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ABSTRACT: Two possible explanations for the temperature-dependence of spin crossover (SCO) behavior in the dimeric tri-
ple-decker Cr(II) complex ([(5-C5Me5)Cr(µ2:5-P5)Cr(5-C5Me5)]+) have been offered. One invokes variations in antiferro-
magnetic interactions between the two Cr(II) ions, while the other posits the development of a strong ligand-field effect fa-
voring the low-spin ground state. We perform multireference electronic structure calculations based on multiconfiguration 
pair-density functional theory to resolve these effects. We find quintet, triplet, and singlet electronic ground states, respec-
tively, for the experimental geometries at high, intermediate, and low temperatures. The ground-state transition from quintet 
to triplet at intermediate temperature derives from increased antiferromagnetic interactions between the two Cr(II) ions. By 
contrast, the ground-state transition from triplet to singlet at low temperature is attributable to increased ligand-field effects, 
which dominate with continued variations in antiferromagnetic coupling. This study provides quantitative detail for the de-
gree to which these two effects can act in concert for the observed SCO behavior in this complex and others subject to tem-
perature dependent variations in geometry.  

1. Introduction 

Spin-crossover (SCO) complexes exhibit cooperative spin 
transitions1,2,3,4,5  with changes in temperature, pressure, 
light, or other external stimuli. 6,7,8,9 These transitions can 
lead to thermal hysteresis, which has enabled the devel-
opment of SCO-based applications such as memory stor-
age, spin switching, molecular electronics, and molecular 
sensors.2,10,11,12 In these systems, transition metal (TM) 
ions typically change from a high spin (HS) state at higher 
temperatures to a low spin (LS) state at lower tempera-
tures, accompanied by a reduction in metal-ligand bond 
length. SCO is a collective property that affects many mol-
ecules within a sample over a wide temperature range, 
and sharper transitions are typically due to cooperative 
structural changes in the solid-state. The equilibrium 
populations of high spin (HS) and low spin (LS) state 
within a sample are equal at the transition temperature, 
or T1/2, for a spin-crossover (SCO) complex. The most ex-
tensively studied SCO complexes have been six-coordi-
nate Fe(II) species, which undergo spin-state changes 
from S = 2 (HS) to S = 0 (LS) via a one-step mechanism or 
sometimes through an intermediate S = 1 state via a two-
step mechanism.13 ,14,15,16,17 Other transition metal ions, 
such as Fe(III), Cr(II), Mn(III), and Co(II), are also known 
to exhibit SCO behavior.18,19,20,21 However, their properties 
and potential applications are not, in general, as well under-
stood as those of Fe(II)-based complexes.  

 

 

TM complexes with two or more open-shell metal ions con-
nected via a bridging ligand can exhibit strong electron cor-
relation due to the overlap of magnetic orbitals and associ-
ated magnetic interactions (ferro or anti-ferro) between the 
spin centers, particularly with short 1-2 atom bridges.22,23,24 
In 1994, Hughes et al. studied the variable temperature 

Figure 1. [(5-C5Me5)CrII(µ2:5-P5)CrII(5-C5Me5)]+ com-
plex. Color code- green: Cr, orange: P, deep grey: C and 
light grey: H.  



 

magnetic susceptibility of a dimeric triple-decker Cr(II) 
complex [(5-C5Me5)Cr(µ2:5-P5)Cr(5-C5Me5)]+ (hence-
forth “the dimer;” Figure 1) and reported that the dimer be-
haves as two isolated S = 1 systems at high temperature 
(160 K-295 K).25 In a subsequent study in 2007, Goeta et al. 
reported molecular structures of the dimer obtained by X-
ray diffractometry (XRD) at sixteen different temperatures 
spanning the spin crossover region indicated from magnetic 
susceptibility experiments (i.e., the T vs. T curve).26 Inter-
estingly, the XRD experiments showed two different, inde-
pendent dimeric units coexisting in the unit cell over the 
temperature range from 12 to 160 K. One unit (cation I) is 
characterized by an internuclear distance between the two 
Cr ions that progressively decreases as the temperature is 
lowered, whereas the other unit (cation II) is characterized 
by a near-constant Cr–Cr distance as the temperature de-
creases, followed by an abruptly shorter Cr–Cr distance at 
12 K; this behavior is mapped against the experimental 
magnetic susceptibility curve in Figure 2. Goeta et al. pro-
posed two possible characterizations of the dimer’s elec-
tronic structure in light of these experiments: 

