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Sergey M. Aldoshin, Nataliya A. Sanina

Institute of Problems of Chemical Physics, Russian Academy of Sciences

prosp. Akademika Semenova 1, 142432 Chernogolovka, Moscow Region, Russian Federation

The review discusses theoretical and experimental approaches to the design of compounds which combine photochemically
active groups and magnetic species in the same crystal lattice and can serve as the basis for the development of novel materials
with specified properties and functions, including high-purity composites and nanomaterials. Data on the synthesis,
structures and magnetic properties of para- and ferromagnetic 3d metal tris(oxalate) complexes with various organic
photochromic cations are summarized. The assembly of the complexes to ordered nanostructures and polymer composites is

considered.
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1. Introduction

The functionalization of molecular systems in order to
impart two or more desired properties to new materials is
currently one of the hot topics in chemistry and physics of
new materials. A combination of different physical proper-
ties (superconductivity, magnetism, photochromism, non-
linear optical properties and so on) in the same crystal
lattice and possible synergistic effects can give rise to new
properties and lead to new applications in molecular elec-
tronics. The design of such compounds and related materi-
als will enable the control of one of the properties by
changing another property in response to external stimuli
(temperature, light, magnetic and electric fields depending
on the combination of the properties of the material). Such
multifunctional materials can serve as the basis for the
development of molecular spintronics. Despite the obvious
progress in this field, the formulation of principles for the
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design of multifunctional materials, the optimization of
their properties and the establishment of relevant struc-
ture — property relationships are still important issues to be
addressed in molecular materials science.

Therefore, a challenge is the crystal-chemical design of
materials which combine structural units responsible for
photochromic and magnetic properties in the same crystal
lattice. Photochromic systems are considered ! ~3 as promis-
ing materials for optical data recording and storage devi-
ces,* optical switches,>© transistors,”-® chemical sensors?
and so on.

Strategic approaches to the photomodulation of mag-
netic properties in hybrid molecular systems possessing
both the magnetic and optical properties were considered
for the first time in reviews.!%:!'! Based on the analysis of
experimental data, these approaches can be divided into two
groups: 1) the influence of the photochromic sublattice on
the bulk behaviour of molecule-based magnets and 2) the
photocontrol of intra- and intermolecular magnetic cou-
pling. The first approach is based on a combination of
different types of light-sensitive and magnetic units in the
same crystal lattice.!%-!! The second approach relies on the
creation of molecules containing fragments (or centres) with
unpaired spins and photochromic fragments.

In the framework of the second approach, photoinduced
charge-transfer phase transitions, changes in the spin state
of magnetic centres, photoswitching of intramolecular
exchange interactions between magnetic centres linked by
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a photochromic bridge, the generation of high-spin organic
molecules that form high-spin groups through intermolecu-
lar exchange interactions, ezc. are summarized in the men-
tioned reviews.!®!'! The development of these ideas and
analysis of experimental data were later considered in a
book.!?

This review presents the analysis of theoretical and
experimental data obtained during recent years in the
framework of the first approach, including the design of
new multifunctional hybrid compounds, which combine
magnetic and photochromic sublattices in the same crystal
lattice, and the creation of materials based on these com-
pounds. The development of such materials (polymer com-
posites and nanostructures) not only allows the
combination of several functions in the same lattice, which
is important for the reduction of the size of the element
basis in modern devices, but also enables the control and
variation of these properties through synergistic effects. The
available results suggest that new materials suitable for
various practical applications can be created by means of
the crystal-chemical design.

I1. Design of bifunctional systems with magnetic 3d
metal anions, bridging bidentate ligands and
photochromic cations

I1.1. Magnetic sublattice
Transition metal coordination polymers with various
ligands which have a layered or framework structure
required for magnetism are well known.'’ Bimetallic
tris(oxalate) complexes with the stoichiometry Ct*[M!-
M(ox);]-M"' =V, Cr, Mn, Fe, Co, Ni, Cu, Zn;
MU = Cr, Fe; ox = C,037) were synthesized and investi-
gated in detail. It was firmly established that the cations
Ct* =[R4E]" (E=N, P; R=Ph, Pr*, Bu®, n-CsHy;)
promote the formation of two-dimensional honeycomb
layered structures as the solid phase. First data on the
structures of bimetallic 3d metal tris(oxalates) of the com-
position [R4N][M"M(0x);3] (R = Bu®, etc.; M = Mn, Fe,
Co, Ni, Cu; M'""I' = Cr, Fe, Mn) were reported.!4~ 16
Complexes with these anions have properties typical of
ferro- (M = Cr) and ferrimagnets (M = Fe). The mag-
netic ordering is induced by exchange interactions between
oxalate-bridged metal ions. The Curie temperature (7¢) and
the parameters of the magnetic hysteresis loop are deter-
mined by both the size of the cation and the nature of
metals. Thus, complexes of the series [BujN][M!Cr!'(0x);]
are transformed into a ferromagnetic state at 7¢c < 14 K
[the maximum value corresponds to Ni!l; the minimum
value (6 K), to Mn'!]. The complexes [BuyN][M!""Fe!'l(0x)3]
(M! = Fe, Ni) exhibit ferromagnetic properties at temper-
atures <43 and 28 K, respectively. It was shown '7-20 that
the crystal structures of the systems of this type are
composed of bimetallic layers of hexagonal symmetry and
bulky organic tetraalkylammonium cations that are located
between these layers (Fig. 1). The replacement of a non-
functional organic cation with a functional cation can be
used to vary the properties of these magnets and create new
hybrid molecular materials with interesting properties
dependent on the nature of the cation. For example, the
intercalation of the ferrocenium cation between the layers of
the bimetallic network [M!M!"(0x);], (M'"! = Cr, Fe;
M! = Mn, Fe, Co, Ni, Cu) gave compounds that combine
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Figure 1. Fragment of the layer in the crystal structure of
[BuzN]* [Fe!'"Mn'(0x)5].2°
(a) Side view, (b) top view.

either ferromagnetic (for M = Cr) or antiferromagnetic
(for M = Fe) properties of the network and the para-
magnetic properties of the decamethylferrocenium cation
(CpsFe™).2! Crystalline materials that combine both mag-
netism and conductivity 2223 or have both magnetic and
nonlinear optical properties 2425 were prepared.

