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Abstract—The spin state of the previously described iron(II) clathrochelate in two photopolymer composi-
tions for 3D printing is studied for the first time by ultraviolet−visible (UV−Vis) spectroscopy. The photopoly-
mer compositions are shown to favor the temperature-induced spin transition that becomes sharper than that
in solutions or in crystalline films of this complex. A possibility of preparing objects of complicated shape and
internal geometry using photopolymer 3D printing from the compositions containing compounds with spin
transitions provides broad prospects for their use in devices of soft robotics, for example, as actuators.
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INTRODUCTION
Some complexes of transition metals with the d4–

d7 electronic configuration can exist in two spin states
and can be switched between them under the applica-
tion of an appropriate external stimulus (e.g., tem-
perature or pressure) [1]. A similar spin transition is
accompanied by significant changes in the magnetic,
optical, mechanical, and other properties of these
compounds, which allows one to manufacture from
them various devices and materials [2, 3], including
sensors [4], and elements in devices of molecular spin-
tronics [5] and soft robotics [6] have been produced
since recently. In the last case, the corresponding
compounds (as a rule, metal-organic frameworks [7,
8]) that undergo the spin transition in bulky crystalline
samples are introduced in a polymer composite thus
providing a possibility of forming materials and even
units of required shapes and sizes [6]. These compos-
ites are widely used, for instance, for the preparation of
functional layers of storage devices [7] or generators
and actuators for soft robotics devices [9], including
using photopolymer 3D printing [10]. As other meth-
ods of 3D printing [11], the latter implies the repro-
duction of a digital model by the layer-to-layer extru-
sion of the polymer material [12], namely, the photo-
sensitive resin [13]. Owing to the use of the resin for
the layer-to-layer polymerization of projectors with a

high resolution, photopolymer 3D printing makes it
possible to produce objects with a high spatial resolu-
tion. In particular, the light-cured resin is actively used
for the production of functional objects for catalysis
[14], medicine [15], gas adsorption and storage [16],
and other practically important applications [17].

One of the classes of compounds undergoing the
temperature-induced spin transition [18, 19] is formed
by macrobicyclic tris(dioximate) cell complexes
(clathrochelates [20]) of cobalt(II). In addition to high
thermal and chemical stabilities, these compounds are
characterized by a simple synthesis and broad possibil-
ities of chemical modification (at two apical and four
ribbed positions of the cell ligand) that make it possi-
ble to control their magnetic properties [21] using
molecular design. In particular, this allowed us to syn-
thesize the first iron(II) clathrochelate (I) (Scheme 1)
capable of changing its spin state triggered by an exter-
nal stimulus [22]. However, the corresponding spin
transition occurred in solutions of complex I rather
than in the bulky crystalline samples or crystalline
films [22], which substantially shortens a possible
range of practical applications of this unique class of
coordination compounds.
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Scheme 1.

This problem can be solved by the use of composite
materials in which clathrochelate particles are distrib-
uted in the polymer matrix acting as a solvent [6]. This
approach can provide the temperature-induced spin
transition in the solid state and also manufacturing
“switchable” functional materials [23–25] or elements
[9, 10, 26] using photopolymer 3D printing [10].

In this work, we prepared the photopolymer com-
positions containing complex I based on the commer-
cial resin for 3D printing HARZ LABS Model Resin
(Russia) and previously developed by us original resin
[27] and studied the spin state in the films using UV-
VIS spectroscopy at different temperatures.

EXPERIMENTAL

All procedures were carried out in air using com-
mercially available reagents, organic solvents, and sor-
bents. 2-Acetyl-1-methylimidazole oxime was synthe-
sized using a previously described procedure [28] from
2-acetyl-1-methylimidazole [29]. Analyses to the con-
tents of carbon, nitrogen, and hydrogen were carried
out on a Carlo Erba microanalyzer (model 1106). The
iron content was determined by X-ray f luorescence
analysis. 1H NMR spectra were recorded in CD2Cl2
on a Bruker Avance 300 FT spectrometer (1H fre-
quency was 300.13 MHz). Chemical shifts were mea-
sured relative to the residual signal of the solvent (1H
5.32 ppm).

