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Abstract

The electronic structure and magnetic interactions of three representative members of the
breathing crystal Cu(hfac),L® family, mainly Cu(hfac),L” (1), Cu(hfac),L*"-0.5CgHi5 (2) and
Cu(hfac),L*"-0.5CgHy, (3), have been analyzed by means of periodic plane-wave based DFT+U
calculations. These copper(ll)-nitroxide based molecular magnets display promising thermally
and optically induced switchable behaviour, similar to the spin-crossover and light-induced
excited spin state trapping phenomena. The calculations confirm the presence of temperature-
dependent exchange interaction within the spin triads formed by the three-spin nitronyl
nitroxide-copper(ll)-nitronyl nitroxide units, in line with the changes observed in the effective
magnetic moment when temperature increases. Moreover, they quantify the interchain
interaction mediated by the terminal nitroxide group of two spin triads in neighbour polymer
chains. This interaction competes with the exchange interaction within the spin triads at high
temperature and introduces 1D exchange channels that do not coincide with the polymeric
chains. The density of states reveal that the low-lying conduction states potentially involved in
the UV-vis transitions are mainly located on the nitronyl-nitroxide radicals, the hfac groups and
the Cu atoms. Then, the density of states is almost independent of the solvent and the R group
substituting the pyrazole moiety, which suggests the possibility of light-induced spin switching
for other members of the breathing crystal family. The band at 500 nm characterizing the
strongly-coupled low-temperature phase can be ascribed to a ligand-to-metal charge transfer
transition between the nitronyl-nitroxide and the Cu bands. This study appears to be
fundamental in order to properly understand the optical properties of these switching
molecular magnets.
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1. Introduction

Switchable molecular compounds attracted much attention in last several decades due to their
potential applications in magnetic data storage, quantum computing, spintronics and related
areas. Spin-crossover (SCO) complexes are among the most promising candidates, most of
them based on iron(ll), where the switching between different spin states can be induced by
different external stimuli such as temperature, pressure or Iight.lzm] In fact, to date the light-
induced excited spin state trapping (LIESST) phenomenon has mostly been observed on SCO
complexes of iron(1)*"* and iron(111).

Recently, a family of switchable compounds with SCO-like behaviour and LIESST-like
phenomena based on Cu(ll) and nitronyl nitroxide (NIT) ligands have been
reported.VVEVEMIOLAL2A3LA4] Thage compounds of formula Cu(hfac),L® consist of heterospin
polymer-chain complexes of Cu(ll) hexafluoroacetylacetonato (hfac) with stable pyrazole-
substituted nitronyl nitroxides, L® with R=Me, Et, Pr, i-Pr, Bu. Two different motifs of the
polymer chains can be obtained (Figure 1): a head-to-tail motif leading to the formation of
two-spin Cu(ll)-nitroxide clusters, and a head-to-head motif, resulting in alternating one-spin
Cu(ll) and three-spin NIT-Cu(ll)-NIT clusters (spin triads).
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(a) head-to-tail motif (b) head-to-head motif

Figure 1. Head-to-tail (a) and head-to-head (b) motifs in the heterospin Cu(hfac),L* polymer-chain
complexes. Red, blue, gray and orange tubes represent O, N, C and Cu atoms, respectively. Orange and
blue boxes represent the two-spin Cu-NIT clusters and three-spin NIT-Cu-NIT clusters, respectively.
Hydrogen atoms, -CF; and —CH; groups have been omitted for clarity.

These Cu(hfac),L® systems present magnetic anomalies that can be thermally and optically
induced, similar to the classical spin-crossover, but different in nature. The crystal undergoes
reversible structural rearrangements, that modify the exchange interaction between the Cu(ll)
and the nitroxide spins when the temperature changes (Figure 2). At high temperatures the
spins are weakly ferromagnetically coupled (weakly exchange-coupled state, WS), with J = 10-
20 cm ™, \whereas at low temperatures the Cu(ll) and the nitroxide spins are coupled by a
strong antiferromagnetic interaction,® with J ~ -100-200 cm™, and the spin triad converts to
the strongly coupled spin state with a total spin S=1/2 (strongly exchange-coupled state, SS).
As a result, the effective magnetic moment L. decreases when the temperature drops (Figure
2). The change of the magnetic moment A can be gradual or abrupt depending on R and
the solvent. The impact of the solvent has been associated to the relative orientation of the
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solvent molecules with respect to the spin triads."81 The large difference in Cu-O bond
lengths between SS and WS states is responsible for the significant change of the unit cell

volume during the spin transition, and for this reason these systems have been called
breathing crystals.