The search for bridging ligands and metal pairs provid-
ing the strongest metal—metal ferromagnetic exchange
interactions in such anions is still an important problem.
For example, due to the delocalized m-electron system, the
planar chloranilate dianion (ClAn?~) is of interest as a
possible mediator for exchange interactions between
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unpaired electrons of paramagnetic metal centres and can
be considered as a promising ligand for the design of new
molecule-based magnets. In the study,?® the first method
was proposed for the assembly of heterometallic coordina-
tion polymers with a two-dimensional honeycomb layered
structure composed of octahedral fragments [Fe(ClAn);]
by using divalent 3d  metals. The  complex
[Bu;N][MnFe(ClAn)s] is the first compound with chlorani-
late bridging ligands that undergoes transitioni to an anti-
ferromagnetic state at 7 > 2 K.

The authors of this review calculated the exchange
coupling constants (J) and analyzed the spin density dis-
tribution in the complex anions [Lle(m)LMZ(H)Lz]”*,
where L is a ligand [oxalate, oxamide (oxam), hydroxamate
(HA), dithiooxamide (diSox)], M! and M? are trivalent and
divalent 3d metals, respectively, and n is the charge of the
anion,?’” at the B3LYP/TZV level of theory using the
GAUSSIAN-03 program.?® It was shown that the strongest
exchange magnetic interaction of the required type in anion
layers of the magnetic sublattice is achieved by a combina-
tion of particular metal pairs and bridging ligands. The
calculations demonstrated that the complexes formed by
Cr' —Ni'l or Cr''' —Co!! pairs with dithiooxamide ligands
should have the highest J values (Table 1).

The differences of the calculated constants J from the
experimental values are within a few cm—1!. In these com-
plexes, the spin density is located almost entirely at the
metal atoms (Fig. 2): for the complexes containing the
Cr—Ni pair, >95% of the spin density is located at the
metal pair; for the complexes containing the Cr— Co pair,
this value is >97%. As can be seen in Fig. 2, the spin
density is almost absent at the atoms adjacent to the Cr
atom, whereas in complexes with the Ni atom, the spin
density is transferred to adjacent atoms.

Table 1. Spin populations [p(M)] at metal atoms in complexes con-
taining Cr — Co or Cr — Ni pairs and a bridging ligand, total changes in
the spin populations at the metal pair compared to their values for the
isolated cations {[A(p(M")+ A(p(M?)]} and the constants J.?7

Parameter of
the complex

Bridging ligand

diSox oxam ox HA
Pair Cr—Co
p(Cr) 3.209 3.073 3.046 3.009
p(Co) 2.687 2.794 2.792 2.812
[Ap(Cr) + Ap(Co)] 0.522 0.279 0.254 0.197
Jjem~! 8.92 7.01 5.09 3.13
Pair Cr—Ni
p(Cr) 3.210 3.074 3.045 3.008
p(Ni) 1.599 1.737 1.738 1.765
[Ap(Cr) + Ap(Co)] 0.611 0.337 0.307 0.243
Jjem~! 14.42 10.29 8.32 5.54
Note. The constants J were calculated from the equation

J = —(E[HS]— E[BS)/({(S?)us — (S?)Bs), where E is the total energy
of the state, HS is the high-spin state, BS is the broken-symmetry state,
and S'is the total spin.?® In the ORCA program, the exchange coupling
constants are calculated using equations derived from the analysis of
the spin-Hamiltonian H = —2J-Sa-Ss (Heisenberg—Dirac—van
Vleck model).
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Figure 2. Spin density distribution in the complex anion
[(0x)2Cr'M(0x)Nill(0x),]°~ exhibiting ferromagnetic exchange
interactions.?’

Investigations of the relationship between the exchange
coupling constant and the spin density distribution in
complexes that form a bimetallic network and the elucida-
tion of the mechanism of exchange interactions in the
complexes provide additional information required for the
control of exchange interactions in the resulting magnetic
sublattices.

As can be seen in Table 1, there is a correlation in the
changes in these values. Thus, an increase in the spin density
transfer from Co!! to Cr'"! is accompanied by an increase in
the constant J, i.e., the bridging ligand mediates the spin
density transfer from one metal atom to another. The spin
density is exchanged between the metal atoms. This fact
provides deeper insight into the nature of exchange inter-
actions in these complexes. The higher the degree of spin
density transfer from one metal to another, the larger the
exchange coupling constant between these atoms, i.e., the
magnetic properties become more pronounced with an
increase in the degree of spin density redistribution. In
turn, the degree of spin density transfer is apparently higher
in the cases, when the direction of unpaired-electron orbi-
tals coincides with the directions of the chemical bonds of
the bridging ligand. This is the case with the Ni atom, as
opposed to the Co atom, resulting in a higher degree of spin
density transfer and larger values of J.

Therefore, the above-considered data can be used for the
design of required magnetic sublattices of new multifunc-
tional compounds.

