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Photoinduced Long-Range Magnetic Ordering of a Cobal-Iron Cyanide
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Two kinds of cobak-iron cyanides (R§ecCordFe(CN)]-4.3H0 and Ca gFe(CN)]-6H,0) with different
electronic structures have been investigated to understand the photoinduced long-range magnetic orglgring. Rb
Cop 2dFe(CN)]-4.3H0 produces a photomagnetic effect, whereas {F@(CN)]-6H,O does not respond to

light. FT-IR and Mmsbauer studies revealed that their oxidation states are expressedsgSoRbg L0041
[FE'(CN)g] and Cd'y Fe" (CN)g], respectively. The difference in the oxidation states of the metal atoms in these
two compounds has been explained by the Co coordination withdt# CN ligands. In the case of RECO0: 25
[Fe(CN)]-4.3H,0, more CN ligands are involved in coordination than expected in the case;gfF€(CN)]-

6H,0. A charge-transfer (CT) band from'Fe Cd" is observed at around 550 nm for §35C0; ,{Fe(CN)]-

4.3H,0. The magnetism of Rg¢Co1dFe(CN)]-4.3H,0 changed from paramagnetic to ferrimagnetic due to

the CT from Fé to Cd" when illuminated at low temperature. The Curie temperature after illumination was 22

K. This metastable state was stable for more than several days at 5 K. The metastable state was restored back to
its original one when the sample was heated to 120 K. It is considered that the interconversion proceeded via a
pronounced domain formation.

Introduction electrical properties has been extensively stuifeé? We have
been trying to make new types of magnets whose magnetic
properties can be controlled by external stimuli. One of the most
important challenges in the new field is the control of magnetic
properties by light illumination. This subject is of considerable
importance, because the photon mode allows us to access a
variety of different types of materials with high speed and
superior resolution. In our previous reports, we have shown that
cobalt-iron cyanide exhibits photoinduced magnetization ef-
1_0';%(8 S—Cg: 240 K)," and (EiN)12MnodV(CN)s]-2Hz0 (Te fects? In this work, we have attempted to explore the photo-
- ): ) ) ~magnetic behavior of two types of materials, namely; §fee-

Recently, thg develop.ment of new magnetic mat.erlals N (CN)g]-6H,0 and Rlg.ceCor 2dFe(CN)j-4.3H,0. The unit cell
which magnetic properties are combined with optical and ggrycture of these compounds is schematically shown in Figure
1. We have characterized these two cobatin cyanides by

T'Kanagawa Academy of Science and Technology. various analytical techniques and also discussed the mechanism
* Department of Applied Chemistry, The University of Tokyo. of the light-induced effects

§ Research Center for Advanced Science and Technology, The University

The design of molecule-based compounds exhibiting spon-
taneous magnetization with high Curie temperattitgjs one
of the main challenges in molecular materials sciené¢elhe
V(TCNE),*%,CH,Cl, compound has been reported to exhibit
the highestT. (above 350 K} All other high-T, compounds
are Prussian blue analogues such as V[CrglaNg2.8H0 (T,
= 315 K) > [Cr21ACN)g]*2.8H,0 (T = 270 K)?8 [Cr5(CN)y7]*

of Tokyo. ; ;
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Table 1. Frequencies of CN Stretching(CN), of Prussian Blue
Analogs and Their Related Compounds

compd v(CN) (cnmm1)  ref and notes
Fd'—CN—Mn" 2065 15
Fe'—CN—Cad'(hs) 2085 16
Fd'—CN—Ni" 2095 15
Fe'—CN—-Cu' 2100 15
Fd'—CN—-zn" 2097 15
Fe'—CN—Mn'" 2146 15
Fd''-CN—Cad'(hs) 2160 16
Fe'—CN—Ni" 2165 15
Fd'—-CN—-Cu' 2172 15
. . . . . . Fe'—CN-2zn" 2185 15
Figure 1. Unit cell of cobalt-iron cyanide. Certain Fe(Chl}ites are CoLdFe(CN)]-6H,0
vacant, and the bridging oxygen ot® fills the empty nitrogen end. Fe' —CN—Cd'(hs) 2163 this work
Interstitial alkali metal cations have been omitted for clarity. Rby.66C01 2Fe(CN)]-4.3H0
solution of KsFe(CN) (1 mM). The reaction produced a red precipitate. Fe'—CN—-Cad'"(Is) 2133 this work
Anal. Calcd for CegFe(CN)|-6H,0: K, 0; Co, 21.64; Fe, 13.67; C, after illumination
17.64; N, 20.58; H, 2.97; Cl, 0. Found: K, 0.29; Co, 20.46; Fe, 12.91;  F€"—CN—Cd'(hs) 2169 this work
C, 17.06; N, 19.78; H, 2.85; Cl, 0. (Co:Fe 1.50:1). Fe'—CN-Cd'(hs) . 2103 this work
Rbo 66C012dFe(CN)e]-4.3H,0. An aqueous solution containing [(NC)sFe!—CN—C0" (Is)(CN) 2130 17
CoCk (10 mM) and RbCI (1 M) was slowly added to a vigorously 0.20 _
stirred aqueous solution containingfe(CN) (10 mM) and RbCI (1 L — before illumination
M). The reaction produced a dark purple precipitate. Anal. Calcd for 016 ~- after illumination
Rby 66C01 2.dFe(CN)]-4.3H,0: Rb, 13.4; Co, 17.6; Fe, 13.3; C, 17.18; 2
N, 20.08; H, 2.07; Cl, 0. Found: Rb, 12.8; Co, 16.6; Fe, 12.7; C, 17.05; go12
N, 19.62; H, 1.97; CI, 0. (Rb:Co: Fe 0.66:1.24:1). I
Characterization. Physical Methods.The infrared (IR) spectra were 2008
measured with a model FT-IR 89@Q0(JASCO) and an FTS-40A (Bio- < 0,08k
Rad) spectrophotometer at various temperatures. The powder samples
were held by Cafplates. IR measurement were not performed by the 0 . ! . : . L
KBr method due to the interference of'Kons!4 The UV—vis spectra 2300 2200 2100 , 2000
were monitored with a UV-3100 (Shimazu) at various temperatures. Wavenumber (em™)