1. Reduced Cr–Cr internuclear distances increase fa-

vorable antiferromagnetic interactions between the 

Cr ions through, e.g., the formation of Cr–Cr bonding 

orbitals or through the promotion of super-ex-

change interactions mediated by the phosphorous 

ring, or 

2. The Cr–Cr internuclear distance is a secondary phe-

nomenon associated with local geometric changes 

driven by temperature-dependent variations in lig-

and field effects causing the individual Cr ions to 

transition from high-spin S = 1 states to low-spin S 

= 0 states. 

These two possibilities cannot be resolved solely from the 
experimental data. Here, we provide quantitative insight 
into the relative importance of these effects using the toolkit 
of computational quantum chemistry. 

Density functional theory (DFT) methods are computation-
ally affordable and can, in principle, be used to study the 
electronic energy states of the SCO complexes.27,28 Excited 
state DFT methods such as broken-symmetry DFT and time-
dependent DFT are routinely used to rationalize the energy 
potential and bonding effects within SCO complexes.29,30 A 
major complication in single-determinant methods like 
DFT, however, is that the Kohn-Sham determinant for many 

open-shell systems is not an eigenfunction of the 𝑆̂2 opera-
tor. Intermediate spin-state energies in such instances are 
not necessarily derived from the Kohn-Sham eigenfunction 
itself, but may instead be computed by reference to a Hei-
senberg-Dirac-Van Vleck Hamiltonian.31  

Wavefunction-based methods are typically more computa-
tionally costly than DFT but may offer advantages in accu-
racy. For instance, domain-based pair natural orbital 
CCSD(T) theory has been found to be superior to DFT-based 
methods for determining accurate spin state energies in 
various systems,32,33 and spin-symmetry adapted multi-
reference wave function theories such as CASSCF, CASPT2, 
and DMRG have also been demonstrated to yield accurate 

excitation energies.34,35,36 Recently, Chan and co-workers 
addressed the benchmark challenge of reproducing the po-
tential energy curve of the Cr2 molecule using the DMRG-
REPT methodology, which is also a multireference quantum 
chemical technique.37 While triple-decker systems similar 
to the above-mentioned dimer involving P5, P4, and P6 bridg-
ing ligand systems have been studied previously using DFT 
methods, multiconfiguration-based approaches have not 
yet been applied to these systems.38,39,40,41 

To address the electronic structure of the dimer depicted in 
Figure 1, we here employ a combination of complete active 
space SCF (CASSCF) and restricted active space SCF 
(RASSCF)42,43 methods with multi-configuration pair-den-
sity functional theory (MC-PDFT)44,45. This approach has 
been shown to compute spin state energy gaps and zero-
field splitting with similar accuracies as the more computa-
tionally demanding CASPT2 method.46,47,48,49,50 Our multi-
reference calculations revealed that the observed tempera-
ture-dependent magnetic susceptibility curve arises from 
the magnetic moment of two (or more) dimeric cation units, 
each with different spin states at different temperature 
ranges. We demonstrated that both antiferromagnetic cou-
pling and ligand field spin transition are responsible for the 
spin crossover occurring over the temperature range of 
150K to 12K. Our results highlight the importance of using 
multireference electronic structure calculations to accu-
rately predict the correct spin states and mechanisms in-
volved in spin crossover, particularly in cases where there 
is a metal dimer and single-reference methods may not be 
accurate enough. Further detail on the theoretical methods 
is provided in Section 2. Section 3 describes results from 
both multireference and DFT theories for single-point cal-
culations of the dimer at the various experimental geome-
tries obtained for different temperatures in Ref 26.26 Sec-
tion 3.5, also quantifies the contributions of antiferromag-
netic and strong ligand-field effects on the spin-crossover 
mechanism, and section 4 provides concluding analysis.  