I1.2. Photochromic sublattice

Spiropyran halides SP* X~ (for example, the salts with the
SP* cations of types 1-3), chromene halides Chr*X—
(cations 4—6) and diarylethene halides DAE* X~ (cations
7 and 8) hold considerable promise for preparing crystals of
tris(oxalate) molecule-based magnets with photochromic
organic cations. Therefore, the synthesis of these com-
pounds and investigations of their structures and solid-
state photoactivity have attracted our considerable atten-
tion.3%-37 The features responsible for reversible photo-
chromic transformations of the cation sublattice of
spiropyran under the crystal packing conditions were
revealed by analyzing the molecular and crystal structures
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of different photochromic salts of spiro compounds with the
aim of their application in the synthesis of hybrid photo-
chromic para- and ferromagnets based on bimetallic
tris(oxalates).

It was shown that, as opposed to neutral spiropyrido-
pyran (SP) molecules, electrostatic interactions between the
X~ anion and the quaternary N* atom in the crystals of
their salt forms (SP*X~) hinder the packing of pyrido-
pyran moieties in stacks (Fig. 3). The indoline moieties are
arranged in stacks, whereas the pyridopyran moieties
together with X~ anions are loosely packed between the
stacks, thus enabling reversible photochromic transforma-
tions in the crystals. It was also found that the crystal
packing of the salts in independent of the size of the X~
anion, but it is highly sensitive to substituents in the indo-
line moiety. It was demonstrated that the cationic building
block, in which SP* exists in the closed form, can replace
nonfunctional cations located between magnetic anion
layers in bimetallic tris(oxalates).

By contrast, in crystals of halides, in which the cations
are in the open [merocyanine (MC)] form (MC*Cl™),
photochromic transformations were not observed under
stationary irradiation. In the crystal structure of

SP SP*X—

Figure 3. Schematic representation of the crystal packing of
neutral spiropyran (SP) molecules of the indoline series and the
related salt (SP*X—; X =1).3°
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MC*Cl~-3H,0 (MC™* = 2/, the open form of spiropyran
2 with R! = H, R? = NO,), the MC™* cations are planar and
are arranged in closely packed translationally related
stacks, while Cl~ anions and water molecules that form a
hydrogen bond network are located in channels between the
stacks (Fig. 4).

Structure 2’

The structure is additionally stabilized by electrostatic
interactions between the indolium N* atom and the phe-
nolate O~ atom (3.293 A), as well as between the quater-
nary N* atom of the pyridinium moiety and the Cl— anion
(3.872 A). This structure prevents the isomerization of the
open form into the closed one under irradiation in solid
state.

In the chromene cation, the C—O bond is also as
elongated as in spiropyrans. However, photochromic trans-
formations that take place in spiropyran salts are not

OW(2A)
%)

OW(2B) 4 X

Figure 4. Schematic representation of the crystal packing of the
salt MC*Cl—-3H,0 (MC* =2/).11
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Figure 5. Fragment of the crystal structure of the chromene salt
(Chr™ =4, X =1).%

The moieties involved in van der Waals and ionic interactions are
connected by dashed lines.

observed for chromene cations either in solid state or in
solution. The crystal structure of chromene iodide Chr*1—
(Chr* = 4) is shown in Fig. 5. It can be seen that the
organic cations are packed in blocks, and the I~ anions
are located in channels.?>

The chromene cations form columns along the b axis of
the unit cell. The distance between the cations is 9.504(2) A.
This could provide the favourable conditions for photo-
chemical transformations. However, in each cation the
phenyl substituent forms shortened contacts with the corre-
sponding ring in the cation from the adjacent column,
which limits the possibility of moving this part of the cation
during its rearrangement.?> The pyran moiety of each cation
is involved in Coulomb interactions with two 1~ anions,
and each anion is involved in electrostatic interactions with
the pyran moiety of the cation from the adjacent column.
This results in the formation of associates in the crystal
structure. Assuming that the absence of photochromic
transformations is associated only with the crystal structure
of this compound, the revealed features of this structure can
be considered as responsible for the impossibility of the
existence of the open form of chromene in solid state.

The isomerization of iodides of chromene and quinoline
spiropyran from the closed to the open form in the ground
state was compared by quantum chemical methods 3® with
full geometry optimization of both forms of these com-
pounds at the B3LYP/6-31G level of theory using the
GAUSSIAN-03 program.?> According to the results of
calculations, the closed form of chromene iodide is thermo-
dynamically more stable. The total energy of this form is
~3.2 kcal mol—! lower than that of the open form. For
quinoline spiropyran 3 (R = Me), the situation is opposite.
Thus, the open form is thermodynamically more stable; the
total energy of this form is ~4.1 kcal mol—! lower than
that of the closed form.

Photochromic diarylethenes and their salt forms are of
considerable interest in practical applications. For instance,
2,3-diarylcyclopenten-2-en-1-ones and their salt forms,
which are representatives of a new family of photochromic

diarylethenes, were recently synthesized, and their spectro-
scopic properties were studied in detail; these compounds
have considerable potential for improvement of the func-
tioning of photochromic molecules as molecular
switches.36-37

The photochromic ring closure in diarylethene 8 [Het is
pyridine (Py)] was studied by femtosecond laser spectro-
scopy.’® The absorption spectra of intermediate excited
states were recorded in a broad delay time range (up to
500 ps). It was found that the characteristic time of tran-
sition from the initial electron-excited state to an intermedi-
ate state is ~ 180 fs. The kinetics of this transition is
characterized by a coherent wave packet with an oscillation
period of ~80 fs, which is quenched within ~200 fs. The
kinetic scheme was proposed for transitions from the initial
excited state to the final product — a closed-ring isomer.
Considerable changes in the intermediate spectra were
observed on the time scale from 2 to 500 ps. It was
hypothesized that these picosecond processes are controlled
by conformational transitions.

