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ABSTRACT: A neutral heteroleptic Fe(IIT) complex 1 derived from n-extension of the parent complex 2 was prepared and charac-
terized. Complex 1 exhibited an abrupt spin crossover (SCO) transition exactly at room temperature (7sco = 298 K). The crystal
structure analysis of 1 revealed that the Fe(IlI) complex molecules formed a three-dimensional nt-stacking interaction network. To
clarify the mechanism of the SCO transition thermodynamically, the thermodynamic parameters of the SCO transitions for 1 and 2
were deduced from the temperature dependence of magnetic susceptibility in the solid- and solution-states by using the regular so-
lution model. The comparison of the SCO enthalpy difference between the solid and molecule for 1 and 2 revealed that the lattice
enthalpy difference would largely contribute to the SCO transition enthalpy difference. The computational evaluation of intermo-
lecular interactions and lattice energies before and after the SCO transitions in 1 and 2 disclosed a significant contribution of the
next-nearest neighbor dispersion interactions to the lattice enthalpy differences. This finding indicates that not only conventional
nearest neighbor intermolecular interactions but also the next-nearest neighbor dispersion interactions should be taken into account
to comprehend the fundamental mechanism of a phase transition in molecular solids.

INTRODUCTION

Switching phenomena of the electronic state and structure of
a substance have aroused a wide-spread interest in chemical
and materials science. In particular, switching of a property in
an inorganic solid is recognized as a solid-state phase transi-
tion and can be used for practical applications to storage,
memory, display, and sensing devices. On the other hand, the
design and synthesis of a new molecular solid that exhibits a
phase transition around room temperature is still a challenging
issue.

Spin crossover (SCO) between high-spin (HS) and low-spin
(LS) states is one of the switching phenomena in a transition
metal coordination compound.'” Since SCO accompanies a
change in both the electronic state and coordination structure,
SCO compounds have recently attracted much attention to
potential switching materials for sensors and actuators.** Fur-
thermore, multifunctional SCO hybrids such as SCO conduc-
tors,®® SCO magnets®'2, SCO ferroelectrics,'* and SCO op-
tics'*"1° have been developed.

Solid-state SCO transitions around room temperature were
sometimes reported in the literature,'”'® but their fundamental
mechanisms at the molecular level have scarcely been under-
stood. From a thermodynamic point of view, the transition

temperature (71,) in a solid-state phase transition including
SCO is determined by
Ay

AS
where AH is the enthalpy difference and AS is the entropy
difference between two phases. For SCO solids, it is widely
accepted that AS is derived mainly from the differences in spin
multiplicity and intramolecular vibration between the HS and
LS states,'*? and drives SCO. On the other hand, AH is con-
ceived to originate mainly from the energy difference between
the HS and LS molecules,” but other quantitative contribu-
tions have not been stated clearly. The differences in SCO
behavior between polymorphs and solvates suggest the signif-
icant contribution of crystal-packing effect to AH in SCO tran-
sition. Very recently the possibility of the important contribu-
tion of intermolecular interactions to AH in SCO transition
was proposed.”??* Therefore, we focused on the clarification
of the impact of intermolecular interactions on the enthalpy
differences AH concerning SCO transition.

U

To evaluate the contribution of intermolecular interactions
to the thermodynamic parameters in SCO, we can decompose
the SCO transition enthalpy A.yH and entropy Ac,S in the
solid-state into the molecular terms, AmoH and AmaiS, and the



crystal-lattice terms, A and ApS. In these parameters, AcyH
and AcyS can be determined experimentally by differential
scanning calorimetry (DSC) and the temperature dependence
of magnetic susceptibility for a crystalline sample, and AmoF{
and AmaiS can also be estimated by the temperature depend-
ence of magnetic susceptibility for a solution sample. On the
other hand, it is very difficult to evaluate A/ and AjS for an
SCO compound experimentally. Although A/ is closely
related to intermolecular interactions, the calculation of inter-
molecular interactions for metal coordination compounds by
the accurate quantum mechanical model is usually time-
consuming and difficult. CrystalExplorer 17 (CE17)** devel-
oped by Spackman et al. can calculate the interaction energy
of the CE-B3LYP energy model that is based on the sum of
scaled four energy components.”>?® Among four energy com-
ponents, electrostatic, polarization, and exchange-repulsion
energies are calculated using unperturbed monomer wavefunc-
tions at the B3LYP/6-31G(d,p) level, and dispersion energy is
estimated from Grimme's dispersion correction. The scale
factors of the four energy components were determined by
fitting to B3LYP-D2/6-31G(d,p) counterpoise-corrected ener-
gies of various kinds of organic, inorganic, metal-organic mo-
lecular compounds. The CE-B3LYP energy model reproduces
B3LYP-D2/6-31G(d,p) counterpoise-corrected energies with a
mean absolute deviation of 2.4 kJ mol'.?® Although the CE-
B3LYP energies exhibit systematic overestimates against
benchmark CCSD(T)/CBS energies, the mean absolute devia-
tion is 2.5 kJ mol.% Thus the CE-B3LYP energy model can
calculate intermolecular interaction and lattice energies?’
quantitatively and disclose the contribution of four energy
components to the intermolecular interaction qualitatively at
much inexpensive calculation cost.Thus, we utilized CE17 to
estimate the intermolecular interactions and lattice energies
AH in SCO compounds and will discuss the impact of inter-
molecular interactions on the enthalpy difference in the solid-

