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Molecular magnets based on copper(II) ions and stable nitroxide radicals exhibit promising switchable be-

havior triggered by a number of external stimuli; however, their spin-state-correlated optical properties

vital for photoinduced switching have not been profoundly investigated to date. Herein, the electronic

absorption spectra of single crystals of three representatives of this unique family are studied experi-

mentally and theoretically in the visible and near-IR regions. We established that the color of the com-

plexes is mainly determined by optical properties of the nitroxide radicals, whereas the Cu(hfac)2 fragment

contributes to the near-IR range with the intensity smaller by an order of magnitude. The thermochro-

mism of these complexes evident upon thermal spin state switching is mainly caused by a spectral shift of

the absorption bands of the nitroxides. The vibrational progression observed in the visible range for single

crystals as well as for solutions of pure nitroxides is well reproduced by DFT calculations, where the C–C

stretching mode governs the observed progression. The analysis of the spectra of single crystals in the

near-IR region reveals changes in the energy and in the intensity of the copper(II) d–d transitions, which

are well reproduced by SOC-NEVPT2 calculations and owe to the flip of the Jahn–Teller axis in the

coordination environment of copper. Further strategies for designing bidirectional magnetic photo-

switches using these appealing compounds are discussed.

1. Introduction

The development of functional stimuli-responsive molecular
materials is a hot topic in modern science. Bringing electronic
devices and computer technologies to a new level requires
principally new building blocks, and switchable magnetoactive
compounds are among the promising candidates in this
regard. To date, a large number of such compounds that
exhibit spin crossover (SCO) or valence tautomerism and are
sensitive to various external stimuli (temperature, pressure,
light, etc.) have been developed.1–4 Special attention was drawn

to materials with magnetic states operated by light because
this type of manipulation is the most suitable for applications
in spintronics and nanoelectronics. Therefore, the understand-
ing of optical properties of such materials and their light-
driven changes is of crucial importance.

Functional properties of SCO compounds have been inten-
sively investigated over the past few decades.5–21 In particular,
thermochromism was found in most of the compounds: e.g.,
iron-based compounds, which as a rule are intensively colored
at low temperatures but switch to a colorless state at high
temperatures upon spin transition. More importantly, a Light-
Induced Excited Spin State Trapping (LIESST) phenomenon
has been found, which involves (i) photoswitching between
two spin states of the system and (ii) metastability of the
photoinduced (low-spin) state at cryogenic tempera-
tures.5,18,22,23 Later, more LIESST-related phenomena have
been found and exploited for the development of photosensi-
tive magnetoactive materials.24–28

In particular, SCO-like and LIESST-like phenomena were
found in a relatively new family of polymer-chain compounds
based on copper(II) ions and stable nitroxide radicals.28–37 The
spin state of the whole copper(II)–nitroxide cluster can be
changed depending on temperature, applied pressure or
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irradiation with light. The spins of copper(II) and nitroxides
can either be strongly-coupled by antiferromagnetic exchange
interaction (strongly-coupled spin state, SS), or they can be
weakly-coupled by ferromagnetic exchange (weakly-coupled
spin state, WS). As a rule, the SS state is found at low tempera-
tures and corresponds to shorter distances of the copper(II)–
nitroxide (nitroxide(s) are in equatorial coordination positions
of the copper(II) ion) bond. In contrast, the WS state is typically
found at high temperatures where the Jahn–Teller axis of the
coordination octahedron flips and nitroxide(s) occupy axial
positions. It is remarkable that despite the principal differ-
ences between SCO compounds and copper(II)–nitroxide based
molecular magnets (often called “breathing crystals” for
brevity), the manifestation of thermal transitions and LIESST-
like phenomena is quite similar.11,12,28,32 However, contrary to
the SCO compounds, optical properties of breathing crystals
are significantly less understood. The UV/Vis absorption
spectra are dominated by nitroxide radicals, whose absorption
bands are more intense compared to d–d transitions of copper
and metal-to-ligand charge transfer (MLCT) bands, complicat-
ing the interpretation of spectra and their spin-state depen-
dent changes. In the case of SCO compounds, a suitable
choice of the excitation light wavelength allows both direct
and reverse photoswitching.27 Similar functionality, unfortu-
nately, has not yet been found for breathing crystals, and only
SS → WS photoswitching has been achieved to date. One of
the reasons could be more complicated UV/Vis spectra with
significant overlap of the bands responsible for the direct and
reverse switching. Although breathing crystals also exhibit pro-
nounced thermochromism upon spin transitions,36,37 a deep
understanding of optical properties and the corresponding
electronic structure is currently missing.

