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Abstract

A porous coordination polymer (PCP), {Fe'(pyrazine)[Pt"'(CN),]}, adsorbs
CS2 molecules to induce spin transition from high-spin (HS) to low-spin (LS)
state. To elucidate this mechanism, we investigated flexibility of the PCP frame-
work, namely rotation of pyrazine ligands, with DF'T method and evaluated the

rotational entropy difference (ASH7~L9) between the HS and LS states with

rot

Fourier grid Hamiltonian method. The ASﬁf‘L S value is considerably large in

the absence of CS,;. The CSs adsorption occurs between two pyrazine ligands

to suppress the pyrazine rotation in both states, which decreases AS,{Z? L5 4o

induce the HS—LS transition at room temperature.
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1. Introduction

One of the authors (M. O.) and his colleagues recently found that a porous
coordination polymer (PCP), {Fe" (pz)[Pt"(CN)4]} (pz = pyrazine, Figure 1a)
[1, 2, 3], adsorbs various guest molecules to induce spin transition between
the LS (singlet) and the HS (quintet) states at room temperature [4]. For
instance, LS—HS transition is induced by adsorption of guest species whose
size or occupation number per pore is large in many cases. This transition is
understood by steric repulsion between bulky guests and the PCP framework
[4], as follows. The steric repulsion is smaller in the HS framework than in the
LS one because the HS framework is larger than the LS one [3, 4]. Hence, the
HS framework is favorable for adsorption of bulky guests. This is the reason
why the LS—HS transition is induced by bulky guests. In the case of adsorption
of CSs,, on the other hand, reverse HS—LS transition is unexpectedly induced.
The reason of this reverse transition is not clear at all.

In general, the HS—LS transition occurs when temperature goes down to the
spin transition temperature (7} 2). Hence, the CSs-induced HS—LS transition
corresponds to the fact that T’ ;» becomes higher by CSz adsorption; in fact, the
T2 of the CS; clathrate (T}, > 330 K) is higher than that of the guest-free

framework (T}, = 285 K and T}

g = 309 K) [4], where Tf means 17,y in

/2

cooling and vice versa. In a non-cooperative model [5] or several cooperative

models [5, 6], T} /5 is described as

AHHS—LS

T2 = [ oHs—15" (1)
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This shows that T}/, shifts to higher temperature when enthalpy difference
(AHHS5=LS) increases and/or entropy difference (ASH5~L9) decreases. We
omit the superscript “HS — LS” for brevity hereafter.

When PCP adsorbs guest molecules, van der Waals (vdW) interaction and
also steric repulsion are formed between guest molecules and the PCP frame-
work. It is of considerable interest to clarify how these local perturbations
induce drastic change in macroscopic properties such as AS, AH, and T} /5 in
the guest-induced spin transition of {Fe'(pz)[Pt"'(CN)4]}. In this study, we
aim to investigate the influence of CSy adsorption on AS, AH, and T}/, and
elucidate the mechanism through which the CSs-induced HS—LS transition oc-

curs in {Fe (pz)[Pt"(CN)4] }.

2. Models and theoretical methods

In guest-free LS and HS frameworks of {Fe''(pz)[Pt"!(CN)4]}, disorder of pz
ligands was observed in the X-ray diffraction measurement (Figure 1a) [4]. This
implies that the pz ligands rotate around the Fe — Fe axes in both LS and HS
frameworks. In CS, clathrate, the PCP adsorbs CSy molecules between two pz
ligands and the disorder disappears (Figure 1b) [4]. This indicates that the pz
rotation can be strongly suppressed by the CSs adsorption. Except for the pz
rotation, such vibrational motions as stretching and bending modes are involved.
It is, however, likely that these motions are not influenced very much by the
CSs adsorption because this CSy adsorption occurs through vdW interaction

between CSy and the PCP framework [4]. We hence investigated the influence
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of the CS5 adsorption on AS and AH in terms of the pz rotation.

