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Abstract: A series of bimetallic, trigonal bipyramidal clusters of type {[Co(N—N),]s[Fe(CN)s].} are reported.
The reaction of { Co(tmphen),}2* with [Fe(CN)s]*~ in MeCN affords {[Co(tmphen),]s[Fe(CN)¢]} (1). The
cluster can exist in three different solid-state phases: a red crystalline phase, a blue solid phase obtained
by exposure of the red crystals to moisture, and a red solid phase obtained by desolvation of the blue solid
phase in vacuo. The properties of cluster 1 are extremely sensitive to both temperature and solvent content
in each of these phases. Variable-temperature X-ray crystallography; 5’Fe Mdssbauer, vibrational, and
optical spectroscopies; and magnetochemical studies were used to study the three phases of 1 and related
compounds, Na{[Co(tmphen),]s[Fe(CN)s]z} (ClO4)2 (2), {[Co(bpy)2]s[FE(CN)e]2} [FE(CN)el1s (3), and {[Ni-
(tmphen),]s[Fe(CN)el2} (4). The combined structural and spectroscopic investigation of 1—4 leads to the
unambiguous conclusion that 1 can exist in different electronic isomeric forms, { Co';Co'"Fe';} (1A), {Co"-
Co';Fe'"Fe'} (1B), and {Co'sFe'";} (1C), and that it can undergo a charge-transfer-induced spin transition
(CTIST). This is the first time that such a phenomenon has been observed for a Co/Fe molecule.

Introduction Apart from the recent success in preparing new metal-cyanide
solids, low-dimensionality cyanide arrays and clusters have also
Jeceived a great deal of attenti&h1® The synthetic strategy
typically used to avoid the formation of 3-D phases is the
part, by the quest for new materials with electrchisagnetic4 reaction of a cyanometalate gni_on with a coordi_natively unsatur-
and catalytié applications. Indeed, novel magnetic materials at€d, convergent metal cationic complex. This approach has
inspired by the face-centered 3-D “Prussian-blue” phases have_successfully produced numerous hlgh-nuclearlty clusters, includ-
produced highT,57 high coercivityd-2° poroust! and photo- ing some with unusually high ground-state spin vakfe$> The
sensitivé?13 magnetic materials.

The design of solid-state materials based on molecular
precursors has inspired a renaissance in the area of transitio
metal-cyanide chemistdyThis interest has been fueled, in large
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primary motivation of these efforts is to obtain paramagnetic Scheme 1. Trigonal Bipyramidal Cores of 1—4
molecules that behave as “single-molecule magnets”; i.e., Fe' Fe'll Fell
molecules capable of being thermally blocked in a magnetized / \\ / \\ / \\
state?6 .29 . . . _ Col' ol col Col' gl co Co' gl co'"

Despite the myriad of known cyanide-bridged discrete °
clusters, there are limited examples that involve dNands \// \// \//
spanning Co and Fe centers; exceptions include a series of Fe'" Fe" Fell
dinuclear compound% 38 and a molecular squaf&The primary 1A 1B 1C
reason for this lack of interest vissds magnetic materials is
the fact that Co and Fe ions in the presence of Giyands Fel Fell
typically undergo redox processes to produce diamagnetic Co |ﬁ /
and Féd centers. These compounds have nonetheless attracted \

col m co" Nill i

attention because of the characteristic metal-to-metal charge
transfer (MMCT) band in the visible region. This offers much \/
promise for designing optically switchable materi#s’® as ol
demonstrated by Bernhardt et al., who have reported pronounced
color changes in dinuclear Co/Fe complexes as a function of
the metal oxidation staté4 This feature has also been utilized

in extended Prussian blue frameworks, where irradiation of the In the vein of exploring new types of Co/Fe cyanide

sample with light can be used to tune the magnetic properties_compounds, we recently synthesized a discrete pentanuclear

For instance, Hashimoto et al. noted that illumination of the
Prussian blue analogue,okCo; JFe(CN)]-6.9H,0, at low

CN~-bridged complexX{ [Co(tmphery]s[Fe(CN)]2} (1) (tmphen
= 3,4,7,8-tetramethyl-1,10-phenanthroline), and demonstrated

temperatures increased the critical ordering temperature of thethat the electronic spin state of each metal center is exquisitely

solid 13 It has been shown that this is a result of external stimuli
initiating a charge-transfer-induced spin transition (CTIST)
between diamagnetic low-spin (LS) ®#dS= 0) and LS Fé&