[10]
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Figure 2. (a) View along b axis of the Cu(hfac),L” complex. H and F atoms are omitted for clarity. Blue
and red polyhedra represent CuOg and CuO4N, octahedron, respectively. The dotted red lines represent
the interchain interactions. (b) Magnetic interactions along the polymer chain. The dotted green and
blue lines represent the Cu-NIT interaction within the triad (J) and the interaction between the spin-
triad and the one-spin CuO,N, cluster (J’). Schematic representation of the elongated octahedral CuQOg
sites in the spin triad for the LT (c) and HT (d) phases. (e) Temperature dependence of the effective
magnetic moment pex(T) of Cu(hfac),L™ (1) (red circles), Cu(hfac),L*"-0.5CgH;o (2) (blue squares),
Cu(hfac),L*-0.5CsH;5 (3) (green triangles).Reproduced from Ref. 9 with permission from the PCCP
Owner Societies.

The photoswitching in the Cu(hfac),L® family has been observed for the first time for
Cu(hfac),L”" complex,"? and also documented for Cu(hfac),L® with propyl-benzene and m-

[22] R 3nd time-resolved EPR.?? The phenomenon has also been

xylene as solvents~ using EP
reported on a related polymer chain complex of Cu(hfac), with tert-butylpyrazolylnitroxide
radical.””® Illumination with light at very low temperature induced a metastable WS state,
where the system remains trapped for hours. The relaxation to the ground SS state is
nonexponential and has a self-decelerating character.””! The process has been also analysed
by femtosecond optical spectroscopy for Cu(hfac),L™ complex.™ Figure 3 shows the UV-vis
absorption spectra of the WS and SS states of Cu(hfac),L” which are dominated by the nitronyl
nitroxide bands in the A=450-700 nm region.[14]'[13] Similar UV-vis spectra have been reported
for the related Cu(hfac),L™® and Cu(hfac),L""“" complexes."™ The most significant difference

between both states is a strong band at A=500 nm observed only at low temperature (SS
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state), and tentatively assigned to a charge transfer band (metal—to—ligand[13] or ligand-to-
metal™"™))_ A further feature is the displacement of the structure band centered at ~650 nm,
associated with the nitroxide radicals, to a higher energy.™ The bleaching of optical density in
the A=500-600 nm region has been employed to monitor the photoinduced SS<>WS
conversion and provide information about its timescale. A three-state mechanism involving
the SS, WS and the photoexcited E* states has been suggested, but the nature of this E* state
has not been identify, and then the mechanism of the ultrafast spin state photoswitching is far

from being fully understood to date.?21231%3]

In this context, information regarding the available electronic states that could connect the SS
and WS states in the photoinduced transition would be extremely useful. At present,
theoretical studies of breathing crystals are scarce, and have been mostly oriented to the
evaluation of the coupling within the spin triads and the interchain couplings using different
approaches such as the difference dedicated configuration interaction (DDCI) method,"”
CASPT2,"*) or broken symmetry DFT-based calculations."*"?*! Regarding periodic treatments,

it is worth mentioning a recent study by Morozov et al.’?”

where the periodic GGA+U approach
has been applied to describe the magnetic coupling within the spin triads of two related
Cu(hfac),L™ and Cu(hfac),L™ polymer chains. A reduced crystal symmetry was employed to
decrease the number of atoms in the unit cell and consequently the computational cost, but in

doing so the interchain interactions are neglected.
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Figure 3. UV-Vis absorption spectra of Cu(hfac),L™ (1) recorded at 80-300K. Reprinted with permission
from Ref. 1?2, Copyright 2012 American Chemical Society.

Therefore, the aim of this work is to obtain a reliable description of the electronic structure of
the breathing crystal from state-of-the-art quantum chemistry approaches. We use plane
wave-based periodic calculations for three representative members of the breathing crystal
Cu(hfac),L® family: Cu(hfac),L™ (1), Cu(hfac),L®*-0.5CsH15 (2) and Cu(hfac),L?"-0.5CsH;0 (3). Our
DFT+U calculations on the low and high temperature phases provide information about the
relative stability of different spin arrangements in the spin triads and the isolated CuO;N,
units, estimates of the magnetic coupling interactions between the nitroxide and Cu(ll) spins

4
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within the triads and confirm the presence of antiferromagnetic interactions between the
polymeric chains mediated by the terminal nitronyl-nitroxide groups. Additionally, the density
of states furnishes key features of the low-lying electronic states of the low-temperature (LT)
and high-temperature (HT) phases that could help in the elucidation of the states involved in
the photoswitching process and could get insight into its whole mechanism. The density of
states reveal that the low-lying conduction states potentially involved in the UV-vis transitions
are mainly located on the nitronyl-nitroxide radicals, the hfac groups and the Cu atoms. i.e.
located on common components of all the members of the breathing crystal family. Then, the
density of states is almost independent of the solvent and the R group substituting the
pyrazole moiety. Hence, the similarities found in the density of states for these three
compounds suggest the potential occurrence of the LIESST-like phenomenon in other
members of the breathing crystal family.