At room temperature the spectra were measured by the diffuse I
reflectance method. At lower temperatures, the transmitted spectra were —beforq |Ilum|nqt|on
measured for the sample supported on commercial transparent tape. 0.8~ ~- after illumination

1.0

Temperature was controlled by a closed-cycle helium refrigerator 8

(lwatani Co., Ltd.) and a model 9650 temperature controller (Scientific S o6

Instruments). Powder X-ray diffraction patterns were measured with a '-g

RINT 2500V (Rigaku) at room temperature. Magnetic properties were 2 0.4

investigated with a superconducting quantum interference device < 42

(SQUID) magnetometer (Quantum Design MPMS-5S). A-btg lamp

(Yamashita Denso XFL-300L) was guided via optical fiber into the 0 L L . L
SQUID magnetometer for studying the photomagnetic effects. A powder 2300 2200 2100 2000
sample (206-300 xg) was supported on a commercial transparent Wavenumber (em™)

adhesive tape as thin as possible in order to efficiently illuminate the Figure 2. IR spectra of CosFe(CN)]-6H,O (top) and RbeCO01.25
whole sample. The sample was placed on the edge of the optical fiber.[Fe(CN)]-4.3H,O (bottom) before and after light illumination at ca.
An approximate value of the light intensity is mentioned in the text 15 K.
due to inhomogeneous illumination. The Babauer spectra (isomer
shift vs metal Fe at room temperature) were measured using a Wissel IR and M¢'ssbauer SpectraThe frequencies of CN stretch-
MVT-1000 Missbauer spectrometer with %4Co/Rh source in the ing mode v(CN), of Co, gFe(CN)]-6H,0 and Rl ¢C0 o Fe-
transmission mode. The measurements at low temperature were(CN)g]-4.3H,0 are listed in Table 1, and their IR spectra in the
performed with a closed-cycle helium refrigerator (Iwatani Co., Ltd.) region from 1950 to 2300 cnt are shown in Figure 2. The
or with liquid-helium cryostat. »(CN) values for Prussian blue analogues are also listed in Table
11516 The »(CN) values of FeE—CN—M" and F¢' —CN—M"
appear in the region from 2065 to 2100 chand from 2146 to
The reaction of KFe(CN} and CoC} in aqueous solution 2185 cn1?, respectively. The/(CN) for Cd';[Fe!(CN)s] and
typically produces red or purple precipitates. The stoichiometry K,Co'[Fe!(CN)g] with Fe'—CN—Cd' bond structure were
and the electronic structure of the compounds strongly dependobserved at 2085 cr.16 The v(CN) for a dinuclear compound,
on the preparation conditions. In general, it is known that the [(NC)sFe!—CN—Cd''(CN)s], with Fe'—CN—Cd'' bond struc-
single crystal of Prussian blue analogues is difficult to obtain tyre was observed at 2130 cii?18 These data indicate that
due to the rapid reaction of thesRe(CN) and CoCj. Therefore,  the peaks at around 2163, 2133, and 2103 cabserved with

the powder form of the cobattiron cyanides has been char-  Co, {Fe(CN)]-6H,0 and Rl ¢Coy2{Fe(CN)]-4.3H0 can be
acterized.

Results and Discussion

(15) Bertran, J. F.; Pascual, J. B.; HEmdez, M.; Rodiguez, R.React.

(14) Reguela et al. claim that tribochemical reduction proceeds when the Solids1988 5, 95.
compound is mixed with KBr during the preparation of the IR péftet. (16) Reguera, E.; Bertra J. F.; Daz, C.; Blanco, JHyperfine Interact.
We also observed a shift in the IR when it is mixed with KBr, KCI, 199Q 53, 391.

etc. However, we believe the shift is induced by the penetration of (17) Hester, R. E.; Nour, E. Ml. Chem. Soc., Dalton Tran&981, 939.
ions (K, etc.) into the interstitial sites, because we have observed (18) Nakamoto, KlInfrared and Raman Spectra of Inorganic and Coor-
cation exchange effects for electrochemically synthesized compétinds. dination Compoundsith ed.; Wiley: New York, 1986.
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Figure 3. Mossbauer spectra for €gFe(CN)]-6H,0 (top) and Rbes
Cor2dFe(CN)]+4.3H,0 (bottom) at room temperature.

assigned to the stretching of the CN bridge with tht FEN—
Cd', Fé'-=CN—-Cd", and F&—CN—-Cod' bond structures,
respectively.

