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The origin of the intriguing spin-transition behavior of the Prussian blue analogue cesium iron hexacyanochromate
CsFe[Cr(CN)s] has been investigated by means of correlated ab initioc CASPT2 calculations. Using the smallest
transiting core [Fe(NC)¢]*~, the relative importance of the local ligand field and the Madelung field generated by the
rest of the crystal was estimated. It is shown that in the presence of a frozen-charge environment, the high-spin
state lies lower in energy than the low-spin state, thus excluding the possibility of observing a spin transition. In
contrast, the charge reorganization in the environment evaluated from unrestricted periodic Hartree—Fock calculations
creates a prerequisite for the spin-transition phenomenon. The influence of the disorder in the cesium ions’ positions
on the spin transition has been examined as a possible stabilizing factor of the low-spin state of [Fe(NC)e]*~. It is
concluded that this experimentally observed disorder cannot account solely for the unprecedented behavior of the

CsFe[Cr(CN)s] compound.

Introduction

The family of Prussian blue analogues (PBA) has been
widely studied in the field of molecular magneti$nCur-
rently, the interest for these compounds is motivated by two
reasons. First, the representatives of this family that contain
vanadium and chromium cations behave as high-temperature
magnets. Second, some PBA display temperature- and
photoinduced magnetic phase transiti¢itsThese transitions
usually result from temperature or optically driven electron

transfer between two metal ions in the lattice. The change
of the oxidation states leads to changes in the metal ions
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Figure 1. Spin transiting CsFe[Cr(CN)system. Iron, chromium, carbon,
and nitrogen atoms are shown in gray, green, blue, and orange, respectively.
Cesium ions are omitted.

spin states, thus inducing or modifying the magnetic coupling
between them. The recently obser¥sgdin transition at the
iron(Il) center in the cesium iron hexacyanochromate CsFe-
[Cr(CN)g] compound (Figure 1) has opened a new chapter
in the applications of PBA in molecular magnetism.
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In this compound, the thermal spin transition results from
the crossover of the high-spin (HS) and low-spin (LS) states
of the iron(ll) ions without any intervalence electron transfer
in the lattice. This particular observation is very surprising,
as the coordination site of a two-valent metal ion'[MC)g]

(i.e., nitrogen-bonded cyano ligand) undergoes a low or mean
ligand field. Thus, a high-spin behavior can be anticipated.
This conclusion has been confirmed by high-level ab initio
calculations performed on the [Fe(NGHH) ion.®> However,

for the LS < HS entropy-driven spin transition to occur,
the complex must possess a LS electronic ground state.
Because the [Fe(Ch)}~ complexes are known to be LS,
one mechanism for the LS-state stabilization may be found
in the cyanide flips in the hexacyano iron(ll) units. As a
matter of fact, the existence of a spin transition associated
with the cyano-group flip (the so-called linkage isomeriza-
tion) in an iron(ll)-chromium(lll) PBA has been recently
demonstrated in experiments under external pre$stiven Figure 2. [Fe(NC)]*~ model complex.

though a small number of iron(ll) centers with a flipped

cyanide ligand is present in the CsFe[Cr(g\yystal lattice, ~ environment's type and size, the energy gap between the
the IR spectra unambiguously indicate that the spin transition HS 5T and LS*Ay4 states was estimated. On the basis of
takes place in the FeNcoordination centers without any this strategy, one can grasp not only the importance upon
isomerization of the irorcyanide bond.It has been recently ~ the spin transition of the local Madelung field but also the
shown that the HS to LS transition of the iron(ll) centers shortrange versus long-range effects. In particular, how much
can be triggered by X-ray illumination as wélThe same  two different sites can coexist in this 3D network is a major
group has also described a spectacular shift of the spin-issue, which is addressed in the present work. Finally,
transition temperature under external pres$urberefore, because the specific role of the alkali ion in the spin transition
the combination of these experimental studies suggests thagssociated with electron transfer in Prussian Blue derivdtives
the crystal environment in the cesium iron hexacyanochro- has been considered in the literature, the cesium ion disorder
mate CsFe[Cr(CN)is likely to introduce some determining s also investigated in this work as a possible driving force.
factors, leading to the inversion of the Fe(N@it spin