2. Description of the systems

Three compounds Cu(hfac),L”, Cu(hfac),L®"-0.5CgH;s and Cu(hfac),L®"-0.5CgHi (1-3) of the
breathing crystal family have been considered, which have been extensively characterized in
the past by X-ray diffraction, SQUID magnetometry, EPR and UV-Vis spectroscopies.
(28),129],[19),[11] (12}, 1301 BALROLISLZU3T 1y 311 cases, the polymer chains present a head-to-head
coordination motif with alternating one-spin Cu(ll) in CuO4N, units and three-spin nitroxide-
Cu(Il)-nitroxide CuOg clusters (Figure 2a). Compounds 1-3 differ on the R substituent of the
nitroxide ligand (R=Pr for 1, Bu for 2 and 3) and the organic solvent (solv) included into the
crystal structure (solv=octane CgHy5 for 2 and ortho-xylene CgHqq for 3), and have been selected
as representative examples of the differential role of both the substituent™” and the
solvent™ 1" on the magnetostructural transition.

At low temperature the nitronyl-nitroxide radicals occupy equatorial positions in the elongated
CuOg octahedral units (Figure 2c), while they occupy the axial position in the CuOg octahedron
in the high temperature structure (Figure 2d). As a result of the rotation of the elongated Jahn-
Teller axis in the CuOg octahedron with temperature, the Cu-nitroxide distances are elongated
and more importantly the Cu 3d and m-nitroxide orbitals carrying the unpaired electrons adopt
a quasi-orthogonal relative orientation, as demonstrated the ab initio calculations carried out
by one of us in the Cu(hfac),L®"-0.5CH;5 (2) complex.?” Table 1 shows the Cu-O bond distances
in the CuOg octahedron for the two structures considered (LT and HT phases) for each
compound. Also the bond angle between the nitroxide group and the Cu ion is reported for
each structure. Additional structural information is reported in Table S1 for compounds 1-3,
together with plots of the unit cell for both phases in Figure S1. Consequently, these structural
changes have a dramatic impact on the exchange interactions between the Cu and nitronyl-
nitroxide spins in the triad, which are significantly modified during the SS<>WS conversion. By
contrast, the one-spin CuO;N, units remain magnetically isolated in all range of temperatures.

The three compounds experience gradual magnetostructural transitions, i.e. the magnetic
susceptibility changes smoothly with temperature (Figure 2e). The complex Cu(hfac),L” (1)
presents a gradual transition on a broad temperature range T=100-250K.™ Moreover, a

K’[28],[11]

structural phase transition occurs at T=226 the crystal belongs to the P2,/c space group

at low temperature while the space symmetry group is C2/c at T > 226K. The complex

5
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Cu(hfac),L*"-CgHyo (3) has a similar behaviour, although the transition region is broader (100-
300K), and the transition temperature is shifted by ~60K to lower temperatures. Complex
Cu(hfac),L®-CgH1s (2) represents an intermediate case between abrupt and gradual spin

[11]

transition,” ™ with a narrower temperature range, 75-175K, and a transition temperature of

~130K.1

Table 1. Main geometrical parameters within the spin triad for the LT and HT structures of compounds
1-3. Cu-O, and Cu-Os,. represent the bond distances between the Cu and O atoms in the nitronyl-

nitroxide and hfac groups, respectively. All parameters from X-ray diffraction data, "2
Cu(hfac),L*-solv T(K) | Cu-O(A) | Cu-O-N(°) | Cu-Opac (&) Cu-Orac (A)
1 R=Pr 50 1.994 123.3 2.274 1.949
240 2.256 127.1 2.018 1.960
2 R=Bu, solv=octane 100 2.034 123.1 2.201 1.998
295 2.352 125.3 1.971 1.961
3 R=Bu, solv=0-xylene 60 2.003 126.1 2.301 1.963
240 2.206 128.5 2.004 1.975

3. Computational details

The crystals have been studied within density functional theory (DFT) using the Vienna ab initio

