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ABSTRACT: A series of cyanide bridged Fe—Co molecular squares, [Co,Fe,(C- Chemical modifications
N)(tp*)2(dtbbpy)4](PFs),+2MeOH (1), [CoFe;(CN)s(tp*)2(bpy)s](PFe), )

-2MeOH (2), and [Co,Fes(CN)g(tp),(dtbbpy)](PEe),-4H,0 (3) (tp = o o P 1 5=
hydrotris(pyrazol-1-yl)borate, tp* = hydrotris(3,5-dimethylpyrazol-1-yl)borate, bpy b e il T MR

=2,2'-bipyridine, dtbbpy =4,4'-di-tert-butyl-2,2'-bipyridine), were prepared by the OO0 = 0 ™ S.g
reactions of [Fe(CN)3(L)]™ (L = tp or tp*) with Co>" and bidentate ligands N :
(bpy or dtbbpy) in MeOH. In the molecular squares, Fe and Co ions are alternately Lowépin

bridged by cyanide ions, forming macrocyclic tetranuclear cores. Variable tempera-
ture X-ray structural analyses and magnetic susceptibility measurements confirmed
that 1 exhibits two-step charge-transfer induced spin transitions (CTIST) centered at T /, =275 and 310 K in the solid state. The Fe
and Co ions in 1 are the low-spin (LS) Fe(III) and high-spin (HS) Co(II) ions, described here in the high-temperature (HT) phase
([Fe™Ls,Co"is2]) at 330 K, while a low-temperature (LT) phase ([Fe",Co™'s,]) with LS Fe(II) and Co(III) ions was dominant
below 260 K. X-ray structural analysis revealed that in the intermediate (IM) phase at 298 K 1 exhibits positional ordering of
[FCIHLSZCOHHSZJ and [FeHLSZCoHILSZ] species with the 2:2 ratio. In photomagnetic experiments on 1, light-induced CTIST from
the LT to the HT phase was observed by excitation of Fe(II) — Co(III) intervalence charge transfer (IVCT) band at S K and the
trapped HT phase thermally relaxed to the LT phase in a two-step fashion. On the other hand, 2 and 3 are in the HT and LT phases,
respectively, throughout the entire temperature range measured, and no CTIST was observed. UV—vis-NIR absorption spectral
measurements and cyclic voltammetry in solution revealed that the different electronic states in 1—3 are ascribable to the
destabilization of iron and cobalt ion d-orbitals by the introduction of methyl and fert-butyl groups to the ligands tp and bpy,
respectively. Temperature dependence of UV—vis-NIR spectra confirmed that 1 exhibited a one-step CTIST in butyronitrile, of

Intermediate fHgepis

Protonation Light irradiation

which T/, varied from 227 to 280 K upon the addition of trifluoroacetic acid.

B INTRODUCTION

Prussian blue analogues (PBAs) are 3D bulk materials in
which cyanide ions bridge metal ions in an almost linear fashion
and mediate electronic and magnetic interactions, allowing
intriguing physical properties, such as high T. magnets, spin-
crossover, linkage isomerism, and ferro-electricity.' The physical
properties of PBAs can be tuned by the selection of the cons-
tituent metal ions and by doping with alkali cations. In 1989,
Hashimoto and co-workers observed ghotoinduced magnetiza-
tion in Ky,Co; 4[Fe(CN)4]+6.9H,0.” Light irradiation to the
intervalence charge transfer (IVCT) band induces electron
transfer from Co(II) to Fe(III) ions, followed by spin transition
from high-spin (HS) to low-spin (LS) states in the Co ions, a
process known as charge transfer induced spin transition
(CTIST).? Since the discovery of photoinduced magnetization,
numerous studies on the photomagnetic properties of PBAs have
been reported.* On the other hand, discrete cyanide-bridged
multinuclear complexes have flexible molecular and electronic
structures coupled with solvent solubility. Such molecules may
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show distinct functions, such as single-molecule magnet (SMM)
type behavior, multistep spin-crossover, and multistep redox
behavior.> Dunbar and co-workers have developed a family of
penta-nuclear cyano-metalates with trigonal bipyramidal core
structures, {{M(tmphen),]3[M’'(CN)s],}, and specific physical
properties such as SMM behavior, linkage isomerism, and spin-
crossover were observed depending on the different combination
of metal ions.® In 2002, they reported the first observation of
temperature driven CTIST at a molecular level in {[Co(tm-
phen),];[Fe(CN)¢],} (tmphen =3,4,7,8-tetramethyl-1,10-
phenanthroline).” In mixed-valence Fe—CN—Co CTIST sys-
tems, there are two accessible electronic states of [LS Fe(III)
(tyg)—CN—HS Co(1I) (tr'e,")] and [LS Fe(Il) (t5,°) —CN—
LS Co(III) (tzgé)] in the high and low temperature phases,
respectively, which are generated by electron transfer between
the iron t,, and the cobalt e, orbitals. In 2007, Clérac et al.

Received: November 9, 2010
Published: February 22, 2011

3592 dx.doi.org/10.1021/ja109721w | J. Am. Chem. Soc. 2011, 133, 3592-3600



Journal of the American Chemical Society

reported the first cyanide-bridged molecular cube, {[(pzTp)Fe-
(CN)3]4[C0(PZ)3CCH20H]4[C104]4} :

