; the number of re-
flections with 7 > 2c([) was 2570.

Principal crystallographic data are ¢ = 7.845(2) A, b =
=9.504(2) A, ¢ = 14.433(3) A, 0. = 95.45(2)°, p = 102.38(2)°,
y=100.07(2)°, ¥V = 1025.0(4) A3, d . = 1.547 g cm~3, space
group P-1, Z = 2. The structure was solved by direct methods.
The positional and thermal parameters of nonhydrogen atoms
were refined first isotropically and then anisotropically by the
full-matrix least-squares method. The hydrogen atoms in the
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organic cation were positioned geometrically and refined using a
riding model. The crystallographic data and the refinement sta-
tistics are given in Table 1. The interatomic distances and bond
angles are listed in Tables 2. All calculations were carried out
with the use of the SHELXTL program package.!® The final
R factors are R; = 0.0395 based on reflections with / > 26(/) and
R, = 0.0646 based on all reflections, GOOF = 1.010.

Magnetic properties of compounds 2 and 3. The magnetic
moments (M) of powder samples were studied on a Quantum
Design MPMS 5XL SQUID magnetometer. The temperature
dependence of the magnetic moment was measured in the tem-
perature range of 2—300 K at a constant magnetic field of
the intensity B = 0.1 T. The dependence of the magnetic mo-
ment on the magnetic field strength was measured in the range
B=0-—5T at 2 K. In the course of measurements, the tempera-
ture was maintained within 0.01 K, and the magnetic field
strength was maintained within 0.01 mT. Palladium was used as
the standard, whose magnetic susceptibility is 560.1+10~¢ cm3
mol~! at 7 = 293.1 K and corresponds to the measured value
with an accuracy of 99.5%.

Prior to the magnetic measurements, the samples were com-
pacted between gelatin capsules, which were pressed into each
other in a bottom-to-bottom fashion and hindered the motion
and rotation of particles in the magnetic field. The absence of
the effect of magnetic texturing on the experimental data was

Table 1. Principal crystallographic data for compound 1

Parameter Characteristics
Molecular formula C,5H,0INO
Molecular weight 477.32
Crystal system Triclinic
Space group P-1
Crystal dimensions/mm3 0.2x0.1x0.1
a/A 7.845(2)
b/A 9.504(2)
c/A 14.433(3)
o/deg 95.45(2)
B/deg 102.85(3)
v/deg 100.07(2)
V/A3 1025.0(4)
A 2
dp1e/g cm™3 1.547
p/mm-! 1.577
F(000) 476
0-Scan range/deg 2.20—25.01
Completeness at 6 = 25.01 (%) 96.2
Number of measured reflections 4208
Number of independent reflections 3476
Ry 0.0257
Number of reflections with 7> 2c(1) 2570
Number of refined parameters 255
GOOF 1.010
R factors based on reflections with /> 26(/)

R 0.0395

WR, 0.0825
R factor (based on all reflections)

R, 0.0646

WR, 0.0919

evidenced also by the fact that the residual magnetization was
measured in a chaotic (unmagnetized) sample during cooling
from room temperature in the zero field. Nevertheless, as will be
shown below, the spontaneous magnetization was observed.

In addition, the data on the difference between FC (field
cooling) and ZFC (zero field cooling) were obtained at the
magnetic field strength of 0.005 T, in which the maximum mag-
netic energy of the particle with the magnetic moment of 8 ug is
8upgB = 5- 1076 eV. In the magnetic field of the strength
B = 0.005 T, the magnetic energy is 10* times lower than the
average energy of thermal fluctuations k7 per particle at 7= 300 K
(regardless of its mass). At 2 K, the magnetic energy of the particle
in the magnetic field is 100 times lower than k7.

The samples were irradiated for 1 h with the use of a DRSh-1000
lamp outside the SQUID magnetometer with stirring of the pow-
der in the course of irradiation. Then the powder was again
pressed between gelatin capsules. The IR irradiation was pro-
tected with a water filter to prevent the heating of the sample.
The temperature of the sample was monitored in the course of
irradiation. The required wavelength range was isolated with the
use of an UFS-1 light filter and focused onto the sample with the
use of a quartz lens.

Results and Discussion

The detailed knowledge of the molecular and crystal
structures of chromene salts, along with the previously
studied’—? structures of the SpP salts, is of great impor-
tance for the prediction of the possibility of photochromic
transformations of chromenium cations in the solid state.
For this purpose, we investigated compound 1, which is
the starting cationic chromene in the synthesis of mono-
and bimetallic complexes 2 and 3, by X-ray diffraction.

