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complex {Fe(@-ethoxypyrimidine),[M(CN),],}-Guest
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Many laboratories perform extensive studies on the
spin-crossover (SCO) phenomenon. Currently, we have
synthesized novel “Soma-lwamoto type” complexes that
contain 4-methoxypyrimidine (4-MeOPmd) ligand, {Fe(4-
MeOPMd),[Ag(CN).1.}, {Fe@-MeOPmMd),[Au(CN),1.}, and
{Fe(@-MeOPMd):[Ag(CN),],-0.25(4-MeOPmMd)}. Moreover,
we synthesized 4,6-dimethoxypyrimidine (4,6-diMeOPmMd)
clathrate complex, i.e. {Fe(4-MeOPmMd),[Ag(CN),],-0.25(4,6-
diMeOPmMd)} and {Fe(@-MeOPmMd),[AU(CN),]1,-0.25(4,6-
diMeOPmMd)}. The guest clathrate complexes demonstrate
the SCO phenomenon and interesting rarely reported
penetrated structures with two Soma-Ilwamoto-type
structures.
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Guest-triggered “Soma—-Ilwamoto-type”
penetration complex {Fe(4-methoxypyrimidine),[M
(CN)2]2}'GueSt (M = Ag, AU)’f'

2 Daisuke Akahoshi® and Takafumi Kitazawa

*a,C

Kosuke Kitase,

Many laboratories have performed extensive studies on the spin-crossover (SCO) phenomenon. Herein,
we synthesized novel “Soma—-Iwamoto type” complexes containing a 4-methoxypyrimidine (4-MeOPmd)
ligand, ie., {Fe(4-MeOPmd),[Ag(CN),l,} (1Ag), {Fe(4-MeOPmd),[Au(CN),];} (1Au), and {Fe(4-
MeOPmMd),[Ag(CN),],-0.25(4-MeOPmd)} (1Ag-0.25G). Moreover, we synthesized a 4,6-dimethoxypyrimi-
dine (4,6-diMeOPmd) clathrate complex, ie., {Fe(4-MeOPmd),[Ag(CN),l,-0.25(4,6-diMeOPmd)}
(2Ag-0.25G) and {Fe(4-MeOPmMd),[Au(CN),l,-0.25(4,6-diMeOPmd)} (2Au-0.25G). Some of these com-
plexes, i.e., 1Ag-0.25G, 2Ag-0.25G, and 2Au-0.25G, demonstrated penetrated structures, which are very
interesting given that they have rarely been reported to date. 1Au and 1Ag did not show the SCO
phenomenon, 1Ag-0.25G showed a gradual multi-step SCO phenomenon, and 2Au-0.25G and

rsc.li/dalton

Introduction

The spin-crossover (SCO) phenomenon is a reversible spin
transition between high-spin (HS) and low-spin (LS) states in
response to heat, pressure, or light. Recently, many groups
have investigated SCO because of the potential of functional
materials for applications such as molecular machines, data
storage devices, switching devices, and sensors. Moreover, a
Hofmann-type structure is a coordination polymer that con-
tains a center metal ion, bridging cyanometalate ligand, and
pillar ligands such as pyridine and pyrazine. The first
Hofmann-type complex, Ni(NH;),[Ni(CN),]-2(C¢Hg), was
reported by K. A. Hofmann." Alternatively, the first Hofmann-
type SCO complex, Fe(Py),[Ni(CN),], was reported by Kitazawa
et al’ Subsequently, many laboratories have investigated
Hofmann-type complexes because of their tunable properties.
To date, the reported “Hofmann-type” complexes can be
divided into two types. The first type is bridged by square
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2Ag-0.25G showed an abrupt half SCO phenomenon.

planar tetra-coordinated divalent cyanometalate [M(CN),]*~
(M = Ni, Pd, Pt)**° such as Fe(pz)[M(CN),]-H,O (M = Ni, Pd, Pt),"’
while the other is bridged by linear coordinated monovalent
cyanometalate [M(CN),]” (M = Ag, Au)."''® The first complex
possessing the latter type of structure is [Cd(4,4-bpy),{Ag
(CN),},],"” while the second is [Cd(py).{Ag(CN),},],"**° which
were both reported by Soma and Iwamoto, and therefore, the
latter type of structures are denoted as “Soma-Iwamoto types”.
Coordination polymer frameworks of Hofmann-type ML,M’
(CN), (M’ = Ni, Pd, Pt) structures are different from that of the
Soma-Iwamoto type ML,[M"(CN),], (M” = Ag, Au). The mesh
size of the Soma-Iwamoto-type structure is about four-times
larger than the Hofmann-type structure because the side
length of the former is approximately twice as long as that of
the latter. Soma-Iwamoto type Fe complexes were also pre-
viously reported, where first reported one was Fe(py),{Au
(CN)2}, * and Fe(py)»{Ag(CN),},.*"

However, although many Hofmann-type and Soma-
Iwamoto-type complexes have been reported, the pillar ligands
in most of these complexes belong to pyridine, pyrazine, or
bipyridine-type ligands, and only a few of Soma-Iwamoto-type
complexes using pyrimidine-type ligands as a pillar ligand
have been reported.