It should be noted that diarylethene salts were not as yet
isolated as single crystals. In our opinion, synthetic chemists
should focus their efforts on the preparation of such
systems. An analysis of the data published in the literature
on the synthesis of diarylethene salts in a polycrystalline
state and their physicochemical characteristics in solution
and solid state suggests that these salts can serve as more
efficient building blocks in the design of photomagnetic
systems compared to photochromic salts with cations of the
spirocyclic series. These salts may by of practical interest as
a photochromic sublattice in molecule-based magnets for
the construction of photochromic optical switches having
high thermal and photochemical stability and, which is
particularly interesting, as media for the development of
superfast switching devices.

I11. Synthesis, structures and properties of para-
and ferromagnetic crystals with photochromic
cations of the spirocyclic series

Although quite a few salts (mainly, mineral acid salts) of
organic photochromes were synthesized in the past years,
there is a limited number of hybrid structures based on these
compounds.

Photochromic oxalate ferromagnetic materials were
synthesized in two steps, with the first step being the
preparation of intermediate photochromic paramagnetic
tris(oxalates) of the appropriate 3d metal (M! in Scheme 1),
generally Cr''' or Fe!ll. The structures and properties of
these compounds are also of interest and were studied in
detail.

Scheme 1

[Ml(lll)(ox)B]S— MZ(II)c12
SPtX- —> (SP+)3[M1(III)(OX)3]3— _—

> (SP+)[MI(III)M2(II)(OX)3]—

For instance, the structural data for the oxalatochro-
mate salt — l-isopropyl-3,3,5,6'-tetramethylspiro[indoline-
2,2'-[2H]pyranol[3,2-b]pyridinium] tris(oxalato)chroma-
te(111) {see Scheme 1, SPt =1 (R = Me),
(SP *)3[Cr(ox)3]>~} — were obtained.?®

The crystal structure of this anhydrous salt is composed
of the structural units [3SP* -~-Cr(0x)§7], in which the
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Figure 6. Crystal structure of the paramagnetic salt (SP*);[Cr(0x)3]*~ (a) and its
photochemical properties: changes in the absorption spectra as a function of

irradiation time under UV light (b).3°
The inset shows the difference absorption spectra under UV light irradiation.

spiropyran molecules are in the closed SP* form, the
positively charged pyridopyran moieties pointing towards
the oxalate groups, whereas the indoline moieties pointing
towards the voids between the structural units. This struc-
ture (Fig. 6 @) proved to be favourable for photochromic
transformations in crystals. Like in the salt SP*X—, fast
reversible photochromic transformations occur in the crys-
tals of (SP*)3[Cr(ox);]*~ . These transformations involve
the generation of the MC* form (Amax = 574 and 603 nm)
under UV irradiation and the reverse cyclization under
visible light irradiation. The irradiated crystals exhibit a
slow colour fading in the dark (see Fig. 6 b).

The authors of this review synthesized for the first time
single crystals of spiro[1,3,3,7'-tetramethylindolino-2,3'-3 H-
pyrano[3,2-f]quinolinium] tris(oxalato)chromate(Ill) [see
Scheme 1, SP* =3 (R = Me¢)],*° in which the cation
exists in the open MC* form 3 (Scheme 2),
(MC ")3[Cr(ox)3]*~ - 13 H,0, although it is in the closed
(SP™) form in the starting iodide.?* It was found that the
MC™ cations in the cation layer of the complex are parallel
to each other and form a close packing, and the anion layer
is composed of oxalatochromate anions and water mole-
cules linked together by hydrogen bonds (Fig. 7). This
compound does not exhibit photochromic properties char-
acteristic of salts of cationic spiropyrans since spiropyrans
loss photochemical activity in this packing.

Scheme 2

The SQUID (Superconducting Quantum Interference
Device) magnetometry showed that the paramagnetic
tris(oxalato)chromate anions exist as a mixture of states
with spins S = 1 and S = 3/2. It should be noted that the
anions in the (SP*)3;[Cr(ox);]®~ structure containing the
cation in the closed SP* form are in the S =1 state,
whereas the anions in the (MC™");[Cr(ox)s;]*~-13H,0

structure containing the cation in the open MC™* form
exist predominantly in the S = 3/2 state.*® The UV irradi-
ation of both salts is accompanied by an irreversible change
in exchange interactions and the average spin value. In the
salt with the MC™ cation, the average spin decreases from
the initial value 3/2 to 1 (the average spin increases from 1
to 3/2 in the salt with the SP™* cation), and a crossover from
antiferromagnetic to ferromagnetic exchange correlations is
observed (vice versa in the salt with the SP* cation). This is
evidence that the structures of the salt and the isomeric form
of the cation have a substantial effect on the magnetic
properties of the compound.

The paramagnetic compounds with the [MM(ox);]*~
anion, where M = Cr3*, Mn3 ", Fe? ", Co3", were isolated
in the solid state. These compounds contain spiro cation
SP* 2 (R! = R2 = H), which does not exhibit photochrom-
ism in the solid state. As opposed to the salts studied earlier,
bromide of this spiropyran does not form a crystal structure
favourable for photochromic transformations. The benzo-
pyran moieties responsible for photochromic transforma-

Figure 7. Crystal structure of the salt (MC ™ )3[Cr(0x)3]>~ - 13 H,0O
(MC+ = 3/).40




S.M.Aldoshin, N.A.Sanina  Russ. Chem. Rev.,2016, 85 (11) 1185-1197

1191

tions are located in the loosely packed part of the structure.
The SP* cations in the structural blocks are closely packed.
The Br— ions and water molecules are located between the
stacks and are involved in a hydrogen bond system. There
are also pyridinium moieties in the space between the
stacks. The N*---Br— distance is 3.57 A (Fig. 8).4!