Hindered rotational entropies (S;:) and internal energies (U,..;) were eval-
uated through the following three steps. First, potential energy curves (PECs)
of pz rotation in the LS and the HS frameworks were calculated. We employed
two local structure models, namely vertical and parallel models (Figures 2a and
2b). Both models consist of two square-planar [Fe(NC)4]?~ anions and three pz
ligands, whose geometries were taken to be the same as the experimental ones
(1 - 2H,0(LS) and 1 - 2H,O(HS) in Ref. [4]). Point charges (PCFY) of +0.5
e are placed to mimic Pt atoms. In the vertical (or parallel) model, the top
and the bottom pz ligands are fixed vertical (or parallel) with each other and
only middle pz ligand rotates around the Fe — Fe axis. The rotation angle 6
(Figure S1) was employed as a coordinate with the rigid-rotor approximation
for the pz ligand. When the rotating pz ligand is parallel with the top pz ligand,
the angle & = 0. Along the coordinate, the PECs of the LS and the HS states
were evaluated with the DFT(B3LYP) method [7, 8, 9] in Gaussian 03. In an
octahedral (Op,) structure around the Fe center, the LS state has no orbital
degeneracy (1A1,). Though there are three near-degenerate sub-states in the
HS state, corresponding to °Th, in Oy, group, it is likely that the three PECs
of those sub-states are close to each other because the PECs of the pz rotation
mainly depend on steric repulsion with cyanide ligands (CN™), as will be dis-
cussed below. We hence calculated only one PEC for each spin state. For Fe
atom, the (311111/22111/411/1) basis set [10] was employed with the effective

core potentials of the Stuttgart group. For N, C, and H atoms in pz ligands and
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for N and C atoms in CN~ ligands, the cc-pVDZ basis sets [11] and the aug-cc-
pVDZ basis sets [11, 12] were used, respectively. Potential energy barriers for
the pz rotation were investigated in detail with a smaller model which includes
only one Fe atom (Figures 2c¢). The geometry of the smaller model was taken
to be the same as the LS geometry of 1-2H;0(LS) [4]. To investigate the effect
of the Fe — pz bonding interaction on the energy barriers, NH3 was employed
instead of one pz ligand in the small model. In this NH3 model (Figure 2d), the
distance between the N and the Fe atoms is taken to be 2.035 A, which is the
equilibrium Fe — NH3 distance in the LS state.

Then, quantized rotational energy levels (E;) were calculated with the rota-

tional Schrodinger equation in the vertical model.

H%% v (9)) W, (0) = B0 (0), 2)

where V represents the PECs calculated above. The N — N (or Fe — Fe) axis is
a principal axis of inertia of the pz ring, where the principal moment of inertia
(Iy) is 276.50 amuBohr? for the LS framework and 285.68 amu Bohr? for the
HS one. Note that the principal axes and moments of inertia of the pz ring
were obtained by diagonalizing the inertia tensors for the pz structures in the
experimental LS and HS geometries. To solve Eq. 2, we employed the Fourier
grid Hamiltonian method [13] with the grid space of Af = 7/1000 rad and the
cubic spline interpolation.

Finally, the hindered rotational entropies (S,o:) and internal energies (Uy.o)

in the LS and the HS frameworks and their differences (AS;: and AU, ,t) were
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obtained within the canonical ensemble formalism.

Srot = 0 (ﬂil = Q)

and
YY)
Urot - = 35 y (4)

where T, 3, and @) are temperature, inverse temperature, and partition function,
respectively. If each pz ligand independently rotates, the partition function can
be simply described with molecular partition function.
Niasis Na
Q= ( > eXP(—ﬁEi)> ; (5)
i=1

where N4 and Npqsis are the Avogadro constant and the number of basis func-
tions for the Fourier grid Hamiltonian method (= 2000), respectively.

We also investigated how much AH is influenced by the vdW interaction
between CSy and the PCP framework [4]. The PECs of the vdW interaction
were evaluated by the CCSD(T) method with the counterpoise correction [14].
Two local structure models were employed to mimic guest-interaction sites in
the framework (Figure 1); one S atom of CSs is placed between two pz ligands
(site A) and the other S atom is between the four-coordinate Pt centers (site
B). For full details of the methods employed here, see Schemes S2 and S3 in our

previous paper [4].
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3. Results and discussion
8.1. Hindered rotation of pyrazine ligands