Previously, we reported the preparation of two Soma-
Iwamoto-type SCO complexes, {Fe(4-methylpyrimidine),[Au
(CN),L.}*® and {Fe(4-methylpyrimidine),[Ag(CN),],},"® using
4-methylpyrimidine. These complexes show “normal” stacking
of Soma-Iwamoto-type single or double-layer and Soma-
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Iwamoto type-structure, where the unique stacking of the
Soma-Iwamoto-type layer has not been obtained in pyrimi-
dine-type complexes to date. The interaction between the Ag
atom in the bridging ligand and lone pair of the N atom in the
4-methylpyrimidine  ligand observed in  {Fe(4-
methylpyrimidine),[Ag(CN),],}. In this study, the methyl group
in the pyrimidine-type ligand is replaced with a methoxy
group, causing additional M-ligand interaction due to the
lone pair in the O atom. Thus, we improved the subtle inter-
actions between the cyano-coordinate framework and pyrimi-
dine-type molecule as a second bond, which is associated with
spin transition behavior.

Herein, we synthesized novel Soma-Iwamoto type SCO com-
plexes using the 4-methoxypyrimidine ligand, including {Fe(4-meth-
oxypyrimidine),[Ag(CN),],} (1Ag), {Fe(4-methoxypyrimidine),[Au
(CN),),} (1Au), and {Fe(4-methoxypyrimidine),[Ag(CN),],-0.25(4-
methoxypyrimidine)} (1Ag-0.25G). We also used 4,6-dimethoxypyri-
midine as a guest. The reason why this molecule has a similar struc-
ture to 4-methoxypyrimidine but cannot coordinate to the Fe center
is due to the steric hindrance of both nitrogen atoms in the pyrimi-
dine ring, and consequently this molecule can only act as a guest
molecule. Furthermore, we synthesized two complexes, ie.,
{Fe(4-methoxypyrimidine),[Ag(CN),],-0.25(4,6-dimethoxypyri-
midine)} (2Ag-0.25G) and {Fe(4-methoxypyrimidine),[Au
(CN),],-0.25(4,6-dimethoxypyrimidine)} (2Au-0.25G), using this
molecule.

was

Experimental

The complexes were synthesized using Mohr’s salt and
cyanometalate.

Mohr’s salt was purchased from Kanto Chemical Co.,
L-ascorbic acid was purchased from Nacalai Tesque Co., K[Au
(CN),] was purchased from Toyo Chemical Industrial Co., and
4-methoxypyrimidine and 4,6-dimethoxypyrimidine were pur-
chased from TCI.

The Fe-Ag Soma-Iwamoto-type complexes (1Ag, 1Ag-0.25G,
2Ag-0.25G) and Fe-Au Soma-Iwamoto-type complexes (1Au,
2Au-0.25G) were synthesized via a direct method and vapor
diffusion method, respectively.

Complex 1Au was synthesized using Mohr’s salt Fe
(NH,4),(SO,),-6H,0, t-ascorbic acid and K[Au(CN),] in a
1:1:2 molar ratio, and 4-methoxypyrimidine. In the synthesis
of the powder sample, 0.3 mmol of Mohr’s salt (0.1194 g),
0.28 mmol of r-ascorbic acid (0.0493 g) and 0.6 mmol of K[Au
(CN),] (0.1740 g) were dissolved in 10 mL of water. Then excess
4-methoxypyrimidine (0.3302 g, 3.0 mmol) was dropped into
this solution. Subsequently, 0.1522 g (0.196 mmol, 64% yield)
of white powder was obtained by this method. In the synthesis
of a single crystal, 0.1 mmol of Mohr's salt Fe
(NH,4),(SO4),6H,0 (0.0392 g), 0.1 mmol of r-ascorbic acid
(0.0176 g) and 0.2 mmol of K[Au(CN),] (0.0576 g) were dis-
solved in a 10 mL sample bottle filled with 10 mL water. Then,
this solution was exposed to 4-methoxypyrimidine vapour in a
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larger airtight bottle (50 mL sample bottle). Colorless crystals
were obtained using this method.}

Complexes 1Ag and 1Ag-0.25G were obtained as a mixture.
These complexes were synthesized using Mohr’s salt Fe
(NH,4),(SO,),:6H,0 and K[Ag(CN),] in a 1:2 molar ratio and
4-methoxypyrimidine. In the synthesis of the powder sample,
0.4 mmol of Mohr’s salt Fe(NH,),(SO,),-6H,0 (0.1569 g) and
0.96 mmol of 4-methoxypyrimidine (0.1060 g) were dissolved
in 3 mL of water (solution 1) and 0.8 mmol of K[Ag(CN),]
(0.1664 g) was dissolved in 7 mL of water (solution 2). Then
solution 2 was dropped into solution 1. Subsequently, 0.2079 g
of white powder of 1Ag and 1Ag-0.25G was obtained as a
mixture by this method. In the synthesis of a single crystal,
0.1 mmol of Mohr’s salt Fe(NH,),(SO,),:6H,0 (0.0392 g) and
0.2 mmol of K[Ag(CN),] (0.0398 g) were dissolved in a 10 mL
sample bottle filled with 10 mL water. Then this solution was
exposed to 4-methoxypyrimidine vapour in a larger airtight
bottle (50 mL sample bottle). Clear (1Ag) and orange
(1Ag-0.25G) crystals were obtained and separated.

