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from Electron Spectroscopy Data

R. R. Aisin“, A. S. Belov“, S. A. Belova“, 1. A. Nikovskii“,
V. V. Novikov*, and Yu. V. Nelyubina® *
“ Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, Moscow, 119991 Russia
*e-mail: unelya@ineos.ac.ru
Received April 11, 2020; revised May 16, 2020; accepted May 19, 2020

Abstract—The spin states of three earlier described cobalt(I1I) clathrochelates as films on the quartz supports
are studied for the first time. The magnetochemical study shows that the temperature-induced spin transition
observed previously in the crystalline samples is retained in the films, which makes it possible to consider this
class of coordination compounds with high chemical and thermal stability as promising components for

molecular spintronic devices.
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INTRODUCTION

Selected transition metal complexes can exist in
two spin states and switch between them under the
application of an appropriate external stimulus (for
example, temperature or pressure) [1] accompanied
by significant changes in the magnetic and optical
properties, some of which (for instance, color change)
can be observed with the naked eye. This allows one to
produce from them various molecular devices and
materials [2, 3], including temperature or pressure
sensors [4], and (recently) elements of molecular spin-
tronic devices [5] capable of “switching” spin conduc-
tivity under the action of the indicated external pertur-
bations. In the last case, the corresponding complexes
are immobilized on the surface of various supports [6]
as thin films [7, 8]. For this purpose, it is desirable to
use neutral complexes stable at high temperatures that
are necessary for the immobilization of their mole-
cules on the support by vacuum sublimation [9].

One of the classes of compounds experiencing the
spin transition when triggered by temperature [10, 11]
and potentially satisfying all indicated requirements is
the macrobicyclic tris(dioximate) cage complexes
(clathrochelates [12]) of cobalt(II) (Scheme 1). Along
with high thermal and chemical stability, these com-
pounds are characterized by the simple synthesis and
wide possibilities of chemical modification (at two
apical and four ribbed positions of the cage ligand),
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which make it possible to control their magnetic prop-
erties [13] and immobilize them on diverse supports
[14]. Owing to this, the cobalt(Il) clathrochelates
became excellent candidates as single-molecule mag-
nets [13, 15, 16] and compounds with spin transitions
[10, 11] for devices of molecular spintronics.

However, in spite of numerous presently known
clathrochelates of various transition metals [12], their
magnetic properties in films were not studied so far.
Among the presently available methods of analysis of
spin transitions in film materials (such as X-ray
absorption spectroscopy [9, 17] or X-ray photoelec-
tron spectroscopy [17, 18]), electron spectroscopy is
most accessible in chemical organizations [19]. Using
this method, the spin state of the metal ion can be
determined from the presence of characteristic
absorption bands in the corresponding spectra and
their change with temperature [20]. In some cases, the
spin transition temperature can directly be estimated
by this method [21, 22].

In this work, we synthesized three earlier described
cobalt(II) clathrochelates I—III (Scheme 1) with dif-
ferent apical (R) and ribbed (X) substituents in the
ligand that experience the temperature-induced spin
transition in the bulk crystalline samples [10, 23, 24]
and studied the spin states of their films on the quartz
support by electron spectroscopy.
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EXPERIMENTAL 4H, 3-CH,), 29.17 (s, 4H, 3-CH,), 39.41 (s, 4H,

All procedures of the synthesis of the complexes
were carried out in air using commercially available
n-butyl- and n-hexadecylboric acids, CoCl,, organic
solvents, and sorbents. Complexes I—-III were synthe-
sized according to previously described procedures
[10, 23, 24]. Analyses for carbon, nitrogen, and hydro-
gen were carried out on a Carlo Erba microanalyzer
(model 1106). '"H NMR spectra were recorded in
CD,Cl, on Bruker Avance 400 and Bruker Avance 600
spectrometers with the working frequencies for pro-
tons 400 and 600.22 MHz, respectively. The chemical
shifts in the spectra were determined relative to the
residual signal of the indicated solvent.