The PECs of pz rotation in the vertical and the parallel models are shown
in Figures 3a and S2. Both models provide similar PECs, showing that each
pz ligand independently rotates. This means that Eq. 5 can be employed here.
When the pz ligand is parallel to the Fe—NC bonds (§ = 7/4 and 37 /4 rad), the
potential energy becomes maximum. When the pz ligand and Fe — NC bonds
are staggered (0 = 0 and 7/2 rad), it becomes minimum. The barrier height is
6.0 kcalmol~! in the LS framework and 1.1 kcalmol~! in the HS one (Figure
3a). These moderate values indicate that pz ligand can rotate in the guest-
free framework, which results in dynamical disorder of the X-ray diffraction
structure (Figure la). It is noted that the barrier height is larger in the LS
framework than in the HS one. Hence, the pz ligand rotates much easier in
the HS framework than in the LS one, indicating that AS,.,; (= ASH3~15)
is positive, as will be shown below in detail. The rotation of pz ligands was

also confirmed by preliminary experimental measurement of solid-state 2ZHNMR

= 288 K and T

spectra of {Fe(dy-pz)[Pt"(CN)4]} (T 12

/2 = 303 K) using

deuterated pyrazine (d4-pz). The line shape of the d4-pz was simulated as four
site flip of pz rings along the C} axis, and the pz rotational rate was estimated
to be over 10% Hz for the HS state at 290 K and 5 x 10° Hz for the LS state at
260 K. The origin of the energy barriers will be discussed in Sec 3.4.

The pz rotational entropy was evaluated with Eqgs. 3 and 5. As shown in

Figure 4, the difference in the pz rotational entropy (AS;.:) between the HS
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and the LS frameworks is positive in all temperatures, as suggested above. The
temperature dependence of AS,..; is not large at sufficiently high temperature
(200 K to 400 K) where spin transition is observed. Hence, an averaged AS,.
value (1.84 calmol~*K~1) from 200 K to 400 K is employed to evaluate the
T' 2 shift in Sec. 3.3. The difference in rotational internal energy (AUy.o) was
evaluated with Egs. 4 and 5. The absolute value of the difference is smaller

than 0.1 kcalmol~! (see Figure S3).

8.2. CSy adsorption and its influence on enthalpy difference

CSs molecules are adsorbed to the PCP framework through vdW interaction
[4]. The PECs at sites A and B are shown in Figure 5, where pz ligands are
parallel with each other (Figure 1b). These PECs are attractive and show
minima between rr,g and rps values, where rpg and ryg represent the distances
in the experimental LS and HS frameworks, respectively.

The enthalpy change for spin transition is approximately expressed by Eq.
6 [15, 16, 17].

AH ~ AFEq + AUy, (6)

where AE,; and AU,;, are potential energy difference and vibrational internal
energy difference between the HS and the LS states, respectively. Note that
this is a solid system, and hence pAV =~ 0 [16, 17]. The CS; adsorption to
the framework little influences AE,;, as described below: (1) Binding energy
difference ABE (= ABEHS-L5) at site A (0.2 kcalmol~!) and at site B (—0.4

kcalmol~1) are very small and canceled out with each other (Figure 5). And,
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(2) the vdW interaction little induces charge transfer from CSs to the Fe center,
which little changes the ligand field strength around the Fe center. In addition,
AU, which is one component of AU,;p, is small as discussed in Sec. 3.1 and
the influence of CSs adsorption on AU, also may be small. Consequently, it
is likely that

AI—Iguest—flree ~ AHCS2 clathrate- (7)

An averaged binding energy is 4.2 and 5.5 kcalmol ™! at sites A and B, re-
spectively. Furthermore, the potential energy minima at sites A and B are found
between rpg and rgs, as discussed above. Because of this binding interaction,
the CSs adsorption suppresses the pz rotation in both LS and HS frameworks.
Note that if pz ligands rotate in CSy clathrate, significantly large loss of the
binding energy occurs because steric repulsion is formed or vdW interaction is
weakened. This is consistent with the fact that the disorder of pz ligands disap-
pears through the CSy adsorption (Figure 1b). In the next section, hence, we

discuss the influence of pz rotational entropy on the 77 /o shift.