Complex 2Au-0.25G was synthesized using Mohr’s salt
Fe(NH,),(SO,4),-6H,0, r-ascorbic acid, K[Au(CN),] and 4-methoxy-
pyrimidine in a 1:1:2:2 molar ratio and excess 4,6-dimethoxy-
pyrimidine. In the synthesis of a powder sample, 0.4 mmol
(0.1590 g) of Mohr’s salt, 0.4 mmol (0.0707 g) of r-ascorbic
acid, excess 4,6-dimethoxypyrimidine (0.3535 g, 2.4 mmol)
and 0.8 mmol (0.0881 g) of 4-methoxypyrimidine were dis-
solved in 6 mL of water (solution 1) and 0.8 mmol (0.2314 g) of
K[Au(CN),] was dissolved in 4 mL of water (solution 2). Then
solution 2 was dropped into solution 1. Subsequently, 0.2097 g
(0.259 mmol, 32% yield) of white powder was obtained by this
method. In the synthesis of a single crystal, 0.1 mmol
(0.0392 g) of Mohr’s salt, 0.1 mmol (0.0176 g) of r-ascorbic
acid, 0.2 mmol (0.0576 g) of K[Au(CN),] and excess of 4,6-
dimethoxypyrimidine (0.1401 g, 1.0 mmol) were dissolved in a
10 mL sample bottle filled with 10 mL water. Then this solu-
tion was exposed to 4-methoxypyrimidine vapour in a larger
airtight bottle (50 mL sample bottle). A colorless crystal was
obtained using this method.

Complex 2Ag-0.25G was synthesized using Mohr’s salt
Fe(NH,),(SO,4),-6H,0, K[Ag(CN),] and 4-methoxypyrimidine in
a 1:2:2 molar ratio and excess of 4,6-dimethoxypyrimidine.
In the synthesis of the powder sample, 0.5 mmol (0.1956 g) of
Mohr’s salt and excess 4,6-dimethoxypyrimidine (0.2802 g,
2.0 mmol) were dissolved in 10 mL of water (solution 1) and
1.0 mmol (0.2041 g) of K[Ag(CN),] and 1.1 mmol (0.1171 g) of
4-methoxypyrimidine were dissolved in 5 mL of water (solution

fCrystal data of complex 1Au; Cq4H;,NgO,FeAu,, M = 774.17 g mol™, CCDC
reference number: 2191439 (296 K) and 2191440 (100 K). 1Ag; C,,H;,NgO,FeAg,,
M = 595.97 g mol™, CCDC reference number: 2191441 (296 K) and 2191442
(90 K). 1Ag-0.25G; C,,H,,N30,FeAg,-0.25(CsHgN,0), M = 623.50 g mol~', CCDC
reference number: 2191443 (296 K), 2191444 (190 K), 2191445 (130 K) and
2191446 (87 K). 2Au-0.25G; C,,H;,NgO,FeAu,-0.25(CeHgN,0,), M = 809.202 g
mol™!, CCDC reference number: 2191447 (296 K) and 2191448 (90 K). 2Ag-0.25G;
C14H1,NgO,FeAg,0.25(CeHgN,0,), M = 631.00 g mol ™, CCDC reference number:
2191449 (296 K), 2191450 (150 K) and 2191451 (90 K)

This journal is © The Royal Society of Chemistry 2023
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2). Then solution 2 was dropped into solution 1. Subsequently,
0.2197 g (0.348 mmol, 35% yield) of white powder was
obtained by this method. In the synthesis of a single crystal,
0.1 mmol (0.0392 g) of Mohr’s salt, 0.05 mmol (0.0088 g) of
L-ascorbic acid, 0.2 mmol (0.0398 g) of K[Ag(CN),] and excess
4,6-dimethoxypyrimidine (0.1401 g, 1.0 mmol) were dissolved
in a 10 mL sample bottle filled with 10 mL water. Then this
solution was exposed to 4-methoxypyrimidine vapour in a
larger airtight bottle (50 mL sample bottle). A colorless crystal
was obtained using this method.