  

 

 

 

Figure 2: Experimental T vs T curve of the dimeric Cr(II) 
complex (reproduced  from Ref. 26). 
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2. Theoretical Methods 

Vertical spin-state energy gaps for the dimer at the various 
experimental (XRD) geometries25,26 were computed using 
multireference methods (hydrogen positions were not de-
termined from the XRD data, but were instead optimized at 
the BP86/def2SVP level). To refer to these geometries, we 
adopt the nomenclature presented in Table 1. The first sub-
script refers to the temperature at which the XRD experi-
ment was conducted and, when needed, a Roman numeral 
is added to distinguish the two distinct dimeric units in the 
unit cell (cf. Figure 2).   

CASSCF, RASSCF, CASPT2, RASPT2 and MC-PDFT calcula-
tions were used to compute spin-state energies. The MC-
PDFT calculations used the translated PBE (tPBE) function-
als and an ultrafine quadrature grid; these calculations are 
referred to as CAS-tPBE or RAS-tPBE, depending on the ref-
erence wave function (and functional) used. For the CASPT2 
and RASPT2 calculations, a default IPEA shift of 0.25 a.u. and 
an imaginary shift of 0.3 a.u. were used.51 The resolution-of-
the-identity/Cholesky decomposition (RICD) approxima-
tion was used to reduce the cost of two-electron integral cal-
culations.52 Adiabatic geometries and energy gaps for vari-
ous spin states, with vertical excitation energies reported 
for the geometry of the quintet optimized at the 
B3LYP/def2-TZVP level and multireference level have been 
shown in Sections S1.1, S1.2 and S1.3 in the supporting in-
formation. 

 

Table 1. Shorthand notations used to denote the XRD 
geometries of the dimer originally reported in Ref. 26 
and referred to in this work.  

Temperature 
(K) 

Labels 

290 𝑋290 
270 𝑋270 
150 𝑋150−I 𝑋150−II 
130 𝑋130−I 𝑋130−II 
110 𝑋110−I 𝑋110−II 
90 𝑋90−I 𝑋90−II 
70 𝑋70−I 𝑋70−II 
50 𝑋50−I 𝑋50−II 
30 𝑋30−I 𝑋30−II 
25 𝑋25−I 𝑋25−II 
12 𝑋12−I 𝑋12−II 

 

For the multireference calculations, the basis set was def2-
TZVP, except for H atoms, for which def2-SVP was used. The 
RASSCF, RAS-tPBE, and RASPT2 calculations used a 
(16e,16o) active space consisting of the two Cr(II) 3d shells, 
two occupied orbitals from each of the C5Me5 ligands, and 
two unoccupied orbitals from the bridging P5 ligand. The 
latter were found to mix strongly with two Cr 3d orbitals in-
dicative of covalent bonding between the Cr atoms and the 
P5 ring (cf. Figure 3). The RAS2 subspace was therefore 
taken as these two pairs of Cr-P5-Cr bonding/antibonding 

orbitals along with four singly occupied Cr 3d orbitals, for 
an overall subspace of (8e,8o). The RAS1 and RAS3 sub-
spaces consisted respectively of the bonding and antibond-
ing xz and yz orbitals from the C5Me5 ligands and the re-
maining Cr 3d orbitals, with up to two holes in RAS1 and up 
to two electrons occupying RAS3 (See Section 3 and Figure 
3 below). We also performed CASSCF(8e,8o) and corre-
sponding CAS-tPBE and CASPT2 calculations in which the 
RAS1 and RAS3 subspaces from the above-described 
(16e,16o) active space were omitted. 

Kohn-Sham density functional calculations were performed 
using ORCA 5.0.053 and all multireference calculations were 
done using OpenMolcas version 22.02.54 

  

3. Results and Discussion  

3.1 Spin state gaps computed on the X-ray structures 

We computed spin-state energies for the various X-ray 
structures reported for different temperatures by Goeta et 
al.26 We examined only the singlet, triplet, and quintet spin 
states, as preliminary calculations (see Section S1.2 and 
S1.3 of the SI) indicated that the septet and nonet states are 
very high in energy and do not contribute to the magnetism 
of the dimer at temperatures below 290 K. We also omitted 
the XRD geometries at temperatures between 150 K and 
270 K, as the magnetic susceptibility does not vary signifi-
cantly over this temperature range.  