levels ordering as compared to the gas phase. How muchComputational Details

the environment may control the LS to HS transition on the It is known that some care must be taken to properly define the

iron center is an |mpo.rtantquest|0n in such PBA. In cor_1t'rast energy spectrum of open-shell systems. Even though density
with commonly studied molecular crystal spin-transition fynctional theory calculations have the ability to tackle relatively
systems, the CsFe[Cr(Clll)lcompound is a 3D covalently  |arge systems, it has been recently confirmed that some inherent
bonded solid, which makes it a rather intriguing system. drawbacks to this methodology may lead to unsatisfactory results.
Thus, part of the answer is to be found in rigorous calcu- In particular, the exact-exchange admixture in the functional is a
lations on model molecular systems properly embedded intocritical parameter in the description of the spin-states energetics of
the crystal environment. Along the spin transition, two Metal complexes: As demonstrated in numerous worksa
noticeable degrees of freedom may play a major role, name|yspectros_coplc accuracy can be reache_d using CASSCF an_d CASPT2
the bond distances relaxation and the charge redistribution.calcmatlons' However, extended basis sets combined with rather-

. . large active spaces are necessary to reach thisl'¢Balcause we

In the present article, we report results of complete active \yere primarily interested in understanding the driving forces of
space self-consistent field (CASSCF) and subsequent secondspin transition, different model clusters can be considered. We
order perturbation theory (CASPT2) calculations. We dem- focused on the smallest spin transiting unit of our system, namely
onstrate the determining contribution of the charge redistri- [Fe(NC)]*~ (Figure 2).

bution in the Madelung field definition. The sensitivity of The structural characteristics of the studied compound in both
the spin transition to the local environment was analyzed to spin states were taken from ref 7, and we did not perform any
rationalize the role of the CsFe[Cr(Cilinatrix in the spin geometry optimization. Because the importance of the Madelung
crossover of the iron(ll) centers. By varying independently
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Figure 4. Active orbitals of the [Fe(NG]*~ core in the CAS(5,6)

Figure 3. Representation of @ = 1 (red) andn = 2 (blue) cubic calculations. A similar picture holds for the embedded cluster.

environment. Point charges are not indicated for clarity.

field has been clearly demonstrated in solid-state matéfiails Using those enV|.ronments, CASSCF. C‘?"CU""?“O”S were then
performed. Along this scheme, one qualitatively introduces in the

concentrated on the influence of the Madelung field in the spin : - . ; : .
o . . . multireference wave function the leading physical configurations
transition in terms of bond distance breathings and charge redis-. . . . .
- . in the different states of interest. As reported previously, the choice
tributions. Whereas the former are directly known from X-ray

. o ) of the active space depends not only on the number of open shells
experiments, the latter cannot be quantitatively evidenced. There- )
i L ) on the metal but also on the covalent character of the méggind
fore, unrestricted Hartreg~ock periodic calculations were per-

formed using the experimental low-temperature and high-temper- bonds. Because our main goal was to study the influence of the

ature structures to extract the Mulliken charges. Whereas theseenwronmem C.haraCte.”St'CS on the.HS.S energy gap. an active
) . . .~ “space consisting of six electrons in five valence orbitals (CAS-
values are directly evaluated for the iron, chromium, and cesium

ions, the charge of the CN group was defined to ensure the crystal(6’5)) was used in our calculations. Any enlargement of the CAS

. . : leaves the additional orbitals either doubly occupied (i.e., inactive)
neutrality. Thus, each cyano group of the environment was depicted . : . - .

. ; : : or vacant (i.e., virtual). Finally, to avoid the presence of intruder
as a single point charge located in the middle of the CN bond. To states, the CASPT2 calculations were performed using an imagina
evaluate the [Fe(CN)*~ core electronic structure sensitivity to the ' P g ginary

- ; level shift of 0.2 au® All of our calculations were carried out with
Madelung field, environments based on formal charges were also . . . .
: . . the 6.2 version of th&#1OLCASpackag® including atomic natural
considered. Depending on the number of point charges used to