8.8. Spin transition temperature

We evaluated the CSe-induced T7 /; shift with Eq. 1. As discussed above, the
rotational entropy difference (AS,.:) is positive and considerably large (about
1.84 calmol~! K~1) in the absence of CSs. In the presence of CSy, CS3 molecules
suppress the pz rotation in both LS and HS frameworks. As a result, the

rotational entropy difference between the HS and the LS frameworks is negligibly
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small in the CSs clathrate. This leads to Eq. 8.

A‘S’guest—ﬁree - ASCS2 clathrate ~ ASrot- (8)

Note that spin (or orbital) entropy terms of the guest-free PCP and the CS,
clathrate are cancelled out in the left-hand side of Eq. 8. This is because the
vdW interaction between CSy and the PCP framework little influences the spin
and the orbital degeneracies of each state. From Egs. 1, 7, and 8, the T} /5 shift

is derived as

athre t A Hgyost-tree DA Srot
AT = TCS2 clathrate Tgucst free ~ guest-free 0 . 9
1/2 1/2 1/2 ASguest—free (ASguest—free - ASrot) ( )

A previous experiment reported AHgyest-free = 6.05 kcal mol~! and ASguest-free
= 20.3 cal mol"' K~ for single crystal {Fe!(pz)[Pt""(CN)4]} [3]. Thus, the
Ty /o shift was calculated to be 29.7 K with Eq. 9. This large shift agrees
well with the experimental results that the 7'/, of the CSy clathrate (77,5 >
330 K) is significantly higher than that of the guest-free PCP (TlJ’ 1y = 285 K

and T

2 = 309 K) [4]. This agreement shows that the loss of AS,, from

ASguest-free caused by the CSp binding with pz ligands is crucial for the CSo-
induced HS—LS transition. Although the experiment of the HS—LS transition
by the CSy adsorption was carried out with powder PCP [2, 4], the discussion
of Ty /5 is little different between powder and single crystal PCP (see supporting
content on page 6).

The T1 5 shift by guest adsorption is explained in a more general way (Figure
6). In the guest-free PCP (Figure 6a), the LS state is the ground state at low

temperature. As temperature increases, the increase in TASTS~LS term stabi-

10
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lizes the HS state because ASHS~L5 ig positive. Hence, the LS—HS transition
occurs at the Ty /5. When bulky molecules or many molecules are adsorbed, the
HS state becomes the ground state even at low temperature because the HS
state provides large pores to decrease the steric repulsion between bulky guests
and the PCP framework. Hence, A H#°~15 becomes negative. This means that
the AGH5~L5 line is shifted to negative even at low temperatures (Figure 6b).
In CS; clathrate, ASHS~L5 becomes smaller than the guest-free PCP, which
decreases the slope of the AG#S~L9 line. Thus, the T} /2 value shifts to higher

temperature than in the guest-free PCP (Figure 6¢).

3.4. Origin of the potential energy barriers of pyrazine rotation

As discussed in Sec. 3.1, the potential energy of pz rotation becomes maxi-
mum when the pz ligand is parallel to the Fe — NC bonds (Figures 3a and S2).
The rotation of pz ligands around the Fe — Fe axes can induce changes in the
steric repulsion between the pz ligand and CN~ anions and the m-back donation
between Fe d, namely d,, and d.,, and pz 7* orbitals (Figure S5); remember
that the m-back donation is weaker in the HS state than in the LS one because
only one d orbital is doubly occupied in the HS state (Figure S6). These would
be the origin of rotational energy barriers in the LS and the HS states. In the
pz and the NH3 models (Figures 2c¢ and 2d), the PECs of the LS state show
almost the same barriers (Figures 3b) of 3.2 kcalmol~!. If the energy barrier
arose from the back-donation, the barrier should disappear in the NHz model,

because the back-donation in the NH3 model occurs at the same extent even

11
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when the pz ligand rotates (Figure Sba). Remember that two d (dy. and d,;)
orbitals are degenerate in the Fe(NH3)(NC)4 moiety but not in the Fe(pz)(NC)4
moiety (Figure S5). Also similar energy barrier (2.8 kealmol~!) was calculated
in a model including a Zn(II) cation instead of the Fe(II) cation. In this Zn
model, the back-donation is not formed at all between Zn(II) and the pz ligand.
These results indicate that the back-donation is not responsible for the barrier.