The expected compositions of the synthesized complexes
were confirmed by elemental analysis using J-Science MICRO
CORDER JM10, (1Auw: anal. caled for C;4H;,NgO,FeAu,: C,
21.72%; H, 1.56%; N, 14.48%. Found: C, 21.67%; H, 1.64%; N,
14.49%, 1Ag and 1Ag-0.25G: anal. calced for C;,H;,NzO,FeAg,
(1Ag): C 28.21%, H 2.03%, N 18.81%. anal. caled for
C14H;,NgO,FeAg,-0.25(CsHgN,0) (1Ag-0.25G): C 29.38%, H
2.18%, N 19.10%. Found: 28.71%, H 2.23%, N 18.94%,
2Au-0.25G: anal. caled for C;,H;,NgO,FeAu,-0.25(C¢HgN,O,):
C, 23.00%; H, 1.74%; N, 14.72%. Found: C, 23.02%; H, 1.92%;
N, 14.68%. 2Ag-0.25G: anal. caled for C;,H;,NgO,FeAg,-0.25
(CeHgN,0,): C, 29.50%; H, 2.24%; C, 18.87%. Found: C,
29.61%; H, 2.38%; N, 18.97%). This complex was identified by
TG analysis using a Hitachi High-Technologies Corporation
TG/DTA6200 (Fig. S1-S4f) and powder X-ray diffraction
measurement using a Rigaku Co. X-ray diffractometer or MAC
Science M03XHF22 (Fig. S5-S871). The presence of 1Ag in the
1Ag-0.25G powder was confirmed via powder X-ray diffraction
measurement (Fig. S61).

The superconducting quantum interference device (SQUID)
method from Quantum Design MPMS - 5S was used to
measure the magnetic susceptibility of the complexes in the
temperature range of room temperature to 4 K under a 0.1 T
field and a cooling rate of 1 K min~". The sample used for
measurement was filled in a gelatine capsule, which was filled
with a plastic straw. The magnetic susceptibility of 1Ag was
measured using a pure single crystal, while that of the other
samples was measured using a powder sample. We measured
the magnetic susceptibility of the powder sample of 1Ag-0.25G
twice, where the repeated measurement result is shown in
Fig. S13;f however, we could not measure this property of the
pure crystal of 1Ag-0.25G due to the worldwide helium
shortage.

The crystal structure of the synthesized complexes was
determined by single-crystal X-ray diffraction (XRD) using a
Bruker SMART diffractometer having a Mo-Ka line at 298 K
(HS state), 190 K (intermediate state), and 150 K (LS state). The
structure was solved using the SHELX 2014 software.>*>®

Results and discussion

Fig. 1 and 2 show the magnetic susceptibilities of 1Au, 1Ag,
1Ag-0.25G, and 2Au-0.25G. Comparing these complexes, 1Au
and 1Ag did not demonstrate the SCO phenomenon.
1Ag-0.25G showed a three-step spin transition between 70 and

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Magnetic susceptibility of guest-clathrate complex. (Left:

1Ag-0.25G (powder) and right: 2Au-0.25G and 2Ag-0.25G.)

250 K, where the 1°° step is abrupt, and 2™¢ and 3™ steps are
gradual. 2Au-0.25G showed an abrupt one-step spin transition
between 150 and 180 K, and half the magnetic susceptibility,
2Ag-0.25G showed a relatively gradual one-step spin transition
between 180 and 260 K and its magnetic susceptibility was
halved. These results suggest that 1Au and 1Ag do not exhibit
the SCO phenomenon, and all the Fe sites show the HS state
below room temperature. The other samples showed the SCO
phenomenon, where all the Fe sites in complex 1Ag-0.25G
changed to the LS state, while only half of the Fe site in
complex 2Au-0.25G changed to the LS state. In the case of 1Au,
its magnetic susceptibility is ~4 cm® mol K™ above 100 K,
while that of 1Ag is ~3.8 cm® mol K™ above 100 K. These
values are higher than the calculated spin only octahedral
magnetic susceptibility of the high spin Fe site (S = 2) of
~3.0 em® mol K™, which can be explained by the spin-orbital
coupling.

In the case of 1Ag-0.25G, its magnetic susceptibility at
298 K was 3.15 cm® mol K™, at 190 K it was 2.03 cm® mol K™%,
at 130 K it was 1.13 cm® mol K™, and at 50 K it was 0.28 cm®
mol K™*. This shows that this complex has all four states, ie.,
all HS, ~2/3 HS, ~1/3 HS, and all LS states. For 2Au-0.25G, its
magnetic susceptibility at 298 K was 3.77 cm® mol K™, while
that at 140 K is 1.99 cm® mol K. This shows this complex has
two spin states, ie., all HS and 1/2 HS. In the case of
2Ag-0.25G, its magnetic susceptibility at 298 K is 3.6 cm® mol
K™, at 150 K, it was 1.94 cm® mol K™%, and at 50 K it was
0.43 cm® mol K. This shows three spin states, i.e., all HS and

Dalton Trans., 2023, 52, 2571-2579 | 2573
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1/2 HS states, which are similar to that of 2Au-0.25G, and all
the LS states may exist below 50 K.