. . . orbitals as basis sets for all of the atoms, namely (21s15p10d6f4Q)
generate the environment, the relevant interaction range was also :
> ) : : . . contracted to [5s4p3dif] for the iron at8mand (4s9p4d3f)
investigated in this system. Practically, each environment was

constructed by symmetrically expanding the crystal along the three contracted to [3s2p1d] for the nitrogen and carbon atgms.
lattice vectors around the [Fe(N&y core, the iron center
crystallographic position being (0, 0, 0). The symmetric construction
of the environment is defined by an expansibn(a/2) along each 1. Gas-Phase Calculations on [Fe(NG]\~. Let us first
lattice vector (Figure 3). An Evjen's procediftevas used to ensure  concentrate on the results of the CASSCF/CASPT2 calcula-
the convergence in the Madelung field. Finally, because disorder tions for the [Fe(NGJ*~ complex in the gas phase. As
has been reported for the cesium atomic positions, different expected, the active space consists in the mainly 3d iron
combinations for tetrahedral interstitial sites occupations were . " .

orbitals (Figure 4). The absence of the environment corre-

considered. As a matter of fact, the local disorder in the cesium d AP ith a low-field
ions’ positions might be responsible for the spin transition. Let us sponds tan = 0 in Figure 5. In agreement with a low-fie

mention that we concentrated on the filling of the nearest-neighbor Versus high-field analysis, the LS equilibrium geometry (i.e.,
tetrahedral positions by cesium ions while the crystallographic low-temperature phase) favors a LS state over the HS one
positions (1/4, 1/4, 1/14),«1/4, —1/4, 1/4), 1/4, 1/4,—1/4), by ~2300 cm?! (Table 1). Consistently, the spin states’
(1/4,—1/4,—1/4) were chosen for the rest of the environment. All

Results

of our periodic calculations were carried out with tBRYSTAL
98 packagé? using all-electron doublé-basis sets for irof8
chromium?” carbon, and nitroget?.
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Figure 5. Evolution of the HS/LS splitting with respect to the numinesf elementary cellsn = 0 corresponds to the gas phase. The dotted lines do not
correspond to the physical situation but are added to guide the eye.

Table 1. Energy DifferencesAE = E(5Tag) — E(*A1g), in cm?Y) Table 2. Formal Charges and Computed Mulliken Charges in the LS
between the HS and LS Spin States Using Different Point Charges and HS Crystal Structures
Environment3
Fe Cr CN Cs
Franck-Condon formal charges 1200 +3.00 -1.00 +1.00
Point Charges Non-FranelCondon HS core geom. LS core geom. Mulliken charges LT struct. +1.65 +1.85 —0.725 +0.85
R —16 737 15881 +2313 HT struct. +2.15 +1.90 —-0.80 +0.75
formal 21197 —16 835 (-16 943) +982 (+834)
Mulliken LS —16 364 —16 359 (-16 428) +1635 (+1531) formal charges+2, +3, +1 for iron, chromium, and cesium,
Mulliken HS —17 916 —16 376 (-16 449) +1610 (+1523) ivel E h | d
Mulliken 112547 112552 131985 respectively, and-1 for CN), these values were used to

. i construct the purely electrostatic environment around the
2 The Franck-Condon energy gaps are calculated with the environment icitlv ab initi d [Fe(NG)- A in Tabl
geometry corresponding to the same spin state as the core or (in parentheseﬁXp“Cny a_ initio treated [Fe(NG) Cor_e' S seen 'n_ a _e
to the opposite spin state. 2, the Mulliken charges on the chromium and cesium ions
and CN groups do not significantly change between the two
ordering is reversed in the HS equilibrium geometry (i.e., spin states. This is to be contrasted with electron withdrawal
high-temperature phase) whereas the energy splitting ison the iron center as the system undergoes theHS
~16 000 cnT’. Inspection of the absolute energies in both transition. As expected, the occupation of the antibonding
geometries shows that the non-Fran@ondon spectroscopy g, set in the HS state removes electron density on the metal.
displays a HS state lower in energy than the LS state (TableThus, the Mulliken charge of the latter increases4y.5.
1 and Figure 51f = 0)). As reported previously,this In the following, these sets (Table 2) shall be referred to as
observation completely rules out the possibility of observing HS and LS Mulliken charges, respectively.