The steric repulsion between the pz ligand and the Fe — NC bonds is larger
at @ = 7/4 rad than at § = 0 rad. The difference in the steric repulsion be-
tween § = 0 and 7/4 rad is larger in the LS framework than in the HS one
because the Fe — pz distance is shorter in the LS framework than in the HS
one [3, 4]. Hence, the barrier is higher in the LS framework than in the HS
one (Figures 3a and S2). From these results, it is concluded that the steric
repulsion is the origin of the rotation barrier. We wish to mention here that
the multi-reference wave function presents better computational results because
of complicated electronic structure of the Fe(II) moiety but the present results
by the DFT(B3LYP) method are sufficient to provide semi-quantitative under-

standing at least (see supporting content on pages 9-10).

4. Conclusions

We investigated the mechanism of the CSs-induced HS—LS transition of
{Fe™ (pz)[Pt"(CN)4]}, considering hindered rotational entropy of the pz lig-
ands. In the guest-free PCP, pz ligands rotate much easier in the HS framework

than in the LS one because the steric repulsion in the HS framework is weaker

12



O©CoO~NOUAWNE

than in the LS one. Thus, the entropy difference (AS,,:) between the HS and
the LS states is positive. In CSs clathrate, however, CSy molecules are strongly
adsorbed between pz ligands to suppress the pz rotation and to decrease AS,.o;.
We evaluated the AS,, value and estimated how much T}/, shifts through
the CSs adsorption. The results indicate that the decrease in AS,,; induces
the HS—LS transition. All computational results and discussion are consistent
with the experimental ones. This is the first clear understanding of the T} /o

shift based on the entropy difference between the HS and the LS states.
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Figure 1: Crystal structures of (a) guest-free framework of {Fell(pz)[Pt!I(CN)4]} and (b)
CS» clathrate obtained with the X-ray diffraction measurement [4]. Fe (orange), Pt (pink),
N (purple), C (gray), and S (yellow).
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Figure 2: Local structure models employed to investigate the potential energy curves of pz
hindered rotation: (a) vertical model, (b) parallel model, (c) pz model, and (d) NHz model.
Point charges (PCP?) of 4-0.5 e are placed to mimic the Pt centers.

17



O©CoO~NOUAWNE

Potential energy (kcal mol'l)

Potential energy (kcal mol'l)

Figure 3: Potential energy curves of pz hindered rotation: (a) vertical model and (b) pz model
vs. NH3 model in the LS state. In all models, the energy at § = 0 rad is set to be zero.
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Figure 4: Difference (ASrot) between hindered rotational entropy of pz ligands in the HS
framework and that in the LS framework. The vertical model (Figure 2a) is employed because

the PECs of the vertical model are similar to those of the parallel one.
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Figure 5: Potential energy curves for the interaction of CSo at (a) site A and (b) site B.
The binding energies at site B discussed in the text are estimated to be double the value in
Figure 5b because CSa interacts with two Pt atoms at site B (see Figure 1b). The rpg and
rygs values represent the corresponding distances in the experimental LS and HS frameworks,
respectively. Point charges (PCT®) of +0.5 e are placed to mimic the Fe centers.
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Figure S 1: Definition of the rotation angle 6 (top view) of middle pz ligand in the local
structure models employed (Figure 2). Point charges (PCP?) of 40.5 e are placed to mimic
the Pt centers.
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Figure S 2: Potential energy curves of pz hindered rotation in the parallel model (Figure 2b).
The energy at 6 = 0 rad is set to be zero.
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Figure S 3: Difference (AUrot) between rotational internal energy of pz ligands in the HS
framework and that in the LS framework. The vertical model (Figure 2a) is employed because
the PECs of the vertical model are similar to those of the parallel one.
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Figure S 4: Contour plot of the CS2-induced T /5 shift in kelvin (K). Dashed lines with italic

numbers (Tf;/uze St'free) represent guest-free PCPs whose spin transition temperature is equal

to Tlguze st-free [ For example, single crystal {Fe!l(pz)[Pt!1(CN)4]} is represented by the red

dot near the dashed line with 297, which indicates that the T} /5 shift is 29.7 K. The plot area

covers typical values of AH (2.39 — 4.78 kcalmol~!) and AS (11.9 — 19.1 cal mol~! K~1) in
spin-crossover compounds [19].
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Estimation of CSz-Induced Ty /> Shift in Powder of {Fe'!(pz)[Pt'(CN)4]}