state SCO transitions.
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Figure 1. Molecular-structure formulas for [Fe(azp)(qnal)] (1)

and [Fe(azp)(gsal)] (2).

To exclude the influence of large long-range Coulomb in-
teractions between positive and negative charges, we selected
neutral heteroleptic Fe'" SCO compounds, a new m-extended
compound, [Fe(azp)(gqnal)] (1) and its parent compound,
[Fe(azp)(gsal)]-0.5CH;0H (2)*® (Figure 1) [Hgnal = N-(8-
quinoyl)-2-hydroxy-1-naphthaldimine, = Hazp =  2)2°‘-
azobisphenol, Hgsal = N-(8-quinoyl)salicylaldimine]. Since
the crystal structures of 1 and 2 were constructed purely by -
stacking interactions, we can investigate the pure effects of n-
stacking interactions on the SCO transition behaviors. Note
that the m-extended derivative 1 exhibited an SCO transition
exactly at room temperature. The comparison of the experi-
mental thermodynamic parameters and computed intermolecu-
lar interaction energies revealed that the change in the next-
nearest neighbor dispersion interactions as well as the nearest
neighbor 7n-stacking interactions may play a crucial role in the
enthalpy difference in SCO transition, leading to increasing
the transition temperature to room temperature.

RESULTS

Synthesis of 1. A new m-extended complex 1 was synthe-
sized by the ligand exchange reaction between the correspond-
ing homoleptic [Fe(qnal),]” and [Fe(azp).]” complexes in
acetonitrile solutions according to the literature.?® The compo-
sition of obtained black platelet crystals was confirmed by
microanalysis and single-crystal X-ray structure analysis.
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Figure 2. The ymT vs. T products for 1 (orange curve) and 2
(black broken curves)?® in the solid-state.

Magnetic Susceptibility of 1 in the solid-state. The tem-
perature variations of magnetic susceptibility for 1 were meas-
ured by a Quantum Design MPMS-XL magnetometer at 0.5 T
in the temperature range of 200-380 K (Figure 2). The ymT
value for 1 was 4.11 cm® K mol ™ at 380 K, suggesting that 1
was in the HS state, whose spin-only value is 4.38 ¢cm® K
mol™". On lowering temperatures, the ymT values for 1 were
almost constant down to 310 K and then decreased steeply.
Note that a magnetic transition was centered exactly at room
temperature (71,] = 298 K). Further cooling the ym7T value
reached to 0.50 cm® K mol™ at 200 K, indicating that the
complex was in the LS state, whose spin-only value is 0.38
cm® K mol™. On heating the sample, a reverse transition oc-
curred at the same temperature (71,7 = 298 K), revealing that
the magnetic transition accompanied no thermal hysteresis. As
described in the crystal structure analysis below, this magnetic
transition originated from the SCO transition. The transition
temperature in the m-extended compound 1 was 110 K higher
than that in the parent compound 2,”® whereas a thermal hyste-
resis disappeared in 1.



Figure 3. Packing diagrams of 1 at 90 K. (a) Top view of a two-
dimensional m-stacking interaction layer. (b) Side view of the
overlaps between the 2D layers. (¢) View along the ¢ axis. (d)
View along the a axis. The nearest neighbor and next-nearest
neighbor molecules of a yellow-colored molecule are indicated by
cyan molecules with symbols of n;—ns and magenta ones with
symbols of nnj—nns, respectively. Green double-headed arrows
are depicted for clarity of the nearest neighbor interactions.