BABBABT - eamploying  the generalized gradient

simulation package (VASP) code,
approximation (GGA) with the Perdew-Burke-Ernzerhof exchange-correlation functional® and
projector-augmented wave (PAW) potentials.?”"*# Effective Hubbard corrections of 9.8 eV and
5 eV have been used to describe the localized Cu 3d orbitals and O 2p orbitals respectively,
using Dudarev's approach,®¥ as in the previous study by Morozov et al.””"*?! on the related
Cu(hfac),L™ and Cu(hfac),L™ compounds. The PBE+U method is considered as a practical
alternative to hybrid methods when plane-wave basis sets are used, where the evaluation of
the Fock exchange terms is computationally prohibitive.*"*2*3l The main weakness of the +U
correction is precisely the choice of U. Some attempts have been made in the past for
obtaining estimates of the U value from an unbiased and independent evaluation based on
extended Cl calculations on representative fragments of the system."! However, this approach
does not work for the breathing crystals, due to the m nature of the active orbitals of the
nitronyl-nitroxide radicals, responsible for a frame of low-lying states in competition with
those required for the evaluation of U. Instead, we have checked the impact of the U value by

a complementary set of calculations with U(Cu)=2, 7 and 9.8 eV.

Valence electrons are described using a plane-wave basis set with a cutoff of 500 eV and a I'-
centred grid of k-points is used for integrations in the reciprocal space, where the smallest
allowed spacing between k-points is set at 0.2 A1 van der Waals interactions were taken
into account through the Tkatchenko-Scheffler method."® Hereafter, PBE+Uq4(n) refers to
calculations with U=n eV correction in Cu 3d orbitals and PBE+U4+U, refers to calculations with
Us=9.8 eV for Cu 3d and U,=5 eV for O 2p orbitals, including Van der Waals corrections in all
cases.

This article is protected by copyright. All rights reserved.
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For each crystal we have considered the experimental structure™™? at two temperatures

representative of the LT and HT structures (50 K and 240 K, 100 K and 295 K, 60 K and 240 K
for compounds 1-3, respectively) and single-point calculations have been done for different
magnetic solutions. Electronic relaxation has been performed until the change in the total
energy between two consecutive steps is smaller than 10° eV. Unlike the previously reported

[11],[29],[20]

periodic calculations on breathing crystals, in our calculations the experimental space

group for each system is employed (P1 for compounds 2 and 3 in both temperatures,[”]'[zol
P2,/c and C2/c for compound 1 at low and room temperatures,[zgl respectively), with unit cells
of 552, 170 and 162 atoms for compounds 1, 2 and 3 respectively. Hence, our calculations take

/ [27]

into account the interchain interactions, neglected in the works by Morozov et a as a

consequence of the reduced crystal symmetry used in their calculations.

4. Results

Periodic plane wave-based PBE+U calculations have been performed to establish the electronic
structure at low and high temperatures of three members of the Cu(hfac),L® family. The goal is
two-fold: first, to establish a reliable procedure for describing the whole crystal, explicitly
including the interchain interactions, relevant in the description of the spin dynamics and
second, to interpret the origin of the main bands on the UV-Vis spectra with a potential role in
the photoswitching process.

4.1. Impact of the U value on the relative energies of the magnetic solutions

Comparing with calculations on fragments modeling the spin triads, > 19261 the periodic
calculations are free of border effects, take into account all the groups and atoms of the real
crystal without any simplification, and explicitly deal with the interchain interactions,
considered as relevant for the spin dynamics at high temperature. However DFT based periodic
calculations are functional-dependent and in the case of DFT+U calculations, the choice of U is
a relevant step. Four different U values are considered, as described above, and their impact
on the (i) relative energy of the magnetic solutions for the LT and HT structures, (ii) density of
states, and (iii) amplitude and nature of the magnetic interactions will be analyzed.

Table 2. Relative stability (per NIT-Cu-NIT...Cu units) and magnetic coupling constants for
Cu(hfac)zLR-so/v compounds (1-3) at PBE+Ug+U,, level. Intracluster coupling J, the interaction between

the spin triad and the CuO4N, units /' and the interchain interactions J.,i, are reported. All values are in
-1

cm .