In this work we report the first detailed experimental and
theoretical study of UV/Vis–near-IR absorption spectra of
breathing crystals, with the primary focus on the electronic struc-
ture of the copper(II)–nitroxide clusters and temperature depen-
dence of their spectra upon magnetostructural transitions. Three
representative compounds Cu(hfac)2L

Me, Cu(hfac)2L
Et-CP and

Cu(hfac)2L
Pr showing either abrupt (former two) or gradual

(latter one) magnetostructural transition were selected. The
recording of the absorption spectra in the broad spectral range
(200 to 2500 nm or 50 000 to 4000 cm−1) allowed experimental
detection of all types of transitions from the high-energy π–π*
and MLCT to low-energy d–d types. The assignment of these
transitions was supported by quantum chemical calculations.
The obtained data are of high importance for the following
optimization of the direct and reverse switching of breathing
crystals by light in order to control their spin states.

2. Experimental and computational
details
2.1. Synthesis and sample preparation

Pyrazolyl-substituted nitronyl nitroxide radicals LMe, LEt-CP,
and LPr and complexes Cu(hfac)2L

Me, Cu(hfac)2L
Et-CP and

Cu(hfac)2L
Pr studied in this work were synthesized according

to the previously developed procedures.37,38 Their structure
and magnetic36–39 and optical (mid-IR)40 properties have also
been investigated previously. The thin single crystals were
obtained by boosting of the crystallization process to aid
rapid precipitation. Note that, as was shown previously,40 the
obtained thin crystals undergo magnetostructural transitions
at the same temperature as polycrystalline powders and bigger
single crystals. Benzene or ethanol was used as a solvent to
prepare solutions for the UV/Vis spectra measurements.
Cu(hfac)2 was preliminarily dried and stored in a desiccator;
benzene was dried using molecular sieves.

2.2. UV/Vis spectroscopy

2.2.1. UV/Vis spectroscopy of solutions. UV/Vis spectra of
Cu(hfac)2 (benzene solution) and nitroxide radicals LMe, LPr

and LEt-CP (ethanol solution) were measured at room tempera-
ture using Cary 60 UV-Vis or HP 8453 spectrophotometers
(both from Agilent, USA). The spectral range and resolution
were 200–1000 nm and 1 nm, respectively.

2.2.2. Vis–near-IR spectroscopy of single crystals. Although
the growth of the thin single crystals with suitable optical
density is a challenging synthetic task, such samples are
superior compared to the powder ones (ground, diluted in
KBr, etc.) due to the absence of any influence of the sample
preparation procedures on the abruptness and completeness
of the magnetostructural transitions. The Vis–near-IR
spectra of thin single crystals were measured in the range of
25 000–10 000 cm−1 using an infrared microscope
HYPERION 2000 (Bruker Optics, Germany) equipped with an
extension for the VIS spectral region. The microscope is
coupled to the FTIR spectrometer Bruker Vertex 80v.
A Q428/7 tungsten halogen lamp, T602/8 CaF2 NIR/Vis/UV
beam splitter, and D510/3 Si diode detector were used to
measure the spectra. The spectral resolution was 8 cm−1. The
thickness of the crystals was ∼2–6 μm (according to the Vis–
near-IR transparency level compared to the pellet sample
with measured compound quantity), and the probed area of
the crystals was ∼0.2 × 0.2 mm2, which is slightly smaller
than the crystal size.

2.2.3. Near-IR spectroscopy of single crystals. Near-IR
spectra of thick single crystals were measured in the range of
17 000–4000 cm−1 using the same configuration of the micro-
scope and FTIR spectrometer except for the detector: a D316
liquid N2-cooled MCT detector was used instead of the D510/3
Si diode detector. The spectral resolution was 4 cm−1. The
thickness of the crystals was ∼20–80 μm. A sample stage
Linkam FTIR600 (Linkam Scientific Instruments, United
Kingdom) equipped with BaF2 windows was used to control
the temperature of single crystals in both Vis and near-IR
experiments.

2.3. Fluorescence spectroscopy

Fluorescence emission and excitation spectra were measured
with a FLSP920 (Edinburgh Instruments, UK) spectrofluori-
meter equipped with a low-noise micro-channel plate photo-
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multiplier detecting in the range of 250–850 nm. Liquid or
solid samples were placed in a quartz tube (1.8/2.8 inner/outer
diameter) and all fluorescence experiments were performed in
the reflective mode with a cylindrical quartz Dewar vessel at
room temperature or at 77 K. All fluorescence spectra were cor-
rected for the wavelength-dependent sensitivity of the
detection.