Crystal Structure for 1 at 90 and 373 K. To confirm the
spin-state and structural changes upon the magnetic transition,
the temperature variations of single-crystal X-ray analysis for
1 were performed by using a Bruker APEX2 ULTRA system.
Fortunately, it was successful to determine the crystal struc-
tures for 1 at 90 and 373 K. The crystallographic data are
listed in Table S1. The crystal belongs to the monoclinic sys-
tem with P2,/c at both temperatures. The asymmetric unit
contained one [Fe(azp)(qnal)] molecule. No orientational dis-
order was observed for the azp ligand although the homoleptic
azp complexes often showed orientational disorder.”’ The di-
valent azp anion or monovalent qnal anion were coordinated
to a Fe'' ion as tridentate ligands in an almost perpendicular
manner, to construct a pseudo-octahedral FeNs;Os; coordination
sphere (Figure S1). The coordination bond lengths and distor-
tion parameters (X, @, 0)*° along with those of the parent com-
pound 2 are listed in Table S2. The Fe-O and Fe-N coordina-
tion bond lengths in 1 at 373 K were in good agreement with
those in the HS state of 2, whereas those at 90 K were similar
to those in the LS state of 2. Moreover, the distortion parame-
ters of X, @, and € in 1 at 90 and 373 K were those in the low-
and high-spin states of 2, respectively. These indicate that
compound 1 exhibited an almost complete SCO transition.

The molecular arrangement of the [Fe(azp)(qnal)] molecules
in 1 at 90 K is depicted in Figure 3. The direct contacts of a Fe
complex molecule with the nearest neighbor Fe complex mol-
ecules are designated as n1—ns, whose symmetry relationships
are listed in Table S3. The top- and side-views for the =-
overlaps n;—n4 are shown in Figure S2. The gnal ligands in 1
were stacked in two different manners. One w-overlap (n:)
between the whole gnal ligands in a head-to-tail manner was a

n-plane distance of 3.33 A, the other one between the quinolyl
moieties (12) was that of 3.36 A, forming a m-stacked one-
dimensional (1D) molecular arrays along the ¢ axis (Figure
3b). This n-stacking arrangement through the qnal ligands in 1
was very similar to that through the gsal ligands in 2. Mean-
while, m-overlaps between the azp ligands in 1 were different
from those in 2. Although only the m-overlaps between the
phenyl rings of the azp ligand were observed in 2, one 7-
overlap between the whole azp ligands in a head-to-tail man-
ner (n4) was found to be a longer m-plane distance of 3.73 A in
1. The m-overlaps between the phenyl rings (n3) similar to 2
was observed only at the side of the five-membered chelate
ring in 1 (Figure 3a). The difference in the m-overlapping
mode gave different two-dimensional (2D) layer structures
between 1 and 2. Note that a short C---C distance of 3.47 A
between the qnal ligands (n5) was observed between the above
mentioned 2D layers in 1 (Figure 3b).

The thermal variations of intermolecular n-plane and atom-
atom distances are listed in Table 1. There was no significant
change in the molecular arrangement of 1 at 373 K (Figure S2).
Although the intermolecular distances at 373 K were a little
longer than those at 90 K (Table 1), the intermolecular interac-
tions were still effective as described in the computational
analysis section.

Table 1. Intermolecular n-plane and atom-atom distances (A)
with the nearest neighbor Fe complex molecules (n;—ns) in 1

Temp. /K n n n3 ng ns*

90 3.33 3.36 3.32 3.73 3.47
373 3.39 3.37 3.43 3.84 3.53

2 Interatomic distances
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Figure 4. The DSC curves for 1. The red and blue curves indicate
the heating and cooling scans, respectively.

Thermal Analysis of 1 in the solid-state. To obtain the
thermodynamic parameters for the solid-state SCO transition
of 1, the differential scanning calorimetry (DSC) for 1 was
performed using a TA instruments Q100 differential scanning
calorimeter. The DSC curves as a function of temperature are
shown in Figure 4. On cooling the sample, a single exothermic
peak was observed at 298.6 K with the enthalpy difference AH
0f 9.93 kJ mol ™" and entropy difference AS of 33.9 J K™ mol ™.
On heating, a single endothermic peak also appeared at 289.9
K with AH=9.16 kJ mol™" and AS =30.9 J K™ mol™.

Magnetic susceptibility of 1 and 2 in the solution-state.
To clarify the SCO behaviors of 1 and 2 at the molecular level,
the temperature dependence of magnetic susceptibility of the
chloroform solutions of 1 and 2 was determined by the Evans
method®' using a Bruker Avance 400 spectrometer. The ymT
vs. T products for 1 and 2 are depicted in Figure 5. The ymT



value in 1 was 3.1 cm® K mol™, and that in 2 was 3.8 cm® K
mol™" at 293 K. Both 1 and 2 exhibited a gradual decrease in
the ym7 value upon cooling, suggesting a gradual SCO conver-
sion took place in 1 and 2. The thermal dependence of the ymT
in 2 is a little steeper than that in 1.
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Figure 5. The ymT vs. T products for 1 (orange crosses) and 2
(black crosses) in the solution-state. The orange and black broken

curves simulated from the best-fit parameters for 1 and 2, respec-
tively.