Cu(hfac),L"-solv Phase | AFM | AFM2 | FM J S| Jehain
1 R=Pr LT 0.0 0.0 | 737.0 | -368.9 0.0]| -2.8

HT 27.8 | 27.8 0.0 13.5 0.0

2 R=Bu, solv=octane LT 0.0 | -10.1 | 520.5 | -260.2 | -10.1

HT 38.5| 385 0.0 19.3 0.0

3 R=Bu, solv=0-xylene LT 0.0 0.1 | 644.4 | -322.2 0.1
HT 48.2 | 48.2 0.0 24.1 0.0| -5.8
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Figure 4. (a) View along the a axis of the unit cell for compound 2, in the middle the nitroxide-Cu-
nitroxide spin triad, and in the corners the one-spin CuO4N, clusters. (b) Spin density maps of compound
2 for the AFM (top), AFM2 (middle) and FM (bottom) solutions. Four unit cells are represented,
delimited by a dashed line. View along the a axis. (c) Schematic representation of the three considered
magnetic solutions for compounds 2 and 3. Blue and red arrows represent, respectively, the Cu and
nitronyl-nitroxide spins of the three-spin cluster (spin triad). Green arrow represents the one-spin

CuOy4N, cluster.

This article is protected by copyright. All rights reserved.
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The unit cell for Cu(hfac),L*"0.5CgH15 (2) and Cu(hfac),L*"-0.5CsHyo (3) compounds contains
four unpaired electrons, three on the spin triad and one on the CuO4N, unit. Hereafter Cul and
Cu2 represent the copper atom in the spin triad and CuO,N, units, respectively. Three different
magnetic solutions have been calculated, corresponding to different spin distributions |NIT-
Cul-NIT....Cu2|(Figure 4 for compound 2, Figure S2 for compound 3). Table 2 reports the
results obtained for PBE+Uy+U,. The rest of explored U values can be found in Tables S2 and
S3. At low temperature, the ground state corresponds to the AFM solution with Sz=0,

(-

the Cul centre, and the two Cu centers are coupled ferromagnetically. This solution is almost

, Where the two nitronyl-nitroxide groups present an antiferromagnetic coupling with

degenerate with the AFM2 solution ‘NT...T‘ with Sz=1, differing from the AFM solution by the
relative orientation of the Cu spins. This confirms that the CuO4N, clusters are magnetically
isolated. The ferromagnetic solution ‘TTT...T‘ with Sz=2 is high in energy, as expected for the

low-temperature strongly-coupled phase. At high temperature, the three solutions are almost
degenerate the ferromagnetic solution being the most stable one (Table 2). Again this result is
in agreement with the experimental data for the high-temperature weakly-coupled phase.
Additionally, in the case of Cu(hfac)zLB”-O.SCBHlo, it has been possible to isolate an additional

solution (AFM4) for the HT structure, corresponding to the distribution ‘TTi...T‘ (Figure S2).

When this distribution is replicated, the interaction between the terminal NO groups of two
neighbor spin triads is antiferromagnetic, while in the rest of considered broken-symmetry
solutions, all the interactions between neighbor spin triads are ferromagnetic (Figure S2).

This solution provides additional information about the amplitude and nature of the interchain
interaction mediated by the terminal nitroxide groups in two neighbour chains.

In the case of the Cu(hfac),L” (1) complex, the unit cell contains four spin triads and four
CuO4N, units. The four considered solutions are schematically represented in Figure 5,
together with the projections of the spin density on the ac plane. Solution AFM3 differs from
AFM2 by the antiferromagnetic interchain interaction, Jcain.

The relative energy of the four solutions with different U values is shown in Table 3. They
present a strong dependence on the U value for the LT structures, while the energy gaps are
almost insensitive to U for the HT solutions except for PBE+Uq4(2). The relative energy of the
explored solutions are in good agreement with the experimental data, except for PBE+U4(2)
where an AFM ground state is predicted at HT, although the AFM-FM gap is strongly
modulated by the chosen U value. At low temperature, AFM3 solution is the most stable one,
which indicates the presence of an antiferromagnetic interchain interaction as obtained for
Cu(hfac),L*"-0.5CgHy, (3). This AF interchain interaction has been also evidenced in our
previous theoretical study on Cu(hfac),L®:0.5CgH;5 (2).%* Hence, in these systems the chains
are magnetically connected through the terminal nitroxide groups of the three-spin clusters of
two neighbouring chains. This intercluster interaction gives 1D exchange channels that do not
coincide with the polymeric chains but rather spread across them.® The presence of this
interaction is of vital importance for the interpretation of the spin dynamics and relaxation of
the photoinduced WS state at low temperature, as discussed below. Since the NO..NO
contacts among the polymer-chains are ubiquitous to all these compounds, it is reasonable to
suggest that this 1D magnetic ordering is a common feature of the whole family.