2.4. Computational details

Geometry optimizations were performed using the pure
BP8641,42 or hybrid B3LYP functionals with the Ahlrichs
polarized def2-TZVP43–45 basis set and Grimme’s dispersion
correction D3.46,47 The auxiliary basis set def2-TZVP/J was
used in conjunction with the resolution of identity
approximation.48

The time-dependent (TD) DFT49 at the UB3LYP/def2-TZVP
level was employed to calculate the electronic absorption spec-
trum of nitroxide LMe. The vibrational progression in the
absorption spectrum was computed using the Franck–Condon
and Heller approximations with the “orca asa” module50 as
implemented in the ORCA51 program package. In this
approach the energy of a vertical electron excitation (E0) is
computed by time-dependent DFT, and the excited state
energy gradient is estimated numerically with respect to each
totally symmetric vibrational mode. The Huang–Rhys dimen-
sionless parameter S (S = α(ΔQ)2/2 with ΔQ being dimension-
less displacement of the excited state minimum along the
normal mode, α = Mω/ħ and the reduced mass of the molecule M)
is computed from the gradient under the assumption that
the excited state has the same Hessian as the ground state
(Fig. 1). The Huang–Rhys parameter defines the relative inten-
sities of the transitions in the progression at zero-temperature

with the corresponding Franck–Condon factors for a particular
vibration:

F0
n ¼ e�SSn

n!
; ð1Þ

where n is the vibrational quantum number of the final state
(n = 0, 1, 2…).52 The finite temperature and contributions from
different vibrations to the line shapes were taken into account
by the independent mode displaced harmonic oscillator
IMDHOT model.53

The TD-DFT approach with several functionals such as
double-hybrid B2PLYP,54 long range corrected hybrid func-
tional wB97x55,56 was employed to analyze charge transfer (CT)
transitions in the electronic absorption spectrum of Cu(hfac)2.

To calculate positions and oscillator strengths of the d–d
transitions in the Cu(hfac)2L

Me complex, the state-averaged
complete active space self-consisted field (SA-CASSCF)57–59

approach together with the second order N-electron valence
perturbation theory (NEVPT2)60–63 were also used. The scalar
relativistic effects were taken into account using a standard
second-order Douglas–Kroll–Hess (DKH2) procedure.64

Relativistically reconstructed versions of the def2-TZVP basis
sets65 were used in the calculations. Spin–orbit coupling was
taken into account using the spin–orbit mean-field approxi-
mation (SOMF)66 as implemented in the ORCA package. The
active space was chosen to contain five 3d orbitals. To simplify
calculations, the LMe radicals were substituted by the corres-
ponding hydroxylamines. The X-ray geometries of the complex
at low (110 K) and high (240 K) temperatures were used in the
calculations. The ORCA program package was employed for all
calculations.

The NBO (Natural Bond Orbitals) analysis67,68 of the
bonding interaction between Cu(II) and nitroxide has been per-
formed using the NBO6 program.69 The strength of donor–
acceptor interactions in the case of NBO analysis is deter-
mined by the second-order perturbation energy.

3. Results and discussion
3.1. Chemical structure and magnetic properties of
compounds under study

We investigated three polymer-chain complexes Cu(hfac)2L
Pr,

Cu(hfac)2L
Me and Cu(hfac)2L

Et-CP where the structures of
Cu(hfac)2, L

Pr, LMe and LEt-CP fragments are shown in Fig. 2a.
The complex Cu(hfac)2L

Pr has a “head-to-head” polymer
chain motif, i.e. the chains are formed by two alternating
units: three-spin exchange-coupled nitroxide-copper(II)–nitrox-
ide clusters and one-spin magnetically-isolated copper(II) unit.
The complexes Cu(hfac)2L

Me and Cu(hfac)2L
Et-CP have a “head-

to-tail” polymer chain motif, i.e. their chains are formed by
two-spin exchange-coupled clusters of copper(II)–nitroxide.
Structural and magnetic properties of these compounds,
including their spin-crossover-like behavior, were studied in
detail in our previous works.24,36–38 Temperature-induced
magnetostructural transition in Cu(hfac)2L

Pr occurs in a

Fig. 1 Illustration of the theoretical approach to the vibrational pro-
gression calculation for the vertical excitation of 22 000 cm−1, normal
mode frequency 1000 cm−1, and Huang–Rhys parameter S = 2.
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gradual manner (Fig. 2b) and involves only three-spin
exchange-coupled nitroxide-copper(II)–nitroxide clusters.39 In
Cu(hfac)2L

Me 36,38,39 and Cu(hfac)2L
Et-CP 37 the transition is

abrupt (T↓ = 141 K and 125 K, respectively) and occurs in two-
spin exchange-coupled clusters. The main difference between
Cu(hfac)2L

Me and Cu(hfac)2L
Et-CP is that only a half of the

copper(II)–nitroxide clusters undergo the magnetostructural
transition in Cu(hfac)2L

Me, whereas in Cu(hfac)2L
Et-CP all the

clusters change their spin state (Fig. 2b).
Before we focus on the spectroscopic properties of studied

polymer-chain complexes, it is useful at first to analyze the
properties of their building blocks.