Thermodynamic Parameter Analysis for 1 and 2. To ob-
tain the thermodynamic parameters of SCO in the solid-state
and solution-state, the temperature variations of yu7 in 1 and 2
in the solid-state and solution-state were fitted by the regular-
solution model*? expressed by

In 1= s _ AH +T(1-2yy) _ﬁ(z)
Vs RT R

where yus denotes the HS fraction, I' denotes the interaction
energy involving the cooperativity of SCO, and R is the gas
constant. The subscripts "cry" and "solu" of thermodynamic
parameters indicate the parameters in the solid-state and solu-
tion-state, respectively. The transition enthalpy and entropy in
the solid-state were obtained by fitting the ym7 vs. T plots in
the enthalpy and entropy difference range between the cooling
and heating DSC measurements. The interaction energy ['sow
in the solution-state fixed zero. The best-fit parameters of 1 in
the solid-state were AuyH = 9.29 kJ mol™, A.,S =312 J K™
mol™', and [y = 5.02 kJ mol™" (Figure S3). The reported pa-
rameters of 2 in the solid-state were AqyH = 5.33 kJ mol™,
AcyS =287 JK ' mol ™, and T'ery = 3.50 kJ mol '.*® These pa-
rameters reveal that the n-extension of the ligand leads to sig-
nificant enhancement of A/ and I'ery, whereas it hardly af-
fects AcyS. On the other hand, the thermodynamic parameters
in the solution-state were AsoH = 8.20 kJ mol™ and AgS =
35.5J K ' mol™ for 1, and A = 11.8 kJ mol ™! and AsonS =
55.6 J K™ mol™ for 2, whose simulated curves are depicted in
Figure 5. Although the thermodynamic parameters in the sol-
id-state are in good agreement with those in the solution-state
in 1, that was not the case for 2. This disagreement is dis-
cussed in the following discussion section.



Table 2. The nearest neighbor and the selected next-nearest neighbor intermolecular interaction energies (kJ mol™)