Thev(CN) value assigned to the FeCN—Cd" moiety (2133
cm™1) is higher by about 30 cnt compared with that assigned
to the Fd—CN—C0d' moiety (2103 cm?). The shift toward

higher frequency is due to the change in the electronic states of

Co cations from high-spin C¢hs, ts°e;?) to low-spin Cd'(Is,

to’e?), where hs and Is represent high-spin and low-spin,

respectively. Here, the decrease of thg edectrons with

antibonding character leads to the increase in back-bonding

accompanied by a partial depopulation of tHi¢N—C) orbital

in order to compensate the charge deficit at the central ion
caused by the back-bonding. The decrease of the electrons i

antibondingz” (N—C) results in the shift of(CN) toward higher
frequency.

Mdossbauer spectra support this assignment. ThHesklauer
spectra of CogFe(CN)]-6H,0O and RggCoiFe(CN)]-
4.3H,0 are shown in Figure 3. The Mebauer parameters for

these two compounds and their related ones are listed in Tabl

216.19-22 Co, {Fe(CN)]-6H,0 has a doublet absorption peak
with IS = —0.17+ 0.01 mm/s, QS= 0.61+ 0.01 mm/s, and

I' =0.514 0.01 mm/s, which can be assigned td'fis). Ry ¢s-
Coy2fFe(CN)]+4.3H,0 also has a doublet absorption peak with
IS = —0.084+ 0.01 mm/s, QS= 0.16+ 0.01 mm/s, and” =
0.34 £+ 0.01 mm/s, which can be assigned td'{®.23 Here,

IS, QS, and represent isomer shift, quadrupole splitting, and

line width, respectively. The idealized electronic configurations (@5 A

of Fé"-CN—Cd' and Féd—CN—C0d" in octahedral symmetry
are expressed as 't Pe,))—CN—C0d'(hs, t°e;?) and Fé-
(t2ge)—CN—C0" (Is, t,Pe?), respectively. The IR and M-

bauer studies support the oxidation states of the metal atoms in

Cop 5Fe(CN)]-6H0 and RIgeeC0124Fe(CN)]-4.3HO as
Co"1,5[Fe'”(CN)6] and Rlb,eeCO"l0,8£d|0_4][Fell(CN)6], respec-

(19) Monaghan, C. P.; Fanning, J. €.Phys. Chem1978 82, 2, 1045.

(20) Reguera, E.; Bertma J. F.Hyperfine Interact.1994 88, 49.

(21) Maer, K., Jr.; Beasley, M. L.; Callins, R. L.; Milligan, W. Q. Am.
Chem. Soc1968 90, 3201.

(22) Einaga, Y.; Sato, O.; lyoda, T.; Kobayashi, Y.; Ambe, F.; Hashimoto,
K.; Fujishima, A.Chem. Lett1997 289.
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tively. The relatively broad CN stretching peaks ofoRBiC0; 25
[Fe(CN)]-4.3H,0 is due to the contribution from Ee,fe,%)—
CN—Cd' (hs, bs’es?).

Powder X-ray Diffraction. Buser et al. have carried out a
single-crystal analysis for Prussian blue,"g€e'(CN)gls:
15H,0,24 which suggests that Prussian blue has a face-centered
cubic (fcc) structure. The powder X-ray diffraction patterns of
CopgFe(CN)]-6H,O and RlggsCo29Fe(CN)]-4.3HO are
consistent with the fcc structure. Their unit cell parameters are
10.32 and 9.96 A, respectively. In general,'Tis, t,°e,°) to
Cd'(hs, beg?) interconversion is characterized by elongation
of the Co-to-ligand bond distané&This is due to the fact that
the g o-antibonding orbitals in the (s, t%e’) form are
unoccupied but doubly occupied in the 'Glos, b°e;?) form.
Therefore, the change in the unit cell parameters of these
compounds (10.32 to 9.96 A) is mainly due to the variation in
the Co-N bond length Ar). It has been reported that the''FeC
and C-N bond lengths of P&,[Fe'(CN)g]3:15H,0 are 1.92 and
1.13 A, respectively4 Assuming that the bond lengths of F€
(Fé'—C, Fé''—C) and C-N of cobalt iron cyanide are equiva-
lent with those of Fé,[F€'(CN)s]3*15H:0, the Cd(hs)-N bond
length of Ca gFe(CN)]-6H.0 and Cd'(Is)—N bond length of
Ry 66C01 2dFe(CN)]-4.3H,0 are calculated to be 2.11 and 1.93
A, respectively?® Their bond lengths are consistent with that
of Co valence tautomeric compour@¥sin general, the mean
Ar variations for C# valence tautomeric compounds and' Fe
Fe', and Cd spin crossover complexes lie in the ranges of
0.16-0.22, 0.14-0.24, 0.16-0.18, and 0.090.13 A, respec-
tively.2527 The Ar variation of the cobattiron cyanides (0.18
A) is larger than theAr of Cd' spin crossover complexes and
falls within the Ar of F€' and Fé' spin crossover and Co
valence tautomeric compounds. This is because only gne e
orbital with antibonding character affects the of Cd' spin
crossover complexes, while twg erbitals affect theAr of the
others.