Synthesis of complex I. 2-Acetyl-1-methylimidaz-
ole oxime (1.85 g, 13.3 mmol) and phenylboronic acid
(0.56 g, 4.6 mmol) were dissolved in ethanol (40 mL)
with stirring under an argon atmosphere. Then
NaClO4∙H2O (2.67 g, 19 mmol), NaHCO3 (0.96 g,
11.4 mmol), and FeCl2∙4H2O (0.76 g, 3.8 mmol) were
added consecutively. The reaction mixture was
refluxed with stirring for 1 h and cooled to room tem-
perature. The formed red-orange precipitate was
washed with ethanol (20 mL, 4 portions) and diethyl
ether (10 mL) and extracted with acetonitrile (20 mL,
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4 portions). The extract was evaporated to dryness and
dried in vacuo The yield was 2.35 g (94%).

1H NMR (300.13 MHz; CD2Cl2; 190 K; δ, ppm):
7.67 (br.s, 2H, ortho-Ph), 7.31 (br.s, 3H, para-Ph,
meta-Ph), 7.15 (br.s, 3H, 5-Imd), 6.37 (br.s, 3H,
4-Imd), 3.96 (br.s, 9H, CH3), 2.66 (br.s, 9H, CH3-
Imd).

To prepare crystalline films, a dry crystalline pow-
der of complex I (20 mg) was dissolved in acetonitrile
or dichloromethane (300 μL), and the solution was fil-
tered through the Celite layer. The films were depos-
ited onto quartz supports by casting of the obtained
solution (10 μL) at room temperature with a rate of
1 cm/min and then dried at room temperature in
vacuo (10–2 Torr) for 30 min.

Complex I (40 mg) was dissolved in acetonitrile
(1 mL) to prepare the photopolymer composition
based on the commercial resin for 3D printing. The
HARZ LABS Model Resin commercial resin for 3D
printing (4 g) was added to the obtained solution, and
the mixture was stirred with an ultrasonic homoge-
nizer for 5 min.

The original resin for 3D printing was prepared
using a previously described procedure [27] by mixing
2-phenoxyethyl acrylate (2.38 g), trimethylpropane-
triacrylate (2.38 g), hydroxycyclohexyl phenyl ketone
(0.25 g), and phenylbis(2,4,6-trimethylbenzoyl)phos-
phine oxide (0.13 g). The resulting mixture was stirred
with an ultrasonic homogenizer for 5 min.

Complex I (40 mg) was dissolved in acetonitrile
(1 mL) to prepare the photopolymer composition
based on the original resin for 3D printing. The origi-
nal resin for 3D printing (4 g) was added to the result-
ing solution, and the mixture was stirred with an ultra-
sonic homogenizer for 5 min.

To prepare polymer films, the photopolymer com-
position containing the HARZ LABS Model Resin
commercial resin or original resin with 1 wt % com-
plex I was uniformly deposited as 3–4 layers on a
quartz support with a brush. Each layer was solidified
using a UV lamp at the wavelength 370 nm for 1–
2 min. The obtained film was washed with isopropyl
alcohol.

The UV−Vis spectra of the prepared films of com-
plex I were recorded in a range of 350–600 nm on a
Carl Zeiss Jena Specord M400 spectrophotometer in a
vacuum cryostat (10–2 Torr), which was filled with
argon, in a temperature range of 298–423 K.

Scanning electron microscopy (SEM) images for
the sample placed on a 25-mm aluminum stage and
fixed with a conducting carbon ribbon were detected

For C24H29N9O7BClFe
Anal. calcd., % C, 43.80 H, 4.41 N, 19.17 Fe, 8.52
Found, % C, 43.30 H, 4.44 N,19.04 Fe, 8.73
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SPIN TRANSITION OF THE IRON(II) CLATHROCHELATE 735
on a TM4000 Plus instrument in the secondary elec-
tron mode at an accelerating voltage of 5–15 kV.