Symbol N Sym. Op.b Temp. /K R°/ A Ee1ed Epof Edisf Erepg Etoth E]ati A]atEj
90 6.16 -97.0 242  -179.0 1943 -156.2 -78.1
ni 1 1-x, 1-y, 1-z 2.9
373 6.34 —75.6 -19.7 -167.0 1449 -1504 -75.2
90 8.52 -29.1 -8.1 —88.4 71.2 -69.8 -34.9
n 1 1—=x, 1-y, —z —1.55
373 8.41 —26.8 -8.0 —89.6 63.9 =729 —-36.45
90 8.74 —25.6 —8.7 —87.3 71.7 —65.2 —32.6
n3 1 -x, 1=y, 1-z 4.4
373 9.1 -13.4 -6.9 -73.9 44.2 -56.4 —28.2
90 9.61 -6.3 -59 =55.0 36.9 -36.1 —18.05
na 1 =X, -y, —z 1.6
373 9.67 -0.8 -5.2 =52.1 27.9 -329 -1645
90 9.32 -12.8 -2.9 -51.4 40.9 —35.0 —35.0
ns 2 X, 12—y, £1/2+z 1.5
1 373 9.44 -9.9 2.2 —45.4 29.5 —33.5 —33.5
90 8.89 -1.5 -2.0 -25.5 13.2 -17.1 -17.1
nnj 2 X,y, xl+z 4
373 8.79 0.7 -1.6 -18.3 53 -13.1 -13.1
90 12.04 —4.3 -1.4 -12.3 6.1 -12.5 -12.5
nny 2 1-x,£1/2+y, 1/2—2 1.3
373 12.27 -3.3 -1.3 -12.2 6.2 -11.2 -11.2
90 12.7 0.3 -0.1 -1.6 0 -1.2 -0.6
nn; 1 1-x, 1-y, 2z -0.1
373 12.81 0 -0.1 -1.4 0 -1.4 -0.7
90 12.88 -0.9 -0.4 -5.3 1.1 -5.2 -5.2
nng 2 +14x,y, Z -0.7
373 13.14 -1.3 -0.5 -6.0 1.7 -59 -59
90 13.19 -0.4 -0.2 -4.7 0.9 —4.2 —4.2
nns 2 —X, £1/2+y, 1/2—=z -0.1
373 13.54 -0.4 -0.2 -5.4 1.5 —4.3 —4.3
90 6.78 —47.6 -14.0 —106.8 77.9 -105.6  —52.8
n 1 1—=x, 1-y, -z —4.45
273 6.44 -52.9 -16.3  —-120.1 94.1 -114.5 —-57.25
90 8.21 -3.0 -5.6 -62.9 47.7 —32.6 -32.6
n 2 +14x,y, Z 39
273 8.35 0.1 —4.6 =52.1 32.3 -28.7 -28.7
90 8.27 —41.2 -10.5 -85.9 69.9 -829 4145
ns; 1 1-x, -y, 1-z 0.9
273 8.3 -35.2 -9.9 -76.8 49.1 -81.1  —40.55
90 8.76 —23.6 -9.4 -61.7 38.4 -61.9  —30.95
na 1 2—x, 1=y, 1-z -1.05
273 9.07 -25.3 —8.6 —63.7 39.8 —64.0 -32.0
90 9.11 -11.7 -6.2 -60.9 55.1 -36.0 —18.0
ns 1 1-x, 1-y, 2z —4.65
5 273 9.05 -17.1 =5.1 —65.5 54.2 —-453  —22.65
90 8.75 3.8 -1.8 —25.4 9.3 -13.7 —6.85
nny 1 2—x, 1=y, 2z 34
273 9.2 4.9 -1.3 -17.3 6.4 -6.9 —3.45
90 11.23 -1.1 -0.2 -3.1 0 —4.0 -2.0
nn, 1 2-%x, -y, 1z -0.05
273 11.28 -1.2 -0.2 -3.0 0 —4.1 -2.05
90 11.54 -1.2 -0.2 -3.5 0 4.4 2.2
nn; 1 1-x, -y, 2—z 0.7
273 11.84 -1.3 -0.1 -1.8 0 -3.0 -1.5
90 11.78 0.5 -0.3 —4.2 0.2 -3.2 -3.2
nng 2 X, xl+ty, z -0.2
273 11.5 1 -0.4 =5.1 0.5 3.4 3.4
90 11.95 -3.1 -0.8 -12.5 8 -9.9 -9.9
nns 2 X,y, £l+z 3.7
273 12.59 -1.0 -0.6 =7.7 34 -6.2 -6.2

2 The number of molecules of the same environment. ® Symmetry operation. ¢ The separation of molecular centroid. ¢ Electrostatic ener-
gy. ¢ Polarization energy.  Dispersion energy. ¢ Exchange-repulsion energy. " Total interaction energy. ' Interaction energy contributed to
lattice enthalpy. J Interaction energy difference contributed to lattice enthalpy difference.

Computational Analysis of Intermolecular Interactions
for 1 and 2. The intermolecular interaction energies between
two molecules in the LS and HS states for 1 and 2 were calcu-
lated at the CE-B3LYP model by CrystalExplorerl7.2* The
electrostatic (Ee), polarization (Eyo), dispersion (Egi), ex-
change-repulsion (E.,) energies are obtained from the corre-

sponding calculation techniques,?® and then the total energy

(Etwr) 1s the sum of all the energies calibrated by the corre-
sponding scale factors.?® The interaction energies between the
Fe complex molecules for 1 and 2 are listed in Table 2. The
symbols of Table 2 for 1 and 2 indicate the positions shown in
Figures 3 and S4, respectively. The nearest neighbor interac-



tions n,—ns are the intermolecular interactions with the nearest
neighbor Fe complex molecules having direct short contact
with a central Fe complex molecule as described in the crystal
structure description, whereas the next-nearest neighbor inter-
actions nn;-nns are defined as the intermolecular interactions
with five Fe complex molecules of the shortest distances be-
tween the molecular centroids except the nearest neighbor Fe
complex molecules at 90 K. Although the interaction energies
between the Fe complex and methanol molecules and between
the methanol molecules in 2 were also calculated, the interac-
tion energies between the methanol molecules are very small
and hence can be ignored. All intermolecular interaction ener-
gies used for the calculation of lattice energies are also listed
in Tables S5-S7.

The strongest intermolecular interaction energies Ey, be-
tween the Fe complex molecules were found in the m-overlaps
(n1) between the gnal molecules and between the qsal mole-
cules in 1 and 2, respectively. The interaction energy between
the qnal molecules in 1 was about one and a half times as large

as that between the gsal molecules in 2 in the LS and HS states.