13DMF-4H,0 (pzTp and (pz)3CCH,OH: pyrazole derivatized
tridentate ligands), exhibiting both thermally and light-induced
CTIST.® Quite recently, a cyanide-bridged molecular square has
been reported to exhibit thermally and light induced CTIST by
the same group,9 and the first thermal CTIST in a Os—CN—Fe
cluster has been reported by Dunbar et al.'® Note that all
previously reported CTIST in molecular and bulk systems have
been shown to occur in one-step transitions. On the other hand,
we have been working on various cyanide-bridged molecular
squares with specific molecular functions, such as two-step spin-
crossover and multistep redox behavior.’®” " During the course
of expanding our work to explore further multistable systems, we
have found that a cyanide-bridged Fe—Co molecular square,
[Co,Fe,(CN)(tp*),(dtbbpy),](PFs),-2MeOH (1) (tp* =
hydrotris(3,5-dimethylpyrazol-1-yl)borate and dtbbpy =4,4'-di-
tert-butyl-2,2'-bipyridine) exhibited a two-step CTIST, which is
the first example of multistability based on CTIST."" 1 has three
thermodynamically stable phases of high-temperature, intermediate,
and low-temperature phases, abbreviated herein as HT, IM, and LT
phases. 1 in the HT phase is composed of tetranuclear cations
with two LS Fe(III) and two HS Co(II) ions ([FeIHLSZCoHHSZ] ),
while in the LT phase 1 contains two LS Fe(II) and two Co(III)
ions ([FeHLSZCoHILSZ] ). In the IM phase, two I?ossible electronic
structures can be proposed: [FeHILSFeHLSCo ILSCOHHS] result-
ing from an intramolecular one-electron transfer or a 1:1 mixture
of [Fe" ,Co™s,] and [Fe™| g,Co'ys,] in the crystal lattice.
We report here a detailed structural study of the IM phase
obtained using synchrotron radiation, the solution state CTIST
behavior, and the light- and protonation-induced CTIST ob-
served in 1. The thermall?r induced CTIST between [Fe'™, ;-
Co'ys,] and [Fe'' [ 5;Co™ ;] is an entropy driven spin transi-
tion and the difference of Gibbs free energy between the high-
Spil’l [FeIHLszcoanz] and low—spin [Fe L52COHIL52] states,
expressed as AGyyp, = AH — TAS, relates to the redox potentials
of Co and Fe ions. Tuning of the redox potentials through chemical
modifications is expected to control the CTIST behavior. Two new
molecular squares with different substituent groups on the coordi-
nating ligands, [Co,Fe,(CN)¢(tp*)2(bpy)s](PFs),-2MeOH
(2), [Co,Fe;(CN)4(tp),(dtbbpy),](PFs),-4H,O (3) (tp =
hydrotris(pyrazol-1-yl)borate, bpy =2,2/-bipyridine), were pre-
pared, and the substituent effects on the CTIST behavior were
discussed from the viewpoint of the metal ion redox potentials.

B EXPERIMENTAL SECTION

Synthesis. All reagents were obtained from commercial suppliers
and were used without further purification. (Bu,N)[Fe(CN)3(tp)],
(BuyN)[Fe(CN)3(tp*)], and Co(OTf),6H,0, were synthesized ac-
cording to the literature methods.'>™"*

[CosFes(CN)s(tp*) (4,4’ -dtbbpy) 4](PFs)5- 2MeOH (1). The reaction
of Co(OTf),-6H,0 (22 mg, 0.050 mmol) with 4,4’-dtbbpy (26 mg,
0.10 mmol) in MeOH (10 mL) gave a pale yellow solution. After stirring
for 10 min, (BuyN)[Fe(CN);(tp*)] (33 mg, 0.050 mmol) in MeOH
(1 mL) was added followed by the addition of NBu,PFs (39 mg, 0.10
mmol). The mixture was stirred for 1 h to give a dark red solution, and
the resulting solution was filtered. Dark red tabular crystals of 1 were obtained
by slow diffusion of dietyl ether into the resulting solution (18 mg, 0.0075
mmol, yield of 30%). Anal. caled. for C,;0H;48B2Co,F 1,Fe,Ny60,P,: C,
54.88; H, 620; N, 15.13%. Found: C, 54.73; H, 6.12; N, 15.22%. ESIMS
(m/z): [M]*" caled. for [Co,Fe,(CN)(tp*), (4,4 -dtbbpy),]**: 1027.0.

Found: 1026.9. IR (KBr, cm ™ 1): 2545 (vpp), 2152 (Ven), 2127(Ven),
2098 (ven), 2077(ven), 2070(ven).

[CooFex(CN)s(tp*)s(bpy)4)(PFs),+ 2MeOH (2). The reaction of Co-
(BFy4),+6H,0 (17 mg, 0.050 mmol) with bpy (11 mg, 0.11 mmol) in
MeOH (200 mL) gave a pale yellow solution. After stirring for 10 min,
(BuyN)[Fe(CN);(tp*)] (34 mg, 0.050 mmol) in MeOH (10 mL) was
added followed by the addition of NH,PF4 (34 mg, 0.21 mmol). The
mixture was stirred for 1 h to give a dark red solution, and the resulting
solution was filtered. The filtrate was allowed to stand for 6 days to give
dark red tabular crystals of 2 (30 mg, 0.015 mmol, yield of 60%). Anal.
caled. for C;3HgyB,Co,F1,Fe,N,60,P5: C, 47.83; H, 4.32; N, 18.59%.
Found: C, 47.56; H, 4.29; N, 18.43%. ESIMS (m/z): [M]*" calcd. for
[Co,Fe;(CN)4(tp*)2(bpy)4]>": 802.2. Found: 802.1. IR (KBr, cm ™ '):
2561 (vgp), 2152 (ven), 2127(ven)-

[CosFes(CN)s(tp)o(4,4'-dtbbpy) 4J(PFs)5+-4H,0 (3). The reaction of
Co(OTf),-6H,0 (22 mg, 0.050 mmol) with 4,4'-dtbbpy (26 mg, 0.10
mmol) in MeOH (10 mL) gave a pale yellow solution. After stirring for
10 min, (Buy,N)[Fe(CN);(tp)] (30 mg, 0.050 mmol) in MeOH (1 mL)
was added followed by the addition of NBu,PF¢ (39 mg, 0.10 mmol). The
mixture was stirred for 1 h to give a dark green solution, and the resulting
solution was filtered. The filtrate was allowed to stand for 3 days to give dark
green tabular crystals of 3 (20 mg, 0.0090 mmol, yield of 37%). Anal. Calcd.
for CogH 24B,C0,F1,Fe;N,04P5: C, 51.31; H, 5.56; N, 16.20%. Found:
C, 51.19; H, 5.49; N, 16.15%. ESIMS (m/z): [M]** calced. for [Co,Fe,-
(CN)6(tp),(4,4'-dtbbpy) 4]: 942.4. Found: 942.2. IR (KBr, cm ™ '): 2486
(ven), 2137 (ven), 2120 (ven), 2066 (Ven).