(S = 0) centers to generate a ferromagnetic regime of high-
spin (HS) Cd (S= 3/,) and LS Fé' (S= 1/,) centers’® The
resultant metastable (hgs—NC—Fe'" s framework is stabilized

by strong cooperativity effects of the extended lattice as well

as structural defects, features that are considered to be prereg*

uisite for trapping the photoinduced species. As a result, only

a limited number of examples of metal-cyanide solids have been
shown to exhibit this photoinduced magnetic behavior, and the

CTIST has hitherto been a property exclusive to extended
frameworkst3:45-61
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sensitive to temperature and/or degree of solvafioh.com-
bination of structural, magnetic, and M&bauer data has been
used to support the fact that the red crystalline product exists
in the isomeric form{ Cd'sFe'';} 1C at room temperature and
that the molecule is converted to th€o'" Cd',Fe''Fe'} 1B or
{Cd",Cd'Fe';} 1A forms atT < 130 K (Scheme 1). We
rationalize that this process is a result of a CTIST, an
unprecedented finding for a Co/Fe complex. In addition to an
extensive investigation of the CTIST that occurs in the red
crystalline phase, we probe herein the physical properties of a
blue solid phase that is produced upon exposure of the red
crystals to humidity, and a red solid phase that is obtained upon
desolvation. To elucidate the complicated behavior of these three
phases of, we also report the properties of two new structurally
related, trigonal bipyramidal compounds that are relevant
benchmarks for the mixed valence Fe/Co compoliniihese
include N4 [Co" (tmphen)]s[Fe'(CN)g] 2} (ClO4)2 (2), a cationic
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molecular cluster that is the oxidation product hfand the with an Oxford ESR 910 cryostat and a Bruker bimodal cavity.
complex{[Ca" (bpy)]s[F€" (CN)g]2} [FE" (CN)g] /3 (3). In ad- Electrochemical measurements were carried out by using-a@HH
dition, the previously reported clustefNi' (tmphen)]s[Fe' - Electrochemical Analyzer model 620A. Cyclic voltammetric measure-
(CN)gl2} (4)3 is revisited to document the physical and ments were performed in MeCN with 0.1 M tetngbutylammonium

structural parameters of bona fide-NNC—Fe cluster§4 hexaflourophosphate (TBARBF as the supporting electrolyte. The
working electrode was a BAS Pt disk electrode, the reference electrode

Experimental Section was Ag/AgCl, and the auxiliary electrode was a Pt wire. The ferrocene
couple is atEi, = +0.52 V versus Ag/AgCl under these same
conditions.

DC Magnetic susceptibility measurements were carried out with the
use of a Quantum Design SQUID magnetometer MPMS-XL at an
applied external field of 1000 G in the-B00 K temperature range.
Samples were prepared in gelatin capsules sealed with Kapton tape
) Quantum Design). To circumvent solvent loss from the red crystals,
(tmphen)]s[Fe(CN)]2} (4)-14H,0% and ferrocenium hexaflourophos- I(iquid eicosanegw)as carefully added to the suspension of crygtals in

phaté® ([Fc][PF]) were prepared as previously reported. MeCN. The diamagnetic contribution of the capsule, tape, eicosane,
Syntheses{ [Co(tmphen)z]s[Fe(CN)el2} (1): Co(NQy)z6H,0 (100 and MeCN was determined to be3.7(2) x 10°5 emu in a 1000 G

mg,_0.35 mmol) was dissolved in 60 mL_of MECN and treated with 2 field over the entire temperature range; the diamagnetic contributions
eﬂuw olf tmphen (162 mg, 0.70 mmol) dissolved in zloorlY']L Olf M:,CN' of the cluster and solvent were calculated using Pascal conétants.
The salt [(18-crown-6)K]Fe(CNJ] (50 mg, 0.06 mmol) dissolved in The5Fe Mossbauer spectra were collected on constant acceleration