9
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Figure 5. (left) Schematic representation of the considered magnetic solutions for Cu(hfac),L™" (1). (right)
Spin density maps at low temperature from PBE+U4+U, calculations. View along b axis.
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Table 3. Relative energies (per NIT-Cu-NIT...Cu units) of the four magnetic solutions of the Cu(hfac)zLPr

(1) complex using different U values. The magnetic coupling within the spin triad, J, the interaction

between the spin triad and the CuO4N, units, J, and interchain interactions J...i, are also reported. All

. -1
valuesincm™.

Method | Phase | AFM | AFM2 | AFM3 | FM J 7| Jenain
PBE+Uq4(2) LT 00| 18| -19[28952|-14476| 18] -3.8
HT 00| 233 — | 332.6| -166.3 |23.3
PBE+Uq(7) LT 00| 00 — 116929 | -8465| 0.0
HT | 11.1| 11.1 0.0 55| 0.0
PBE+U4(9.8) | LT 00| 04 — 110976 | -548.8| 0.4
HT | 21.0| 21.0 0.0 10.5| 0.0
PBE+U+U, LT 00| 00| -14]| 737.0| -3689| 0.0] -2.8
HT | 27.8| 27.8 0.0 13.5| 0.0

The spin density values on the spin triad atoms are shown in Table 4 for the ground state of

each structure at PBE+U4+U, level and represented in Figures 4 and 5. Regarding the nitroxide

groups, the spin density is not homogeneously distributed being localized with advantage in

the terminal nitroxide groups, in good agreement with the picture provided by our previous

calculations at CASSCF/DDCI level® and the spin density maps obtained from polarized

neutron diffraction experiments on similar head-to-head nitroxide-Cu-nitroxide systems.

[47]

This distribution favors the interactions among neighbour chains mediated just by these

terminal NO groups.

Table 4. Spin densities in the ground state at PBE+Ug+U, level on N, O and Cu atoms of the spin triad of

Cu(hfac),L® complexes at low and high temperatures.

I\
0,-Na_N1-01---Cu---04=N7 Ny-0:
Cu(hfac),L"solv phase Cu 01 N1 N2 02

1 R=Pr LT -0.811 0.107 0.178 0.168 0.363
HT 0.876 0.195 0.172 0.171 0.347

2 R=Bu, solv=octane LT -0.833 0.109 0.174 0.170 0.369
HT 0.858 0.212 0.177 0.174 0.328

3 R=Bu, solv=0-xylene LT -0.811 0.089 0.170 0.165 0.384
HT 0.878 0.174 0.169 0.169 0.358

4.2. Evaluation of the magnetic interactions

The evaluation of the interaction parameters from periodic DFT-based calculations relies on

the mapping between the magnetic solutions and the diagonal terms of the Heisenberg-Dirac-
Van-Vleck (HDVV) Hamiltonian.®"9 The HDVV Hamiltonian takes the form

A P N
Ao =-2)_J; (s,.sj —le

i<j

11
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where § is the spin operator, J; is the coupling constant between the spins in centres j and j
and 1is the identity operator, that multiplied by 1/4 makes zero the energy of the highest spin
multiplicity state. Notice that here the term “centre” is used in a wide sense, since in the case
of the nitronyl-nitroxide radicals it refers to a multicentre magnetic site with S=1/2. Four
different magnetic coupling constants can be distinguished: the nitroxide-Cu J and nitroxide-
nitroxide Jyo interactions inside the spin triad and the interaction between the spin triad and
the CuOy4N, group, J'. These three interactions are located along the polymer chain, while the
interaction between chains is mediated by the terminal nitroxide groups, Jenain-

The energy (per NIT-Cu-NIT...Cu units) for each magnetic solution can be related to the
interaction parameters as follows:

Eprm —Epy =24

Enemz —Eppy =24+

Enems — Eeny =20+ 1"+ (Jonain /2)

Enrma —Ern =J+ Ino +Jcnain

The Jyo interaction has been neglected, since our previous DDCI calculations®” on

Cu(hfac),L®"-0.5CsH;5 (2) demonstrated that this interaction is almost null regardless the
temperature. The J values obtained at PBE+U4+U, level for the three systems in the LT and HT
phases are collected in Table 2. In all cases, the periodic calculations predict a strong
antiferromagnetic interaction between nitronyl-nitroxide and Cu spins at LT, in line with a
strongly exchange coupled state SS, while this interaction becomes ferromagnetic at HT, as
expected for the weakly coupled state WS. The calculations also indicate that the CuO4N, units
remain magnetically isolated regardless of the phase.