The asymmetric unit of the crystal structure of 1 con-
tains the organic cation and the iodide anion (Fig. 2). The
organic chromenium cation consists of one pyran moiety
and two phenyl fragments (see Fig. 2). The dihedral angle
between the O—C(13)—C(2) and C(13)—C(14)—C(20)

Fig. 2. Asymmetric unit of the crystal structure of compound 1.
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Table 2. Interatomic distances (d) and bond angles (w) in the structure of salt 1

Parameter Value Parameter Value Parameter Value

Bond length d/A Bond length d/A Angle o/deg
0—C(4) 1.363(4) C(10)—C(9) 1.369(6) C(22)—C@4)—C(3") 119.7(5)
N—C(8) 1.323(5) C(8)—C(9) 1.364(6) C(4)—C(22)—C(21) 120.3(5)
N—C(12) 1.472(5) C(19)—C(18) 1.370(7) C(17)—C(16)—C(15) 120.9(5)
C(13)—C(20) 1.518(5) C(4)—C(3") 1.379(8) C(2)—C(3")—C(4") 119.9(5)
C(14)—C(15) 1.376(6) C(18)—C(17) 1.355(7) C(8)—N—C(7) 121.6(4)
C(3)—C(4) 1.375(5) C(7)—N—C(12) 118.5(3)
Cc(3)—C(1) 1.451(5) Angle w/deg 0—C(13)—C(20) 104.1(3)
C(20)—C(21) 1.383(6) C(4)—0—C(13) 118.8(3) 0—C(13)—C(14) 109.0(3)
C(6)—C(5) 1.358(5) C(8)—N—C(12) 119.9(3) C(20)—C(13)—C(14) 113.0(3)
C(11)—C(10) 1.404(5) 0—C(13)—C(2) 110.1(3) C(15)—C(14)—C(13)  122.9(4)
C(1)—C(2) 1.322(5) C(2)—C(13)—C(20) 113.2(3) C(4)—C(3)—C(11) 118.1(3)
C(2)—C@3") 1.376(7) C(2)—C(13)—C(14) 107.4(3) C(11)—C(3)—C(1) 124.2(3)
C(15)—C(16) 1.391(7) C(15)—C(14)—C(19) 118.6(4) 0—C4)—C(5) 115.6(3)
C(4)—C((22) 1.365(8) C(19)—C(14)—C(13) 118.4(4) C(21)—C(20)—C(2") 118.2(4)
C(21)—C(22) 1.392(7) C4)—C(3)—C() 117.7(3) C(2)—C(20)—C(13) 120.5(4)
C(16)—C(17) 1.359(7) 0—C(4)—C(3) 122.5(3) C(10)—C(11)—C(7) 118.8(4)
0—C(13) 1.464(4) C(3)—C(4)—C(5) 121.8(3) C(7)—C(11)—C(3) 118.7(3)
N—C(7) 1.392(5) C(21)—C(20)—C(13)  121.3(4) C(9)—C(10)—C(11) 120.0(4)
C(13)—C((2) 1.510(5) C(5)—C(6)—C(7) 120.2(4) C(6)—C(7)—C(11) 120.8(3)
C(13)—C(14) 1.526(6) C(10)—C(11)—C(3) 122.5(3) C(3)—C(2)—C(20) 121.3(5)
C(14)—C(19) 1.396(6) C(2)—C(1)—C(3) 119.7(3) N—C(8)—C(9) 121.9(4)
C(3)—C(11) 1.438(5) C(6)—C(71)—N 121.4(3) C(6)—C(5)—C(4) 120.5(4)
C(4)—C(5) 1.404(5) N—C(7)—C(11) 117.8(3) C(18)—C(19)—C(14)  119.9(4)
C(20)—C((2") 1.382(6) C(1)—C(2)—C(13) 122.9(3) C(20)—C(21)—C(22) 120.6(5)
C(6)—C(7) 1.385(5) C(14)—C(15)—C(16) 119.8(4) C(17)—C(18)—C(19) 121.4(5)
C(11)—C(7) 1.420(5) C(8)—C(9)—C(10) 119.9(4) C(18)—C(17)—C(16) 119.4(5)