The elemental analysis shows that the number of Fe{CN)
moieties is larger than that of Co cations in the two compounds.
It has been reported that the Prussian blue analogues have Fe-

n(CN)e vacancies and the oxygen of®fills the empty nitrogen

sites of the vacancy (Figure 3)For example, Pé,Fe' (CN)g]s

can be expressed by 'Egvacancy][F¢ (CN)sJs. The mean
coordination of F¥ is Fé'"N4s0;5, where N and O represent
the nitrogen end of CN and the oxygen of® When this
assumption is simply applied to the structural analysis, the two

€compounds prepared here can be expressed by\@cancy} s

(23) We tried to fit the Masbauer spectra of cobalton cyanides, which
have an Fi(tx?e,2)—CN—C0" (Is, t2°e%) structure, with one line and
by assuming a zero quadrupole interacfidiowever, it was found
that the spectra could not be properly fit. Therefore, we have fit the
Mdossbauer spectra with a symmetric quadrupole doublet.

(24) Buser, H. J.; Schwarzenbach, D.; Petter, W.; Ludi)ndrg. Chem.
1977, 16, 2704.

dams, D. M.; Hendrickson, D. NI. Am. Chem. Socl996 118
11515.

(26) To clarify the structure of Gg{Fe(CN)]-6H,O and Rlg 6¢C0; o Fe-
(CN)g]-4.3H0, we have recently measured EXAFS spectra. Since
they are described elsewhere (Yokoyama, T.; Ohta, T.; Sato, O;
Hashimoto KPhys. Re. B.1998 58, 8257), the bond lengths in ¢
[Fe(CN)]-6H,0 and RIgeCor 2dFe(CN)]-4.3H,O are given here.
Cm,s[FegZN)s]-BHzo: Fe-C = 1.915 A, Fe-N = 3.043 A, Fe-Co
= 4.98 A (from Fe K-edge EXAFS); GeN = 1.933 A, Co-C =
3.084 A, Co-Fe=5.00 A (from Co K-edge EXAFS). RlyCo1 25
[Fe(CN)]-4.3H,0: Fe-C =1.933 A, Fe-N = 3.052 A, Fe-Co =
5.17 A (from Fe K-edge EXAFS); GeN = 2.110 A, Co-C = 3.243
A, Co—Fe=5.20 A (from Co K-edge EXAFS). These data clearly
show that the differences of the unit cell parameters between-Co
[Fe(CN)]-6H,O and Rb s¢Co1 2dFe(CN)|-4.3H0 mainly arise from
the change in the CoeN bond length.

(27) Zarembowitch, JNew J. Chem1992 16, 255.
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Table 2. Mdssbauer Parameters (Isomer Shift vs Metal Fe at Room Temperature)

compd IS (mm/s) QS (mm/s) ' (mm/s) ref

K4Fe(CN) —0.031 19
KsFe(CN) —0.122 0.285 0.242 20
Cd';[F€'(CN)g] —0.01 21
Cd',[F€'(CN)g] —0.085 0.320 16
Co'3[F€" (CN)g]2 —0.08 0.85 21
Ca'3[F€"(CN)g)2 —0.151 0.408 0.353 16
Coy g[Fe(CN)6}6H,0{ =Ca'3[F€" (CN)e]2} (293 K) —-0.17+0.01 0.61+ 0.01 0.51+0.01 this work
Ry 66C01 2dFe(CN)]-4.3H,0 (293 K) —0.08+ 0.01 0.16+ 0.01 0.34+0.01 this work

before illumination (25 K) 0.0z 0.01 0.15+ 0.01 0.44+ 0.01 this work

after illumination (25 K) 0.09+ 0.01 1.13+0.01 0.67+ 0.01 this work
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Figure 4. UV —vis spectra for Coi{Fe(CN)]-6H.O (top) and Rbss
CopfFe(CN)]-4.3H,0 (bottom) at room temperature. The sharp
oscillation around 830 nm is due to the change in the light source of
the UV—vis spectrometer.

I
500

Co[Fe(CN})]-6H,0 and Rl s¢Cay 2vacancy} ,<Co[Fe(CN}]
4.3H,0. The mean coordination of Co in each compound is
CoN,O, and CoN g0, 5, respectively. The coordination of Fe
is always maintained as Fe@ the Prussian blue analogues,
where C represents the carbon end of CN.