Comparing with the results obtained for Cu(hfac),L®"-0.5CsH;s (2) complex from DDCI
calculations on the spin triad (J = -145.3 cm™ and 8.7 cm™ for the LT and HT phases,
respectively, using the quartet CASSCF(3/3) molecular orbitals in the configuration interaction

expansion),?”

the J constants at PBE+U4+U, level are those in better agreement with the DDCI
ones, although always larger in amplitude for both phases. This overestimation is a well-known
feature of the DFT-based evaluations of the magnetic coupling constants, extensively discussed

(OLISLS2L8L54] 3nd also found for the

in the past for many magnetic binuclear compounds,
family of Cu(hfac),L® breathing crystals."*?”! The interchain interaction is antiferromagnetic in
nature and of the same order of magnitude than the J value within the spin triads at high
temperature. This implies that in the WS state there is not a dominant magnetic interaction,
but J and J.in are competing, resulting in a frame of spin states very close in energy, of vital
importance for the interpretation of the spin dynamics and the relaxation of the photoinduced
WS state. 221028 The amplitude of this interaction is indeed in good agreement with previous

|[24]

independent evaluations on isolated nitronyl-nitroxide fragments based on DDC and

broken-symmetry DFT calculations.”?®

4.3. Density of states

The density of states (DOS) for the AFM magnetic solutions of the three compounds at low and
high temperatures is shown in Figure 6 for PBE+U4+U, and Figures S3-S6 for Cu(hfac),L™ (1)
complex with different U values. Although there are no experimental data of the band gap
magnitude or electric conductivity for any compound of the Cu(hfac),L® family, the EPR data
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indicate that they do not exhibit a metallic behaviour, then the presence
implicitly inferred.
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of band gap is

Figure 6. Density of states for the AFM magnetic solution at low (top) and high temperatures (bottom)
of (a) Cu(hfac),L™ (1) (b) Cu(hfac),L>"0.5CsH;5 (2) and (c) Cu(hfac),L*"-0.5CsHso (3) from PBE+Ug4+U,
calculations (black) and projected DOS on the NO groups (red), C and O atoms of the hfacl (blue) and
hfac2 (green) groups, Cul (magenta) and Cu2 (orange) atoms and solvent (grey) atoms. The vertical
dotted lines represent the Fermi level.

For U=2 eV the system presents no band-gap (Figure S3). The three other explored U values for
Cu(hfac),L™ at low temperature give a band gap of 0.7 eV for U=7 (Figure S4) and U=9.8 eV
(Figure S5), while the gap slightly increases up to 1 eV in the case of the PBE+U4+U, approach
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(Figure S6). When going to the HT structure, the gap is slightly reduced by about 0.2 eV. For all
the explored values, the valence band has a major contribution of the nitronyl-nitroxide
groups while the low-lying conduction bands are mainly centred on (i) the C and O atoms of
the hfac ligands, (ii) on the nitronyl-nitroxide groups, and (iii) on the Cu atoms.

The DOS of the three compounds resulting from the PBE+U4+U, calculations (Figure 6) are very
similar in both nature and energy of the low-lying bands. At low temperature, two hfac-based
conduction bands can be distinguished: one centered on the isolated CuO4N, units (labeled as
hfac2 in Figure 6) at lower energy than the band due to the hfac ligands of the spin triads
(labeled as hfacl). These two bands almost collapse at high temperature giving rise to a single
band at about 1.2 eV above the Fermi level. This could be related to the fact that the Cul-Optacr
and Cu2-Onse; bond distances become quite similar at HT, while they differ by up to 0.3 A in
the LT phase. The next bands in energy are associated to Cu atoms (Figure 6). These Cu bands
suffer a red shift displacement of about 0.2-0.3 eV in the HT phase, being placed at ~2 eV
above the Fermi level. This red shift displacement could also be associated to the changes
observed on the coordination spheres of the Cu atoms when going from the LT to the HT
phases.

The position of the Cu bands depends on the U value (Figures S3-S6). Going from U(Cu)=7 eV
to U(Cu)=9.8 eV moves these Cu bands to higher energy. The same effect is observed in the
conduction oxygen-centered band when the PBE+U4+U, approach is employed.

The relative position of the low-lying bands in the DOS provides potentially useful information
for the assignment of the UV-vis absorption spectra, in particular a qualitative picture of both
the energy and the nature of the electronic transitions in the UV-vis absorption spectra and
the bleaching observed in the 500-600 nm region after photoactivation. Figure 3 shows the
experimental UV-vis spectrum of Cu(hfac),L” (1) recorded in the 400-900 nm range at different
temperatures."®® The LT and HT phases present quite similar bands in this region, but a
distinctive feature of the LT structure is the presence of an intense band at A=500 nm, assigned
to a (metal-ligand or ligand-metal) charge transfer transition,™*™¥ based on the fact that the
Cu-0 distances in the spin triads are noticeably modified upon SS <> WS conversion.