Crystal Structural Analyses. Single crystals of 2 and 3 were
mounted with epoxy resin on the tip on a glass fiber. Measurements were
performed at 100 K for 2 and 3, respectively. Diffraction data were collected
using a Bruker SMART APEX diffractometer equipped with a CCD type
area detector. A full sphere of data was collected with graphite-mono-
chromated Mo—Ka radiation (4 = 0.71073 A). At the end of data
collection, the first S0 frames of data were recollected to establish that
the crystal had not deteriorated during the data collection. The data
frames were integrated using the SAINT program and merged to give a
unique data set for structure determination. An absorption correction
was performed using SADABS."® The synchrotron X-ray measurement
for 1 was conducted at 298 K using a diffractometer installed at BL-8A at
the Photon Factory, KEK, Tsukuba. The wavelength of the incident
synchrotron X-ray beam monochromated by a Si(111) double-crystal
monochromator was set to 1.0000 A and scattered X-ray was detected by
an IP area detector. The Bragg reflection intensities were measured in a
full-sphere of reciprocal space in the range 26 < 67°. The PROCESS-
AUTO program (RIGAKU) was used for cell refinement and data
reduction. The structures of 1,2, and 3 were solved by the direct method
and refined with the full matrix least-squares methods on all F* data using
the SHLXTL package (Bruker Analytical X-ray systems). Non-hydrogen
atoms were refined with anisotropic thermal parameters. Hydrogen
atoms were included in calculated positions and refined with isotropic
thermal parameters riding on those of the parent atoms. Crystallo-
graphic parameters for 1—3 were summarized in Supporting Informa-
tion Table S1.

Physical Measurements. Magnetic susceptibility data with an
applied magnetic field of 2 T were collected using a Quantum Design
MPMS-5S SQUID magnetometer. The temperature dependence was
measured at 3.0 K increments in settle mode. The scan rate of the tem-
perature was fixed to 3.0 K/min, and each measurement was performed
30 s after the temperature had stabilized. Magnetic data were corrected
for the diamagnetism of the sample holder and for the diamagnetism of
the sample using Pascal’s constants. For the photomagnetic experiments,
light from DPSS laser (808 nm; 10 mW, Intelite 1808-120G-CAP) was
guided via a flexible optical fiber (Newport F-MBD; 3 m length, 1.0 mm
core size, 1.4 mm diameter) into the SQUID magnetometer. Irradiation
was performed on the ground sample inside the SQUID sample
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Figure 1. ORTEP diagrams of (a) 1, (b) 2, and (c) 3. Peripheral methyl groups on dtbbpy ligands were omitted for clarity.

chamber at 5 K. One end of the optical fiber was located 40 mm above
the sample, and the other was attached to the laser coupler (Body;
Newport M-F-916T and lens; M-10X). The temperature dependence of
magnetic susceptibility after light irradiation was measured using an
applied magnetic field of 2 T and a scan rate of 0.1 K/min in scaning
mode. Variable temperature Mossbauer experiments were carried out
using a $7Co/Rh source in a constant-acceleration transmission spectrom-
eter (Topologic Systems) equipped with an Iwatani HEOS/CW404
Cryostat. The spectra were recorded in the temperature range 20—
320 K. The spectrometer was calibrated using a standard a-Fe foil.
Variable temperature UV—vis-NIR absorption spectra were recorded on
Shimadzu UV-3150 spectrometer equipped with a Unisoku USP-203-A
cryostat. The temperature dependence of infrared absorption spectra
was measured on KBr pellet samples using a Shimadzu FT-IR 8400
spectrometer equipped with a Unisoku USP-203-A cryostat. Cyclic
voltammetry measurements were carried out in a standard one-compart-
ment cell under N, at 20 °C equipped with a platinum-wire counter
electrode, an SCE reference electrode, and a glassy carbon (GC)
working electrode using a BAS 620A electrochemical analyzer. The
measurements were performed in MeCN with 0.1 M tetra-n-butylam-
monium hexaflourophosphate (BuyNPFy) as the supporting electrolyte.

B RESULTS AND DISCUSSION

Structural Descriptions of 1—3. The reactions of [ Fe(CN)5(L)] ™~
(L=tp or tp*) with Co>", bidentate ligands (bpy or dtbbpy), and
NH,PF in MeOH yielded tetranuclear Fe—Co complexes, 1—3
(Figure 1). The crystal colors are dark red for 2 and dark green
for 3, respectively, while crystals of 1 showed apparent thermo-
chromism from dark red at 330 K to dark green at 250 K. X-ray
structural analyses for 2 and 3 were performed at 100 K, and the
structures for 1 at 100, 298, and 330 K have been reported in the
previous report.'" ORTEP diagrams of the complex cations in
1—3 are depicted in Figure 1, and selected bond lengths are listed
in Tables 1 and 2. 1—3 have similar structures with a square-
shaped macrocyclic core, in which Fe and Co ions are alternately
bridged by cyanide ions, and each complex cation resides on a
center of inversion. The Fe ions are coordinated by tridentate tp
(or tp*) with a facial configuration, and the remaining coordina-
tion sites are occupied by three cyanide carbon atoms. Note that
two of the three cyanide ions coordinated to Fe bridge to Co ions,
while the remaining one coordinates only Fe ions and will be
referred to as the terminal cyanide. The two bidentate bpy (or
dtbbpy) ligands coordinate to the Co ion, and the bridging

Table 1. Average Coordination Bond Lengths [A] in 1

100 K* 298 K* 298 K 330 K*
FeA—C\N 1.959(7) 1.957(6) 1.964(9) 1.964(5)
FeB—C,N 1.964(8)
FeC—CN 1.943(10)
FeD—C,N 1.959(9)
CoA—N 1.925(6) 2.020(5) 2.092(8) 2.113(4)
CoB—N 2.008(8)
CoC—N 2.071(8)
CoD—N 1.990(8)

“Measured using conventional X-ray source (Mo—Ka.). ¥ Measured
using synchrotron radiation.

cyanide ions in the cis positions are linked to the neighboring
[(tp or tp*)Fe] units.