any spin-transition phenomenon. Indeed, the latter being Different problems arise within this strategy. First, what

entropy driven requires a LS ground state. is the minimal size of a fragment creating the embedding
To investigate the possibility of electron transfer between potential required to produce the inversion of the energy
cations, similar calculations on a dimeric unit [(GNg— levels? Besides, the definition of the point charges that must
NC—Cr(CN)]®~ were performed. We did not observe the be included in the description of the Madelung potential
presence of any low-lying electron transfer stat&"FeCr?", remains a difficult and not straightforward task. Along the
which has been identified in the cobalt homologue. spin-transition phenomenon, it is expected that a given center
2. Periodic Calculations: Mulliken Versus Formal may be in a specific immediate environment (say LS)

Charges. The situation may be somewhat different as the originated either by ions holding the same spin states (LS)
Madelung field is turned on. Thus, the next step was to or by ions which have already transited (thus HS).
include the crystal environment. These lattice effects were 3. Embedded [Fe(NC})]*~ Cluster Calculations. To
taken into account electrostatically using a Madelung field evaluate the influence of the embedding bath, CASPT2
acting on the [Fe(NG)*~ complex. Let us mention that the  calculations were performed using a different environment
environment is depicted using bare charges without any abof the cubic shape characterized by the expansio(e/2)
initio embedded model potentials. Because the valenceof the crystal along each CN bond (Figure 3). As seen in
electrons occupy mainly iron 3d orbitals with rather- Figure 5, the energy difference between the two states is
negligible delocalization tails on the cyano groups (Figure converged as soon as = 2 (Table S1 in Supporting
4), one may assume that orthogonality with the rest of the Information). At this stage, no disorder in the cesium ions’
crystal is reasonably achieved. positions was introduced in our calculations. As the whole
To estimate the point-charge values, unrestricted Hartree crystal including the [Fe(NG)*~ core is expanded, one
Fock periodic calculations were performed on the CsFe[Cr- investigates a non-FranelCondon spectroscopy of a mo-
(CN)g] solid using the LS (100 K) and HS (265 K) crystal lecular species immersed in a Madelung environment.
data reported in the literatufel hese calculations determine  Whatever a given set of charges (either formal, high-spin,
the Mulliken charges in both spin states. Together with the or low-spin Mulliken charges), the energetics is almost
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unaffected as compared to the gas phase (Table 2, linék 2 ~ 20000 ~

Thus, the breathing of the crystal lattice without any charge TE

reorganization cannot account for the spin-crossover phe- S,

nomenon. 15000
Let us now examine separately the influence of (i) the

lattice breathing and (ii) the charge redistribution accom-

panying the spin transition. We shall first concentrate on the 10000

geometric degree of freedom. Strikingly starting from a high-

temperature structure, a HS ground state survives for the

frozen [Fe(NC)]*~ core (i.e., FranckCondon spectroscopy) . |

as the lattice parameters of the environment are reduced 4 . >

(energy evolution, column 2 of Table 1, values in parenthe- ) ) '

ses). The LS state remainsl 000 cm® above, and the  FOUe & Quetsinglet snergy oep as & frcton of e number o

energetics is almost unaffected by the set of charges (lesSocal disorder of the tetrahedral sites’ occupation.

than 1%). A similar conclusion is drawn for the LS ground

state (column 3 of Table 1) as an expansion of the lattice is because all of our energy differences are rapidly converged

operated. One can conclude that the energetics éfiand with respect ton (Table S1 in SI).

immersed in a frozen-charge matrix is consistent with the 4. Alkali Disorder Influence. Let us now examine the

Tanabe-Sugano diagram for an isolated complex. importance of the cesium ions’ distribution in the energy
The situation is greatly modified when the electronic |evels ordering. Starting from a local tetrahedral cesium
redistribution in the covalently bonded lattice is explicitly environment around the iron ion (crystallographic reference
taken into account. Energies of both states were calculatedposition (1/4,1/4,1/4),¢1/4,—1/4,1/4), 1/4,1/4:-1/4), and
using the low- and high-temperature crystal structures (1/4—1/4—1/4)), the filling of the nearest tetrahedral sites
combined with the calculated HS and LS Mulliken charges. by cesium cations (Computational Details section) was varied
Along this scheme, both degrees of freedom are simulta- to evaluate the possible influence of disorder on the spin-
neously varied. As seen in Table 1, the LS state immersedtransition phenomenon. Let us mention that the cesium
in a LS environment is stabilized by12 500 cm* over positions in the rest of the environment were not modified.
the HS state in a HS field. Therefore, the charge reorganiza- 5q long as the number of nearest-neighbor cesium ions
tion plays a dominant role in the creation of prerequisites (i) remains equal to 4, the energetics is not significantly