planes is 86.3°. The dihedral angles between the
0O—C(13)—C(2) plane of the pyran moiety and the planes
of the phenyl rings 4 and B are 100.6 and 115.8°, respec-
tively. The dihedral angle between the planes of the phenyl
rings A and B is 80.3°. The distances from the O atom of
the pyran moiety to the C(15) atom of the phenyl ring B
and the C(21) atom of the phenyl ring 4 are 2.761 and
3.157 A, respectively. The shortest distances between the
carbon atoms of the phenyl fragments A and B are as
follows: C(14)...C(21), 2.923 A; C(19)...C(24), 3.121 A.
In Ref. 19, the molecular and crystal structures of
spiro(1,3,3-trimethylindolino-2,3"-[3 H]pyrano|3,2-f]-
quinoline) and its derivative, viz., spiro(1,3,3,7 "-tetrame-
thylindoline-2,3"-[3 H]pyrano[3,2-f]quinolinium) iodide
containing the quinoline fragment, were determined. As
in indolinospiropyran, the pyranopyridine moiety in the
chromenium cation is nonplanar. The bending angles
along the O—C(2) and O—C(1) lines are oo = 25.4° and
B = 5.8°, whereas the corresponding angles in indol-
inospiropyran are 18.90 and 14.6°. The C(13)—O and
0O—C(4) bond lengths in compound 1 are 1.464(4) and
1.363(4) A, respectively. and are equal within experimen-
tal error to the corresponding bond lengths in the spiropy-
ran cation!® (1.467(6) and 1.359(6) A). The other bond
lengths in the pyranopyridine moieties are also equal within

experimental error (maximum threefold errors). The ob-
served C(13)—O bond length is larger than the standard
C—O bond lengths in six-membered oxygen-containing
heterocycles (1.41—1.43(1) A). The O—C(13)—C(2) and
C(14)—C(13)—C(20) bond angles at the carbon atom
C(13) are 110.1(3) and 113.0(3)°, respectively. In spiro-
pyran, the corresponding angles at the spiro atom shared
by two rings are 117.1(5) and 103.4°(4).

The Cg,—O bond in spiropyrans is elongated due to
orbital interactions between the nitrogen lone pair and the
antibonding ¢* orbital of the Csp—O bond, which leads to
a weakening of this bond, resulting in that it can be effi-
ciently cleaved in the photoexcited state. In the chrome-
nium cation, the C—O bond appeared to be equal to that
found in spiropyrans; however, efficient photochromic
transformations analogous to those observed in spiropyr-
an salts, were detected neither in the solid state nor in
solution. A comparison of the X-ray diffraction patterns
of crystalline powders of 1 before and after irradiation
revealed no differences, which is indicative of the absence
of photochromic transformations in the crystals.

The crystal structure of salt 1 is presented in Figs 3 and 4.

The organic cations (see Fig. 3) form a block packing
with channels occupied by I~ anions. The I~ anions are at
distances of 4.12 and 4.50 A from the positively charged
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Fig. 3. Crystal structure of salt 1 projected onto the ac plane of the crystal lattice.

0

Fig. 4. Fragment of the crystal structure of salt 1 (the fragments involved in van der Waals interactions are connected by
dashed lines).
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Fig. 5. Structures of the closed (@) and open () forms of compound 1; E;(B3LYP/6-31G) = —1094.1949497 and —1094.1898504 au,
respectively; the torsion angle (D) is indicated by an arrow.

nitrogen atoms of the cations related by the inversion cen-
ter (1/2 0 1/2) and the translation (0 —1 1). The fragment
of the crystal structure is shown in Fig. 4, where the near-
est I~ and N7 ions are connected by dashed lines. The
shortest distance between the I~ anion and the C(10) atom
is 3.88 A, which is longer than the corresponding distance
(3.76 A) in the structure reported in the study.! In the
crystal structure, there are short intermolecular con-
tacts between the carbon atoms (C(16)...C(17), 3.396 A;
C(17)...C(17), 3.152 A) of the phenyl fragments B of two
adjacent cations related by the inversion center (0 0 1/2)
(see Fig. 4). The van der Waals energy of these interac-
tions is —3.3 kcal.

The contribution of the van der Waals interactions to
the total crystal lattice energy is —29.80 kcal.

In spiropyran salts exhibiting photochromic proper-
ties, the cations are generally arranged so that the indoline
fragments form 2, stacks, whereas the pyran moieties de-
viate from the stacks in different directions. In this crystal
packing, the distance between the pyran fragments is equal
to the full period of the crystal lattice; in particular, the
period reported in the study!® is 11.338 A. In the crystal
structure of compound 1, such stacks are absent. The trans-
lationally related chromenium cations form columns along
the b axis of the unit cell. The distance between the cations
in the columns is 9.504(2) A. This could provide favorable
conditions for photochemical transformations. However,
the phenyl fragment in each cation, in particular, the ring
B, forms short contacts with the analogous ring of the
cation from the adjacent column (see Fig. 4), which obvi-
ously limits the possibility of moving this part of the cat-
ion in the case of its rearrangement. The pyran moiety of
each cation is involved in Coulombic interactions with
two I~ anions (see Fig. 4). Each of these anions is, in turn,
involved in electrostatic interactions with the pyran moi-
ety of the cation from the adjacent column. As a result, the
crystal structure consists of associates. Assuming that the

absence of photochromic transformations is associated
only with the crystal structure of this compound, the fact
that chromene cannot exist in the open form in the solid
state can be attributed to the revealed features of the crys-
tal structure.