This indicates that the m-extension with one phenyl ring signif-
icantly enhanced the intermolecular interaction energy. The
other interaction energies between the nearest neighbor mole-
cules (n—ns) were from —72.9 to —32.9 kJ mol™ and from
—82.9 to —28.7 kJ mol™" in 1 and 2, respectively. In these n-
stacking interactions, the main stabilization term arises from
electrostatic and dispersion energies, whereas the destabiliza-
tion one comes from exchange-repulsion energy. Although the
dispersion energies decrease in the order of the distances be-
tween the molecules, the electrostatic energies are widely var-
ied from almost zero to —97.0 and —52.9 kJ mol ! for 1 and 2,
respectively. As compared among the m-stacking interactions,
the stronger stabilization in electrostatic energy is observed in
the m-overlaps concerning the quinolyl ring in the gnal and
gsal ligands, whereas the electrostatic stabilization is relatively
weak in the m-overlaps between the phenyl rings in the azp
ligand. Therefore, the m-stacking interactions involved in the
quinolyl ring are much stronger. This may account for given
similar m-stacking structures in the homoleptic Fe(gnal), and
Fe(gsal), complexes.®3*

The interaction energies between the next-nearest neighbor
molecules (nn—nns) for 1 and 2 are also listed in Table 2. Note
that the intermolecular interaction energies Ei: stronger than
—10 kJ mol™" were found out between the next-nearest neigh-
bor molecules in 1 and 2. The largest total interaction energies
between the next-nearest neighbor molecules are a half or one
third less than the smallest interaction energies between the
nearest neighbor molecules. As seen in the details of the next-
nearest neighbor interactions, a significant decrease in ex-
change-repulsion energy due to no direct short contact be-
tween the molecules and a moderate stabilization by disper-
sion energy lead to the existence of meaningful interaction
energies between the next-nearest neighbor molecules. Re-
cently the importance of dispersion interaction to attractive
intermolecular interactions between extended m-conjugated
molecules was pointed out by Tsuzuki et al.* In particular, the
relationship between the nearest and next-nearest neighbor
interactions in the literature is consistent with the present re-
sults.

The lattice energy Hy. of a crystal is the summation of the

interaction energies between all the molecules in the whole
crystal. Thus, Hi, is calculated by the sum of interaction ener-

gies Ey, of one molecule to all the other molecules expressed
by

Hlat = ZE“’[;(N - ZElat(3)

where N is the number of the molecule of the same environ-
ment, f is the multiple count factor of the same interaction,
namely f'= 2 for the interactions between the Fe(IlI) complex
molecules and f'= 4 for those between the Fe(IIl) complex
molecule and one of the disordered methanol molecules. Thus,
the contribution of each intermolecular interaction energy to
the total lattice energy is the expression in the summation,
which is designated as Eix in equation (3) and are listed in
Tables 2 and S5-S7. Accordingly, the lattice energies Hiax
were calculated by the summation of Ej, in the ascending or-
der of the separation of molecular centroid R until Hi, is con-
verged. The lattice energies for the LS and HS states in 1 are
—260.7 and —243.7 kJ mol™, respectively. Meanwhile, the
lattice energies for the LS and HS states in 2 are —233.6 and
—223.3 kJ mol™, respectively. Thus, the lattice energy differ-
ences Ay are 17.0 and 10.3 kJ mol™! for 1 and 2, respectively.

DISCUSSION

All the thermodynamic parameters obtained are summarized
in Table 3. To interpret the SCO transitions in 1 and 2 from
the thermodynamic point of view, the SCO transition enthalpy
AcyH and entropy A.S are decomposed as follows:

AgH =0 H+AH
A S=AS+A,S

mol lat

lat

S

where Anoid and ApeS are the molecular terms and A/ and
ApS are the crystal-lattice terms. In addition, the SCO transi-
tion enthalpy A/ and entropy AsowS in the solution-state can
be decomposed as follows:

A H=A_H+A H

solu ‘mol solvent™ * . . (5)

AS=A S +A S

solu mol solvent

where Agowvent] and AsonensS are the solvent effects on AmolFd
and AmqiS. The literature stated that the solvent effect on SCO
transition in a diluted solution is modest® or the use of differ-
ent non-interacting solvents should cause only small perturba-
tion.”’” Since we compare AsH between the similar deriva-
tives 1 and 2 in the same solvent, we assumed that the solvent
effects Asowent/ 0n 1 and 2 may be regarded as a constant value.
On the other hand, the entropy terms in the solution-state are
smaller values and thus are strongly deviated by solvation.
Thus, we herein discuss the SCO phenomena using the SCO
transition enthalpy and entropy in the solid-state and the SCO
transition enthalpy in the solution-state.