Figure 3 presents the optimized RAS(16e,16o) orbitals of 
the quintet spin state at the 𝑋290 geometry. (Figures S3 and 
S4 in the SI additionally present the orbitals for the triplet 
state of 𝑋110−I and the singlet state of 𝑋12−I respectively). 
The magnetic moment at high temperature clearly derives 
from the four singly occupied orbitals, two formed from al-
ternative linear combinations of the two metal dz2 orbitals, 
and the other two being in-phase combinations of the metal 
dxy and dx2-y2 orbitals, respectively, with very small contribu-
tions from s orbitals of the P5 ring. The out-of-phase combi-
nations of the metal dxy and dx2-y2 orbitals (which belong to 
the E2 irrep in D5 symmetry) overlap strongly with the E2 -
orbitals of the P5 ring, placing these orbitals deeper in the 
bonding manifold. A similar pattern is observed for combi-
nations of the metal dxz and dyz orbitals, where out-of-phase 
and in-phase combinations mix with p orbitals and s orbit-
als of the P5 ring, respectively, with the former comprising 
the RAS1 space and the latter the RAS3 space. The popula-
tion of the correlating antibonding orbitals in all four cases 
is no less than 0.06 at all temperatures, which is indicative 
of strong electronic correlation associated with these orbit-
als.  

 



 

 

 

The critical importance of accounting for the static electron 
correlation associated with the RAS1/RAS3 orbital spaces 
manifests in the predicted spin-state energy ladders, shown 
for the 𝑋110−I geometry in Figure 4. The PT2 and PDFT cal-
culations that are based on the CAS(8e,8o) reference, i.e., 
which omit orbitals including the chromium dzx and dyz com-
binations, disagree qualitatively with those based on the 

RAS(16e,16o) reference. The CAS(8e,8o)-based calculations 
predict a quintet ground state with the triplet being 3000 
cm-1 or more higher in energy, depending on the dynamical 
correlation method. The RAS(16e,16o)-based calculations, 
by contrast, predict a triplet ground state, with the quintet 
state being 600 cm-1 or more higher in energy, depending 
on the dynamical correlation method. (Interestingly, the 
RASSCF(16e,16o) spin-state energies themselves agree 
qualitatively with those computed at the CASSCF(8e,8o) 
level, suggesting that there is a complicated interplay of 
static and dynamical correlation effects influencing the 
spin-state energy ladder.) Considering all geometries at all 
temperatures, RASPT2 and RAS-tPBE agree on the energy 
ordering of the three spin states in every case (see Table S5 
in the SI).  

As noted above, between 150 K and 25 K, the magnetic sus-
ceptibility decreases rapidly, indicating changes in the spin 
states of the dimeric Cr(II) species. There is also a corre-
sponding appearance in the XRD experiments of two dis-
tinct Cr(II)-dimeric units, cations I and II, with the former 
exhibiting an increasingly short Cr–Cr internuclear distance 
as the temperature is lowered, while the latter Cr–Cr dis-
tance remains reasonably constant (although at 12 K, both 
cation geometries have short Cr–Cr distances of ~2.8 Å). 
The temperature-dependent spin-state energy ladders of 
cations I and II at the RAS-tPBE level are summarized in Fig-
ure 5. 

 

 

 

Figure 4: Spin-state energy ladder predicted by 
RASSCF, RAS-tPBE, and RASPT2 methods of the dimer 
in the 𝑋110−I geometry. The CASSCF calculations were 
carried out with (8e, 8o) active space and RASSCF with 
(16e, 16o) active space.  

Figure 3: Natural orbitals and occupancies for the quintet spin state from RASSCF calculations performed at the 𝑋290 ge-
ometry. The red box contains four RAS1 orbitals, the black box has eight RAS2 orbitals and the blue box has four RAS3 
orbitals. 