Fig. 3 and 4 show the crystal structure of 1Au and 1Ag,
respectively. These complexes show a single-layer Soma-
Iwamoto type structure without aurophilic or argentophilic

Ag1 Ag1

Ag1 Ag1

e o

Fig. 4 Packing structure of {Fe(4-methylpyrimidine),[Ag(CN),],}!¢ (top,
along the c axis), 1Au (middle, along the [1 O —1] axis) and 1Ag (bottom,
along the [1 0 —1] axis). (Gray: C, blue: N, red: N, orange: Fe, silver: Ag,
yellow: Au.)
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interaction. The space group of both complexes was deter-
mined to be P2,/n at RT and low temperature. The detailed
crystallographic data is available in Tables S1-S4.1 Comparing
the RT and low temperature data, no bond length change was
observed (Table 1). The insignificant change in the crystal
structure between RT and low temperature supports that 1Au
and pure 1Ag do not show the SCO phenomenon by magnetic
measurements.

The Ag-Niigang distance in 1Ag is closer than the Au-Njgang
distance in 1Au by more than 0.3 A (Table 1). This means that
the Ag-N interaction is slightly stronger than the Au-N inter-
action. This can be explained by the relativistic effect.'®??
Furthermore, this trend was observed in previously reported
Au- and Ag-type complexes using 4-methylpyrimidine.">*®

Comparing 1Au and 1Ag with {Fe(4-methylpyrimidine),[Au
(CN),]}** and {Fe(4-methylpyrimidine),[Ag(CN),],},"® respect-
ively, 1Au shows a single-layered Soma-Iwamoto-type structure
without Au-Au interaction, while {Fe(4-methylpyrimidine),[Au
(CN),].} shows a double-layered Soma-Iwamoto-type structure
with Au-Au interaction. Also, 1Ag does not show the SCO
phenomenon, while {Fe(4-methylpyrimidine),[Ag(CN),],}
shows the SCO phenomenon even though both complexes
possess a Soma-Iwamoto-type single layer with Ag-N inter-
action. This result can be explained by the difference in the
coordination field due to the different n-m interactions
(Table 2) and electron density. The former difference led to a
difference in the stacking of the pyrimidine ligands. The stack-
ing of the pyrimidine ligands of 1Au and 1Ag were alternately
arranged in a V-shape, whereas that of {Fe(4-
methylpyrimidine),[Ag(CN),],} crossed and arranged in an
X-shape (Fig. 4). The latter difference can be explained by the
greater electron-donating ability of the methoxy group com-
pared to that of the methyl group. This led to the greater elec-
tron density and lower electrophilicity of 4-methoxypyrimidine
than that of 4-methylpyrimidine, and thus 4-methoxypyrimi-
dine forms a weaker coordination field than 4-methyl-
pyrimidine. Consequently, 1Au and 1Ag show the HS state
even at very low temperatures.

Fig. 5 shows the crystal structure of 1Ag-0.25G, which shows
a double-layered penetrated Hofmann-type structure with five
Fe sites. At 296 K, the layers intersect at an angle of 39.89°.
Layer 1 consists of two nonequivalent Fe sites at a ratio of 1:1.
In contrast, layer 2 contains three non-equivalent Fe sites at a

Table 1 Bond lengths of complexes 1Au and 1Ag

Average bond lengths/A

1Au (M = Au) 1Ag (M = Ag)
T/K 296(2) 100(2) 296(2) 90(2)
Fe-Nijigand 2.229(3) 2.223(3) 2.241(2) 2.2363(14)
Fe-Neyano 2.159(3) 2.155(3) 2.1579(19) 2.1532(14)
M-C 1.976(4) 1.983(3) 2.059(2) 2.0613(17)
M-Niigand 3.435 3.373 3.125 2.988
M-M 4.780 4.658 4.729 4.604

This journal is © The Royal Society of Chemistry 2023
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Table 2 r—n interaction distance of

(CN),1,},*° 1Au and 1Ag

{Fe(4-methylpyrimidine),[Ag

7—7 interaction distance/A

Ref. 16 1Au 1Ag
I N;-C4 3.885 3.801 3.753
SFe N,-C, 3.804 3.754 3.691
I C,-C; 3.833 3.754 3.671

Fig. 5 Structure of 1Ag-0.25G. (Upper left: packing structure along the
Y axis (ligand molecules are omitted), upper right: space filling of guest
molecule, lower left: structure of layer 1, and lower right: structure of
layer 2.)

ratio of 2:1:1. Layers 1 and 2 are along the (1 0 0) and
(=1 0 2) planes of the unit lattice, respectively. Additionally, an
Ag-Ag interaction exists between layers 1 and 2. The space group
was determined to be P2,/c at 296 K, 190 K, 130 K and 87 K.