In all tris(oxalate) complexes with this spiro cation, no
changes in the magnetic moment (M) were observed under
UV irradiation (except for the complex with M = Fe3*
after its irradiation for 5 h). The average value of the spin
(5/2) and a 2% decrease in the amount of magnetic species
under irradiation were determined from the approximation
of the magnetic field dependence of the magnetic moment of
the sample by the Brillouin function. The magnetic moment
hysteresis before and after irradiation was absent. Appa-
rently, a decrease in the magnetic moment of the sample
with Fe3* observed under UV irradiation is attributed to
the side reduction of Fe3* to Fe?*.

Paramagnetic Mn3* complexes have the d* configura-
tion with § = 2. Their ESR spectra show a characteristic
single asymmetric line (g = 2.0046). The double integration
of the ESR spectra provided an estimate of the magnetic
susceptibility (y). An analysis of the plots of yT versus T
compared with that for KsMn(ox);-3 H>O demonstrated
that the replacement of the inorganic cation in the starting
compound with the organic SP* cation results in a cross-
over from antiferromagnetic to ferromagnetic correlations
in the complex (SP*);[Mn(ox)3]*~ -4 H>O.

M (cgs emu mol—1)

1.5 x 10*

1.0 x 10*

5.0x 103

10 20 30 40 H kE

Figure 9. Dependence of the magnetic moment (M) of the com-
plex (Chr);3[Cr(ox)3;]?~ -3 H20 (Chr™ = 4) on the external mag-
netic field strength at 2 K.3°

The solid line represents the approximation by the Brillouin
function with spin S = 3/2.

Tris(oxalato)chromate(11l) with the chromene cation 4
also exhibits paramagnetic behaviour (Fig. 9). At 2—-5 K,
the effective magnetic moment is 3.89 pg. This value is
almost equal to the theoretical value
Lerr = g[S(S + 1)]'/2 = 3.87 pp calculated for noninteracting
spins of Cr3* ions. The fact that only Cr3* ions contribute
to the magnetic properties at 2 K is also evidenced by the
approximation of the field dependence of the magnetic
moment by the Brillouin function, according to which the
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Figure 8. Fragment of the crystal packing of the nonphotochro-
mic spiropyran salt SP™Br—-H,O (SP* = 2; R! = R2 = H).4!
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Figure 10. Temperature dependence of the effective magnetic
moment of the complexes (DAE*);[Cr(ox);]>~ -3H,0 in a sta-
tionary magnetic field H = 1000 Oe before (/) and after (2) UV
irradiation.
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presented at the conference 4?).
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average spin is 3/2, i.e., this spin is equal to the spin of Cr3*
ions.

A similar situation was observed for tris(oxalato)chro-
mates(I11) with different diarylethene cations DAE™
(Fig. 10).

Therefore, we developed approaches to the synthesis of
new functional structural blocks, such as photochromic
paramagnetic 3d metal tris(oxalates), and performed spec-
troscopic-kinetic and magnetometric studies aimed at the
use of these compounds for the design of bimetallic photo-
active ferromagnetic systems (crystals, nanostructures and
polymer composites).

Numerous attempts to synthesize single crystals of
ferromagnets with photochromic organic cations have
failed.

Bénard et al.?* 4344 were the first to synthesize powders
of ferromagnetic tris(oxalates) with photochromic spiropyr-
ans by the interacalation of photochromes into the magnetic
lattice of bimetallic tris(oxalates) (Scheme 3).

Scheme 3

[Mn"Cri(ox)s] | [Mn"Cri(ox)s] |

uv
visible
light
[Mn''Cril(ox)s] | [Mn!'Cr'l(ox)s] |
Closed spiropyran form (SP™*) Open merocyanine
form (MC™)
Ax10-3
x 10 50 min A
0.60
60
0.40
o
£
0.20 -
40
0
400 600 800
Wavelength /nm
20
0 j//
1 1 1 1 1

400 500 600 700 800 900
Wavelength /nm

Figure 11. Reversible photochromic transformations of the bifunc-
tional system  SP*[Cr'Mn!'(ox);]- (SP* =2; R!=Cl,
R? = NO,) before and after irradiation with UV light (337 nm).
The irradiation was performed at 298 K.4¢

The inset shows the changes in the electronic absorption spectra of
the polycrystalline sample under visible light irradiation.

Under UV light irradiation, the initial spiropyran (SP™)
form is transformed into the merocyanine form (MC™),
whereas the visible light irradiation induces the reverse
process. The open MC™* form in the iodide SP*I— is
thermodynamically unstable and relaxes to the initial state,
whereas both forms proved to be stable in the hybrid
compound. Apparently, interactions between the anion
layer and the organic cation increase the energy barrier
between the SP* and MC™ forms. At 7Tc = 5.5 K, the
complex undergoes a transition to a ferromagnetic state.
Although the transition temperature remains the same, a
considerable change in the shape of the magnetic hysteresis
loop is observed after UV light irradiation (355 nm), which
causes the transformation of the initially soft magnet into
the hard magnetic state. This process is irreversible and is
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Figure 12. (¢) Temperature dependences of the effective magnetic
moment (/) and the inverse magnetic susceptibility (2) for
(SP)[CrMn(ox)s]~ (SP* =2; R! = H, R? = NO») in the range
of 5-300 K; (b) the field dependence of the magnetization of
(SP")[CrMn(ox)3]~ at 2K.*°

The insets show the dependence ¢(7') in a weak magnetic field (I)
and the hysteresis loop (II).
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attributed to the formation of structural defects in the anion
lattice caused by the isomerization of the cation.