 

As temperature decreases, and the Cr–Cr distance shrinks, 
the triplet state of cation I becomes increasingly stable rel-
ative to the quintet state. Between 𝑋130−I and 𝑋110−I, the tri-
plet crosses the quintet to become the ground state for cat-
ion I. The singlet state energy remains roughly constant rel-
ative to the ground spin state down to 𝑋25−I and then at 
𝑋12−I, the singlet becomes the ground state as the Cr–Cr in-
ternuclear distance for cation I drops from approximately 
2.9 Å to 2.8 Å. Over that last change in temperature, the tri-
plet and quintet spin states are each destabilized by about 
10,000 cm–1 relative to the singlet. Cation II exhibits a sim-
pler temperature-dependent spin-state energy ladder as its 
relatively constant Cr–Cr internuclear distance (down to 50 
K) favors the quintet state with a quintet-triplet gap of 
about 2000 cm-1 at all temperatures (see Figure 5B). At 
𝑋25−II, as the Cr–Cr distance in cation II begins to shrink, the 
quintet-triplet gap falls below 1400 cm-1, and at 𝑋12−II, the 
structure of cation II becomes similar to cation I and exhib-
its a singlet ground state. 

3.2 Interpretation of the χT vs T curve above 150K  

A key difference between our calculations and the prior lit-
erature is the spin state at high temperatures, >150 K. Only 
one set of magnetic data has been acquired on this system 
with an observed χT = 2 at 300 K which was assigned as 
arising from two non-interacting S = 1 Cr centers.25,26 Our 
results instead suggest a well-isolated S = 2 ground state for 
the dimer with strongly interacting Cr centers at high tem-
peratures. We note that strong Cr−Cr interactions are pre-
dicted with all computational methods, and across all tem-
peratures in our study (see below), and so we sought to ra-
tionalize this difference between theory and experiment. 

We propose that this discrepancy likely arises from differ-
ent crystallographic domains or polymorphs in the mag-
netic data which is necessarily on a bulk polycrystalline 
sample.55 The variable temperature crystallographic data 
on this compound demonstrates that at least two closely 

related crystallographic polymorphs are accessible which 
permit different Cr−Cr distances. Therefore, the presence of 
different crystallites/polymorphs in a bulk sample for vari-
able temperature magnetic susceptibility could feasibly 
give rise to a mixture of S = 1 and S = 2 species. Our theoret-
ical results demonstrate that some of these molecules 
should stay in an S = 2 state upon cooling, while others can 
undergo spin-crossover to an S = 1 state, consistent with the 
observed magnetic behavior. However, our calculations do 
not consider the bulk composition of different polymorphs 
or crystallites. Therefore, it is not surprising that our theo-
retical calculations on isolated dimers, which unambigu-
ously predict an S = 2 ground state for T > 150 K (and there-
fore an ideal asymptotic magnetic susceptibility of χT ≈ 3 
cm3 K mol-1), imperfectly model the experimental data at 
high temperatures (see Figure 2).  

3.3 Interpretation of the χT vs T curve below 150K 

 Using these results, we can interpret the magnetic suscep-
tibility measurements between 150K and 25 K, spanning 
the range between χT ≈ 2 and χT  ≈ 1 cm3 K mol-1, respec-
tively (Figure 2). Initially, we note that while the Curie law 
predicts an asymptotic magnetic susceptibility of χT ≈ 3, 1, 
and 0 cm3 K mol-1, for molecules in the ideal quintet, triplet, 
and singlet states, respectively, the experimental curve re-
flects the averaged contributions of all molecules/crystal-
lites. Particularly, between cation I and cation II, the former 
exhibits variations in spin-state energies over the chosen 
temperature window while the latter maintains a stable S = 
2 spin quantum number. 

Importantly, this proposed model (spin transitions from S = 
2 to S = 1, and finally to S = 0) provides a more reasonable 
interpretation of the observed structural changes in this se-
ries. Namely, if the changes in the magnetic moment be-
tween 150K and 25 K corresponded to converting one of the 
dimers from S = 1 to S = 0, then that dimer should not un-
dergo additional changes between 25 and 12 K. However, 
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Figure 5: Temperature variation of the spin state energies from 150K to 12K for cation I (A) and for cation II (B) obtained 
from RAS-tPBE calculation using (16e, 16o) active space. 