Table 3 Bond lengths of complex 1Ag-0.25G
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The detailed crystallographic data is available in Tables S5-
S8.1 Table 3 shows the bond length of 1Ag-0.25G, which indi-
cates that an argentophilic interaction exists between the two
layers. At 190 K, half of the Fe site on layer 1 transforms to the
LS state, and a quarter of that on layer 2 transforms to the LS
state. Consequently, five-eighths of the Fe site remains in the
HS state at 190 K. At 87 K, all of the Fe site on layer 1 is trans-
formed to the LS state, while half of that on layer 2 is trans-
formed to the LS state. Therefore, a quarter of the Fe site
remains in the HS state at 87 K. Thus, 1Ag-0.25G shows three
spin states, i.e., HS, HSs/sLS3/5, and HS;,,LS3, (Fig. 6). This
result supports the multi-step SCO phenomenon in magnetic
susceptibility. The two non-equivalent Soma-Iwamoto-type
layers can explain this phenomenon. Also, 1Ag-0.25G may
show completely spin transition states, e.g., all LS states, at
very low temperatures due to its almost zero magnetic suscep-
tibility at very low temperatures. Its crystal structure at 130 K is
similar to that at 87 K even though the powder sample showed
a complete transition to the LS at 87 K and this behaviour was
reproduced by repeating the measurement (Fig. S13t). This
suggests that the spin transition temperature of the single
crystal is lower than that of the powder sample. An Ag-O inter-
action was also observed in 1Ag-0.25G, which can be stabilized
in this structure. Penetrated structures are very interesting
given that only a few Soma-Iwamoto-type complexes with
penetrated structures have been reported. One of the examples
of a penetrated Soma-Iwamoto-type structure is Mn(4-
methylpyridine),[Ag(CN),],.>* In contrast to the results of the
Ag-type complex, the penetrated Au-type complex, i.e., complex
1Au-0.25G, was not obtained. This can be explained by the fact
that the Au-N interaction is not strong enough to stabilize the
penetrated structure. Comparing 1Ag-0.25G to 1Ag, many
differences exist. That can mainly be explained by the fact that
the O atoms in the methoxy group weakly coordinate to the Ag
atom in the cyanometallate. This not only leads to the for-
mation of a penetrated structure but also less electron density
on 4-methoxypyrimidine than that of the non-coordinated
one, creating a stronger coordination field. Thus, 1Ag-0.25G
shows the SCO phenomenon, whereas 1Ag does not.

Fig. 7 shows the crystal structure of 2Au-0.25G, possessing a
two-layered penetrated Soma-Iwamoto-type structure with two

Average bond lengths/A

T/K 296(2) 190(2) 130(2) 87(2)

Fe-Niigand Layer 1: 2.210(10) Layer 1: 2.223(9), 2.015(9) Layer 1: 2.012(9) Layer 1: 2.008(8)

Layer 2: 2.220(10) Layer 2: 2.198(9), 2.022(9) Layer 2: 2.210(9), 2.005(9) Layer 2: 2.190(9), 2.003(8)
Fe-Neyano Layer 1: 2.134(8) Layer 1: 2.146(8), 1.948(8) Layer 1: 1.952(8) Layer 1: 1.944(8)

Layer 2: 2.155(7) Layer 2: 2.140(8), 1.943(8) Layer 2: 2.163(7), 1.940(7) Layer 2: 2.145(7), 1.941(7)
Ag-C Layer 1: 2.072(10) Layer 1: 2.070(10) Layer 1: 2.073(9) Layer 1: 2.068(9)

Layer 2: 2.055(9) Layer 2: 2.067(10) Layer 2: 2.072(9) Layer 2: 2.068(9)
Ag-Ngyest Layer 1: 3.181 Layer 1: 2.984 Layer 1: 3.012 Layer 1: 2.968

Layer 2: 3.186 Layer 2: 3.053 Layer 2: 2.963 Layer 2: 2.944
Ag—Oguyest Layer 2: 3.041 Layer 2: 2.946 Layer 2: 2.902 Layer 2: 2.874
Ag-Ag 3.1154(16) 3.0832(14) 3.0783(18) 3.0599(11)
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Fig. 6 Soma-lwamoto-type layer model of 1Ag-0.25G. (Upper left: RT,
upper right: 190 K, lower left: 130 and 87 K, and lower right: lower
temperature (predicted).)

Fig. 7 Structure of 2Au-0.25G.

(Left:
packing structure along the Z axis (ligand molecules are omitted).)