3.2. UV/Vis, fluorescence emission and excitation spectra
of LMe

The room temperature absorption UV/Vis spectrum of the LMe

ligand in ethanol features three distinct bands (Fig. 3a), which
are well reproduced by the band-shaped TD-DFT calculations
(Fig. 3b). The corresponding spectra of two other ligands LPr

and LEt-CP are very similar to LMe and are shown in the ESI
(Fig. S1†).

The lowest-energy band (1) in the spectral range (15–20) ×
103 cm−1 (εmax ∼ 1600 M−1 cm−1) is responsible for the blue
color of the radical LMe and characterized by the structure with
three maxima at ∼15 800, 17 200 and 18 800 cm−1. According
to the calculations, the band (1) corresponds to a single elec-
tronic transition that involves a sum of the electron promotions
(a) from the highest occupied MO (HOMO) to the singly occupied
MO (SOMO) and (b) from the SOMO to the lowest unoccupied
MO (LUMO) as presented in Fig. 4a. The coupling of this elec-
tronic transition with the molecular vibration visualized in
Fig. 4b leads to the observed structure of band (1). Note that
the vibration presented in Fig. 4b corresponds mainly to the
C–C stretching mode. The computed dimensionless displace-
ment of the excited state minimum relative to the ground state
along the mode ΔQ = −0.63 gives the Huang–Rhys parameter
S = 0.2. According to eqn (1), such S value corresponds to the
monotonous decrease of the intensity in the vibrational
progression, where the second line for n = 1 is five times less

intense than the n = 0 line. The visual comparison with experi-
ment indicates that the Huang–Rhys parameter is underesti-
mated by the theory. Other vibrations coupled to this elec-
tronic transition including vibrations of the O–N–C–N–O frag-
ment are characterized by a smaller ΔQ parameter (see ESI
Tables S1 and S2†) and their contribution to the observed
vibronic progression is minor. The absorption band (1)
(Fig. 3a) is similar to those observed for other nitroxyl radicals,
which also feature vibrational progressions.70 However, for the
unsubstituted nitronyl nitroxide radical there is an overlap of
two electronic transitions with less resolved vibrational pro-
gression, whereas substituted radicals feature more pro-
nounced vibrational progression due to the vibronic coupling
with the C–C vibration of a linker.

Fig. 2 (a) Chemical structures of Cu(hfac)2 (i), L
Me (ii), LPr (iii) and LEt-CP (iv). Hydrogen atoms are omitted for clarity. (b) The temperature dependence

of the effective magnetic moment of studied compounds.

Fig. 3 (a) The electronic absorption spectrum of LMe in ethanol at room
temperature (black) with an intensity of band (1) increased by a factor of
10 (red) and fluorescence emission spectrum (dashed blue) of LMe in a
1 : 1 methanol/ethanol (v/v) mixture at 77 K and λex = 580 nm.
(b) Electronic absorption/emission spectra of LMe (black curve)
computed using the results of TD-UB3LYP/def2-TZVP calculations
(colored curves represent individual electronic transitions) with the
intensity of the lowest-energy band increased by a factor of 10 (red).
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Absorption band (2) in the spectral range (27.5–32.5) × 103

cm−1 (εmax ∼ 18 700 M−1 cm−1) also corresponds to a single
electronic transition coupled to the same vibration (Fig. 4b).
The nature of this electronic transition is similar to that of
band (1), viz. a negative combination of (a) and (b) with some
contributions of electron promotions from the lower-lying
occupied MOs to the SOMO. In contrast to bands (1) and (2),
the broad band (3) in the spectral range (35–45) × 103 cm−1 is
composed of several overlapping bands with different shapes
corresponding to individual electronic transitions (Fig. 3b).