Table 3. Thermodynamic Parameters for 1 and 2

Compounds 1 2

AcryH / kJ mol™ 9.29 5.33*
AcryS / TK ! mol™! 31.2 28.7°
Tery / kI mol™ 5.02 3.50°
AsorH / kJ mol™! 8.20 11.8
AsorS / I K1 mol™! 35.5 55.6
AweH / kJ mol™ 17.0 10.3

2 reference 28.



When the enthalpy difference Acy/ in the solid-state was
compared with the enthalpy difference A/ in the solution-
state, Acry/{ was similar to Asonfd for 1, whereas Acr - was one-
half as large as A/ for 2. This disagreement suggests that
only AnoH may not govern AgyH. The sums of AxwH and
AiH for 1 and 2 were not equal to the corresponding enthalpy
differences AcyH. The deviations may arise from the accuracy
to estimate A7 and the solvent effect Agen. On the other
hand, the descending degree of magnitude of A.yH between 1
and 2 resembles that of the sum of Ay and A H. It should
be noted that the difference in the sum of Ao/ and A be-
tween 1 and 2 is 3.10 kJ mol™', which is in an excellent
agreement with the difference in AcyH of 3.96 kJ mol™' be-
tween 1 and 2. This suggests that A/ has a linear relation-
ship to Ameif in the similar molecules in the same solvent and
thus Asond reflects the molecular term. Consequently, the lat-
tice enthalpy difference would play a crucial role in the en-
thalpy difference in the SCO transition.

The contribution of intermolecular interaction energies to
the lattice enthalpy difference Ai./1 can clarify the role of in-
termolecular interactions for the SCO transition. The contribu-
tions of interaction energies Eix to the lattice enthalpy Hi, for
1 and 2 are depicted as bar graphs in Figures 6a and 6b, re-
spectively. As is expected, one can recognize a large contribu-
tion of the nearest neighbor interactions to the total lattice
enthalpy for both complexes. Next, we should focus on the
contributions to the lattice enthalpy difference An/ in the
SCO transition. To decompose the lattice enthalpy difference
AwH, we focused on the interaction energy difference AE:

A E =E, (HS) - E, (LS) - (6)

lat

where Ei(LS) and Ew«(HS) are the interaction energies in the
LS and HS states at the same positions, respectively (Table 2).
A positive value of A E stabilizes the low-temperature struc-
ture and/or destabilizes the high-temperature structures,
whereas a negative value of A& diminishes Aj/1. For 1 the
sum of the nearest neighbor interactions of n;—ns is positive
and is about 55% of the total lattice enthalpy difference A
of 17.0 kJmol ™!, whereas the sum of the next-nearest neighbor
interactions of nn; and nn;, is also positive and is 35% of ApH.
Thus, the next-nearest neighbor interactions as well as the
nearest neighbor interactions may account for the lattice en-
thalpy difference A/ on the SCO transition.

(a) (b)
HE( Hla(

90 K| m |mfns nsl:| 90 K| m1 |n2| nsjny ﬂ
373K l:| 273K ﬂ
1 2
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© >|AxE| (d) >lawE
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2

O ni—ns @ solvent O others

Figure 6. Contributions of intermolecular interaction energies to
the total lattice enthalpy for 1 (a) and 2 (b). Proportions of abso-
lute intermolecular interaction energy differences to the total of
absolute intermolecular interaction energy differences for 1 (c)
and 2 (d). The nearest neighbor and the next-nearest neighbor
interaction energy contributions indicate cyan and magenta, re-
spectively. The interaction energy contributions between the
Fe(IIT) complex and methanol molecules in 2 indicate green.

On the other hand, the sum of A is not a good indicator
for the contribution of intermolecular interactions to AjH,
because the intermolecular interaction energy differences A
are varied from positive to negative values. If the intermolecu-
lar interaction energy differences A£ contain both positive
and negative values, a positive value of A/ may be canceled
by negative values of Ai£. To clarify which intermolecular
interaction energies are changed before and after the SCO
transition, we can visualize the circle graph using the propor-
tion of each absolute value of A£ to the total of absolute
values of A£. The circle graph for 1 is shown in Figure 6c.
Note that the proportion of the nearest neighbor interactions is
one half of the total absolute difference, whereas that of the
next-nearest neighbor interactions occupies one-fourth of the
total absolute difference. This observation is consistent with
the bar graph shown in Figure 6a because only one small
negative value of A £ is found in 1. Therefore, a relatively
large contribution of the next-nearest neighbor interactions to
A H is evident.