Polycrystalline ferromagnets with photochromic cations
SP* =2 (R! = H, Cl; R? = NO;) have been synthesized
and characterized.*>#® The reaction mixture was continu-
ously irradiated with light at 4 > 500 nm in order to shift
the equilibrium between two forms in polar solvents
towards the closed form. The resulting salts with the
bimetallic tris(oxalate) anions [Cr!'" Mn'!(0x)3]—, like hal-
ides of the starting spiropyrans, exhibit reversible photo-
chromic properties in the solid state (Fig. 11). It should be
noted that these changes are apparently associated with
reactions on the surface. Both forms are present in the
samples under study before irradiation and undergo inter-
conversions under UV irradiation. The rate at which the
equilibrium is achieved in the dark is negligible
(k=10"6—10"7s—1).

Both compounds are ferromagnets with 7Tc=x 5K
(Fig. 12). The value of uerr at 300 K (~7 pp) is in good
agreement with the value calculated for weakly interacting
Mn and Cr''! ions (7.07 pg, g = 2). The field dependence
of the magnetization at 2 K shows a hysteresis (see
Fig. 125, inset II). The saturation of the magnetization is
achieved at ~10000 (E and is 6.8—7.0 pg. This saturation
is lower than the value expected for the eight-spin config-
uration of Cr'™™n!! (3+5 = 8). The coercive force in the
compounds varies from 30 to 80 (E and apparently depends
on their crystal structure. However, as opposed to photo-
chromic magnets,*' there is no significant influence of
photochromic transformations of SP* 2 (R!=H, CJ
R2 = NO;) on the rigidity of the magnetic sublattice in
these compounds. Apparently, this is attributed to the fact
that spirocyclic pyridopyrans 1 (R = Me) contain the qua-
ternary N* atom in the m-conjugated part of SP™ respon-
sible for photochromic transformations, whereas the N+
atom in benzopyran cations 2 is located in the side chain of
the substituent.

Therefore, crystalline hybrid structures were prepared
for the first time from the specially synthesized salts of
organic photochromes (spiropyrans, chromenes, dihetaryl-
ethenes) and magnetic networks [para- and ferromagnetic
transition metal tris(oxalates)], and their properties in solid
state, including under irradiation, were studied.

IV. Synthesis and properties of materials based on
photochromic 3d metal tris(oxalates)

IV.1. Ordered nanostructures

The assembly of nanoobjects to a system of interacting
elements, which can be controlled by external factors and
which are compatible with the element basis of optoelec-
tronic devices, is one of key fields in nanoindustry.*’ The
design of powdered nanostructures has attracted consider-
able attention and begun to bear fruit. It was shown that the
nanostructuring results in a substantial change in the
physical properties of organic and metal-organic materi-
als.*%:4% However, the actual application of nanosized multi-
functional materials is possible if they are arranged in
ordered structures. It should be noted that 3d metal com-
plexes with photochromic cations offer the following advan-
tages over known compounds possessing photocontrolled
magnetism: 1) the magnetic moment can be reversibly
changed at room temperature under light irradiation;
2) the magnetic moment is changed by a large amount

MnCl, ' v

K;[Fe(ox)s]

Figure 13. Scheme of the synthesis of micro- and nanocrystals of
(SPH)[Fe"Mn!!(0x)3]~ (SP* = 2; R! = H, R? = NO,).#7

(50% —100%) under light irradiation; 3) these materials
are convenient for nanostructuring — the construction of
nanofilms, which can be considered as a technology project
for the creation of nanochips with photocontrolled mag-
netic elements and other high-tech devices.

First results providing evidence that nanomatrices can
be filled with photochromic spiropyran molecules were
obtained earlier by researchers’-5! who revealed some
specific effects caused by nanostructuring (optically switch-
able luminescence, photocontrolled nanovalves that control
the transport of solvent molecules through nanopores and
photoswitching of electrical conductivity). All these results
indicate that the nanostructuring of photomagnetic multi-
functional compounds can also bring about new physical
effects.

The compound (SP")[Fe'""Mn'!(0ox)3]~ with photochro-
mic cation 2 (R! = H, R? = NO,) was used as a sample with
the expected photomagnetic effect for the purpose of creat-
ing an array of nanostructures that meet the above-men-
tioned requirements. Nanocrystals were synthesized in an
anodized aluminium oxide (AAO) membrane with a pore
diameter of 20 nm under continuous UV irradiation
(Fig. 13).

The magnetic properties of microcrystals were similar to
those described previously. The temperature dependence of
the product of the magnetic moment of the sample (M) and

Mn2* (S = 5/2) + Fe** (S = 5/2)

1.5%x10°

1.0 x 10°

T (cgs emu K mol—1)

5.0x10*

M

0 1 1 1 1
0 50 100 150 200 250 T/K

Figure 14. Temperature dependences of the product of the mag-
netic moment and the temperature (M- T) for nano- (/) and
microcrystals (2) of the compound (SP*)[Fe'""Mn'!(ox)s]~
(SP* =2; R! = H, R? = NO,).¥

Measurements were performed in a field H = 20 k(E.
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Figure 15. Plot of the magnetic moment (M) versus the external
field (H) at 2 K in nanocrystals (/) and microcrystals (2) of the
compound (SPH)[Fe"Mn!!(0x)3]~ (SP* =2, R!=H,
R2 = NOQ).47

The mutual orientation of the spins of the Fe3* and Mn?* ions in
collinear and noncollinear antiferromagnets is indicated.

the temperature shows a transition to an antiferromagnetic
state at 30—50 K (Fig. 14). The value of M- T, which is
proportional to the square of the effective magnetic
moment, strongly deviates towards smaller values compared
to a constant value that would be expected of a para-
magnetic material. The existence of a long-range antiferro-
magnetic order is evidenced by the dependence of the
magnetic moment of the sample (M) on the magnetic field
(H) (Fig. 15). This plot has an inflection point at
H. = 8 k(E characteristic of spin-flop transitions in noncol-
linear antiferromagnets. The shape of the plot M(H) is
substantially different from the Brillouin function expected
for the paramagnetic state of the material. The inflection
point in the plot M(H) is a typical sign of a noncollinear
(spin-canted) antiferromagnet, in which the Dzyaloshin-
skii—Moriya interaction gives rise to the magnetization
perpendicular to two-dimensional oxalate networks.