A WANHAO DUPLICATOR 7 photopolymer 3D
printer was used for 3D printing from the photopoly-
mer composition containing the original resin with
1 wt % complex I using the DLP (Digital Light Pro-
cessing) technology at the following parameters: the
light-striking time of the layer was 150 s and the layer
thickness was 0.01 mm.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
RESULTS AND DISCUSSION

Complex I was synthesized using a previously
described procedure [22] by the direct template reac-
tion of 2-acetyl-1-methylimidazole oxime, phenylbo-
ronic acid, and iron(II) chloride in boiling ethanol
(Scheme 2). The complex was isolated in the individ-
ual form in a high yield and characterized by elemental
analysis and NMR spectroscopy.
Scheme 2.
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According to the previously obtained NMR spec- The polymer films formed by the layer-to-layer
Fig. 1. SEM image for the film of the photopolymer com-
posite containing the original resin with 1 wt % complex I.

100 μm
troscopy and UV−Vis spectroscopy data [22],
complex I retained its integrity on heating to 343 K in
solutions of acetonitrile and dichloromethane and
underwent a very smooth spin transition started at the
temperature slightly above room temperature. No spin
transition is observed on heating up to 353 K of the
bulky crystalline samples or films formed from the
indicated solutions. It should be mentioned that the
choice of the upper temperature was determined by a
potential explosion hazard of crystalline perchlorates.

The problem can be solved by the preparation of
composite materials in which a minor amount of com-
plex I (e.g., 1 wt %) is distributed over the polymer
matrix. The commercial resin for photopolymer 3D
printing (HARZ LABS Model Resin, Russia) and the
original resin prepared by us [27] were used as polymer
matrices for manufacturing such composites.
Although complex I was highly soluble in both the
commercial and original resins, the presence of only
1 wt % of the complex strongly affected the color of
the photopolymer compositions, which exerts a nega-
tive effect on the quality and other important parame-
ters of photopolymer 3D printing [30]. According to
the SEM data, the polymerization of both photopoly-
mer compositions containing 1 wt % complex I affords
homogeneous polymer films (with minor defects as
bubbles and traces from the brush used for deposition)
in which particles of the complex are uniformly dis-
tributed over the polymer matrix (Fig. 1).
deposition (lamination) of these compositions on
quartz supports were studied by UV−Vis spectroscopy
in the temperature range from 298 to 423 K (Fig. 2). At
room temperature, clathrochelate I exists predomi-
nantly in the low-spin (LS) state in these films, which
corresponds to the metal–ligand charge-transfer band
with a maximum about 476 nm in the visible range.
The band is slightly (by 6 nm) shifted to the red range
relative to the spectra of solutions [22] in which its
half-width varies from 3600 to 3700 cm–1, whereas in
  Vol. 48  No. 11  2022
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Fig. 2. Temperature dependences of the UV−Vis spectrum
for the films of the photopolymer compositions containing
the (a) HARZ LABS Model Resin commercial resin and
(b) original resin with 1 wt % complex I on heating from
room temperature to 423 K with an increment of 25 K. 
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the polymer films this band lies at 3050 and 3300 cm–1

for the HARZ LABS Model Resin commercial resin
and original resin, respectively.

The heating of the films led to a fairly sharp
decrease in the metal–ligand charge-transfer band
intensity, indicating the population of the high-spin
(HS) state of the iron(II) ion already at temperatures
close to room temperature. In this case, the observed
temperature-induced spin transition remained incom-
plete even at 423 K.

The prepared films noticeably differ from each
other and from solutions of the complex by the tem-
RUSSIAN JOURNAL OF CO
perature and completeness of the spin transition.
Although the absence of UV−Vis spectra for individual
spin states does not allow one to directly determine the
transition temperature, the transition onset can
approximately be determined from the inflection of
the curve of changing the metal–ligand charge-trans-
fer band intensity (Fig. 3). The corresponding inflec-
tion is observed at temperatures about 315, 360, and
380 K for a solution of the complex in acetonitrile and
polymer films of the HARZ LABS Model Resin com-
mercial resin and original resin, respectively. The low-
est value expectedly corresponds to the solution in
which the rearrangement of the molecular structure of
the complex for the transition from the LS to HS state
is least impeded (the changes in the UV−Vis spectra on
heating to 315 K are due to a natural decrease in the
intensity and absorption band broadening) and is
completely consistent with the NMR spectroscopy
data [22] for a similar solution indicating a very
smooth spin transition above this temperature. On the
contrary, the transition in the films is observed at
higher temperatures and characterized by pronounced
cooperativity (especially in the case of the HARZ
LABS Model Resin commercial resin), which is seen
from a decrease in the metal–ligand charge-transfer
band intensity on heating (Fig. 3). A similar coopera-
tivity characteristic of the crystalline materials is evi-
dently caused by the influence of the solid photopoly-
mer compositions in which particles of complex I are
uniformly distributed.