Table 5 reports the energy difference at PBE+U4+U, level between the centres of the bands
close to the Fermi level for Cu(hfac),L”” complex, mainly the valence band and the low-lying
conduction bands. Although qualitative, these energy differences give information about the
features observed in the UV-vis spectra and the main changes that could be expected after
SS<>WS conversion. Notice that our calculations do not provide information about the
transition dipole moments, then the relative intensities (if any) of these bands cannot be
anticipated and consequently the corresponding wavelength values in Table 5 are just
tentative. The separation between bands of the same nature is reduced (the wavelength
required for a transition between them increases) when going from the LT to the HT structure,
with the exception of the transition between nitroxide bands, where the trend is the opposite
one. The first feature can be related to the bleaching observed in the 500-600 nm region after
photoswitching. Particularly remarkable is the energy difference between the nitroxide bands
and the Cu centered ones of 2.5 eV (~500 nm) in the LT phase, while the gap between these
bands moves to lower energy ~2.2 eV in the HT structure, then larger wavelengths (~570 nm)
are required to promote a transition between these two bands when temperature increases.
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These two bands could be responsible (assuming a non-negligible oscillator strength) for the
A=500 nm transition observed at low temperature and distinctive of the strongly coupled SS
phase. The periodic calculations suggest that this band could be ascribed to a ligand-to-metal
charge transfer transition, from the nitronyl-nitroxide groups to the Cu atoms, both intimately
involved in the magnetic properties of the LT and HT structures and the SS <> WS conversion.
The charge redistribution between metal and ligands has also been invoked as a key ingredient
of the spin transition in spin-crossover Fe(ll) compounds.lss] This is a central result of this work
that could help in clarifying the mechanism controlling the photoswitching process.

In the case of the separation between the nitroxide bands and the corresponding nitroxide-
nitroxide transitions, the energy difference increases somewhat (the wavelength decreases)
when going from LT to HT structures.

The final remark concerns the impact of the +U correction on the energy and nature of the
projected DOS. As occurs with the J values, only the DOS at PBE+Uy+U, level presents
significant differences between the LT and HT structures that could be related to the
signatures observed in the UV-vis absorption spectra. Then, the U correction of both the Cu 3d
and O 2p orbitals is required for a correct description of the Cu(hfac),L® complexes.

Table 5. Energy difference between the centre of the valence band and low-lying conduction
bands and wavelengths of the corresponding transition for Cu(hfac),Ll” (1) complex at
PBE+U4+U, level.

Assignment LT HT
AE /eV A/nm AE /eV A/nm
o-DOS hfac2 «<—NO 1.54 805 1.41 880
hfac1<—NO 2.23 556 1.55 800
Cu2 <—NO 2.48 500 2.14 564
Cul «<NO 2.59 479 2.20 580
NO <—NO 2.99 415 3.12 397
B-DOS NO «NO 2.09 593 2.19 566
hfac2 <—NO 2.23 556 2.19 566
hfacl <—NO 2.90 428 2.30 539

5. Conclusions

The Cu(hfac),L® breathing crystals family manifests thermal magnetostructural transitions and
LIESST-like phenomena quite similar to those experienced by the classical spin-crossover
compounds. While a large amount of research has been devoted to the characterization and
understanding of the thermally induced spin transition, much less is known about the optical
properties of these copper-nitroxide based molecular magnets.
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This work provides information about the electronic structure of the whole crystal of three
members of the Cu(hfac),L® family, relevant for the assignment of the UV-vis spectra and the
rationalization of the photoinduced switching. The results of a set of periodic DFT+U based
calculations in the two limit phases concern the relative stability of the different spin
arrangements in the crystal and the amplitude and nature of the magnetic interaction in these
heterospin complexes. They are consistent with the EPR data and the observed changes of the
magnetic moment with temperature. Additionally, the density of states gives insights on the
states potentially accessible by electronic transitions in the UV-vis range that could be involved
in the photoswitching process. The similarities found in the DOS for the three considered
compounds suggest the possibility of light-induced spin switching for other members of the
breathing crystal family for which this phenomenon has still not been reported. Work is in
progress to accurately quantify the transition energies and in particular the oscillator strengths
for transitions in the UV-vis range by means of CASSCF/CASPT2 calculations on the spin triad.

The study highlights the potential of the PBE+U calculations on the understanding of the
optical properties of these systems, and its conclusions could be relevant not only for the
particular compounds analysed, but for many other Cu(hfac),L® complexes.
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