The emission from the LMe solution could be observed only
at 77 K (in a methanol/ethanol mixture, Fig. 3a). The same
fluorescence emission spectra with maximum at ca. 730 nm
were recorded upon excitation of LMe at different wavelengths
over the whole absorption spectrum (Fig. S2, ESI†). Excitation
spectra coincide with the absorption spectrum of LMe, regard-
less of the emission wavelength (Fig. S2, ESI†). There is a
breakdown of the mirror image symmetry of absorption and
fluorescence spectra of LMe (Fig. 3 and S2, ESI†). This effect is
not related to the different experimental conditions as the low-
temperature spectra are usually characterized by a more pro-
nounced structure. Moreover, analogous spectral features were
observed for the nitronyl nitroxide radical covalently linked
with 2-pyrazolylquinoline,71 which exhibits detectable fluo-
rescence at room temperature due to energy transfer from the
pyrazolylquinoline moiety. Most likely, the structure-less fluo-
rescence band (Fig. 3a) indicates a strongly anharmonic poten-
tial for some low-energy vibrational modes in the excited
state.72 For the polycrystalline samples of the radicals LMe, LPr

and LEt-CP, the broad fluorescence emission spectra with

maxima at 750–850 nm (13.2–12.5 × 103 cm−1) were recorded
at room temperature (Fig. S3, ESI†). In contrast, the blue-
shifted (by about ∼1000 cm−1) and structured emission bands
with characteristic intervals of about 200 cm−1 were detected
at 77 K (Fig. S3, ESI†).

3.3. UV/Vis spectrum of Cu(hfac)2

Fig. 5a displays the electronic absorption spectrum of
Cu(hfac)2 measured at 300 K in benzene (red). This spectrum
consists of one intense band with the maximum at 32.5 ×
103 cm−1 (313 nm) and a shoulder at 30 × 103 cm−1 (325 nm).
In order to detect less intense d–d transitions expected for
Cu(hfac)2, additional measurements were performed for the
concentrated Cu(hfac)2 solution. As a result, a set of overlap-
ping absorption bands covering the range from 500 to 700 nm
was detected (Fig. 5a, red curve).

According to the B3LYP calculations, the intense UV band
at 28.6 × 103 cm−1 (353 nm) in the absorption spectrum of
Cu(hfac)2 corresponds mostly to the single electronic transition
involving electron promotion from the in-plane p-orbital of
oxygen atoms onto the singly-occupied dxy orbital of the
Cu ion (Fig. 5b, blue line). Thus, this band is a ligand-to-metal
charge transfer (LMCT) band. The pure DFT functional usually
significantly underestimates the energy of charge transfer tran-
sitions.49 Indeed, the calculated maximum of this band is sig-
nificantly red shifted at the BP86 level (22.9 × 103 cm−1) as
compared with the experimentally observed band. The use of a
more advanced functional leads to the overestimated energy of
this CT band (34.8 × 103 cm−1 and 37.7 × 103 cm−1 for calcu-

Fig. 4 (a) LMe natural molecular orbitals involved in the electronic tran-
sition of band (1) calculated at the UB3LYP/def2-TZVP level and (b) LMe

C–C stretching mode vibration (hν = 1625 cm−1) responsible for the
observed vibrational progression (arrows’ lengths are proportional to the
displacement amplitude).

Fig. 5 (a) The electronic absorption spectrum of Cu(hfac)2 in benzene
at room temperature with the intensity of low energy bands increased
by a factor of 40 (red). (b) The electronic absorption spectra of Cu(hfac)2
(black curve) computed using results of TD-B3LYP/def2-TZVP calcu-
lations (see section 2.4 for details). Blue and red curves represent indi-
vidual electronic transitions. Positions of the d–d transitions
(SOC-NEVPT2) are shown by vertical bars together with the SOMO orbi-
tals of the corresponding excited states.
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lations at the wB97x and B2PLYP levels, respectively). The
band shape calculations were performed using TD-B3LYP
results (Fig. 5b). Fig. 5 demonstrates that calculations repro-
duce well the shape of the LMCT band. The band is very broad
due to large displacements along several modes (ν̃ = 169 cm−1,
ΔQ = 5.2 and ν̃ = 88 cm−1, ΔQ = −5.5, see Fig. S4, ESI†). The
linewidth for simulation was set to 100 cm−1 for Lorentzian
shape and 200 cm−1 for Gaussian shape, and the broadening
due to the population of the excited vibrational levels is also
considered at T = 300 K. As the vibrational quanta for these
modes are smaller than the line broadening, the progression
is not resolved.