We compared the isomerization of the closed forms of
chromene salt 1 and the iodide salt of spiropyran of the
quinoline series!? to the open forms in the ground state by
quantum chemical methods.

The full geometry optimization of the open and closed
forms of the compounds under consideration (Figs 5 and 6)
was carried out at the B3LYP/6-31G level of theory with
the use of the GAUSSIAN-03 program.2® According to
the quantum chemical calculations (Tables 3 and 4), the
closed form of 1 is thermodynamically more stable. The
total energy of the closed form is ~3.2 kcal mol~! lower
than that of the open form. For the spiropyran of the
quinoline series, ! the situation is opposite. Thus, the open

Table 3. Total (—£,,) and relative energies (£,,) of the structure
of compound 1 at different torsion angles D

D/deg —E,/hartree E.
hartree kcal mol~!
—180 1094.189844 0.005106 3.203878
—120 1094.171849 0.0231 14.49567
-90 1094.157571 0.037379 23.45545
—60 1094.169547 0.025402 15.9402
0 1094.19495 0 0
30 1094.187097 0.007852 4927522
60 1094.143023 0.051927 32.58465
90 1094.094887 0.100063 62.79034
105 1094.162886 0.032064 20.12042
120 1094.172396 0.022554 14.15286
150 1094.185666 0.009283 5.825426
180 1094.189844 0.005106 3.203878
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Table 4. Total (—E,,,) and relative energies (E,,) of the structure
of the spiropyran salt at different torsion angles D

D/deg —FE,/hartree E
hartree kcal mol~!
—180 1074.550218 0 0
—150 1074.541479 0.008739 5.483935
—120 1074.531179 0.019039 11.94704
—105 1074.520742 0.029477 18.4968
-90 1074.514941 0.035278 22.13705
—60 1074.532131 0.018088 11.35009
-30 1074.536707 0.013511 8.47835
0 1074.543629 0.006589 4.134914
30 1074.537586 0.012633 7.927146
60 1074.489459 0.06076 38.12732
90 1074.506769 0.043449 27.265
105 1074.517919 0.032299 20.26826
120 1074.527779 0.02244 14.08107
150 1074.541075 0.009143 5.737387

form is thermodynamically more stable; the total energy
of this form is ~4.1 kcal mol~! lower than that of the
closed form.

The isomerization of the chromene and spiropyran salts
was analyzed taking into account the energy barriers in the
corresponding potential energy curves (Fig. 7). The po-
tential energy curves for the isomerization in the singlet
ground state were calculated with a gradual increase in the
C—C—C—C torsion angle with a step of 30° (D, see
Figs 5 and 6) using the optimization of all other geometric
parameters for each fixed value of D. The energy E,.; is the
difference between the total energy of the system at a par-
ticular value of D and the minimum total energy of the
system. For 1, this is the energy of the closed form. On the
contrary, this is the energy of the open form for the spiro-
pyran salt.

The calculated energy barriers for the isomerization of
compound 1 (23.5 kcal mol~!) and the spiropyran salt
(22.1 kcal mol~!) indicate that these processes are almost
equally probable (see Fig. 5).

In addition, the quantum chemical calculations at the
same B3LYP/6-31G level of theory (Table 5) showed that
the singlet-triplet splitting for these molecules (for both
the closed and open forms) is ~1.5 eV.

(Tris)oxalates 2 and 3 with the 7-methyl-3,3-diphe-
nyl-3H-pyrano| 3,2-f]quinolinium cation were synthesized
in aerobic aqueous methanolic solutions at room temper-
ature according to Scheme 1.

Due to the higher stability of the closed form of
chromene salt 1 (Fig. 8, a) compared to the open form
(according to the above quantum chemical calculations),
the reaction can be performed in polar solvents in the
absence of UV irradiation, as opposed to the previously
synthesized systems!3-14 containing the cations of spiro-

Fig. 6. Structures of the closed (a) and open (b) forms of spiropyran;
E,(B3LYP/6-31G) = —1074.5436288 and —1074.5502182 au,
respectively; the torsion angle (D) is indicated by an arrow.