The ligand field for nitrogen of CN is slightly higher than
H.O in the spectrochemical series. The difference in the ligand
field of Co should affect the electronic structure of these
compounds. The strong ligand field favors a low-spin state of
Co ion rather than a high-spin state. Therefore, the electronic
state of Fé(t,;%e,2)—CN—Ca'" (Is, t,Pey’) is more stabilized as
the number of vacancies decreases. As a consequengg, Co
[Fe(CN)]-6H,O with a relatively weak ligand field of Co
cations procures the ¢, e,)—CN—C0'(hs, be,?) state and
Rby.66C01 2dFe(CN)]-4.3H,0 with a relatively strong ligand
field takes the PHtxPe®)—CN—Cd" (Is, tbey) state?®

UV—Vis Electronic Absorption Spectra?® The optical

absorption spectra of the present two compounds are shown in

Figure 4. The red compound, €gFe(CN)]-6H,0, has broad
absorption peaks at around 1200, 470, and 380 nm. The
spectrum seems to be the superposition of the spectrum-of K
Feé'(CN)s and Cd(hs). The absorption at 1200 and 470 nm
can be attributed to the-ell transitions of Cb(hs), and the

(28) Verdaguer, MScience1996 272 698.
(29) Figgis, B. NIntroduction to Ligand FieldsJohn Wiley & Sons: New
York, 1970.

absorption at 380 nm is due to the charge-transfer band of
Fe(CN)3~. The purple compound, RlCordFe(CN)]:
4.3H,0, has only one broad absorption peak at around 550 nm.
The spectrum does not seem to be the simple superposition of
the spectrum of gFe(CN) and Cd'(Is), which indicates that
Ry 66C01 2dFe(CN)]-4.3H,0 is a class Il compound under the
classification of Robin and Da3. This means that an electron

is mainly trapped on Fe but is partially located on Co. We assign
the broad band at 550 nm to the charge-transfer (CT) band from
Fe! to Cd'(ls). The band structure calculation reported by
Yoshizawa et al. also suggests that the absorption corresponds
to the CT from F& to Cd" 3! It is also important to note that
several dinuclear compounds with!'FeCN—C0a'"! (Is) structure
have the CT bands in the 38565 nm rangé2-36

Magnetic Properties There are several reports available on
the magnetic properties of €gfFe" (CN)g].2"~3° The magnetic
properties of our samples are shown in Figure3 5The product
of the molar magnetic susceptibility and temperatyigT,
versus temperature plot of €ofFe'"(CN)g]-6H,0 first de-
creased upon cooling and then increased at lower temperatures
(Figure 5), indicating a short-range antiferromagnetic interaction
between paramagnetic centers bearing different numbers of
unpaired electrons (ferrimagnetism). The Curie const@nand
the Weiss constant®) are 5.4 cm mol™! K and —15 K,
respectively. The field-cooled magnetization (FCM) versus
temperature plots & (magnetic fieldj= 0.5 mT displayed an
abrupt break aT, = 16 K (Figure 6). The field dependence of
the magnetization (5 K) yielded a magnetizationdat 5 T of
about 2.8:p/Cd'; f[FE"" (CN)g]-6H,0 (Figure 7). The magnetic
hysteresis loopteb K yielded a remnant magnetizatiod§ of
3600 cnf mol~! G and a coercive fieldH.) of 480 G.

By neglect of the interaction between the next-nearest
neighbors, the exchange interactions in the present compounds
can be divided into two types. The interaction between ihe t
orbital of Fé' and the gorbital of Cd'(hs), which are orthogonal

(30) Robin, M. B.; Day. PAdv. Inorg. Chem. Radiochem967, 10, 247.
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1998 102, 5432.
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(38) (a) Gadet, V.; Bujoli,-D. M.; Force, L.; Verdaguer, M.; Malkhi, K.
E.; Deroy, A.; Besse, J. P.; Chappert, C.; Veillet, P.; Renard, J. P.;
Beauvillain, P. InMlagnetic Molecular MateriatsKahn, O., Gatteschi,
D., Miller, J. S., Palacio, F., Eds.; Kluwer: London, 1991; Vol. E198,
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Figure 6. Field-cooled magnetization (FCM) ¥satH = 0.5 mT for [Fe(CN)]-4.3H,0 before and after light iluminatiorh¢) atH = 0.5
Coy{[Fe(CN)]-6H,0 (O) and Rlp.esCoLoqFe(CN)|-4.3H,0 (O) at 5 mT: O, before light illumination;®, after light illumination;x, after
K. thermal treatment at 150 K:Q(and x fall on the same line.a

represents thermal treatment.

16x10° F
14 loop could not be observed even at 5 K, which is characteristic
& 12 of a paramagnetic material.
5 10 Effect of lllumination. The ferrimagnet, Cof{Fe(CN)]-
o 8 6H,0, did not show any photoeffect during magnetic measure-
5 6 ments. Conversely, the paramagnetic compound,s&i; o5
= 4n [Fe(CN)]-4.3H:0, showed a strong response upon irradiation.
2 The magnetization value of BgCo; 2dFe(CN)]-4.3H,0 atH
00 . > 3 a 5 = 0.5 mT increased significantly under illumination at 5 K.
H The time dependence of the change in the magnetization value

under light illumination (508-750 nm, light intensity= ca. 0.1
Figure 7. Field dependence of the magnetization for §Be(CN)]- mW/ cn?, sample mass= 268 ug) is shown in Figure 8. The
6H.0 (@) and Rl sCo1dFe(CN)]-4.3H,0 (O) at 5 K. magnetization value started to increase upon illumination,
indicating that a long-range magnetic ordering is induced by
the light illumination. The light was turned off, and the