A decrease in the temperature of the polymer films
to room temperature resulted in their cracking because
of the difference in the thermal expansion coefficients
of the polymer and quartz support. The polymer based
on the HARZ LABS Model Resin commercial resin
underwent especially strong cracking and, hence, the
UV−Vis spectra were recorded on cooling only for the
film obtained using the original photopolymer resin
(Fig. 4a). They demonstrate only an insignificant
increase in the metal–ligand charge-transfer band
intensity related to a natural increase in the intensity
and a decrease in the absorption band width. More-
over, a series of the subsequent heatings and coolings
(Fig. 4b) resulted in the situation where the intensity
of this band in the UV−Vis spectra decreased in the
whole temperature range. This implies that complex I
does not return to the initial LS state after heating the
polymer composition to 423 K and remains high-spin
even at room temperature, which has previously been
observed only in one of its crystalline solvates with
acetonitrile according to the X-ray diffraction data
[22].

Since the primary heating of the polymer films
triggers the spin transition at the temperatures above
the maximum value (353 K) used for recording the
UV−Vis spectra of the crystalline films of complex I,
the latter were repeatedly examined in the temperature
range 298–423 K. The crystalline films were prepared
by casting of solutions of the complex in acetonitrile
ORDINATION CHEMISTRY  Vol. 48  No. 11  2022
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Fig. 3. Temperature dependence of the metal–ligand
charge-transfer band intensity in the UV−Vis spectra of the
polymer films of complex I on heating. The UV−Vis spec-
tra for the solution were recorded in a range of 303–343 K
with an increment of 10 K [22]. 
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Fig. 4. (a) Temperature dependences of the UV−Vis spec-
trum and (b) metal–ligand charge-transfer band intensity
for the film of the photopolymer composition containing
the HARZ LABS Model Resin commercial resin with
1 wt % complex I for the consecutive series heating–cool-
ing to 423, 323, 348, 373, 398, and 423 K. 
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and dichloromethane on the surface of quartz sup-
ports, which resulted in the formation of uniform films
according to the SEM data (Fig. 5). The films retained
the structure on the surface under the vacuum cryostat
conditions (10–2 Torr), which is indicated by a similar-
ity of their UV−Vis spectra at room temperature
(Fig. 6) and the corresponding spectra for solutions
[22] and films of the photopolymer compositions
(Fig. 2).

However, a noticeable decrease in the intensity of
the band with a maximum about 474 cm–1 is observed
only on heating the crystalline films above 353 K
(Fig. 5), which explains the earlier conclusion about
the absence of a temperature-induced transition below
353 K. According to the inflection on the curve of
changing intensity, the both films demonstrate the
temperature of the transition onset (360 K) approxi-
mately equal to that for the polymer film from the
HARZ LABS Model Resin commercial photopoly-
mer resin. However, they exhibit no analogous coop-
erativity in a temperature range of 298–423 K (Fig. 7).
The HS state in them is populated on heating even
more slowly than in solutions of complex I.

Moreover, the behavior of complex I in the crystal-
line films differs substantially from that in the polymer
films followed by cooling to room temperature
(Fig. 8). If complex I remains high-spin, it almost
completely returns to the initial state. The hysteresis of
this temperature-induced spin transition is observed
about 75 K, which is due, most likely, to the accompa-
nying strong rearrangement that can both induce a
sharp spin transition with the hysteresis [31] and stabi-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
lize only one of the spin states [32, 33]. In fact, during
the spin transition complex I should appreciably
change its coordination geometry that, according to
the X-ray diffraction data for different solvatomorphs
  Vol. 48  No. 11  2022
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Fig. 5. SEM image of the crystalline film prepared by cast-
ing of a solution of the complex in acetonitrile.