Scheme 1
AgCl, MeOH
(CogHpoNO)T e (CipoNO)CI alCMCO]
~H,0, KI
1(CF) (CF)
MnCl,
—

> (Cy5H,50NO),[Cr(C,0,),]
2

— C,5H,0NO[CrMn(C,0,)5]
3

CF is the closed form

Table 5. Calculated total energies and singlet-triplet splittings of
spiropyran (SpP) and chromene (Hr) salts in the singlet (S) and
triplet (T) states

Compound —E,/au Agr*/eV
i

(form) S T

SpP (closed) 1074.8186978  1074.7625399 1.53
SpP (open) 1074.8221086  1074.7717584 1.37
Hr (closed) 1094.1949496  1094.1339451 1.66
Hr (open) 1094.1898504  1094.1420973 1.30

* Agt is the singlet-triplet energy difference.
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E,;/kcal mol~! a a
40
20
0 1
—180 -90 0 90 D/deg
E,;/kcal mol~! b
60 °
40
20
0 1 1
—180 -90 0 90 D/deg

Fig. 7. Potential curves of the isomerization of the chromene (a)
and spiropyran salts (b).

pyrans of the indoline series with the quaternary pyri-
dine nitrogen atom NV introduced into the side ali-
phatic chain. Products 2 and 3 were isolated in high
yield. Polycrystals of 2 (Fig. 8, b) are yellow-green in
color and are readily soluble in polar solvents. Polycrystals
of 3 (Fig. 8, ¢), like the previously synthesized bimetallic
(tris)oxalate and dithiooxalate complexes with tetraalkyl-
ammonium?!—23 and spiropyran!!—14 cations, are emer-
ald-green in color and are insoluble in water and other
solvents.

In the present study, we investigated the magnetic
properties of new compounds 1—3. At 2 K, compound 1 is
diamagnetic. However, an increase in the temperature
leads to the transformation of 1 into the paramagnetic
state. The effective magnetic moment increases from
zero at 2 K to 3.5 pug at 250 K (Fig. 9). The temperature
dependence substantially deviates from the Curie law,
according to which p. = const at 7> 10 K. Previously,24
we have observed the similar dependence for ions of
spiropyran molecules. This dependence is attributed
to a decrease in the number of paramagnetic particles as
the sample is cooled and is well known as a fingertip
of the triplet paramagnetism of the low-lying states of
organic molecules, which are thermally occupied as
the temperature increases.?> In our recent study,?4 we
have reported the thermally induced paramagnetism of
spiropyran ions. It would be expected that chromene
molecules can also exhibit thermally induced para-
magnetism. This phenomenon is well known for many
organic compounds.24—33 From Fig. 9 it follows that
the thermally induced paramagnetism is observed also
for chromenium ions, if other paramagnetic species
are absent in the compounds. An attempt to approximate
the experimental dependence by the classical formula

50 um

Fig. 8. Photographs of polycrystals of compounds 1 (a), 2 (b),
and 3 (c).
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for the triplet paramagnetism corrected for the para-
magnetic impurity

B N Ak
=4 S+ Vi —
" guB\/3+exp[ET/(kT)] e M

(g is the g factor, N, is Avogadro's number, & is the Boltz-
mann constant, and ET is the energy difference between
the triplet (S = 1) and singlet (S = 0) states of the chromene
molecule) showed that the theory is in qualitative agree-
ment with the experimental data (see Fig. 9, curve ).

However, we failed to obtain the exact approximation.
Presumably, this is associated with a substantial differ-
ence in the activation energies ET. Taking into account
the Gaussian energy distribution of the molecules, the
equation can be written as follows:26

4
beir (T) = ——EBE (2 ET k544N -

(T -Ty)"®
. exp{— JET JIk(T =T, )]} +e, )

where g = 2 and T, = 13 K is the constant that takes into
account the exchange and dipole-dipole interactions be-
tween the spins of chromenes. The approximation by
the latter formula more accurately describes the experi-
mental dependence, except for the low-temperature re-
gion (2—10 K), where the magnetic moment of the sam-
ple dramatically decreases and the accuracy of measure-
ments is very low. The activation energy calculated using
the approximation by Eq. (2) (ET = 0.016 eV) is typical of
low-lying excited states of organic molecules.25—33 Thus,
ionized chromene molecules exhibit thermally induced
paramagnetic states.

The investigation of the magnetic properties of poly-
crystals of 2 showed that hybrid compound 2 is paramag-

Hefr/Up

0 4 I I I I I
50 100 150 200 T/K

Fig. 9. Temperature dependence of the effective magnetic mo-
ment (W) of compound 1 in a constant magnetic field of the
intensity B =5 mT. The lines / and 2 represent the approxima-
tions by Eqgs (1) and (2), respectively (see the text).