. ; . ) . magnetization was observed to be stable for several days. The
overlapped with each other, gives rise to antiferromagnetic qiqina| magnetization valuet# K before illumination was
character. When the ferromagnetic and antiferromagnetic in- recovered, when the sample was heated to 150 K (thermal
teractions are superimposed, the antiferromagnetic term, inyeaiment). This phenomenon can be repeated for several times.
general, dominates the interactionsTherefore, ferrimagnetic e jight-induced persistent change in magnetization could be
properties are expected for the cobdfbn cyanide, which is hquced by any wavelength in the visible region, indicating that

to each other, is ferromagnetic. The other interaction between
the &g orbital of Fé' and &4 orbital of Cd'(hs), which are

consistent with the observed magnetic properties of{F@- this effect is triggered by the excitation of the CT band. The
(CN)g]-6H0. light intensity in Figure 8 was reduced to 0.1 mW£im order

The yuT values of RbeCor2dFe(CNY]-4.3H,0 are quite  to clearly show the change in the magnetization during light
small compared with those of ¢gFe(CN)]-6H20 over all the ilumination. Therefore, no saturation in the magnetization was
temperature range (Figure 5), because they are mainly consti-attained even after illumination for 5 h. Basically, the increase
tuted from the diamagnetic component'ig,°e,)—CN—Ca''- in the magnetization is faster with an increase in the light
(Is, tbey?). The small amounts of Coions in Rk C0" 0.5+ intensity. The interconversion was completed below 10 min
Cd'o.4[F€'(CN)g] are responsible for the paramagnetic character. when white light at 20 mW/cfwas used. Figure 8 also shows
An FCM versus temperature plot for RRCo 2dFe(CN)]- the time dependence of the decrease in the magnetization at 5

4.3H,0 displayed no break betwe@ K and room temperature K after the light is turned off. The FCM was measured as a
(Figure 6). The field dependence of the magnetization yielded function of temperature before and after the light illumination
a magnetization dl =5 T of about 0.66:5 at 5 K per Rlg g¢ at 5 K (Figure 9). The Curie temperature was 22 K after
Cd'" 840" 0.4 F€"(CN)g] (Figure 7). The magnetic hysteresis illumination for about 40 min (500750 nm, light intensity=
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Figure 10. Top: Field dependence of the magnetizations fo.&b Figure 11. M6ssbauer spectra for RRCo 2{Fe(CN)]-4.3H,0 before

Co,{Fe(CN)]-4.3H,0 before and after light illuminationh¢) at 2 (top) and after (bottom) light illuminatiorh{) at 25 K.
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&
1

F-Y

N

O, before light illumination®, after light illumination;x after thermal 18

treatment at 150 K.@ and x fall on the same line.x represents 160

thermal treatment. before illumination at 15K

ca. 7 mW/ crd, sample mass: 251.5ug). The field dependence 31'4_

of the magnetization ta2 K is shown in Figure 10. The Szl

magnetization aH = 5 T yielded about 1.32g/Rby 6¢C01 25 ?,

[Fe(CNY] after the illumination. Magnetic hysteresis after the a1or

illumination a 2 K yieldedM, of 2260 cn¥ mol~1 G andH, of o8l

4500 G. Similar light-induced phenomena (enhanced magnetiza- :

tion) were observed even at 100 K. 06 after illuminatih at 15
The IR spectra at 12 K before and after light illumination 0.4 ! | | | | |

are shown in Figure 2. Upon irradiationsK for 10 min (white 300 400 500 600 700 800

light, light intensity= ca. 20 mW/ crf), the intensity of the Wavelength(nm)

peak at 2133 cmi disappeared almost completely and the peaks Figure 12. UV—vis spectra for RfseCorFe(CN)]-4.3H,0 before

at 2169 and 2103 cm appeared for RixeCor2dFe(CN)]: and after light illuminationtfv) at ca. 15 K (solid line). Temperature
4.3H,0. Thev(CN) peaks at 2169, 2133, and 2103 mare dependence of UMvis spectra after light illumination (dotted fine).
assigned to F'kiz(tzg5eg°)—CN—Co"(hs, 'Qgsegz), Fél(tZQGego)_ emperature is raised from 0 represents thermal treatment.
CN—C0'(Is, t’ey), and Fé(ts°e,’)~CN—C0'(hs, bees?), lumination, the broad CT band was reduced, and the resultant
respectively. This means that the light illumination induced the spectra were similar to that of CpsFe/! (CN)g]-6H20 shown