for the spin-transition phenomenon (crossing in part b of 4jereq (.50%) when the cesium ions are moved from the
Figure 5). In light of this observation, one may wonder how ¢y staiiographic reference positions. This is to be contrasted
much the local ligand field (NG)competes with the ih the disordered situations where the number of nearest
fluctuating Madelung environment. For a long time, the coqiym jong changes. Interestingly, the larger the number
relative contribution of short-range and long-range effects ¢ .osjym cations in the nearest environment, the larger the
has been discussed in application to cooperativity of mo- | g gtate stabilization (Figure 6). Therefore, for this particular
lecular spin-transition systems. The priority is usually given g e the solvation of the iron(ll) ion in a locally disordered

to long-range effects, which are considered to be respon3|bleCesium bath may not be sufficient to favor the LS over the

for the spin-transition cpoperat!wty. The_ coemste_nce of short- HS state. However, as seen in Figure 6, the energetics is
range and long-range interactions of different signs can lead

to a two-step spin transitiol . The calculations of a transiting
complex demonstrate the role of cooperativity, which is here
accounted by the Madelung field. Interestingly, the simul-
taneous charge reorganization and lattice contraction greatlycOnCIUSionS
stabilizes the LS state of an iron(ll) center in a local low
ligand field. Indeed, complementary calculations showed Our CASPT2 quantum-chemical calculations demonstrate
that the HS state lies-76 000 cnt! higher in energy, a  that the crystal matrix of the CsFe[Cr(CJN)compound
spectroscopy that is rather contrasted with®aTdnabe- creates conditions for the spin transition of the iron(ll) ion,
Sugano diagram analysis, which favors a HS ground state.a phenomenon that does not exist for an isolated Fe{NC)
Finally, let us note that the charge reorganization without complex. To properly describe these conditions, one has to
lattice contraction is sufficient to reverse the spin-state order include not only structural relaxations but more importantly
within the same [Fe(NG)* low field unit (calculated  charge redistributions within the covalently bonded lattice.
LS/HS gap~12 500 cnt?). In light of our analysis of the  The importance of both effects distinguishes solid-state
CsFe[Cr(CNg] compound, not only is the leading phenom-  systems from mainly considered molecular crystals exhibiting
enon undoubtedly the charge reorganization but the short-spin transition. However, in some complexes containing the
range effects seem to dominate over the long-range onesheteroligand PE_(NC)y, the spin transition can take place
— : . if the ligand L, and possibly the rest of the molecule, if one
(23) (a) Romstedt, H.; Spiering, H.; @igh, P.J. Phys. Chem. Solid<9§

59, 13531362, (b) Romstedt, H.. Hauser, A~ Spiering, H.Phys. deals with a ponnquear complex, leads to an overall
Chem. Solid€998 59, 265-275. decrease of the effective ligand field. Probably such effects

F

very sensitive to the number of nearest cesium cations. Thus,
one may wonder whether the spin-transition phenomenon
may not be tuned using a different cation.
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are at the origin of the observed spin transitions in tétra- produce a mechanism of the spin-transition cooperativity.
and pentanucle#rcyanide clusters. The apparent competition Interestingly, our calculations suggest that two iron(ll) sites
between the ligand field and the fluctuating Madelung holding different spin states can coexist in the 3D system as
environment in the FENC)s complex suggests that the spin- long as the separation is on the order of two lattice distances.
transition phenomenon might be expected in other PrussianFinally, the spin crossover seems to be sensitive to the local
blue analogues. In the course of our study, the character ofenvironment generated by the counter cations, a factor which
cooperativity governing the spin transition has been clarified. might be experimentally controlled.

It appears that short-order links, including elastic interactions
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