The Cu(hfac)2 complex dissolved in benzene has very weak
d–d absorption bands which are characterized by extinction
coefficients of ∼30 M−1 cm−1 that is typical for Cu(II) chelates in
both the solid state73 and solution.74 Positions of the d–d elec-
tronic transitions predicted at the SOC-CASSCF(9,5)/NEVPT2
level agree very well with the broad low-energy experimental
absorption bands. The ab initio calculations predict the follow-
ing order of the d-orbitals: dz2 < dxz < dyz < dx2−y2 < dxy (see
Table S3, ESI†). The Cu(hfac)2 complex dissolved in benzene
exhibits very low emission, which could not be detected even
with the highly sensitive photomultiplier used in our experi-
ments. This indicates highly efficient internal conversion from
the LMCT state to the lower energy d–d excited states.

3.4. Electronic absorption spectra of Cu(hfac)2 complexes
with nitroxide radicals. Vis–near-IR spectroscopy of single
crystals

The Vis–near-IR spectra of single crystals of Cu(hfac)2L
R com-

plexes (LPr, LMe and LEt-CP) measured at high temperatures (in
the WS state) closely resemble the spectra of the ligands: a set
of the observed bands is attributed to the vibrational pro-
gression with the most intense band centered at ∼650 nm
(Fig. 6). The d–d transitions of Cu(II) ions, which are expected
in the near-IR range, are almost not manifested at high temp-
eratures. Thus, the color of the complexes at high tempera-
tures is mainly determined by the color of the corresponding
ligands. The lowering of the temperature does not influence
the spectra significantly until the temperature of the magneto-

structural transition is reached. At this point, the absorption
spectra change drastically in agreement with thermochromism
that is visible to the naked eye. In all three cases, the band
with vibrational progression, associated with the radicals,
shifts to a higher energy at lower temperature. This might
occur due to the stronger polarization of the electron density
by Cu(II) in the SS-state with the shortened Cu–O bond. The
spectral changes upon decreasing temperature differ for these
complexes reflecting the differences in the magnetostructural
transitions. For example, in the case of Cu(hfac)2L

Me only a
half of the clusters undergo the magnetostructural transition,
whereas in the case of Cu(hfac)2L

Et-CP all the clusters convert
to the SS state.37 Therefore, the low temperature spectrum of
Cu(hfac)2L

Me consists of two overlapping bands, viz. those of
SS- and WS-states, with similar vibrational progression, where
the SS-state is shifted to higher energy by ∼1500 cm−1. In the
case of Cu(hfac)2L

Et-CP, only the shifted band of the SS-state is
observed. In the case of Cu(hfac)2L

Pr, the magneto-structural
transition takes place in a wide temperature range
(∼90–240 K),31,39 and the temperature lowering leads to simul-
taneous displacements of the structured band and the appear-
ance of a broad structure-less band centered at ∼500 nm,
which could be tentatively assigned to a charge-transfer band
(ligand-to-metal or metal-to-ligand).

In addition to the above-mentioned spectral changes upon
cooling, Fig. 6 demonstrates also an appearance of weak
absorption bands in the near-IR range. To investigate the
changes occurring at λ > 700 nm in more detail, near-IR
absorption spectra were recorded for optically dense crystals,
which were too dark for the 400–700 nm region but suitable
for >700 nm region (Fig. 7). It is clearly visible that at low
temperature the spectra are more intense and better resolved
than at high temperatures: for each compound three bands
can be recognized.

Ab initio calculations suggest that these bands correspond
to d–d transitions of Cu(II) (Fig. 7). The change in the first
coordination sphere of the Cu(II) ion caused by the magneto-
structural transition leads to the change of both the intensity
and positions of the d–d transitions. Analysis of the active
space (five d-orbitals) orbitals also demonstrates the switch of

Fig. 6 Vis–near-IR absorption spectra of (a) Cu(hfac)2L
Me, (b) Cu(hfac)2L

Et-CP, and (c) Cu(hfac)2L
Pr crystals before and after the magnetostructural

transition, measured for single crystals. Temperatures are indicated on the right side of each figure.
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the z-axis from the Cu-radical to the Cu-hfac direction and the
change in the interaction of the Cu ion with the radical (see
Table S4, ESI†). In agreement with the experiment, results of
calculations show that the complex with more distorted low-
temperature structure has more intense transitions with three
distinguishable maxima. The high temperature structure is
more symmetric and the d–d spectrum has only two well-
separated bands with almost twice smaller intensities
compared to the low-temperature structure.