The dependences M- T(T) and M(H ) for nanowires are
essentially different (see Figs 14 and 15) from those for
microcrystalline samples. The temperature dependence of
M - T shows a smooth maximum at 70— 100 K. The decay of
M - T, which attests to the transition to an antiferromagnetic
state, occurs at lower temperatures (~ 20 K, see Fig. 14).
The dependence of the magnetic moment of a nanostruc-
tured sample degenerates to a straight line (see Fig. 15)
because the inflection point observed for a microcrystalline
sample at H. = 8 k(E disappears. Since the transition from
microcrystals to nanosized samples leads to a change in the
magnetic properties, it can be suggested that the sizes of
nanostructures were smaller than the characteristic lengths
essential for a long-range magnetic order. This, in turn, can
lead to the artificial assignment of the principal axis of the
magnet along nanowires and to the suppression of the
noncollinear component of the magnetization. Earlier, it
was demonstrated 5233 that two phases with a collinear and
noncollinear spin order coexist in two-dimensional net-
works of iron and manganese oxalates. Apparently, the
limitation of the nanowire diameter in our experiments
results in the preferential growth of the collinear phase

and the suppression of the phase exhibiting noncollinearity.
This is evidenced by the absence of an inflection point in the
plot of the magnetic moment versus the field (see Fig. 15).
Besides, this point of view is supported by a sharper
temperature transition to an antiferromagnetic state near
30 K in nanocrystals compared with the diffuse transition in
microcrystals associated with the coexistence of two phases
(see Fig. 14).

Therefore, the effors led to the fabriaction of the
previously unavailable ordered arrays of nanowires of
photochromic antiferromagnetic materials based on 3d
metal tris(oxalates) and spiropyrans of the indoline series,
which are incorporated into pores of anodized aluminium
oxide with a diameter of 20 nm. A change in the magnetic
properties of the resulting materials due to their nano-
structuring was observed. It was demonstrated that the
nanostructuring leads to the suppression of a noncollinear
spin ordering, thus transforming a noncollinear antiferro-
magnet into a uniaxial antiferromagnet.

IV.2. Polymer composites

In recent years, the construction of photochromic polymer
materials has attracted considerable attention.’?-34-55 The
methodology developed by the authors of this review for the
synthesis of photochromic polymer magnetic compositions
relies on the incorporation of photochromic metal-organic
compounds into a polymer matrix, as well as on the control
and modification of their properties in order to achieve
synergistic effects.

As shown above, various photomagnetic effects are
observed in crystals of photochromic magnets. These effects
are associated with the light effect on the coercive
force,*3-56-57 the electron redistribution between the organic
photochromic and inorganic magnetic subsystems >® and so
on.

Homogeneous polyvinylpyrrolidone (PVP) composites
incorporating paramagnetic 3d metal tris(oxalate) com-
plexes with photochromic spiropyran of the indoline series
3 (R = Me) bearing a quinoline moiety were synthesized for
the first time. The photochemical characteristics and mag-
netic properties of these compounds were studied by
SQUID magnetometry. The ESR spectra were found to be
changed under UV irradiation in polymer PVP films incor-
porating a photochromic paramagnet.>®

Specially synthesized highly branched polystyrene was
also used as a polymer matrix. This polymer simultaneously
stabilizes a 10 mass % suspension of particles of
the photochromic ferromagnetic material
(SPH)[Cr'"Mn(0x)3]~ -H20 (SP* =1, R = Me) (authors’
data presented at the conference).®® A suspension of a
ferromagnetic powder in a toluene solution of polystyrene
was sonicated and placed onto a fluoroplastic substrate with
a specified geometry, the solvent was removed and the films
were kept at 40 °C to a constant weight. A micrograph of
the composite is shown in Fig. 16a. It can be seen that
ferromagnetic particles are uniformly distributed in the
film. However, inclusions of large particles are observed
despite the fact that the ferromagnetic powder has been
preliminary ground.

The micrographs and results of energy-dispersive X-ray
spectral (EDX) analysis (see Fig. 16 b) of polystyrene films
containing a photochromic ferromagnetic material confirm
the presence of elongated particles at a high accelerating
voltage (14 kV) and a depth of penetration of 4—6 pm. The
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Figure 16. Micrograph (@) and results of energy-dispersive X-ray
spectral analysis (b) of the polymer composite with the ferromag-
netic material (SP*)[Cr'"™Mn"(0x);]~ -H>O (SP* =1, R = Me).%®°

particle size was 0.5—2 pm in length and up to 0.5-0.6 pm
in width.0

The energy-dispersive X-ray spectral analysis, studies of
the photochemical activity of the synthesized polymer
composite and investigations of its magnetic characteristics
in a wide temperature range by SQUID magnetometry
(Figs. 17—20) (authors’ data presented at the conference) ¢!