1 crystallized in the monoclinic space group C2/c at 100, 298,
and 330 K. The coordination bond lengths about the Co ion at
100 K are in the range of 1.892(7)—1.944(6) A, characteristic of
LS Co(I1I) ions, where typical coordination bond lengths of LS
Co(III) and HS Co(II) are ~1.9 and ~2.1 A, respectively.” The
average coordination bond length around the Fe centers is
1.959(7) A, which corresponds to a LS Fe(II) or LS Fe(III)
ion. Mossbauer measurements confirmed that the Fe centers in 1
were LS Fe(II) (vide infra) below 250 K, and oxidation and spin
states of 1 can be represented by [FeHLSZCOIHLSZ] in the LT
phase. The coordination bond lengths at 330 K were significantly
different from those at 100 K. In the HT phase at 330 K, the
average coordination bond lengths about the Co and Fe ions are
2.113(4) and 1.964(5) A, respectively, suggesting the occurrence
of complete CTIST from the LT phase to the HT phase
([Fe™ 53C0"s2]). In the IM phase at 298 K, the structural
analyses revealed that the average coordination bond length
about Co ions is 2.020(S) A and the value lying in the middle of
the range of the typical bond lengths for LS Co(Ill) and HS
Co(II) ions. Such intermediate bond lengths observed at 298 K
might be due to either the positional disorder of LS Co(III) and
HS Co(1I) ions in [Fe" | sFe™ | sCo™sCo™ 5] igenerated by one
electron transfer or a 1:1 mixture of [Fe's,Co'hs,] and
[Fe' 5,Co"\5,]. The latter should result in crystallographic super
lattice reflections originating from a long-range order which may
have been missed due to their low intensity. Further X-ray structural
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Table 2. Selected Interatomic Distances [A] in 2 and 3 at 100 K

2 3
Fe—Cl1 1.923(4) 1.856(6)
Fe—C2 1.928(4) 1.858(6)
Fe—C3 1.925(4) 1.894(6)
Fe—N4 2.010(3) 2.003(4)
Fe—N6 1.983(3) 1.990(4)
Fe—N8 1.992(3) 1.993(4)
Fe—C,N (average) 1.960(4) 1.932(5)
Co—N1 2.091(3) 1.870(5)
Co—N2 2.100(4) 1.870(5)
Co—N10 2.146(3) 1.921(4)
Co—NI11 2.121(3) 1.931(4)
Co—N12 2.135(3) 1.927(4)
Co—N13 2.106(3) 1.932(4)
Co—N (average) 2.116(3) 1.909(4)

studies of 1 in the IM phase were performed using synchrotron
radiation, and the details will be discussed below.

Red colored crystals of 2 crystallized in the monoclinic space
group P2,/n. The coordination bond lengths about Fe and Co
ions are in the range of 1.923(4)—2.010(3) and 2.091(3)—
2.146(3) A, respectively, at 100 K, which are similar to those in 1
at 330 K, suggesting that 2 is in the HT phase with an electronic
configuration of [Fe'™ 5,Co'4s,] at 100 K. The C1—Fe''—C2
and N1—Co"—N2 bond angles are 90.4(2)° and 90.4(1)°,
resIEJectively, approaching right angles. The bridging angles of
Fe''—C=N and Co"—N=C are in the range of 171.7(3)—
179.8(4)°, while the bond angle for the terminal cyanide ion
(Fe"'—C=N) is 173.3(4)°. 2 contains two methanol molecules
as crystal solvents, and each methanol molecule forms hydrogen
bonds (Opeon* * *Nen = 2.867 A) with the nitrogen atoms of
the terminal cyanide groups.

The green-colored crystals of 3 have the triclinic P1 space
group, and the asymmetric unit contains half of the molecular
cation. The average coordination bond lengths about Co and Fe
ions are 1.909(4) and 1.932(5) A, which are markedly different
from those in 2. The coordination structure of Co ion is
characteristic of LS Co(III) ions. Charge considerations, coordi-
nation bond lengths, IR, and Mossbauer data (vide infra)
confirmed that 3 is in the LT phase with [Fe'; ;Co™" s, ] electronic
configuration at 100 K. Note that 3 was prepared by using ferric
species of [Fe" (CN)3(tp)] ™ as a starting material, and electron
transfers from [Co" (dtbbpy),]*" to [(t}p)Fe(CN) 3] sites oc-
curred during the reaction. The Cl1—Fe™—C2 and N1—Co"—
N2 bond angles in the square are 90.1(2)° and 91.4(2)°, and the
average bridging angles of Fe"—C=N and Co"—N=C are
178.1(5)° and 177.7(4)°, respectively.

Magnetic Properties of 1—3. Magnetic susceptibility mea-
surements were performed on 1—3 in the temperature range of
5—330 K (Figure 2). }in T values for 1 showed a two-step curve as
the temperature was varied, where the variation in the cooling
mode traced the same profile in the heating mode and no
magnetic hysteresis was observed. The },,,T values below 250
K are nearly constant with a value of 0.18 emu mol ' K at 250 K,
suggesting that 1 is in the diamagnetic LT phase ([Fe's,-
Co ILSZD. As the temperature was raised from 250 to 330 K,
the ), T values increased in a two-step fashion centered at Ty /, =
275 and 310K, indicatinlg the occurrence of CTIST from the LT
to the HT ([FeIHLSZCoI Hs2)) phase via the IM phase. The ., T

)

\

A T /MU mol” K
-

G R R e T M L

|

..lT..I—
50 100 150 200 250 300

Temperature / K

Figure 2. %, T vs T plots for 1 (green), 2 (red), and 3 (blue) in the
temperature range of 5—330 K.

value (6.57 emu mol ' K) at 330 K (HT phase) is close to the
Curie constant ex}%ected for the uncorrelated two LS Fe' (s=1/
2) and two HS Co" ions (S = 3/2).° At 296 K, the ¥, T value (3.33
emu mol ™' K) in the IM phase corresponds to the value expected
for either 1:1 mixture of the [Fe™s,Co ks, ] and [Fe™; ,Co™ ]
or a one electron transfer [Fe'™; sFe™ Co jsCo' ] states, and
this will be discussed later.