CT from Fé' to Cd'" (Is) for Ry ¢¢Co1 2dFe(CN)]-4.3H,0. The in Figure 4. This change is also explained by the CT process

process could be expressed by from Fé' to Cd'(Is). This reveals that the contribution of
Fé'(t2Pe,?) —CN—Cd" (Is, tfe%) is reduced and that of
I 6 i 6 g » g
Fel (t,5'e,) ~CN—Ca'" (s, ,y'e)) — Fél (t%e,2)—CN—C0d' (hs, by%e,?) is increased by light illumina-
Fé”(tzgsego)—CN—Co”(hs, Eg5egz) (1) tion. The increase in the contribution of the paramagnetic

components, Fé&(t,°e,2)—CN—Ca'(hs, bs°es?), enhances the
Mossbauer spectra support these assignments (Figure 11). Upomagnetization value and creates the magnetic exchange path-
irradiation at 25 K, an absorption peak #S0.02+ 0.01 mm/ ways. Although the theoretical saturation magnetization value
s, QS= 0.154 0.01 mm/sI" = 0.444 0.01 mm/s) of F&Is) for RbpedC0'1 2dF€" 0847 €'016(CN)g]4.3H:0 is 2.9 ug, the

was significantly reduced and a new doublet peak=19.09 experimental valueteb T is about 1.32ug at 2 K, indicating

+ 0.01 mm/s, QS= 1.13+ 0.01 mm/sI" = 0.67+ 0.01 mm/ some fractions of the paramagnetic component are magnetically
s) was observed. This can be assigned t8(. As a result isolated due to the presence of the diamagnetic componént, Fe
of the light-induced CT from Feto Cd'(Is), the oxidation state  (t2s%e,®)—CN—Ca'" (Is, tx;°e,0).

of Rby 6¢C0y 2fFe(CN)]-4.3H,0 is changed from RxeCd" o4 The temperature dependences of the-ts (from 15 to

C0d'0.41[F€'(CN)g] to Rl eC0"1 2dF€" 0.84€"0.1CN)g]. This 120 K) and IR (from 15 to 300 K) spectra after the light
means that the compound after light illumination has the illumination at 15 K are shown in Figures 12 and 13,
oxidation states as Fet,°e,2)—CN—Cod'(hs, tPes?) (v(CN) respectively. No change was observed below 70 K in the IR
= 2169 cnl) and Fé(t;e,2)—CN—C0'(hs, bses?) (V(CN) and UV-vis spectra, showing that the metastable stat¥-Fe
= 2103 cn1?) which is confirmed by IR data. (t2°e,®) —CN—Cd'(hs, bs’e?), is maintained below this tem-
Figure 12 shows the U¥vis spectra before and after the perature. Above 80 K, however, the IR peak at 2169 tm
light illumination of RhyeCo12fFe(CN)]-4.3H0. Upon il- assigned tav(CN) of Fé'(t;Pe,)—CN—C0d'(hs, te2) was
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transitions, because the corresponding electronic transition is
symmetrically forbidden from a4 state of F& to an g state of
= Cd'l(Is).40 After the excitation, some fractions of the excited-
- state relax to the initial state as
o L
Q | ey 5 Il 6, 1
£ Fe'(t,5 8, )—CN—Cd'(ls, t,. e,") —
5 b 300K Fd'(t, % 9)—CN—Cd"(Is, 1,.%.9) (3)
2 250 K 2979 ' 2979
N 200 K
< SayN 120 K However, an alternative spin-forbidden decay path could be
= 100 K10 K possible due to the spirorbit coupling as follows:
BOK-20 K
= 70 K- N 5.0\ ~n_ Al 6,1y
| afterillumination at15 Fe' (tog'ey ) ~CN—C0'(Is, t,g e,
1l 5 Il 5, 2
2300 223: 2100 ] 2000 Fd (tog ego)—CN—Co (hs, be) (4)
avenumbericm™)
Figure 13. Temperature dependence of CN stretches faysiin, o5 Because Cb favors a high-spin state, the electronic state of
[Fe(CN)]-4.3H0 after light illumination tw) at ca. 15 K. Temperature  Fé'!(t,i°e,%) —~CN—C0' (hs, bsPe,?) could be lower than that of
is raised from 15 to 300 Ka represents thermal treatment. Féll (tag7e,)) —CN—Cd!(Il, tofe,t) and it forms a metastable state.
N The bottoms of the potential wellg-@xis in Figure 14) for
Fé'(tge,) —CN—C0"(Is, toe,”) and Fé! (toi?e,”)—CN—C0o'-
(hs, bo’e?) are expected to be sufficiently separated, because
Eo010-CN-Cofil- the interconversion from Eét,%e,%)—CN—Ca' (Is, e, to
oGRS Fel (to5e,0)—CN—CO/ (hs, bge) | ied by a |
5 e (t2gey?) (hs, bgPey?) is accompanied by a large
5 CTt change in the CoN bond length due to the spin transition of
a-) ragnsition . . .
e Co ions. The change is estimated to be as large as 028 A.
ation Hence, to induce the back electron transfer as shown
()-CN-Co(tl-hs)
g, Gye Fé'(t,5 e, )—CN—Cd'(hs, t,’e,5) —
Fe(l1)-CN-Co(lll-Is) - " 6
e 8, Fe' (t,e,)~CN—Ca" (Is, t,’e,)) (5)
internuclear distance a large reorganization energy is required, which contributes to
Figure 14. Potential energy diagram of electronic charge-transfer states the potential barrier. Furthermore, this process involvesSa
Of Rby 6dCOL 2dFe(CN)]-4.3H0. = 3/, transition in Co ions. This reaction is typically spin-

) | forbidden, which also functions as a barrier to the back electron
decreased and the peak at 2133 ¢assigned to(CN) of Fel- transfer. Therefore, the relaxation involving spin transition