5(_) mL of Me'CN w;s S:OV¥_|IV adéjed ctlo rt]he l;o]:tmer soluélon,dgnd E)hed instruments over the 1-5300 K temperature range in applied external
;mx;u(;e wa:s m:zexlatey |tﬁre ;m tteln s,egzztan ur?1)4|;tur €0 fields up to 80 kG. Spectral simulations were generated using WMOSS
or 2 days toyie -ray quality red crystals. Y1 mg (-349%). (WEB Research, Edina, MN), and isomer shifts are reported relative

Atblue sh°“d wAas ?b(t:allnzdf from the crzstzlsoupogill_tratloq !nla gjm'd to Fe metal foil at room temperature.”S8&bauer samples of red crystals
atmosphere. Anal. Calcd for6H14/C0sF&N240z4 (24 interstitial H of 1 were prepared by washing the crystals with copious amounts of

mofglg?f\}: 1Cs 855'.95; T554§3EI\SII :Ik/?.snl;\/lo(’)tsG?.li)%%nd:H% 52.95; MeCN to ensure that the crystals remained covered with MeCN at all
PTISy T TEhe M oYe § (MeOH)z {H[Co- times. A suspension of crystals in MeCN was placed in ‘@sbauer

; i

(tmphen)]s[Fe(CNJJ}*") (Figure S1). cup and frozen for experiments between 4.2 and 220 K. A sample for
Na{[Co(tmphen)]s[Fe(CN)g]2} (CIO4)2 (2): A sample ofL (20 mg, room-temperature Nesbauer experiments was prepared in a cup

0.01 mmol) was dissolved in 20 mL of MeOH and combined with 1 covered with a Teflon lid and sealed with Teflon tape to avoid

equiv of [Fc][PF] (4 mg, 0.01 mmol) to yield a blue solution. An excess o4 vation during data collection. Visual inspection indicated that the

of bNaCIO4 I(lO drgg(’j O.lhmm?l)_dlssol\[/jec:] in 3 mL Of_ZED was | ﬂcrystals remained wet and maintained their red color for the duration
subsequently added to the solution, and the reaction mixture was |eft ot \he gata collection. Filtration of the red crystals in a humid

tf ztand undés(,)téj rbedhf_or 2 dgys o yield Xfra()j/ ?)uali_ty tlnlue platels. Yield atmosphere leads to a blue material that was placed in sshéwer
= 25 mg (~90%). This product was verified by single-crystal X-ray cup covered with a lid. The red solid obtained by exposing the blue

diffraction techniques. ) . material to vacuum was placed in a"Msbauer cup in a drybox to
{[Co(bpy)z]s[Fe(CN)e]2} [Fe(CN)e] s (3): A quantity of Co(NQ)z: prevent exposure to moisture and oxygen. These samples were contained
6H.0 (140 mg, 0.48 mmol) was dissolved in 160 mL of a MeOWBH iy eqjed Mesbauer cups and were not exposed to air during data
mixture (3/5, v:v) and combined with 2 equiv of bpy (150 mg, 0.96 collection
mmol) dissolved in 20 mL of MeOH. The resulting orange solution Sin ) . ’ .
. gle-Crystal X-ray Diffraction. Single-crystal X-ray data sets
was then carefully layered on a 180 mL MeQH@-Isquthh (5_/13’ were collected on nine different red crystals{¢€o(tmphen)]s[Fe-
v:v) of K3[Fe(CN)] (160 mg, 0.50 mmol) to yield a blue solution at (CN)l3} (1) atT = 30(2) K (1), 90(2) K (%), 110(2) K (L), 130(2)
the interface. The reaction mixture was left to stand undisturbed for K (19), 150(2) K @°), 170(2) K (if) 190(2) K ’(19) 220(2) K &Lh) and
one week to yield X-ray quality dark blue needles. The product was 293(2’) K @): a blué platelet of a’tT — 150(2) K and a blue heedle
filtered and washed with copius amounts of MeOH, MeCN, acetone, of3atT= 1'10(2) K. X-ray data sets fd, 2 andéwere collected on
and diethyl ether: Y?e_ld: 0.30 g (-75%). Anal. Calcd for €iNzetH76O1s a Bruker APEX CCD X-ray diffractomet,er,using MooKradiation ¢,
CoFess(14 |nt(;r.st|t|al HO r.nolecule_s): C 47'7_8; H 413N, 19.58, _ 0.710 73 A). Single crystals were immersed in paraffin oil, secured
0, 12.25. Found: C, 46.31; H, 4.20; N, 19.27, 0, 12.25. on a nylon loop with Dow Corning silicone grease and placed in a
Physical Measurementsinfrared (IR) spectra_l of the blue solid phase cold Ny stream at the appropriate temperature, exceptifarhich
of 1 and compound—4 were measured as Nujol mulls placed between was secured on the tip of a glass fiber with epoxy and measured at