The y,,,T values for 2 are nearly constant above 100 K with a
value of 6.96 emu mol ' K at 330 K, suggesting that 2 is in the
HT phase [FeIHLSZCOHHSZ] across the entire temperature range
measured. The gradual decrease of j,,,T values below 100 K is
due to the contribution of spin—orbit coupling of the HS Co(II)
ions, and the sudden decrease of the ¥, T values below 15 K
might be due to intermolecular antiferromagnetic interactions.
On the other hand, 3 is diamagnetic to 330 K, indicatin% that 3 is
in the LT phase with the configuration of [FeHLSZCo HLSZ]- It
should be noted that 2 and 3, respectively, are in the HT and LT
phases in the whole temperature range measured and showed no
CTIST. The quite different magnetic behavior in 1—3 can be
understood by considering the modified electronic states of the
metal ions which result from the substituent groups on the
capping ligands. 1 showed thermally induced electron transfer,
suggesting that the energy levels of the frontier orbitals of the Fe
and Co ions are close to each other. On the other hand, the
oxidation numbers of the Co and Fe ions in 2 and 3 are not varied
upon the temperature changes, and this is due to the modified
redox potentials of the metal ions dictated by the substituent
groups on the capping ligands. Ligands with electron donating
groups such as methyl and tert-butyl groups destabilize d orbitals
of the metal ions. In 2, the Fe and Co ions are coordinated by tp*
and bpy, respectively. The absence of the tert-butyl groups from
the bpy stabilizes the d orbitals of the Co ions, and this causes the
valence electrons to localize on the Co ions in 2, with the
[FeIHLSZCOHHsz] configuration. On the other hand in 3, the Fe
ions are coordinated by tp without methyl groups and the Co
ions have dtbbpy, leading to a more positive redox potential of
the Fe ions but a more negative ?otential for the Co ions
compared with 2, resulting in the [Fe'' s,Co'""'; s,] configuration
of 3. Note that studies on 1—3 in solution exclude crystal packing
effects and give information of substituent effects on CTIST
behavior (vide infra).

Variable Temperature >’Fe Mossbauer Spectra. *’Fe
Mossbauer spectra were measured to characterize the electronic
states of the Fe centers in 1—3. The selected spectra are depicted
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Figure 3. *"Fe Mossbauer spectra of 1 at (a) 320, (b) 280, and (c) 20 K
and spectra of (d) 2 and (e) 3 at 20 K. The solid lines are Lorentzian
curves calculated using the parameters in Supporting Information
Table S2.

in Figure 3, and the Mossbauer parameters are summarized in
Supporting Information Table S2. Mossbauer spectra of 1 were
recorded at 20, 280, and 320 K. In the spectrum of 1 at 20 K (LT
phase: [Fe', ,Co™ 5] ), one quadrupole doublet was observed
with Mossbauer parameters of 0 = 0.22 and AEq = 0.43 mms
characteristic of diamagnetic LS Fe(II) species. As the tempera-
ture was raised to 280 K, an additional doublet with = 0.04 and
AEq = 0.90 mms ', corresponding to LS Fe(III) species, was
observed. The peak area ratio of the Fe(II) to Fe(III) species is
0.50/0.50 at 280 K, suggesting that in the IM phase half of the
Fe(II) sites have been oxidized by the Co(Ill) ions. In the HT
phase ([F eHILSZCoHHSZ]) at 320 K, a LS Fe(III) doublet with 6 =
0.00 and AEG =091 mms ' was dominant, suggesting complete
CTIST from the LT to the HT phase. In 2 and 3, Mossbauer
spectra consist of a single quadrupole doublet at 20 K with the
parameters of (0 = 0.10 and AEq = 1.21 mms ') for 2 and (0 =
0.20 and AEq = 0.43 mms ') for 3, corresponding to LS Fe(III)
and LS Fe(Il) ions, respectively. The Mdssbauer data agreed with
the conclusion of the electronic states for 1—3 derived from the
magnetic susceptibility measurements.

Variable Temperature Infrared (IR) Absorption Spectra.
Infrared (IR) absorption spectra were measured on 1—3, and
selected spectra are depicted in Figure 4. IR spectroscopy is
useful to characterize the electronic states of cyanide-bridged
metal ions, because the stretching frequencies of cyanide groups
(vcn) are sensitive to the oxidation states of the bridged metals
ions.'® There are four bridging cyanide ions and two terminal
cyanide ions in 1—3, and the vcy frequencies are clearly
dependent upon the phases with oxidation and spin states of