Complex I [10]. 'H NMR (CD,Cl,, 400 MHz), 3,
ppm: 9.03 (brs, 6H, CH;), 15.18 (br.s, 4H, CH,),
25.82 (br.s, 4H, CH,), 36.52 (br.s, 4H, CH,B).

For C14H18B2N606C16C0
Anal. caled., %  C, 25.47
Found, % C, 2542

H, 2.73
H, 2.74

N, 12.74
N, 12.73

Complex I1 [23]. '"H NMR (CD,Cl,, 400 MHz), §,
ppm: 9.08 (brs, 6H, CH,), 15.01 (brs, 4H, CH,),
26.00 (br.s, 4H, CH,), 35.14 (br.s, 4H, CH,B).

For C14H18B2N606Br6C0
Anal. caled., % C, 18.12
Found, % C, 18.10

H, 1.94
H, 1.88

N, 9.06
N, 8.95

Complex III [24]. 'TH NMR (CD,Cl,, 600 MHz),
S, ppm: 0.76 (m, 6H, CH,), 1.31 (m, 8H, 14,15-CH,),
1.45 (m, 4H, 13-CH,), 1.80 (m, 4H, 12-CH,), 2.10
(m, 4H, 10-CH,), 2.53 (m, 4H, 9-CH,), 3.18 (m, 4H,
8-CH,), 4.12 (m, 4H, 7-CH,), 5.52 (m, 4H, 6-CH,),
7.59 (m, 4H, 5-CH,), 11.07 (s, 4H, 4-CH,), 16.69 (s,
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CH,B).

For C38H66B2N606C16C0
Anal. caled., %  C, 45.78
Found, % C, 4591

H, 6.63
H, 6.61

N, 8.43
N, 8.36

Synthesis of films of complexes I—III. The dry crys-
talline powder of the corresponding complex (20 mg)
was dissolved in benzene (600 uL), and the resulting
solution was filtered through a Celite layer. The films
were deposited on quartz supports by the spin-coating
of the obtained solution (4.5 uL) at room temperature
with a rate of 2000 rpm for 7 s, and then they were
dried in vacuo at room temperature for 1 h.

The electron absorption spectra for the synthesized
films of complexes I—III were recorded in the UV and
visible ranges (300—600 nm) on a Specord M400 spec-
trophotometer (Carl Zeiss Jena) in a vacuum cryostat
(1072 Torr) in a temperature range of 83—408 K.

The quantum chemical calculations for the model
complexes with methyl substituents in the apical posi-
tions of the cage ligand (I' and II') were performed
using the ORCA, v. 4 program package [25] using the
density functional theory (DFT) [26]. The geometry
of the complexes was optimized without symmetry
restraints using the TPSSh hybrid functional [27] with
the def2-TZVP basis set [28], which made it possible
to reliably estimate the difference in energies of the
spin states for the transition metal complexes with the
spin transitions [29]. The structure of complex I deter-
mined by X-ray diffraction analysis was used as the
initial approximation [10]. The spectra were simulated
in the framework of the time-dependent density func-
tional theory (TD-DFT) for the first 50 electronic
transitions.
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RESULTS AND DISCUSSION

Complexes I-III were synthesized according to
earlier described procedures [10, 23, 24] by the
direct template reaction of the corresponding glyox-
ime, n-butyl- or n-hexadecylboric acid, and anhy-
drous cobalt(II) chloride under harsh conditions (on
reflux in nitromethane) because of the low donor abil-
ity of dichloroglyoximate and dibromoglyoxime
(Scheme 1). The partial distillation off of relatively
low-volatile boric acids from the reaction mixture was
observed during the reaction and, hence, at the first
stage the reaction mixture was refluxed with a reflux
condenser. The formed water and HCI were azeotrop-
ically distilled off together with nitromethane, thus
shifting the equilibrium toward the target product.