ORTEP structure and right:

Fe sites ion a 1:1 ratio. These layers intersect at an angle of
41.14°. The Soma-Iwamoto-type layers are along two direc-
tions, i.e., (1 1 0) and (-1 1 0) planes of the unit lattice. Also,
an Au-Au interaction exists between the two layers. The space
group was determined to be C2/c at 296 K and 100 K. The
detailed crystallographic data is available in Tables S9 and
$10.1 Table 4 shows the bond lengths of 2Au-0.25G, which
indicate that an aurophilic interaction exists between the two
layers. At 90 K, half of the Fe site remains in the HS state, and
thus 2Au-0.25G shows two spin states, ie.,, HS and
HS, 5LSo.5 (Fig. 8). This corresponds to the magnetic measure-
ment. The half-spin transition state was also observed in a pre-
viously reported complex, ie., {Fe(4-methylpyrimidine),[Au
(CN),]}. The half-spin transition state is widely observed in

Table 4 Bond lengths of complexes 2Au-0.25G and 2Ag-0.25G
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complex 2Au-0.25G at a lower temperature range. In contrast,
the half-spin transition state in {Fe(4-methylpyrimidine),[Au
(CN),].} is simply an intermediate state and was observed in a
narrow temperature range. This can be explained by the fact
that 2Au-0.25G contains two different types of Fe sites at all
temperature ranges, whereas {Fe(4-methylpyrimidine),[Au
(CN),].} contains only one type of Fe site except in the inter-
mediate state area. Also, the pyrimidine ligands coordinated to
the Fe2 sites are disordered in two positions by a 0.522
(13):0.478(13) rate. These positions are vertical, and only one
position has a clathrate guest molecule. The result that not all
the Fe2 sites face the same direction can be explained by the
fact that the steric hindrance of the two methyl groups pre-
vents the pyrimidine ligands from facing the same direction
(Fig. 9).

In the case of 2Au-0.25G, the 4,6-dimethoxypyrimidine
guest is parallel to the 4-methoxypyrimidine ligand. That

FTrTa T

L

S W Ny W W

Fig. 8 Soma-Ilwamoto-type layer model of 2Au-0.25G. (Left: RT and
right: 90 K.)

<\

Fig. 9 Steric hindrance of the two methyl groups in 2Au-0.25G.

Average bond lengths/A

2A1-0.25G (M = Au)

2Ag-0.25G (M = Ag)

T/K 296(2) 90(2) 296(2) 150(2) 90(2)
Fe-Njigand Fel: 2.199(11) Fel: 2.208(10) Fel: 2.237(6) Fel: 2.235(4) Fel: 2.209(9)
Fe2: 2.20(4) Fe2: 2.006(10) Fe2: 2.204(8) Fe2: 2.007(5) Fe2: 1.998(9)
Fe-Neyano Fel: 2.160(9) Fel: 2.159(11) Fel: 2.149(5) Fel: 2.144(5) Fel: 2.134(10)
Fe2: 2.160(10) Fe2: 1.934(12) Fe2: 2.133(6) Fe2: 1.936(5) Fe2: 1.929(10)
M-C 1.985(13) 1.984(14) 2.058(5) 2.054(6) 1.984(14)
M-Ngyest 3.750 3.549 3.697 3.496 3.475
M-Ogyest 3.466 3.329 3.331 3.252 3.213
M-M 3.2056(7) 3.1291(9) 3.1569(11) 3.0940(9) 3.0807(13)
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Fig. 10 Structure of 2Ag-0.25G. (Left: ORTEP structure and right:
packing structure along the Z axis (ligand molecules are omitted).)

suggests that a n-n interaction exists between the host struc-
ture and guest molecule.

Fig. 10 shows the crystal structure of 2Ag-0.25G, where the
pyrimidine ligands coordinated to Fe2 atoms are disordered to
two positions and isostructural to 2Au-0.25G by a 0.482
(7):0.518(7) rate, and Table 4 also shows the bond lengths of
2Ag-0.25G. The results indicate that an argentophilic inter-
action occurs between the two layers, and the Soma-Iwamoto-
type layers intersect at an angle of 43.23°. The Soma-Iwamoto-
type layers are along two directions, i.e., the (1 1 0) and (-1 1 0)
planes of the unit lattice. At 150 and 90 K, half of the Fe site
remains in the HS state, and thus 2Ag-0.25G shows two spin
states, i.e., HS and HS, sLS, 5 (Fig. 11). This corresponds to the
magnetic measurement. Also, 2Ag-0.25G may show complete
spin transition states, e.g., all LS states, at very low tempera-
tures due to its almost zero magnetic susceptibility at very low
temperatures. The space group was determined to be C2/c at
296, 150 and 90 K. The detailed crystallographic data is avail-
able in Tables S11-S13.7 In the unit cell of complex 2Ag-0.25G,
B is very close to 90°. However, this is monoclinic given that no
symmetry elements on the a and ¢ axis were detected by the
ADDSYM search in PLATON.

Comparing 2Au-0.25G and 2Ag-0.25G, the Ag-N distance in
2Ag-0.25G is closer than the Au-N distance in 2Au-0.25G by
less than 0.16 A, which is a smaller difference than the non-
guest-type structure. The shorter M-N distance suggests that
the more electron-deficient pyrimidine ring has a stronger
coordination interaction of the pyrimidine N atom to Ag or Au
atom in the bridging ligand. That leads to a stronger coordi-
nation field. In fact, 2Ag-0.25G showed a higher transition
temperature than 2Au-0.25G, and additionally all LS state by
magnetic measurement.