Although AHgyest-free and ASgyest-free in powder PCP [2, 4] are not exactly
the same as those in single crystal PCP [3], the difference is not essential to the
arguments in Sec. 3.3. The experimental AHgyest-free aNd ASgyest-frec Values are
not reported in the powder PCP [4]. However, the T} /2 shift can be discussed
from a contour plot of the T/, shift (Figure S4), which was obtained with Eq.
9. The plot area covers typical AH and AS values in spin-crossover compounds

[19]. The red dot in Figure S4 corresponds to the values of the single crystal

Tgucst— free

PCP [3]. Guest-free PCPs with a certain transition temperature, 12 ,

corresponds to the dashed line (Figure S4). The powder PCP has a transition

+ T!,.)/2) in the absence of CS,. From

temperature of ca. 297 K (= (T} 12

1/2
the dashed line with 297 K in the plot area (Figure S4), it is clear that the
powder PCP also exhibits the T/, shift from ca. 28 K to ca. 54 K through CS,

adsorption. In general, when guest adsorption decreases ASgyest-tree, guest-free

PCPs which have higher Tlg/u; st-free oxhibit larger T} /2 shift.
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Figure S 5: Schematic orbital energy splitting due to m-back donation between Fe dr (dy.
and d.,) and pz 7 orbitals: (a) NH3 model and (b) pz model. Because the two dr orbitals
are degenerate in the Fe(NH3)(NC)4 moiety, back-donation in the NHs model occurs at the

same extent even when the pz ligand rotates. 7
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Figure S 6: Schematic electron configurations of the LS and the HS state. In the HS state
calculated with the DFT(B3LYP) method, the dgy orbital is singly occupied.



Validity of the Use of the DFT Method To Investigate Potential En-
ergy Curves of the Pyrazine Rotation

Weak points of the DFT(B3LYP) method such as lack of non-dynamical
correlation and vdW interactions may influence the computational results of
PECs of the pz rotation. We examined how much these weak points influence
our results and discussion.

In the LS state, there is no low-lying excited state; in fact, we did not
find instability in the wave function of the LS state, suggesting that single-
reference method can be used here. In the HS state, there are several near-
degenerate states, indicating that we had better to use multi-reference method.
However, we employed the DFT(B3LYP) method because multi-reference ab
tnitio calculation could not be carried out due to high computational cost. The
use of single-reference method is not unreasonable, as follows: We focus here on
the PECs of the pz rotation. It is likely that the PECs along the Fe—Fe and
the Fe—pz distances are considerably influenced by the use of multi-reference
method, but the PECs for the pz rotation are not influenced very much by the
use of multi-reference method because the origin of its energy barrier is steric
repulsion with the CN~ ligands, as discussed in Sec. 3.4.

To ascertain our discussion above, we employed another local structure
model (Fe-absent model), which is similar to the pz model (Figure 2c) but
does not include the Fe atom. In this Fe-absent model, non-dynamical corre-
lation does not exist. The barrier height of the Fe-absent model obtained by

the DFT(B3LYP) method is 2.8 kcal/mol for the LS geometry and 0.5 kcal/mol



for the HS geometry. These barrier heights agree with those of the pz model
including the Fe atom; 3.2 kcal/mol for the LS state and 0.9 kcal/mol for the
HS state. This good agreement indicates that the barrier mainly arises from
steric repulsion with the CN™ ligands. It is likely that the use of single-reference
method is acceptable for investigation of the pz rotation.

There remains another problem: The DFT(B3LYP) method does not always
present correct steric repulsion because it fails to evaluate the vdW interaction.
We evaluated here the barrier heights with the MP4 method in the Fe-absent
model. The calculated barrier heights are close to those obtained with the the
DFT(B3LYP) method; 3.2 kcal/mol for the LS geometry and 0.6 kcal/mol for
the HS one.

All these results indicate that the DFT(B3LYP)-calculated PECs are useful

to present semi-quantitative discussion, at least.
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