(tg8y") —CN—C0!(ls, tige,°) was increased. Similarly, the  oqits'in an increase in the thermal activation energy for the
UV —vis spectra showed an increase in the broad CT band above, o electron transfer. Consequently, the self-trapping via
80 K. Both the IR and UV-vis spectra were completely restored  oj6cron-phonon coupling is the key factor in the extraordinary
to the original spectra, when the sample was heated to aboufiony jived metastable state. Note that the light illumination
120 K, showing that the electron transfer from'@s) back 0 gftects for dinuclear compounds with the electronic state 'bfM
Fel' is thermally induced.The photomagnetization process is cn_cgl! (M = Fe, Ru, etc.) have been investigafédt in
schematically illustrated in Figure 14. The potential curve on \,vi-h the M“—CN—,Cd', bonding structure is formed t;y the
th% I%ft side is the electronic state of'ffigg%e;,’) ~CN—Co" (Is, photoinduced CT from a4 state of M to an g state of C8'.
tog Seg ()) The uppelr and Igwler curveslon Eheo right side ?r‘é-Fe However, these compounds dissociate into two (or more than
(tZg 5 )—CN-Cd!(ls, te’ey) and Fé!(t2g°e,’)—CN—C0'(hs, two) components in solution phase, becausd Goa labile
tog egl)’ r%s%ectlvely. S|”nce thg energies of tlhe (gleoctronlc states gpecies. In contrast, the tbis) state can be maintained in the
of 'Té (tzg f_)g )Z_CN_C‘?' (Is, trgey) and of Fé! (tg°e,%) —CN— solid state, allowing the reversible CT between Fe and Co ions.
Cd'(hs, be’ey?) are quite close, the slight change in the ligand  kjnajly we remark on the cooperativity resulting from the
field of Co ions can possibly enable the interconversion between jyiermojecular interactions. As described above, the electron
the two states. ’ transfer is accompanied by a large change in the iCdond
The light illumination induces the CT from fFeo Cd_ (Is). length. It is possible that the iét,Pe,)—CN—CO' (hs, boe;?)
To explain this process two possible optical CT transition routes 1, sjeties are more stabilized when they are surrounded by similar
can be considered. One is the direct transition froft{tge,%)— Fell(toPe,’)—CN—Cd' (hs, be;2) moieties, because the distor-
— 1l 6a 0 Il 5, — — | 5a 2 ’ ’
CN-—C0'(Is, tgey”) to Fel! (tzg°e;’) ~CN—C0'(hs, bg’&?), BUt 4o of the CN networks which arises from the mismatch of the
this is a spin-forbidden process and may not be seen in the agice parameters between these two moieties can be avoided.
spectrum. Another transition is shown as In fact, the strong cooperative interactions in the cobiatin
D " . cyanide systems can be demonstrated by two phenomena. One
Fe (tyg ego)—CN—Co (Is, tg ego) — is the thermally induced abrupt transition betweeli g°e,%)—
—_col 50 2 d(trfe)—CN—Ca' (Is, te)
Fe'(t, 5e 9—CN—Cd'(Is, t, % 1) (2 CN—Cd'(hs, tPe?) and Fé(tley , bgley
(29 90) ( b 9) 2) around room temperature reported for the compounds synthe-
sized via an electrochemical rodfeSuch abrupt interconversion

which is spin-allowed and could be observed in the spectrum. j5 4psened only when the strong cooperative interactions induce

The low-spin octahedral ¢¢ls) complex typically has a strong
Jahn-Teller distortion. The absorption coefficient of this CT  (40) Braterman, P. SI. Chem. Soc. A966 1471.
band is expected not to be large compared with typical CT (41) Vogler, A.; Kunkely, HBer. Bunsen-Ges. Phys. Chel875 79, 83.
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the growth of the domains of moieties with similar electronic around 2185 cmt, did not appear in the spectra. This means
states [F# (tz°e,?) —CN—C0'(hs, tPe?) or Fé (tzefe,>)—CN— that the interconversion proceeded via a pronounced domain
Co''(Is, teey?)] from the nucleation centers. Another is the formation, indicating the existence of the strong cooperative
change in the IR spectra during the interconversion betweeninteractions. Thus, it could be thought that the change frota Fe

Fell (toPe,?) —CN—C0 (hs, bfe,) and Fé(tofe,?)~CN—CO'-  (tofe,)—~CN—CO'(Is, bfe) to Fe'(t,e®)—CN—Ca'(hs,
(Is, bbey?). If the transition is induced randomly, th€CN) of tog°e,?) is a phase transition induced by light illumination, which
Fe'l(ta°e,?) —CN—C0" (Is, t,°e,%) as well as the/(CN) of Fd'- is distinct from that of the conventional photochromic behavior

(t2g°8g) —CN—C0d'(hs, bPe?) and Fé(t5e,”)—CN—Co'l(ls, at a single molecule level.
toi%e?) should be observed during the interconversion. However,

the(CN) of Fé (tz5e,9)—CN—Cdl!(Is, tfe0), which is located Acknowledgment. We thank T. Nakazawa, T. Takebuta, and
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