NBO analysis for both the low- and high-temperature struc-
tures (SS and WS states, correspondingly) of Cu(hfac)2L

Me

shows that four interactions give the main contributions to the
bonding between Cu(II) and nitroxide (ESI, Tables S5 and S6†).
Two interactions delocalize electrons from the d-orbitals of
Cu(II) onto orbitals combined from 3s and 3p AO of oxygen.
Two other interactions delocalize the lone pairs of oxygen onto
the 4s orbital of Cu(II). The population of the 4s orbital was
estimated to be about 0.26 in both the SS and WS states of
Cu(hfac)2L

Me. The bonding between Cu(hfac)2 and nitroxides
is quite weak and leads to dissociation of the complexes in
solution at room temperature.

We were unable to detect any fluorescence for polycrystal-
line samples of complexes Cu(hfac)2L

R (LR = LMe, LPr, LEt-CP) at
both room temperature and 77 K. This might be due to the
presence of fast internal conversion to the d–d excited states.
Moreover, the LIESST phenomenon is most likely associated

with the d–d excited states of Cu(hfac)2L
R complexes. Indeed,

it was shown11,12,29,33 that LIESST can be initiated by excitation
at λ ≥ 900 nm (d–d absorption region, Fig. 6 and 7).

3.5. Comparison with iron-based SCO compounds and
implications for photoswitching

The above observations allow us to conclude on the following
trends in UV/Vis–near-IR spectroscopy of breathing crystals
Cu(hfac)2L

R:
(i) UV/Vis–near-IR spectra are dominated by the absorption

bands of nitroxides in both WS (high-temperature) and SS
(low-temperature) states.

(ii) The spectra are changed moderately depending on the
magnetostructural state – the nitroxide spectrum shifts to the
higher energies (lower wavelengths) upon the transition from
the WS to SS state. In addition, three-spin nitroxide-copper(II)–
nitroxide clusters manifest a new band centered at ∼500 nm in
the SS state, tentatively assigned to the charge transfer
transition.

(iii) The d–d transitions of copper(II) are relatively weak in
intensity; the band positions and shapes do change upon
WS ↔ SS conversion, but cover the same spectral region
∼700–2000 nm.

As we noticed already, breathing crystals Cu(hfac)2L
R mani-

fest LIESST-like phenomena similar to iron(II) SCO com-
pounds. The WS state can be photogenerated from the ground

Fig. 7 The near-IR absorption spectra recorded for optically dense single crystals of complexes Cu(hfac)2L
Me (a), Cu(hfac)2L

Et-CP (b) and
Cu(hfac)2L

Pr (c) before and after the magnetostructural transition. Temperatures are indicated on the right side of each figure. (d) The d–d spectrum
computed at the SOC-CASSCF(9,5)/NEVPT2 level of theory (applying 1500 cm−1 Gaussian broadening of the individual transitions) for the
Cu(hfac)2L

Me complex with the XRD structures at 295 K and 140 K. The SOMO orbitals of the corresponding excited states are shown.
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SS state at low temperatures (typically <30 K) and remain meta-
stable on the scale of hours (referred to as mWS). However, the
reverse photoswitching mWS → SS (analogue of reverse
LIESST, i.e. photoinduced high-spin (HS) to low-spin (LS) con-
version in SCO compounds) has not yet been found for breath-
ing crystals, which, in particular, was a strong motivation for
the present study.

In contrast to breathing crystals, typical iron(II) SCO com-
pounds have easier interpretable UV/Vis–near-IR spectra domi-
nated by d–d and MLCT transitions (see Fig. 8 for example).
The distinct difference between this spectrum (Fig. 8) and the
spectra of breathing crystals (Fig. 6 and 7) is that there are
almost no absorption bands of the low-temperature LS state at
λ > 670 nm (15 000 cm−1), whereas the photo/thermo-induced
high-temperature HS state features a well-resolved band cen-
tered around ∼830 nm (12 000 cm−1). Thus, one needs higher
energy quanta (green light) to induce LS → HS conversion
(direct LIESST) and lower energy quanta (red light) to induce
HS → LS conversion (reverse LIESST). Qualitatively, upon
irradiation of the metastable HS state by red light for reverse
LIESST one does not reach necessary energy to induce simul-
taneously direct LIESST; therefore the reverse LIESST is
feasible.

In contrast, for breathing crystals d–d transitions of copper(II)
are present at λ ∼ 700–2000 nm in both SS and WS states
(Fig. 7). They do not noticeably shift to the higher energy in
the WS state, most likely because the switch of the Jahn–Teller
axis mainly interchanges the axes of crystal field and does not
change significantly the corresponding energy values, in con-
trast to SCO compounds where the mean metal-to-ligand dis-
tance does change upon the transition leading to a significant
change of the crystal field. Therefore, the low-energy route
between the SS and mWS states via d–d transitions is feasible
when irradiating either ground SS or photoinduced mWS

states. Most likely, this is the main obstacle for inducing the
reverse LIESST in breathing crystals.