netic. The temperature dependence of the effective mag-
netic moment ¢ and the dependence of the molar mag-
netic moment M on the external magnetic field B (at 7= 2 K)
are shown in Figs 10 and 11, respectively. At 2—5 K, the
effective magnetic moment is 3.89 up and is close to the
theoretical value p.g = g[S(S + 1)]'/2 = 3.87 uj calculated
for the non-interacting spins of Cr3* ions. The fact that at
2 K, only Cr3" ions make the contribution to the magnetic
moment is also evidenced by the approximation of the
magnetic field dependence of the magnetic moment by
the Brillouin function (see Fig. 11), from which the aver-
age spin was estimated as 3/2, i.e., this spin is equal to the
spin of Cr3* ion. An increase in the temperature up to
300 K is accompanied by a gradual increase in the effec-
tive magnetic moment (see Fig. 10), which is similar to
the dependence of . for compound 1 (¢f. Fig. 9). It is
reasonable to explain the increase in g With increasing
temperature by the contribution of the thermally induced
magnetism of the sublattice of the chromene molecules. It
should be noted that the increase in the magnetic moment
of the sample compared to the value determined for the
paramagnetic states of Mn?* and Cr3* ions is larger than
that expected for the triplet states. This can be associated
with the fact that the spin of the thermally excited mole-
cules exceeds S = 1. At low temperatures, the Cr3* sublat-
tice makes the major contribution to the magnetization.
Hence, it is impossible to determine the spin of chromene
molecules by the analysis of the Brillouin function. An-
other explanation is that the number of chromene mole-
cules per formula unit is larger than the calculated value
(for example, if these molecules are present as an impurity).

Complex 2 was used as the starting building block
for the preparation of bimetallic compound 3 with the
[CrMn(C,04)3]~ anion. The temperature dependence of
the effective magnetic moment of compound 3 shows

Hefr/Up

10

0 100 200 T/K

Fig. 10. Temperature dependence of the effective magnetic mo-
ment (U.) of compound 2 in a constant magnetic field of the
intensity B =1 T. The calculated effective magnetic moment of
Cr3* ions (S = 3/2) is indicated by a dashed line.
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M/ug

3

O 4 1 1 1 1 1
1 2 3 4 B/T

Fig. 11. Magnetic moment (M) of compound 2 versus the exter-
nal magnetic field B at 7T = 2 K. The solid line represents the
approximation by the Brillouin function with the spin S = 3/2.

a sharp decrease in p. in the low-temperature region
(2—10 K) and a gradual increase in p.gat temperatures up
to 300 K (Fig. 12). The high values of p;at low tempera-
tures indicate ferromagnetic interactions, which occur in
a two-dimensional network of metal oxalates between Cr3*
and Mn?" ions. To answer the question whether these
interactions lead to the ferromagnetic spin ordering in the
anion sublattice, we obtained the temperature dependen-

M/ug

0.15 o -
e/ Mp n a

[*)
0.10 F "gi .
6 En 0.05 °
8
9
8
;

N~ O~
N

N

Fig. 12. Temperature dependence of the effective magnetic mo-
ment (Ug) for sample 3 cooled in a field of the intensity B=1T (1)
and in the zero field (2), 1" and 2" are the corresponding depen-
dences after white light irradiation. The calculated effective mag-
netic moment for a system of paramagnetic Cr3* (S = 3/2) and
Mn2* (S = 5/2) ions is indicated by the horizontal dashed line;
the arrow corresponds to the contribution of the chromenium
cations. The low-temperature fragments of the plots of the mag-
netic moment M versus the temperature before (1, 2) and after
(I, 27) irradiation are shown in the insets.

ces of the effective magnetic moment of the sample in
a weak magnetic field (5 mT) under two different operat-
ing conditions: after cooling in the zero field and after
cooling in a field of 5 T (see the inset in Fig. 12). These
dependences were found to be identical at high tempera-
tures (10—300 K) and differ at low temperatures (2—10 K).
This difference proves the magnetic spin ordering, which
can be either ferromagnetic (parallel spins of Cr3* (S=3/2)
and Mn2* (S = 5/2) ions) or ferrimagnetic (antiparallel
spins of these ions). The measurements of the temperature
dependence of the spontaneous magnetization of the sam-
ple in the absence of a constant magnetic field (Fig. 13)
confirmed the magnetic ordering in the system. The sam-
ple was cooled in the zero magnetic field from 300 to 2 K.
Prior to the measurements, the magnetic field was not
applied to the sample. The magnetic moment cannot be
observed in paramagnetic samples with weak ferromag-
netic correlations at low temperatures in the zero magnet-
ic field and it directly proves the existence of the magneti-
cally ordered state. In addition, this dependence allows
the precise determination of the Curie temperature 7, = 3 K,
which is shifted to higher temperatures in non-zero fields,
being the increasing function of the magnetic field. In
a magnetic field of 5T, 7, = 15 K. The strong dependence
of T, on the magnetic field is characteristic of the two-
dimensional ferromagnetism. This is in good agreement
with the crystal structure of the compound under study, in
which the oxalate complexes form two-dimensional net-
works. However, the sensitivity of 7, to the magnetic field
strength can be attributed also to the fact that there is an
impurity of the spin-glass state with chaotic frozen orien-
tations of the spins.