the metal ions in the different phases. 2 exhibited a vy
absorption band at 2152 cm ™', which is characteristic of bridging
cyanides in Fe"'[¢—(u-CN)—Co"ys species such as {[Co-
(tmphen)2]3[Fe(CN)6l2} and {[(pzTp)Fe(CN);]4[Co(pz)s-
CCH,0H],[Cl0,],}.”>" A relatively weak band at 2127 cm ™"
is assignable to a stretching mode for the terminal cyanide ions,
where the similar band at 2119 cm ' was observed in
[Et,N][Fe"(CN);(tp*)]-H,0."” In the IR spectrum of 3 at
293 K, vy peaks were observed at 2137 and 2120 cm ', which
are characteristic of Fe''—(u-CN)—Co™" linkages in the LT
phase.”® An absorption band at 2066 cm ™', which is close to the
value (2060 cm ™ ") for [Et,N],[Fe"(CN);(tp*)]-H,0,"” can be
assigned to the stretching of the terminal cyanide ions. IR spectra
of 1 were recorded at 220, 295, and 335 K, respectively. At 335 K,
1 showed absorption bands at 2152 and 2127 cm ™ ' as seen in 2,
confirming that 1 is in the [FeHILSZCoHHSZ] state (HT phase) at
this temperature. As the temperature was lowered to 220 K, the
Ven stretching bands for the HT phase decreased in intensity,
and new bands appeared at 2098, 2077, and 2070 cm™ '. The
former two bands are assigned to the stretching for bridging
cyanide ions in Fe''—(u-CN)—Co'"" linkages, and the third band
is attributable to the terminal cyanide ions coordinating to LS
Fe(II) ions.”> The observed spectral change confirmed the
occurrence of thermal CTIST from the HT to the LT phase. It
should be noted that no additional peaks was observed in the IM
phase, suggesting that the IM phase is considered to be a 1:1
mixture of [Fe' s,Co"'1s,] and [Fe'' s,Co'' s, ] species.
X-ray Crystal Structural Analysis for 1 in the IM State. In
the X-ray diffraction study on 1 using the conventional X-ray
source (Mo—Ka), one dinuclear unit of [(tp*)Fe(CN),—(u-
CN)—Co(dtbbpy),] was observed as the asymmetric unit, and
the average coordination bond length about the Co ions were in
the middle of the typical bond lengths for LS Co(Ill) and HS
Co(1I) ions in the IM phase at 298 K (vide supra). The IM phase
is composed of a 1:1 mixture of [Fe';,Co™s,] and [Fe'™
Ls2Co" Hs2) species as suggested by the IR spectroscopic data. It
remains unclear whether [Fe'; s,Co™s,] and [Fe™; ¢,Co™ s, ]
are positionally disordered or not, and weak super lattice reflec-
tions originating from long-range order could be missed in the
X-ray diffraction data using conventional X-ray source. We,
therefore, collected a single crystal X-ray diffraction data of 1
in the IM phase at 298 K using synchrotron radiation. The super
lattice reflections were clearly observed in the synchrotron data
and structural analysis was carried out on the data including the
super lattice reflections (Supporting Information Figure S1).
Note that the quality of the diffraction data was relatively low,
which might be due to defects in the long-range order. 1 in the IM
phase has the same space group of C2/c as in the LT and HT
phases, while the unit cell has a quadrupled cell volume with the a
and b axes doubled in length (Tables 1 and S1). The super-
structure contains four unique complex cations, named
[FeA,CoA,], [FeB,CoB,], [FeC,CoC,], and [FeD,CoD,]
(Figure S and Table 1). The cations interact through hydro-
phobic interactions between ligands, forming layers on the ab
plane. The layers are stacked along the ¢ axis through hydrogen
bonds with the counteranions, and methanol molecules are
located between the layers. The average coordination bond
lengths about the CoA—D ions are 2.092(8), 2.008(8),
2.071(8), and 1.990(8) A, respectively, suggesting that the
CoA and CoC ions are HS Co(II), while the CoB and CoD
jons are LS Co(III). Magnetic and spectroscog)ic data revealed
that the ratio of [Fe'; s,Co™ s, ]/ [Fe™,Co s, ] in the IM
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Figure 4. IR spectra of 1 at (a) 335, (b) 295, and (c) 220 K and spectra
of (d) 2 and (e) 3 at 293 K.

phase is 2:2, the electronic states of [FeA,CoA,] and [FeC,Co-
C,] can be, therefore, assigned as [FeHILSZCoHHsz], and [FeB,-
CoB,] and [FeD,CoD,] are in the [Fe'';s,Co™s,] state. The
complex cations on the ab plane form a checkerboard arrangement
composed of [Fe"; s;Co™ ;] and [Fe™, s,Co"ys,] cations, lead-
ing to the long-range ordering with the quadrupled unit cell.
Trapping of Light-Induced Metastable States at Lower
Temperature. Light irradiation experiments were performed
on 1 at § Kin the SQUID magnetometer (Figure 6). Since 1 in
the [Fe"[,Co™s,] state showed the Fe(II) — Co(IIl) inter-
valence charge transfer (IVCT) band at Ay, = 770 nm in
butylonitrile (vide infra), a 808 nm laser was used for light
irradiation experiments. When the sample in the LT phase was
irradiated at S K, a rapid increase of y,,T values was observed,
reaching the saturated value of 3.25 emu mol ' K after irradita-
tion for 3 h. The result suggests that the light-induced HT phase
was trapped by the excitation of Fe(II) — Co(III) IVCT band in
the LT phase. In the subsequent temperature increase after
turning off the light irradiation, the y,,T value increased and
reached the maximum value (5.25 emu mol ' K) at 46 K, which
is 80% of the value (6.57 emu mol ' K) of the HT phase at 330 K.
The increase in the ), T values as the temperature was raised to
46 K attributable to weak intramolecular antiferromagnetic
interactions and spin orbital coupling of the species in the
light-induced HT phase. Note that incomplete light conversion
from the LT to the HT phases might be due to insufficient light-
penetration depth of the crystals. Upon further temperature
increase from 46 K, the light-induced HT phase thermally relaxed
to the L'T phase at 80 K. The relaxation profile exhibited a small
step at 62 K with the y,,T value of ca. 2.4 emu mol ' K and a
(mT)/3T vs T plot showed two minima at 59 and 67 K. This
suggests a two-step relaxation of the light-induced HT phase to
the ground LT phase via intermediate state. On the basis of the
fact that the intermediate state in the relaxation process has the
nearly half of the maximum J,,,T value in the light-induced HT
phase, the intermediate state may have a similar electronic
structure to that in the thermally generated IM phase.
Electronic Spectra in MeCN. UV—vis-NIR absorption spec-
tra of 1,2, and 3 were recorded in MeCN at 293 K (Figure 7). In
1, ligand based absorption bands were observed in the UV region