KBr plates on a Nicolet 740 FT-IR spectrometer. The IR spectra of 5q35y i The diffraction patterns for each crystal were indexed using
the red crystalline and red solid phaseslafiere collected as mineral SMART softwaré” to obtain the unit cell parameters. The frames were

o:(l rr:]ullslfzjre?]ared in an inert Ztrrc;osphere. thical a:)sorption SpeCtraintegrated with the Bruker SAINT software packd§@nd the data
of the solid phases were recorded on a Fourier transform spectrometer . o racted for absorption using the program SADABShe

equipped with the appropriate light sources, beam splitters, and denaCtorsstructures were solved and refined using X-SEE®graphical interface

(B_rukerl ”isff)' IData ?_n the red crystallipe rl)haselwere (r:]ollected Ii_n to the SHELX suite of prograntd.For each crystal, all non-hydrogen
mineral oil, the blue solid was suspended in glycerol, and the red solid 4, ¢ \were located from the initial Fourier difference map and were

ina KBr pellet. Temperatures be_tween 11 and 30_0 K_ were achieved refined anisotropically. The hydrogen atoms were placed in calculated
with a closed-cycle cryosystem with the sample sitting in He exchange

gas (Oxford Instruments CCC 1204). Solution optical absorption spectra gg) poudreaux, E. A.; Mulay, L. NTheory and Applications of Molecular
were collected on a Shimadzu UV 1601PC spectrophotometer. X-band ParamagnetismWiley: New York, 1976; p 512. )
EPR spectra were collected on a Bruker 300 spectrometer equipped(67) Bruker.SMART Software for Windows NBruker AXS, Inc.: Madison,

Materials. The starting materials Co(Ng-6H,0 and Ks[Fe(CN)]
were purchased from Fisher Scientific, and the reagentshgridine
(bpy), 3,4,7,8-tetramethyl-1,10-phenanthroline (tmphen), and 18-
crown-6 were purchased from Aldrich. The salt [(18-crown-g)Kg-
(CN)e] was prepared in situ by stirring an excess gff€(CN)] in a
solution of 18-crown-6 in acetonitrile (MeCN). The clustgiNi-

WI, 2001.
(68) Saint, Program for area detector absorption correcti®emens Analytical
(63) Berlinguette, C. P.; Galan-Mascaros, J. R.; Dunbar, KinBrg. Chem. X-ray Instruments: Madison, WI, 1994.
2003 42, 3416-3422. (69) Bruker.SADABSBruker AXS, Inc.: Madison, WI, 2001.
(64) Berlinguette, C. P. Ph.D. Dissertation, Texas A&M University, College (70) Barbour, L. JJ. Supramol. Chen2003 1, 189-191.
Station, TX, 2004. (71) Sheldrick, G.ShelxI-97 Program for Crystal Structure Refinemeabt-
(65) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877-910. tingen, Germany, 1997.
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Table 1. Crystallographic Data and Structural Refinement Parameters for Separate Crystals of {[Co(tmphen)z]s[Fe(CN)e]2} (1) over the

30—298 K Temperature Range?

(19-9H,0 (19-13H,0 (1"-9H,0 (1)-6H,0
formula GiogH114C03F&N2409 CiodH122C0sFE&N24013 CrogH112C03FEN2405 CiogH108C0sFE&N2406
T(K) 30(2) 110(2) 220(2) 293(2)

a(A) 18.94(1) 19.02(1) 19.261(4) 19.04(2)

b (A) 24.79(2) 25.03(2) 25.123(5) 24.91(3)
c(A) 24.33(1) 24.65(2) 24.782(5) 24.62(4)

8 (deg) 97.77(9) 97.86(2) 97.74(3) 97.64(8)

V (A3) 11319(12) 11626(15) 11883(4) 11569(25)
z 4 4 4 4

fw 2181.71 2252.77 2176.3 2208.67
space group P2,/c (No. 14) P2,/c (No. 14) P2;/c (No. 14) P2;/c (No. 14)
crystal system monoclinic monoclinic monoclinic monoclinic
GOF (F? 1.094 1.035 1.034 1.035