It should be noted that the moments pq for the data
presented in Fig. 12 were calculated according to the for-
mula for a paramagnetic sample: p.; = [SMT/(vB)]'/2,
where M is the magnetic moment of the sample, v is the
amount of the compound, and B is the magnetic field

M/uy
0.015 |
0.010 |
0.005 |
O -
2 3 4 5 /K

Fig. 13. Temperature dependence of the spontaneous molar mag-
netization of sample 3 in the zero field.
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induction. In the case of ferromagnetic interactions, this
equation cannot be used, i.e., the vertical axis in Fig. 12
characterizes only the high-temperature part of the de-
pendence. Hence, the inset (see Fig. 12) gives M in Bohr
magnetons per unit cell (as is commonly used for ferro-
magnets). The low values of M are attributed to the fact
that the magnet is far from saturation in a magnetic field
of 5 mT (see below).

In attempting to obtain the hysteresis loop for M, we
observed a very weak coercive force (1.5 mT) comparable
with the residual magnetization field (1.1 mT) of the
SQUID magnetometer (Fig. 14). It should be noted that,
as opposed to the study,!! we did not observe an increase
in the coercive force and the saturation field after the ex-
posure of the crystal under white or UV light. However,
the magnetic field dependence substantially deviates from
the Brillouin function (¢f. Fig. 11). There are a sharp increase
in weak fields and a gradual approach to the saturation.
This may indicate that the powder contains magnetized
particles with the orientation of the easy magnetization
axis along the field direction, as well as particles in which
the easy magnetization axis is perpendicular to the field
direction. The saturation of the effective magnetic moment
was not achieved in the available magnetic field range. In
Fig. 14, the calculated moments p ¢ for the ferromagnetic
saturation (2 ug) and the antiferromagnetic saturation (8 pg)
are indicated by horizontal lines. It can be seen that M in
compound 3 is larger than 2 ug and tends to 8 pg in high
magnetic fields. This allows the identification of the mag-
netically ordered state as the ferromagnetism.

The magnetic field dependence can be interpreted in
another way. For example, it can be suggested that the
ferrimagnetic ordering occurs in the phase of compound
3, which leads to the rapid saturation already in weak
fields. A further increase in the magnetic field strength can

M/ug

2
5t

1
0

—0.1
-5 andl -10 0 B/mT

-5.0 -2.0 0 25 5.0 B/T

Fig. 14. Plot of the magnetic moment (M) versus the external
magnetic field strength B at T = 2 K. The calculated effective
magnetic moments of a ferrimagnet (/) and a ferromagnet (2).
The low-field part of the plot M(B) is shown in the inset.

lead to the so-called "para-process” resulting in the non-
collinear orientation of the spins. In our opinion, it is
difficult to experimentally confirm (or deny) this hypo-
thesis for powder samples based on the results of magnetic
measurements. Besides, the high-field part of the plot M(B)
is essentially nonlinear (except for the region consisting of
the last four points), and its contribution is significantly
higher than the expected ferrimagnetic moment. Hence,
the hypothesis about the ferrimagnetic state seems to be
less probable, although it cannot be completely ruled out
based on the results of our measurements.

The ferromagnetism is often observed in impurity clus-
ters and metallic inclusions and it makes a substantial
contribution to the magnetization of the samples. The
cluster magnetism is characterized by the strong frequen-
cy dependence of the magnetic susceptibility measured in
an alternating magnetic field. To elucidate the role of mag-
netic clusters, we obtained the temperature dependences
of the real (") and imaginary (y”) parts of the magnetic
susceptibility at frequencies of 1400 and 100 Hz (Fig. 15).

x /m3 mol~! a
2
1.0-10~ |
1
5.0-1075 |
O | 1 1 1
2 4 6 8 /K
x”/m3 mol~! b

5.0-10°

2.5-107°

2 4 6 8 T/K

Fig. 15. Temperature dependences of the real y~ (a) and imagi-
nary x” (b) parts of the dynamic (AC) magnetic susceptibili-
ty measured in an alternating magnetic field of the intensity
B=0.3mT at frequencies of 1400 (/) and 100 Hz (2).
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The positions of the maxima in these curves almost coin-
cide. This is characteristic of both spin-glass and ferro-
magnetic states, which cannot be distinguished based on
the available experimental data. In our experiments, the
existence of frustrated spin states and the appearance of
the spin-glass phase are also possible against the back-
ground of the magnetically ordered phase.