Figure S. Projection views on (a) ab and (b) bc planes of 1 in the IM
phase at 298 K: (magenta) Co(II), (orange) Fe(III), (blue) Co(III),
(green) Fe(II).
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Figure 6. y,,,T vs T plots for 1 in the temperature range of 5—330 K
before (black dots) and after light irradiation (at 808 nm) to the LT
phase (red dots). (inset) 3y, T/9T vs T plot after light irradiation.

and a relatively broad absorption band was observed at 460 nm
with a small shoulder at 560 nm. [Fe" (CN);(tp*)] ™ exhibited a
ligand-to-metal (LM) CT band at 425 nm, and [Co™"™-
(bpy)ﬂpr/ 3t showed a LMCT or metal-to-ligand (ML) CT
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Figure 7. UV—vis-NIR spectra of 1 (green), 2 (red), and 3 (blue) at
293 K.

band around 300 nm.*™'”*® The absorption band at 460 nm in 1

can be, therefore, assigned to the LMCT and MLCT bands in the
Fe and Co chromophores. The shoulder band at 560 nm can be
assigned as the Co(II) — Fe(III) IVCT band because the
previously reported [Fe™™,Co",] cube, {[(pzTp)Fe(CN);],-
[Co(pz);CCH,0H],4[ClO,]4}, showed such an IVCT band at
510 nm."” Note that neither [Fe''(CN);(tp*)]~ nor [Co"
(bpy)s]*" exhibited absorption bands around 500 nm. 2 showed
a quite similar absorption spectrum to that in 1, while the elec-
tronic spectrum of 3 is composed of two absorption peaks at 410
and 740 nm. The higher energy peak in 3 was assigned to the
LMCT band of the iron(II) chromophore by comparing with
those for the [Fe"'(CN);(tp*)]*” and [Fe",Co™,] cube»'"'®
Since a dinuclear [LCo™ (1-CN)Fe"(CNs)]™ (L = macrocyclic
ligands) has been reported to show Fe(II) — Co(III) IVCT
bands at 500—600 nm,"? the lower energy absorption at 740 nm
in 3 can be assigned to the Fe(Il) — Co(IlI) IVCT band.
Consequently, the spectral features of 1—3 revealed that 1 and 2
are in the [Fe'™[g;Co's,] state at 293 K, while 3 is in the
[Fe'' s,Co™s,] state, respectively, in solution. It should be
noted that the spectra of 2 and 3 showed no temperature
dependence, which are consistent with the magnetic behaviors
in the solid state. CTIST in 2 and 3 could not be observed in
either the solid or solution.

Thermal CTIST in Butyronitrile. 1 in solution showed sig-
nificant thermochromism, in contrast to 2 and 3. Variable
temperature absorption spectra of 1 in butyronitrile were mea-
sured in the temperature range of 200—300 K (Figure 8). The
absorption spectrum at 300 K is very similar to that in MeCN at
293 K, indicating that 1 is in the [Fe 1 5,Co's, ] state at 300 K.
As the temperature was lowered, the LMCT/MLCT bands at
460 nm was shifted to the higher energy region associated with
the decrease of the Co(II) — Fe(III) IVCT band (550 nm) in
intensity, and the appearance of a new absorption peak, assign-
able to the Fe(II) — Co(1Il) IVCT band at 770 nm. The spectral
change confirmed that 1 exhibited the CTIST from [Fe™, ,-
Co"ysp] to [Fe"' 5,Co0™ 5] upon cooling in butyronitrile. Note
that the temperature dependence of the spectra showed an isos-
bestic point at 603 nm, indicating the occurrence of first order
reaction. [FeIHLSZCoHHSZ] fractions versus temperature were
plotted in Figure 8 (inset), where the [Fe'™"| ¢,Co" s, ] fractions
were estimated from the temperature dependence of the absorp-
tion intensity at 770 nm (IVCT band for [Fe";s,Co™ 5]
species) and the first-order thermodynamic equilibrium was
assumed. The [Fe™ ¢,Co™ys,] fractions showed a relatively
steep variation centered at 227 K, indicating that 1 shows a one-
step CTIST in butylonitrile. The analyses of the CTIST equi-
librium in solution gave AH = 68 kJ mol ™', AS =299  mol " K,
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Figure 8. UV—vis-NIR spectral changes for 1 from 300 to 200 K (red to
blue lines). (inset) Temperature dependence of the [Fe™ s,Co"iso]
fractions estimated by the analyses of temperature dependence of
absorption intensity at 770 nm.
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Figure 9. Cyclic voltammogram of (a) 1, (b) 2,and (c) 3at GCin 0.1 M
Bu,PFs in MeCN.

and T}, = 227 K, respectively. The relatively large AS value might
be caused by the reorganization of solvent molecules upon electron
transfer. Note that the different T/, in the solid state and the
absence of the IM state in solution can be understood by the lack of
intermolecular interactions in solution. Spectroscopic studies in
solution evidenced that the different oxidation and spin states in 1, 2,
and 3 in solid are intrinsic to the tetranuclear cores, and the CTIST
behavior is tunable by modification of the metal ion redox potentials
by varying the substituent groups on the ligands.

Redox Properties of 1—3 in MeCN. Cyclic voltammetry
(CV) was carried out on 1—3 in MeCN at 293 K (Figure 9), and
the CV data were summarized in Supporting Information Table
S3. 1 showed four quasi-reversible redox waves at 0.52, 0.39, —0.02,
and —0.18 V vs SCE, respectively. Since 1 in solution is in the
[FeIHLSZCoHHSZ] state at 293 K, the oxidation waves are assigned to
the two-step oxidations of the Co(II) ions ([Fe™,Co",]/[Fe™-
Co™Co"], [Fe'™,Co™Co™)/[Fe™,Co™,]), while the reduction

rocesses are ascribed to the redox cou})les of [FeIHZCon] /
[Fe™Fe"Co™,] and [Fe™Fe"Co™,]/[Fe",Co™,], respectively.
2 showed two quasi-reversible waves (0.02 and —0.16 V) in the
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1

240 K. (inset) Plots of [Fe™| s,Co" ] fractions vs temperature upon

addition of TFA.