The difference between the above mentioned two ideas is
particularly noticeable in the case of the solvate compound 2.
Although the total lattice enthalpy difference A in 2 was
positive, the sum of A£ of the nearest neighbor interactions
is negative, indicating that the nearest neighbor interactions
relatively stabilize the high-temperature structure probably due
to the existence of the solvate molecules. On the other hand,
the sum of AiE of the next-nearest neighbor interactions (n7,
and nns) are meaningfully positive, resulting in a positive val-
ue of A /. Thus, the compensation of A E took place in 2.
The proportion of each absolute value of A to the total of
absolute values of A in 2 is shown in Figure 6d. We can see
the large proportions of both the next-nearest neighbor interac-



tions and the interactions with the solvate molecules to the
total of absolute interaction energy differences AwE. The pro-
portion of the next-nearest neighbor interactions and the inter-
actions with the solvate molecules is comparable to that of the
nearest neighbor interactions. These observations in 1 and 2
reveal that the change in the next-nearest neighbor interactions
would make a significant impact on the lattice enthalpy differ-
ence A in the SCO transition. As mentioned in the compu-
tational analysis, the stabilization of the next-nearest neighbor
interactions originates mainly from dispersion energy. There-
fore, the next-nearest neighbor dispersion interactions would
play an important role in the enthalpy difference A H in the
SCO transition.

Finally, we should comment on an SCO transition tempera-
ture. The SCO transition temperature Tsco is given by enthalpy
difference A H divided by entropy difference A.yS. Theoreti-
cal entropy difference from spin multiplicity in Fe(Ill) SCO
complexes is 9.13 J K™ mol™ and thus large vibrational con-
tributions to the entropy differences A.yS in 1 and 2 are mani-
fested. Since the entropy differences Ay S in 1 and 2 are simi-
lar to each other, the transition temperatures would be gov-
erned by the enthalpy differences AcyH. The computational
analysis of intermolecular interactions in 1 and 2 revealed that
the m-extension of the ligand results in the enhancement of the
intermolecular interaction between the m-extended ligands.
However, the conclusion that the m-extension effect may in-
crease the transition temperature is a mistake because the tran-
sition temperature and interaction energy are related to AcyH
and Ei, respectively. According to the discussion mentioned
above, A.yH must include the contribution of both An./ and
AH. This means that AqyH originates from the total of the
change in the molecular electronic state and all intermolecular
interactions. Therefore, the isostructural or isomorphous com-
pounds must be compared to clarify the genuine substituted
effect of m-extension in the solid-state. In the present case,
complex 1 was the solvate compound, whereas complex 2 was
the non-solvate one. Therefore, we cannot compare the transi-
tion temperatures between 1 and 2 directly. The increase in the
transition temperature in 1 should be interpreted to result from
the total of the change in all the intermolecular interactions
induced by the m-extension and solvate effects.

CONCLUSION

We report here the synthesis, structural and physical charac-
terizations of a novel neutral n-extended heteroleptic Fe(III)
compound 1 exhibiting a cooperative SCO transition exactly at
room temperature. The experimental thermodynamic analysis
of compound 1 along with the parent compound 2 revealed
that the enthalpy difference in the SCO transition can be com-
posed of the enthalpy differences from the single-molecule
and crystal-lattice. The computational analysis of intermolecu-
lar interactions discloses that the next-nearest neighbor inter-
actions as well as the conventional nearest neighbor n-stacking
interactions play a significant role in the lattice enthalpy dif-
ference in the SCO transition. So far the intermolecular inter-
actions judging from shorter atom-atom distances than the sum
of their van der Waals radii have been taken into account to
govern the crystal structure and property of a molecular solid.
Therefore, the present findings shed light on the possibility of
the crucial role of the next-nearest neighbor dispersion interac-
tions upon the SCO transition. We should notice that a more
accurate quantum mechanical calculation must be required to
estimate accurate intermolecular interaction energies. This

finding may be extended to the cases that most molecular sol-
ids including ionic compounds undergo a phase transition. We
are convinced that the computational evaluation of intermo-
lecular interactions can open the door to unfold the fundamen-
tal mechanism of a solid-state phase transition in molecular
materials.
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A new m-extended heteroleptic complex from the azobisphenolate ligand exhibited an abrupt spin-crossover transition exact-
ly at room temperature. The comparison of experimental and computational analyses with the parent compound revealed that
the next-nearest neighbor dispersion interactions as well as the conventional nearest neighbor n-stacking interactions may
play an significant role in the solid-state SCO transition enthalpy.
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