The films were formed from the synthesized com-
plexes I-III by spin-coating traditionally used for
these purposes in laboratories [7] (including for the
compounds with the spin transitions [30]) from a ben-
zene solution on the surface of the quartz supports.
The formed films were studied by electron spectros-
copy in a range of 83—408 K (Figs. 1—3). The chosen
method for the preparation of the films provided their
equilibrium character, since no changes in the base
line, absorption intensity, and total contrast of the
spectra were observed at the same temperature during
repeated cooling—heating cycles. The films retained
the structure on the surface under the vacuum cryostat
conditions (102 Torr), which was indicated by the
unchanged electron spectra at room temperature and
their similarity to the corresponding spectra of the
solutions [10, 23, 24]. Regardless of the chosen glyox-
ime or boric acid, the solution spectra contained the
metal-to-ligand charge-transfer bands in the visible
range with maxima about 430 and 470 nm [10, 23, 24].
However, the slow degradation of the films of com-
plexes I and III occurred on heating at the tempera-
tures higher than 343 K. In particular, the isosbestic
points on the corresponding spectra disappeared at
these temperatures (Figs. 1, 3), and the intense band at
356—364 nm corresponds to the predominantly inner-
ligand m—n* transition. Complex II turned out to be
more thermally stable, since its degradation in the film
became appreciable only at 373 K (Fig. 2). This does
not exclude the possibility of immobilizing cobalt(II)
clathrochelates without loss of the integrity of their
molecules upon vacuum sublimation on magnetic
supports traditionally used in spintronic devices rather
than on optically transparent supports necessary for
studies by electron spectroscopy.

At room temperature, the electronic spectra of all
three complexes I-III corresponded to a mixture of
the low-spin (LS) and high-spin (HS) states of the
cobalt(Il) ion. However, the corresponding absorp-
tion bands (with maxima in the visible range about 430
and 470 nm) were superimposed (Figs. 1—3), which
impeded the interpretation of the electron spectros-
copy data on the occurrence of the spin transition in
the cobalt(II) complexes [31]. To obtain the necessary
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Fig. 1. Temperature dependences of the electron absorp-
tion spectrum for the film of complex I (a) on cooling from
room temperature to 93 K and (b) subsequent heating to
343 K.

additional information about clathrochelates I—III,
we performed the quantum chemical calculations in
terms of the TD-DFT method [26] for model com-
pound I' in which the conformationally flexible alkyl
fragment in the apical position of complex I (or its
n-hexadecyl-substituted analog III) was replaced by
the methyl group. Thus calculated electron spectra for
two spin states confirm that the corresponding absorp-
tion bands are overlapped to a significant extent. For
the HS state of the chosen model compound (Fig. 4a),
they rather closely reproduce the electronic spectra
earlier observed for solutions of complexes I and III
[10, 23]. However, in the case of the LS state (Fig. 4b),
the agreement is not too good, which is likely due to
the known [32] problems of the DFT method in the
description of the systems with paired electrons in the
case of the states with close energies in which electrons
are not paired. A similar quantum chemical calcula-
tion for model complex IT' with the bromine substitu-
ents in the edge positions of the cage ligand resulted in
the same situation (Figs. 4c, 4d). Interestingly, in both
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Fig. 2. Temperature dependences of the electron absorp-
tion spectrum for the film of complex II (a) on cooling
from room temperature to 83 K and (b) subsequent heating
to 408 K.

cases, the electron spectra of the LS state turned out to
be shifted to the long-wavelength range. On the one
hand, this agrees with the distinction in color of two
spin states, which forms a basis for the use of com-
pounds with spin transitions as sensors of temperature,
pressure [4], or other external effects. On the other
hand, the LS state of these complexes is colored, as a
rule, more intensively, and vice versa for the HS
state [1].

The LS state turned out to be more energetically
favorable for both model complexes I' and II'. The dif-
ference in energies of two states (2.4 and 3.1 kcal/mol
for complexes I' and II', respectively) indicated the
stabilization of the LS state of the cobalt(II) ion by the
bromine ribbed substituents in the ligand, which is
consistent with the higher temperature of the spin
transition in complex II (Fig. 5) according to the
results of magnetochemical studies of the crystalline
powders of complexes I-III [10, 23, 24].
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Fig. 3. Temperature dependences of the electron absorp-
tion spectrum for the film of complex III (a) on cooling
from room temperature to 88 K and (b) subsequent heating
to 383 K.