reduction process, and irreversible waves in the oxidation
process. 2 is in the [Fe'"[s,Co'yg,] state at 293 K, and the
redox processes in 2 are assigned to the two-step reduction on
the Fe ions and irreversible oxidation on the Co ions, respec-
tively. The irreversibility in the oxidation process might be caused
by the slow electron transfer kinetics of the Co ions. The first
reduction potential of the Fe(III) ions in 2 is similar to that in 1,
while the oxidation of the Co ions occurs at E,,, = 0.67 V, which is
more positive than in 1, and this is due to the stabilized d-orbitals
of the Co(III) ions by the absence of an electron donating tert-
butyl group on the bpy in 2. The CV for 3 showed two quasi-
reversible oxidation waves at 0.44 and 0.60 V and an irreversible
reduction wave. 3 is in the [Fe''; 5,Co™s,] state at 293 K, and
the d-orbitals on the Fe and Co ions are the primary contributes
to the highest occupied molecular orbital (HOMO), the inverse
situation to that in 1 and 2. The oxidation and reduction
reactions from the [Fe''; 5,Co™ | s, ] state occurred on the Fe(II)
and Co(IlI) sites, respectively. Note that the tridentate tp does
not have a substituent methyl groups in contrast to 1 and 2, while
the bpy ligands have tert-butyl groups as in 1. The CV curve of 3
is similar to the mirror image of the CV curve of 2, reflecting the
inversion of the redox sites in 3. This situation can be understood
by the stabilization of the Fe(Il) ions by the removal of the
electron-donating methyl groups on the tp ligands and by the
destabilization of Co(III) ions due to the presence of the electron
donating fert-butyl groups on the bpy. The electron transfer
between the donor (D) and acceptor (A) is dictated by the redox
potential difference of each species (AG® o< Epy " — Eaja, where,
AG® is the difference of the Gibbs free energy between [D—A] and
[D"—A ],and Ep)p " and Exs  are the redox potentials of D and
A, respectively).”” In the cyanide-bridged molecular squares, the
difference in Gibbs free energy (AG’y;) between the high-spin
[FeHILSZCoHHsz] and low-spin [FCHLSZCOIH]_SZ] species correlates to
the difference in the first redox potentials of the Fe and Co ions (AE =
Ecomm)/com) = Ere(m /Fe(m))~ Since the redox processes of the Co
jons in 2 and 3 are irreversible, the AE values were tentatively
estimated by the difference between the redox potentials (E, /,) of Fe
ions and the peak current potentials of Co ions (E,,, and E,, for 2 and
3). The AE value in 1 was estimated to be 0.41 V, which is much
smaller than the absolute values of AEin 2 and 3 (0.65 and —0.57 V).
The smaller |AE| corresponds to the smaller AG%y, in 1 which
causes the occurrence of entropy-driven thermal CTIST equilibrium
in solution.

Protonation-Induced CTIST in 1. UV—vis-NIR absorption
spectra were measured upon addition of trifluoroacetic acid
(TFA) to a solution of 1 in butyronitrile, and the spectral change
was shown in Figure 10. As the amount of TFA was increased, the

CT bands at 400—600 nm decreased in intensity, and a new
broad band appeared at 725 nm. The reverse spectral change was
achieved by the addition of triethylamine. This spectral change is
quite similar to that in the thermal CTIST from [FeHILSZCoHHSZ]
to [Fe'' s,Co™s,] in 1, indicating that the spin state change
from [Fe'} 5,Co"iss] to [Fe'Ls,Co™1ss] occurred due to the
addition of TFA. To investigate the protonation response, CV
measurements on 1 were carried out upon addition of the acid
(Supporting Information Figure S2). After the addition of TFA,
unresolved reduction waves were observed at the more positive
potentials, and Taube’s analysis suggests that the wave was the
superimpositions of two waves at 0.15 and 0.04 V.>' It should be
noted that nitrogen atoms of the terminal cyanide ions in
[Fe(CN)4]*™ and related compounds have been known to act
as a weak base and protonation of the cyanide nitrogen atoms can
result in the positive shift of the Fe ion redox potentials.”* The
molecular square 1 has two terminal (nonbridging) cyanides
coordinating to the Fe(Il) ions, and the positive shift of the
reduction potentials upon addition of acid clearly demonstrates
the protonation of the terminal cyanide nitrogen atoms. The
protonation of cyanide nitrogens stabilized the d-orbitals of
Fe(Il) ions, leading to protonation-induced CTIST from
[Fe™, ¢,Co" s, ] to [Fe';s,Co™ s, ]. The equilibrium tempera-
ture T/, shifted to higher temperature with increasing acid
concentration (Figure 10 inset), indicating that protonation can
modulate the T, in the range of 227 to 280 K.

Bl CONCLUSION

We presented a series of cyanide bridged Fe—Co molecular
squares. X-ray structural analyses, and magnetic and spectro-
scopic data revealed that the electronic structures of 1—3 were
significantly affected by the substituent groups on the cap ing
ligands tB and bgly 1 exhibits CTIST between [FeHILSZCo sz
and [Fe 15,Co "Ls,), while 2 and 3 are, respectively, in the
[Fe™, ¢;Co"ys,] and [Fe'[s,Co™ s,] state across the entire
measured temperature range, both in the solid and solution.
Electrochemical studies suggested that the redox potentials of
component metal ions in the squares are tunable by using
different capping ligands, and a favorable electronic state for
the CTIST can be realized by chemical modifications of the ligands.
In addition, an intermediate phase in which the long-range ordering
of the two- and nonelectron transferred squares was observed in 1,
constituting the first observation of thermally induced two-step
CTIST. 1 in the solid state also exhibited light-induced CTIST at
lower temperature, and the trapped metastable HT phase relaxed to
the ground LT phase in a two-step fashion. Furthermore, 1 showed
the novel property of both thermally and protonation-induced
CTIST in the solution. The cyanide bridged molecular square of
1 can be recognized as a novel multistable and multiresponsive
complex based on the CTIST phenomenon.
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