R(Fo)P, Ru(Fod)° 0.1255, 0.3021

0.0760, 0.2058

0.0765, 0.2234 0.0735, 0.2039

aNote: All data were collected using ModcKradiation § = 0.710 73 A).P R(Fo) = Z[(Fo — Fo)l/Z(Fo). ¢ Ry(Fed) = {Z[W(Fo? — FAY/Z[W(F2)?} 22,

Table 2. Crystallographic Data and Structural Refinement
Parameters for Na{[Co(tmphen),]s[Fe(CN)g]2} (ClO4)2 (2) and
{[Co(bpy)2]s[Fe(CN)el2} [Fe(CN)eluss (3)

(2)-34H,0 (3)-20H,0
formula GiogH164C0sFEClo042NaNys  CraHgsCosFer . 33N26020
T (K) 150(2) 110(2)

a(A) 18.86(3) 18.530(3)

b (A) 25.22(3) 18.530(3)
c(R) 29.69(5) 31.483(6)

o (deg) 90 90

£ (deg) 97.52(6) 90

y (deg) 20 120

V (A3) 13 400(40) 9362(3)

z 4 4

fw 2852.98 1968
space group P2;/n (No. 14) P6322 (No. 182)
crystal system monoclinic hexagonal
GOF ) 1.011 1.122
R(Fo),? Ry(Fod)° 0.0970, 0.2470 0.0699, 0.1963
Flack parameter 0.05(4)

aNote: All data were collected using ModKradiation ¢ = 0.710 73
A).PR(Fo) = Z[(Fo — Fo)l/=(Fo). °Ra(Fo?) = {ZW(F?> — FA?Y/
S[w(Fo)Z} 2

positions, and their thermal parameters were fixed to be 20% larger
than those of the atoms to which they are bound (50% in the case of

Scheme 2. Routes to the Three Solid-State Phases of 1
Red Crystals

filtration in
humid atmosphere

filtration in dry,
inert atmosphere

Blue Solid

application of
vacuum or heat

exposure to
humid atmosphere

Red Solid

(No. 14) based on the systematic absences. The asymmetric unit consists
of the pentanuclear cluster, one Nin, two (CIQy)~ ions, and 34
interstitial HO solvent molecules.The crystal system{ffEo(bpy)]s-
[Fe(CN)]2} [Fe(CN)]ws (3):20H,0 is hexagonal, and the space group

is P6322 (No. 182). The highly disordered counterion, [Fe(g)

was refined to a site occupancy of 1/3 based on electron density and
consideration of charge balance (vide infra). The interstices of the crystal
are occupied by solvent molecules assigned as disorder€d H
molecules, with occupancy factors from 1.0 to 0.20.

Results and Discussion

Synthesis and Molecular Structure of{[Co(tmphen),]s-

methyl groups). The crystal parameters and basic information pertaining [Fe(CN)g2} (1). The successful isolation of pure crystalline

to the data collection and refinement for crysthis3 are summarized
in Tables +2 and StS2.

For compoundg2—1, the diffraction patterns were each indexed

phases of trigonal bipyramidal, cyanide-bridged compounds
depends on several factors, namely, solvent, the nature of the
coligands, and the counterion. The bidentate ligand 3,4,7,8-

using a primitive monoclinic cell and were solved in the space group 8 8
P2y/c (No. 14) based on the systematic absences. The asymmetric unitt€tramethyl-1,10-phenanthroline, for instance, enhances the
consists of the pentanuclear cluster and highly disordered interstitial SOlubility of complexes in organic media thereby circumventing
solvent molecules. Data collection at different temperatures could not the rapid formation of undesirable polymeric phases that is
be carried out on the same crystal because temperature fluctuationgypical for metal-cyanide chemistry. Indeed, this ligand has been
compromised the diffraction quality of the crystals. The disordered shown to favor the formation of pentanuclear trigonal bipyra-
solvent in the crystals was assigned a©Hnolecules with variable  mjdal clusters containing various metals in appreciable y#&(éfs.
occupancy factors (0:21.0), but it should be noted that the presence Gjyen the success of this approach, we USEd(tmpheny} 2+