Due to the limitation of the cryostat, it was impossible to
observe all the LS states in 1Ag-0.25G and 2Ag-0.25G at very
low temperatures using single-crystal XRD measurement.

T

k4

L

Fig. 11 Soma-Iwamoto-type layer model of 2Ag-0.25G. (Left: RT,
center: 150 and 90 K, and right: low temperature (predicted).)
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Comparing the non-guest complexes, 1Au and 1Ag, and the
guest clathrate complexes, 1Ag-0.25G and 2Au-0.25G, respect-
ively, 2Ag-0.25G. 1Au and 1Ag show normal Soma-Iwamoto-
type structures, whereas the other is penetrated. This behav-
iour is similar to the case of [Cd(py),{Ag(CN),},] and [Cd
(py)2{Ag(CN),},]-Guest (Guest = benzene or pyrrole), where the
former shows a single-layered Soma-Iwamoto-type structure,
while the latter shows a penetrated structure.

The crystals of 1Ag-0.25G, 2Au-0.25G, and 2Ag-0.25G were
obtained as twin crystals. The twin matrix is shown in Fig. 12.

These complexes can be easily twinned as another layer
grows beyond one layer with little lattice misalignment due to
twinning.

In 1Ag-0.25G, the angle formed by the (—1 0 2) plane and (0
0 1) plane is near to 180° — f (69.346(2)°), and thus this
complex can be twinned by the (-1 0 2) plane (Fig. 13).

In 2Ag-0.25G and 2Au-0.25G, the  angle of these complexes
is close to 90°, and thus their single crystals can be easily
twinned by the (1 0 0) or (0 0 1) plane.

Comparing 1Ag-0.25G with 2Ag-0.25G (and 2Au-0.25G), it
was observed that the former complex has two inequivalent
layers and gradual three-step SCO phenomenon, whereas the

2ag-0.256 |9 1 O

-1 0 05
1Ag - 0.25G (0 -1 0)
0 0 1

2Au - 0.25G ('1 0 °>
0 0 1

Fig. 12 Twin matrix of 1Ag-0.25G, 2Au-0.25G, and 2Ag-0.25G.

Mirror plane ..~

Fig. 13 Twinning effect of 1Ag-0.25G.

Fig. 14 Comparison of the symmetry of the penetrated Soma-
Iwamoto-type layer and guest molecule between 1Ag-0.25G and
2Au-0.25G.
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latter complex contains two equivalent layers and one- or two-
step SCO phenomenon. This difference can be explained by
the symmetry of the guest molecule (Fig. 14). In 1Ag-0.25G,
4-methoxypyrimidine does not have a mirror plane orthogonal
to the pyrimidine ring, and thus the two Soma-Iwamoto-type
layers of 1Ag-0.25G are inequivalent. In contrast, that of
2Ag-0.25G is equivalent because 4,6-dimethoxypyrimidine has
a mirror plane orthogonal to the pyrimidine ring. This leads to
a difference in the number of inequivalent Fe sites and inter-
mediate states.

In the 4,6-dimethoxyprrimidine clathrate complex, ie.,
2Au-0.25G and 2Ag-0.25G, a penetrated structure was not only
observed in the Ag-type complex but also the Au-type complex,
where the two methoxy groups can explain the additional M—-O
interaction.

Conclusions

Using the 4-methoxypyrimidine ligand, 1Au, 1Ag, 1Ag-0.25G,
2Au-0.25G, and 2Ag-0.25G, we synthesized a novel Soma-
Iwamoto-type complex. We showed via magnetic susceptibility
that 1Ag-0.25G and 2Au-0.25G exhibit the SCO phenomenon.
1Ag-0.25G exhibits a gradual three-step SCO phenomenon,
2Au-0.25G exhibits an abrupt one-step half SCO phenomenon,
and 2Ag-0.25G exhibits an abrupt two-step SCO phenomenon.
In the crystal structure of all the synthesized complexes, Ag-N
or Au-N interaction exists. Moreover, 1Au and 1Ag are isostruc-
tural as well as 2Au-0.25G and 2Ag-0.25G. 1Au and 1Ag show
only the HS state. 1Ag-0.25G shows three spin states, i.e., HS,
HS5/5LS;3/5, and HS;/4LS3/4. 2Au-0.25G and 2Ag-0.25G show two
spin states, ie., HS and HS;,LS;,. 1Ag-0.25G and 2Ag-0.25G
exhibit all the LS states at very low temperatures. Complexes
1Ag-0.25G, 2Au-0.25G, and 2Ag-0.25G show penetrated Soma-
Iwamoto-type structures, which are interesting given that only
a few of these structures has been reported to date. Comparing
the Ag-type complex 1Ag and 2Ag-0.25G and Au-type complex
2Au and 2Au-0.25G, the Ag-N distance is closer than the Au-N
distance. This can be explained by the fact that the Ag-N inter-
action is stronger than the Au-N interaction.
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