(A) 
(B) 



 

and as noted above, a significant desymmetrization of the 
dimer is noted upon cooling to 12 K. This further geometric 
change wouldn’t be expected if the dimer was in an S = 0 
state through this transition but is consistent with a spin-
crossover event for the conversion of an S = 1 dimer to a 
singlet. Thus, the spin-state changes proposed here from 
theory provide an alternative and plausible interpretation 
of the magnetic and structural data in this compound. 

3.4 Roll of spin-orbit coupling at low temperatures 

Finally, we note that spin-orbit coupling modulates the 
magnetic moment at low temperatures. To probe this pos-
sibility, we performed zero-field splitting (ZFS) calculations 
including spin-orbit interactions using both multi-reference 
(for local ZFS) and coupled-perturbed DFT methods, which 
are presented in Section S3 (and Table S6) of the SI. Our re-
sults suggest that the effects of zero-field splitting may be-
come increasingly important at low-temperature regions, 
especially for T < 50 K. Therefore, the χT at lower tempera-
tures 25K < T < 90K (just before the S=0 starts becoming the 
ground state) will be affected due to the g and D parameters 
and hence can deviate significantly from the perfect S =1 
magnetic moment.  

3.5. Two-step spin-crossover mechanism in terms of magnetic 
orbitals 

Our calculations allow us to interpret the spin-crossover 
phenomena in this dimer more concretely. Firstly, we pro-
pose that the magnetic moment at high temperature arises 
from a mixture of S = 2 and S = 1 dimers in different poly-
morphs or crystallites. More specifically, the magnetic mo-
ment arises from the four singly occupied orbitals arising 
from the dz2, dxy, and dx2-y2 Cr orbitals (See Figure 6). We note 
that for the geometry of the S = 2 dimer at 290 K, it is not 
possible to localize these four singly occupied orbitals into 
two pairs centered on the two chromium nuclei, because the 
dxy and dx2-y2 orbitals are both symmetric linear combina-
tions of the chromium d orbitals.  

Figure 6 displays these magnetic centers in terms of se-
lected natural orbitals and occupancies for the quintet, tri-
plet, and singlet electronic states at three representative ge-
ometries for which those spin states are the ground elec-
tronic states according to our RAS-tPBE calculations. At 
high temperatures the magnetism arises due to the sym-
metric and antisymmetric linear combinations of the singly 
occupied dz2 orbitals from one magnetic unit with zero or-
bital angular momentum about the Cr–Cr axis (L = 0) and 
the other magnetic unit is the orbital pair of dxy and dx2-y2 or-
bitals, labeled in Figure 6 as the L = 2 pair. As the tempera-
ture is reduced, the P5 ring of cation I expands, and the two 
Cr nuclei are brought closer together. Starting at around T = 
150 K, this promotes the singlet-pairing of the two electrons 
in the L = 0 orbital pair, which gradually form a weak Cr–Cr 
covalent σ bonding interaction with a direct overlap of the 
dz2 orbitals. This reduces the spin angular momentum of the 
predicted ground electronic state, from quintet to triplet. At 
12 K (or < 25K), the incongruent symmetries of the L = 2 d 
orbitals and the pentagonal P5 unit preferentially stabilize 
one orbital pair (L = 2 pair) over the other, promoting an-
other singlet pairing and finally reducing the total spin 

angular momentum of the ground electronic state to zero. 
This is supported by the fact that, the symmetry breaking of 
the P5 unit (P-P bond length becomes dissimilar at 12 K) 
brings the two Cr atoms closer to the phosphorus atoms, 
specifically toward two of the phosphorus atoms in 𝑋12−I 
and 𝑋12−II structures.26   

The two spin-crossover steps for cation I, here at T ≈ 110 K 
and T < 25 K differ in character. The higher-temperature 
step, in which the electrons in the L = 0 pair transition be-
tween spin triplet and spin singlet, can be interpreted as an 
antiferromagnetic interaction between two Cr atoms: struc-
tural changes in the ligand promote the formation of a dz2–
dz2 covalent bond. The lower-temperature crossover, on the 
other hand, should be understood primarily in terms of a 
strong ligand-field effect splitting otherwise degenerate L = 
2, d orbitals on both chromium atoms simultaneously. The 
effects of spin-orbit coupling likely play a significant role in 
the region 25K < T < 50K as the spin multiplets split due to 
zero-field splitting (see Table S6). For cation II, a direct con-
version to the S = 0 state occurs below 25 K, and hence a 
sharp spin transition takes place at the susceptibility curve.   