1

400 500 600 700

A /nm

Figure 17. Absorption spectra of a highly branched polystyrene
composite containing 10 mass % of particles of the photochromic
ferromagnetic material (SP*)[Cr!""Mn'!(0x);]~ - H>O with the pho-
tochromic cation SP* =1 (R = Me) before (/) and after (2) UV
light irradiation (355 nm) for 2 min.%°

The absorption maximum of the coloured form is 564 nm.
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Figure 18. Temperature dependence of the effective magnetic
moment of a highly branched polystyrene composite containing
10 mass % of particles of the photochromic ferromagnetic material
(SPH)[Cr'"™Mn'!(0x)3]~ *H>0 (SP* = 1, R = Me).0!

The inset shows the 2—25 K range of the plot on an enlarged scale.

demonstrated that homogeneous polymer composites of
highly branched polystyrene incorporating particles of a
photochromic ferromagnetic material exhibit properties of
the starting crystalline sample of the complex.

The resulting composite of highly branched polystyrene
containing 10 mass % of particles of the photochromic
ferromagnetic material (SP)[Cr''Mn'(0x);]~ - H,O with
the photochromic cation SP* =1 (R = Me) displays pho-
tochromic  properties characteristic of  spiropyran
salts.32-38.60 Under UV irradiation, the equilibrium is
shifted towards the open form, whereas the reverse process
occurs under visible light irradiation. Figure 17 presents the
absorption spectra of a polymer sample containing
10 mass % of the complex before and after UV irradiation.
The spectra show an absorption band of the open form at
520—-630 nm with a maximum at 564 nm, which is consis-
tent with the spectroscopic characteristics of the coloured
form of this cation in the iodide® and monometallic
oxalatochromate.3¢

The temperature dependence of the effective magnetic
moment of highly branched polystyrene containing
10 mass % of particles of the photochromic ferromagnetic
material (SP")[Cr'"™n!'(0ox)3;]~ -H20 (SP* =1, R = Me)
is shown in Fig. 18. At temperatures > 50 K, the effective
magnetic moment is almost constant and is very close to the
theoretical value of 7.09 pg for a system of noninteracting
spins Scr = 3/2 and Smn = 5/2. An increase in the effective
magnetic moment of the composite is observed as the
temperature decreases below 50 K and it reaches the max-
imum value at 7= 5 K.

The field dependence of the magnetic moment at
T =2 K is shown in Fig. 19. It can be seen that the plot
for the composite reaches the saturation at fields > 10 k(E.
At a saturation, the magnetic moment is 8 pg. However, the
residual magnetization per structural unit of the complex is
2 up. The high value of the residual magnetization is
apparently attributed to the presence of large ferromagnetic
inclusions in the sample. A wide size distribution of gran-
ules of the complex is one of the factors responsible for a
complex shape of the hysteresis loop. Since the coercive
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Figure 19. Field dependence of the magnetic moment of a highly
branched polystyrene composite containing 10 mass % of particles
of the photochromic ferromagnetic material
(SPH)[Cr'""Mn"(0x)3;]~ -H20 (SP* =1, R = Me) at T = 2 K.°!
The inset shows a hysteresis loop.
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Figure 20. Magnetic hysteresis loop of a highly branched polystyr-
ene composite containing 10 mass % of particles of the photo-
chromic ferromagnetic material (SP™)[Cr'Mn!!(0x);]~ - H.O
(SP* =1, R = Me) at T =2 K (empty points) and its decomposi-
tion (thin solid line) into the sum of two components / and 2.!

force of an individual inclusion depends on its size, the
presence of ‘large’ ferromagnetic inclusions among a large
amount of ‘small’ dispersed particles results in an integrated
character of the hysteresis loop of the magnetization of the
sample. The decomposition of the magnetic hysteresis loop
is shown in Fig. 20. The hysteresis loop with a smaller value
of the coercive force corresponds to dispersed particles of
the complex, whereas the magnetic hysteresis loop with
larger coercive force corresponds to ‘larger’ ferromagnetic
inclusions.

Therefore, the conditions were found for the fabrication
of branched polystyrenes with a high percentage of a highly
branched fraction having a low intrinsic viscosity. These
conditions are suitable for the preparation of moderately
viscous highly concentrated solutions of high-molecular-
weight polystyrene. It was demonstrated that the use of
highly branched polystyrene allows the preparation of time-
stable dispersions of particles of 3d metal tris(oxalate)

complexes and application of the latter for the formation
of polymer films with a uniform particle distribution in the
bulk. The properties of the first polymer composites of
highly branched polystyrene and nanomaterials containing
hybrid systems — molecule-based magnets with a photo-
chromic sublattice — were investigated. This provides
opportunities for applications of the above-described pro-
cedure for the insertion of other classes of molecule-based
magnets, including single-molecule magnets, into a polymer
(or inorganic nanosized) matrix with the aim of developing
innovative materials for miniature high-density data storage
molecular devices, as information media in quantum com-
puters, spintronics and so on.

* * *

Photochromic compounds hold a key place in scientific
research aimed at developing new functional materials,
including light filters, molecular switches, chemosensors
and 3D optical memory devices. Based on systematic studies
of the structural features and properties of individual
building blocks, such as photochromic and magnetic, it
was shown that different cations of the spirocyclic series,
as well as dihetarylethenes and anions of para- and ferro-
magnetic transition metal tris(oxalates), can be combined in
the same crystal lattice. Such materials as hybrid photo-
chromic materials, which were synthesized by the authors of
this review and then structurally characterized by IR, UV
and NMR spectroscopy and X-ray diffraction, were dem-
onstrated to be convenient starting substances for the
nanostructuring — the construction of nanofilms and nano-
wires as ordered ensembles of nanoelements.

We would like to thank our colleagues, who have
participated in our research, the results of which are
summarized in the present review. This review was written
with the financial support of the Presidium of the Russian
Academy of Sciences within the framework of the pro-
gramme ‘Fundamentals for Basic Research of Nanotech-
nology and Nanomaterials’.
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