100 μm

Fig. 6. Temperature dependences of the UV−Vis spectrum
for the film prepared by casting of a solution of the com-
plex in dichloromethane on (a) heating and (b) consecu-
tive cooling in the temperature range from 298 to 423 K
with an increment of 25 K. 
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of complex I [22], is close to a trigonal antiprism in the
LS state and is an almost ideal trigonal prism in the HS
state.

The differences observed in the spin transition
parameters of the crystalline and polymer films of
complex I indicate different effects of its crystal pack-
ing and photopolymer matrices used, the choice of
which makes it possible to control the spin transition
parameters, for instance, temperature and hysteresis
[6]. They also can make it sharper as the HARZ LABS
Model Resin commercial resin for 3D printing or self-
made original resin [27], which is desirable for the
majority of practical applications [2, 31, 34–36] of the
compounds with spin transitions as sensors and com-
ponents of molecular spintronics and soft robotics
devices.

We tested the corresponding photopolymer com-
positions containing 1 wt % complex I by the digital
light processing (DLP) method under the 3D printing
conditions for various objects (Fig. 9). As mentioned
above, this complex acts as both the functional addi-
tive and strong dye, which significantly restricts its
limiting concentration in the composition for photo-
polymer 3D printing due to the essence of the photo-
polymerization process. To be capable of polymeriz-
ing, the photopolymer resin should accept a certain
energy dose (UV radiation), and the dye acts, in this
case, as the absorber of this energy [30]. A strong
absorption of UV radiation directly affects both the
quality of photopolymer 3D printing and the possibil-
ity of preparing objects by this method. Indeed, the
presence of even 1 wt % complex I in the photopoly-
mer compositions based on the commercial or original
resin stains them so strongly that the production of
objects thicker than 1 mm becomes possible only with
a considerable loss of 3D printing quality, for example,
by changing the geometry or a decrease in specified
linear sizes of the units. A good result of photopolymer
3D printing was reached for the objects with the thick-
RUSSIAN JOURNAL OF CO
ness to 1 mm by the elongation of the exposure time to
120 s per layer, whereas the normal exposure time of
the pure photopolymer is 10 s.
ORDINATION CHEMISTRY  Vol. 48  No. 11  2022
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Fig. 7. Temperature dependences of the metal–ligand
charge-transfer band intensity in the UV−Vis spectra of the
crystalline and polymer films of complex I and its solution
in acetonitrile on heating. 
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subsequent cooling (blue curve) in the temperature range
from 298 to 423 K with an increment of 25 K. Green line
corresponds to the hysteresis of the transition. 
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Thus, the spin state of the previously described
iron(II) clathrochelate was studied in the wide tem-
perature range. It turned out that the temperature-
induced spin transition for the chosen clathrochelate
I, which retained its integrity on depositing on the sur-
face and on heating to 423 K, was observed in both the
solutions and crystalline films. In these films, how-
ever, the spin transition starts at appreciably higher
temperatures and is characterized by negative cooper-
ativity [19]; i.e., it occurs even more smoothly than in
solutions. On the contrary, in the polymer films of the
photopolymer compositions containing only 1 wt %
complex I, the spin transition becomes much sharper
as required by the majority of practical applications [2,
31, 34–36] of complex compounds with spin transi-
tions. A possibility to control the spin transition
parameters by the introduction of these compounds
into the photopolymer compositions and selection of
the compositions for photopolymer 3D printing,
which allows high-precision manufacturing three-
dimensional objects of complicated shape and internal
geometry, provides broad prospects for their use as
components in soft robotics devices, for example,
actuators [9, 26].
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Fig. 9. Objects prepared using 3D printing from the photopolymer composition containing the original resin with 1 wt %
complex I: (a) coil 0.5 mm thick, (b) cantilever 0.3 mm thick, and parallelepipeds (c) 1.4 mm and (d) 5 mm thick. Exposure time:
(a, b) 120 s per layer and (c, d) 150 s per layer. 
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