All synthetic approaches applied to date in order to influ-
ence the SCO-like behavior in breathing crystals have relied on
structural modification of either radical or solvent molecules
included in the crystal. Both factors influenced crystal
packing, viz. bond lengths and inter-bond angles, and even-
tually the exchange interactions between paramagnetic
centers. However, in all cases Cu(hfac)2 was the indispensable
component of the complexes, and the switch of the elongated
Jahn–Teller axis in copper(II) units coupled with the change of
copper(II)–nitroxide exchange interactions was the core of the
observed SCO-like phenomena. Therefore, it is difficult to
anticipate that the situation with d–d transitions covering
the range of ∼700–2000 nm in both SS and WS states can be
remedied synthetically. The absorption in the visible region
λ ∼ 400–700 nm can be reduced by adjusting the structure of
the nitroxide radical, as was shown earlier by replacing the
nitronyl nitroxide by tert-butyl pyrazolyl nitroxide;76 however,
this should not make the reverse mWS → SS photoswitching
better isolated from simultaneous direct SS → mWS one. We
suppose that a more feasible strategy for inducing the reverse
LIESST in breathing crystals could be the use of excitation
energies that are so low that direct LIESST cannot be induced,
whereas reverse LIESST is still feasible. This requires the
adjustment of copper(II) coordination environments in order
to provide simultaneously a high enough energy barrier for
SS → mWS switching and the presence of low-lying
d–d transitions.

Finally, it is worth mentioning that the existence of low-
energy d–d bands in both SS and WS states of breathing crys-
tals (λ ∼ 700–2000 nm and beyond) makes an interesting
difference compared to iron-based SCO compounds. For
instance, the direct photoswitching requires lower energy
quanta which potentially means that the other radiation sources
such as CO and CO2 infrared lasers can be implemented to
control the spin state of the copper(II)–nitroxide photoswitchable
compounds.

4. Conclusions

The electronic absorption spectra of single crystals of three
thermoswitchable molecular magnets (Cu(hfac)2L

Me,
Cu(hfac)2L

Et-CP, Cu(hfac)2L
Pr) have been analyzed in the visible

and near-IR regions. The color of the complexes is mainly
determined by optical properties of the nitroxide radicals,
while the Cu(hfac)2 fragment contributes to the near-IR range
with the intensity smaller by an order of magnitude. The
observed thermochromism of the complexes is mainly caused
by the spectral shift of the absorption bands of the nitroxide
radicals to higher energy upon the magnetostructural tran-
sition to the SS state. The important feature of the absorption
band in the visible range is the vibrational progression
observed in solutions of nitroxide radicals as well as in the
single crystals of the complexes. These progressions differ only

Fig. 8 An example of UV/Vis spectra of the iron(II) SCO complex
[Fe(ptz)6](BF4)2 at 293 and at 20 K. Adapted from ref. 75.
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slightly in the solution spectrum of radicals and in the WS
and SS states of complexes in crystals. UV/Vis absorption
spectra of the nitroxide radical LMe in ethanol solution have
been well reproduced by DFT calculations.

The low-temperature absorption spectra of single crystals
manifest distinct differences in the studied complexes upon
magnetostructural transitions. In the case of Cu(hfac)2L

Me, the
low temperature spectrum features two overlapping bands of
SS and WS states with maxima separated by ∼1500 cm−1,
whereas the spectrum of Cu(hfac)2L

Et-CP has only the SS band
at low temperature, reflecting 50% (for Cu(hfac)2L

Me) and
100% (for Cu(hfac)2L

Et-CP) conversion. In contrast, the spec-
trum of Cu(hfac)2L

Pr changes gradually with temperature and
is characterized by the appearance of both the slightly shifted
structured band and the broad structure-less band on the
higher energy side, which is tentatively assigned to a charge
transfer transition. The analysis of the spectra of single crystals
in the near-IR region reveals changes in the energy and the
intensity of the Cu(II) d–d transitions, which are well repro-
duced by SOC-NEVPT2 calculations and are due to a switching
of the Jahn–Teller axis and corresponding changes in the
coordination sphere distortions.

The rational design of photomagnetic switches relying on
breathing crystals requires an in-depth understanding of the
structure and the origin of contributing optical absorption
bands. In this work we attempted to solve this task using three
representative compounds of the family and drawing general
conclusions on the corresponding UV/Vis properties. Based on
the insights gained, we proposed further strategies for design-
ing bidirectional photoswitches using these appealing com-
pounds, which will be pursued in our future work.
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