According to the electron spectroscopy data for the
films of complexes I-III, a decrease in the tempera-
ture to 83—93 K was accompanied by a noticeable
increase in the intensity of the metal-to-ligand
charge-transfer bands in a range of 470—477 nm
(Figs. 1-3), indicating a gradual population of the LS
state of the cobalt(II) ion on cooling. Thus, the films
of complexes I-III exhibited the temperature-
induced spin transition similar to that observed previ-
ously in the crystalline samples of these compounds
(Fig. 5) [10, 23, 24]. In the last case, the “backward”
spin transition detected for complexes II and III at
~270 and 230 K (a “jump” of the effective magnetic
moment in Fig. 5) was related to the phase transitions
caused by the conformationally flexible alkyl substitu-
ents in these compounds [23, 24]. As in the case of the
crystalline powders, no complete transition to the LS

No.1 2021



56 AISIN et al.

0.100
0.075
0.050
0.025

0.125
0.100
0.075
0.050
0.025 |

0.100
0.075

Oscillator force, at. units

0.050
0.025

0.125 |-
0.100 ~
0.075 -
0.050 |
0.025 |

0 ,.JL

300 350

N

400 450 500
Wavelength, nm

550 600

Fig. 4. Electron absorption spectra calculated for model
complexes I' and II' in the (a, c¢) LS and (b, d) HS states,
respectively.

state in the films of all three complexes I-III occurred
even on cooling to 83 K, and the consequent heating
to the temperature of degradation onset (up to 373 K)
either did not transform them completely into the HS
state.

The absence of electron spectra for complexes I—
IIT in the individual spin states did not allow one to
directly determine the temperature of the observed
spin transition (77,,) at which 50% molecules of the
complex existed in one spin state and 50% were in
another state. However, the temperature can approxi-
mately be estimated from the inflection of the curve of
changing the intensity of the ligand-to-metal charge-
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Fig. 5. Temperature dependences of the effective magnetic
moment for complexes I—III.

transfer band in a range of 470—477 nm (Fig. 6) during
cooling—heating cycles. For the films of complexes I,
11, and III, the corresponding inflection was observed
at the temperatures about 200, 220, and 170 K, respec-
tively. This estimate proposed (from the data of elec-
tron spectroscopy) the following order of changing the
temperature of the spin transition: IT > I > III. In spite
of the known [31] difficulties in interpreting the elec-
tron spectroscopy data for the cobalt(II) complexes
(Figs. 1-3) because of overlapping of the absorption
bands corresponding to two paramagnetic spin states
of the cobalt(Il) ion (Fig. 4), this order completely
reproduces the change in the population of the LS
state with temperature (II > I > III) in the crystalline
samples of complexes I-III (Fig. 5) [10, 23, 24],
which is expected [33] for the films with a thickness of
nanometers and more used for electron spectroscopy
studies [19].

Thus, the temperature-induced spin transition in
the films of the cobalt(I) clathrochelates was
observed for the first time using electron spectroscopy.
This transition has previously been found in the crys-
talline samples of the complexes by the magne-
tochemical study. The chosen complexes are fairly
resistant to heating (although the existence of other
transition metal clathrochelates with higher thermal
and chemical stability is doubtless [34]) and retain
their integrity when applied onto the surface and keep-
ing in vacuo, which is principally important for the
subsequent formation of their thin films on magnetic
supports by the vacuum deposition. The possibility of
controlling the parameters of the spin transition of the
clathrochelates in films by the introduction of various
substituents into the apical and ribbed positions of the
cage ligand, which can be conducted using numerous
elaborated in detail and practically simple synthetic
approaches [12], provides wide prospects for the use of
compounds of this class in devices of molecular spin-
tronics.
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Fig. 6. Changes in the intensity of the band at 470 nm in
the electronic absorption spectra of the films of complexes
I—III on cooling.
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