of MeCN cannot be ruled out and should be expected. The electron and [Fe(CN)J*~ as precursors to successfully generate red

density of the interstitial solvent molecules was best refined as 6 to 13
H.O molecules over the measured temperature range. A full analysis crystals of the pentanuclear clustiCo(tmphenj]s[Fe(CN)]2}

of the void space in the unit cell was carried out using PLATON. @. . o .
The SQUEEZE option was used to treat the weak reflection data for ~ OVer the course of our investigation df it was noted that
each crystal and to correct for the disordered solvent. This processhandling of samples led to dramatic color changes depending
improved the refinement parameters for each crystal slightly but did on the temperature and/or the presence of solvent (Scheme 2).
not significantly affect the metrical parameters (Table S2). For example, filtration of red crystals @fin a humid atmosphere
The diffraction pattern of a blue platelet (0.470.38 x 0.03 mn¥) leads to a blue solid, whereas filtration in a dry, inert environ-
of Na{[Co(tmphenj]s[Fe(CN)]2} (ClO4)x(2)-34H,0 was indexed using  ment produces a red solid. The dramatic color changes associ-
a primitive monoclinic cell and was solved in the space gré@pn ated with the manipulation of are related to its exquisite
sensitivity to solvent content. With the caveat that a precise
determination of the solvent content for the red crystals is

(72) Spek, A. L.PLATON. Program for Crystal Structure Results Analysis
Utrecht, The Netherlands, 2002.
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Figure 1. Thermal ellipsoid plots drawn at the 50% probability level for: {&jand (b) the complex cation & (c) the numbering scheme of the cores

for 1-3.

experimentally difficult due to rapid changes in solvent content
upon removal of the crystals from the mother liquor, single-
crystal X-ray crystallography supports a range of 6 to .®H
molecules per cluster ofi for the red crystalline phase.
Elemental analyses indicate a higheiCHcontent for the blue
material (ca. 24 KO molecules/clustefl) and a lower HO
content for the red solid phase (ca. 2GHmolecules/cluster
1).73 A red solid is also formed by exposing the blue solid to

lengths remain relatively constant between 30 K (1.866(9)
1.92(1) A) and room temperature (1.88€1).94(1) A) (Table
3), despite the change in oxidation state of the Fe ions over
this temperature range (vida infra). Similarly, negligible dif-
ferences were observed in th&C—Fe—C bond angles, with
the maximum measured difference between 30 and 293 K being
2.2 (Table 3).

Although temperature does not have a notable effect on the

higher temperatures or vacuum, but in this case the color changecell parameters or on the FE metrical parameters, it influences

from blue to red is reversible; i.e., the red solid is converted

back to a blue solid upon exposure to a humid environment.

Furthermore, cooling a suspension of red crystals in MeCN to
T = 77 K leads to a color change from red to blue. This
observation suggests that the metal centerd imdergo an
electronic transformation as a function of temperature.

A variable-temperature X-ray diffraction study over the-30

the geometry of the Co ions significantly (Table 3). The Co
centers are bound to the nitrogen end of the bridging CN
ligand, which can stabilize LS ®b(S= 0), LS Cd' (S= %),

or HS Cd (S = 3,) electronic configurations. The possibility
of HS Cd" ions being stabilized in this ligand environment was
dismissed because the only known examples of this situation
are [Cokg]3~,76 [CoR3(OHy)3],”8 and the Klaui complexe§—80

293 K temperature range was carried out on nine separateThe three possible electronic configurations fofdons can

crystals (2—1). The space group and unit cell parameters did

generally be distinguished by structural data; e.g=Rg,, bond

not exhibit any significant changes over the entire temperature distances typically follow the trend: LS ®o(~1.9 A) < LS

range (Table 1). Th¢[Co(tmphen)]s[Fe(CNX]2} (1) cluster
consists of three octahedfaCo(tmpheny} ™ units situated in
the equatorial plane of a trigonal bipyramid that are bridged
through CN ligands to two octahedral [Fe(CH)~ units that
occupy the apical positions of the bipyramid (Figure 1a). The
three { Co(tmphen)}"™ moieties within one cluster exhibit
identical chiralities (allA or all A), but both homochiral cluster