At first glance, the conclusions about the ferromagnet-
ic state of compound 3 at low temperatures are in contra-
diction with the high-temperature data (see Fig. 13). Gen-
erally, a minimum in the p.(7) curve, which is charac-
teristic of the ferrimagnetic state, is not observed for ferro-
magnets at 7 > T.. However, the data on the magnetic
moments at high temperatures cannot be accounted for
only by the ferrimagnetism because, in this case, p.gshould
tend to 7.07 pg at 300 K; the latter value is the theoretical-
ly calculated moment for a system consisting of two non-
interacting spins of Cr3* (S =3/2) and Mn2* (§=5/2) (see
Fig. 14, the horizontal dashed line). In our experiments, pg
in the paramagnetic phase tends to 10 ug at 300 K. There-
fore, the excessive value of g, which differs by 3 pg from
the calculated value at 7= 300 K, is not a consequence of
ferro- or ferrimagnetic correlations. This value can be attri-
buted to the contribution of one more magnetic subsystem
consisting of organic chromene molecules (see Fig. 10).

It seems not accidental that p g at the minimum of the
Wesr(T) curve at 5 K is equal to the calculated value p ¢ =
= 8lSci(Scr + 1) + Syn(Swn + DIV = 7.07 g (see
Fig. 12). At 10 K, the triplet paramagnetism of chromenes
is almost "frozen," whereas the ferromagnetic ordering does
not appear (T > T,). Hence, only weakly interacting Cr3t
and Mn2" ions contribute to p.g This accounts for the
value P = 7.07 pg at the minimum of the p (7) curve,
as well as for the presence of the minimum.

After the UV irradiation for 2 h using a light filter, the
Wesr(7) curves remain unchanged (they are not shown in
the figures). However, the white light irradiation using
a mercury lamp through a water filter leads to an increase
in the paramagnetic part of the u.(7) curve, whereas the
low-temperature part characterizing the ferromagnetic
state remains unchanged (see Fig. 12). In compound 2,
analogous photoinduced changes in the high-temperature
region are observed under UV light. This result is in good
agreement with the data on the ferromagnetic effect in
spiropyran iodides,24 for which analogous photoinduced
changes were observed in the high-temperature part of the
plot M(T). In spiropyran iodides, the photomagnetic ef-
fect is attributed to the generation of high-spin paramag-
netic centers under irradiation. These data suggest that the
photomagnetic effect in compound 3 has the same nature
as that in spiropyran iodides of the indoline series, i.e., the
increase in the magnetic moment is attributed to radiation
defects, which are accumulated after the photoexposure
regardless of whether the open or closed form of the mole-
cules is present in the crystals.

Therefore, the investigation of the molecular and crys-
tal structure of salt 1, which is used as the starting com-
pound in the synthesis of mono- and bimetallic complexes
2 and 3, showed that the Cg,—O bond length in the
chromenium cation of 1 is similar to that in photochromic
salts of spiropyrans of the indoline series, but the observed
crystal packing does not facilitate the isomerization of
molecule 1 in the solid state. In compound 1, no efficient
photochromic transformations occur, which is apparently
also associated with the absence of orbital n—o* interac-
tions in the chromenium cations.

Compound 1 is paramagnetic with the low-lying ther-
mally excited states of the chromene molecules. At low
temperatures (~2 K), the paramagnetic state is frozen,
and compound 1 exhibits diamagnetic properties.

Compound 2 is paramagnetic, Cr>* ions contribute to
the magnetic properties, and the additional magnetic mo-
ment associated with the thermally induced paramagnet-
ism of chromene molecules is observed at temperatures
above 2 K.

At high temperatures (3—300 K), the magnetic mo-
ment of compound 3 in the paramagnetic region consists
of the contributions of the paramagnetic Cr3* and Mn2*
ions and the contribution of the light-sensitive thermally
induced paramagnetic states of chromenes. At low tem-
peratures (2—3 K), the thermally induced magnetism of
organic molecules is frozen, and the ferro- or ferrimagnet-
ic ordering (and, presumably, the spin-glass state) is ob-
served in the two-dimensional sublattice of metal oxalates.
The magnetic state of compound 3 is insensitive to the
exposure of samples under white or UV light at low tem-
peratures.

Based on the above-considered results, possible ways
can be proposed to improve the methods for the synthesis
of photochromic magnets. To efficiently control the mag-
netic subsystem of metal spins, it is necessary that the
thermally induced spins of a photochromic subsystem be
not frozen at magnetic ordering temperatures. This can be
achieved either by increasing 7, for the anion subsystem
or by decreasing the activation energy of the triplet states
in the cation subsystem. The intersection of the tempera-
ture regions of the existence of the ferromagnetic ordering
and the thermally induced triplet states can lead to the
inclusion of the spins of photochromic molecules into fer-
romagnetic or antiferromagnetic interactions. In this case,
it would be expected that the photoinduced transforma-
tions of the structures of photochromic molecules would
efficiently influence the magnetic ordering.
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