4. Conclusion 

Using multiconfiguration pair-density functional theory we 
have provided for the first time a detailed picture of the 
spin-crossover behavior of the dimeric triple-decker Cr(II) 
complex.  

Figure 6: Selected natural orbitals and occupancies from 
RASSCF (16e,16o) calculations of the ground electronic 
state of the dimer at three experimentally obtained ge-
ometries, ordered by apparent magnitude of angular mo-
mentum about the Cr-Cr internuclear axis and then by 
natural-orbital occupancies. 



 

The aromatic P5 ring generates a strong ligand field which 
plays a decisive role in determining the total spin of the 
ground electronic state of the molecule. At all temperatures, 
four of the eight formally unpaired d electrons of the Cr(II) 
ions are involved in pπ-dπ bonds with the P5 ring. In the 
spin-crossover temperature range (12 K < T < 150 K), our 
multireference calculations show two different spin-cross-
over behaviors for the two dimeric units observed in XRD 
experiments by Goeta, A. et al.26 For the unit labeled “cation 
I,” our calculations show a two-step crossover from quintet 
to triplet and then to singlet corresponding to the gradually-
decreasing Cr–Cr internuclear distance; for the unit labeled 
“cation II”, our calculations show an abrupt single-step 
crossover at T < 25 K from quintet to singlet. These results 
provide a detailed understanding of Goeta et al.’s analysis26 
of the observed magnetic susceptibility (Figure 2). 

Natural-orbital analysis of our RASSCF(16e,16o) calcula-
tions suggests that the two component S = 1 units of this 
system are best understood not as two S = 1 chromium ions, 
but as two pairs of electrons occupying two pairs of orbitals 
distinguished by the magnitude of their angular momentum 
about the Cr–Cr internuclear axis. The two-step crossover 
of cation I consists of the reduction from S = 2 to S = 0 of 
these two electron pairs at two different temperatures. Our 
analysis supports some aspects of both of the two proposed 
spin-crossover mechanisms of Goeta, A. et al.:  

1. The model of antiferromagnetic interactions be-
tween chromium atoms is consistent with our pic-
ture of the transition of cation I from quintet to tri-
plet ground state at about T = 110 K: our natural 
orbitals show the formation of a direct dz2-dz2 
bonding interaction at this temperature and be-
low. 

2. The model of the ligand field preferentially stabi-
lizing the low-spin state of the metal ions at lower 
temperatures is consistent with our picture of the 
transition of cation I to the singlet ground state at 
T < 25 K, in which one of the L = 2 d-orbital pair is 
preferentially stabilized simultaneously on both Cr 
atoms. 

We note that both of the spin-crossover steps involve natu-
ral orbital occupancies in the lower-spin states that deviate 
strongly from unity, implying that the Heisenberg–Dirac–
van Vleck Hamiltonian56,57,58 and the Landé59 formula for 
spin-state energies of polymetallic magnetic molecules do 
not apply and should not be used (at least as models of these 
particular spin-crossover transitions) regardless of 
whether one considers the two magnetic centers to be the 
two chromium atoms or the two orbital pairs. 

In future investigations of the spin-crossover mechanism of 
this and similar molecules, it will be important to consider 
the effects of thermal vibrations at higher temperatures. 
Furthermore, our results here motivate a deeper investiga-
tion of the presence of multiple polymorphs in polycrystal-
line samples of this Cr dimer, particularly in explaining the 
bulk magnetic moment at room temperature. 

On the other hand, spin-orbit coupling is expected to play a 
significant role in the low-temperature transition, particu-
larly around T < 50 K. Our NEVPT2-SO calculations suggest 
significant zero-field splitting (local) for 𝑋30−I and that the 
effect of spin-orbit coupling on the spin-crossover mecha-
nism should be considered more closely in future studies. 

Finally, the agreement between RAS-tPBE and RASPT2 re-
sults is encouraging, as the former is significantly less com-
putationally costly than the latter. We envision using the 
proposed affordable methodology to explore and predict 
SCO in other multimetallic complexes. 
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