Cd' (~2.0 A) < HS Cd' (~2.1 A)3032337581

The Co-N bond distances for all three Co centers of complex
1 over the 226-293 K temperature range are2.1 A (Table
3), which are indicative of HS Clo To preserve the neutral
charge ofl, the oxidation states of the two Fe sites in the cluster
can therefore be indirectly assigned as"F&hus, the red
crystalline phase ofl at temperatures above 220 K can be

enantiomers are present in the crystal leading to the centrosym-described a§Cd'sFé!';} 1C. The Co(1)-N bond distances

metric space groupP2;/c. The enantiomers exhibitr—m

remain relatively constant as the temperature is lowered, whereas

interactions (3.47 A) between the tmphen ligands coordinated the Co(2) and Co(3) centers exhibit a significant decrease in

to the Co(1) centers, which provide the shoriatgrmolecular
M:-+-M contacts of ca. 8.3 A (Figure S2); there are mex

bond lengths, reaching values between 1.947(6) A and 2.037-
(6) A at T = 30 K (Figure 2). ThedIN—Co—N values follow

contacts between the tmphen ligands bound to the Co(2) andthe same trend as the bond lengths; namely, there are no

Co(3) sites.
It is difficult to assign oxidation states of the metal ionslin

significant changes between 30 K and room temperaturé (0.2
to 2.8), but the values at the other two Co sites change

based on metrical parameters because the complex contains Feignificantly by up to 6.3 and 8.8 for the Co(2) and Co(3)

and Co ions, both of which can be divalent or trivalent and can
adopt LS or HS electronic configurations. The Fe iong are
most likely LS due to the strong ligand field created by the
CN~ ligands, but it remains difficult to assign oxidation state
because the FeCN distances in polynuclear systems containing
[Fe(CN)]*—4 units are typically insensitive to oxidation
state?1:32:39.63,74.79ndeed in the present case, the+& bond

(73) Weak diffraction powder patterns of the blue and red solids precluded
structural investigations of these phases.
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(74) Bernhardt, P. V.; Bozoglian, F.; Macpherson, B. P.; Martinez, M.; Gonzalez,
G.; Sienra, BEur. J. Inorg. Chem2003 2512-2518.
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Table 3. Selected Bond Distances (A) and Angles (deg) for 1 at Selected Temperatures, 2, and 3

connectivity (30K) (110 K) (220 K) (293 K) 2 3
Co(1)-N(4) 1.999(7) 2.028(8) 2.059(7) 2.031(9) 1.85(1) 1.879(3)
Co(1)-N(7) 2.062(7) 2.069(10) 2.099(9) 2.042(9) 1.89(2) 1.879(3)
Co(1)-N(13) 2.106(7) 2.139(8) 2.154(7) 2.135(8) 1.91(2) 1.919(3)
Co(1)-N(14) 2.130(6) 2.167(8) 2.154(7) 2.122(8) 1.93(2) 1.949(4)
Co(1)-N(15) 2.157(7) 2.177(8) 2.177(7) 2.133(7) 1.93(1) 1.949(4)
Co(1)-N(16) 2.068(8) 2.136(7) 2.151(7) 2.146(7) 1.94(2) 1.919(3)
Co(2)-N(5) 1.924(8) 1.915(9) 2.040(9) 2.042(9) 1.86(1) 1.879(3)
Co(2)—-N(8) 1.947(6) 1.948(9) 2.035(8) 2.035(9) 1.86(1) 1.879(3)
Co(2-N(17) 2.027(7) 1.987(7) 2.110(7) 2.131(8) 1.90(2) 1.919(3)
Co(2)-N(18) 1.948(8) 1.995(8) 2.125(7) 2.145(8) 1.91(2) 1.949(4)
Co(2)-N(19) 1.972(8) 1.979(9) 2.124(9) 2.135(9) 1.92(2) 1.949(4)
Co(2)-N(20) 1.987(7) 1.982(8) 2.103(7) 2.086(8) 1.92(1) 1.919(3)
Co(3)-N(6) 1.977(7) 1.956(9) 2.056(8) 2.087(9) 1.85(1) 1.879(3)
Co(3-N(9) 1.920(7) 1.939(8) 2.010(8) 2.016(9) 1.86(1) 1.879(3)
Co(3)-N(21) 2.010(6) 2.016(7) 2.114(6) 2.115(8) 1.92(1) 1.919(3)
Co(3-N(22) 2.037(6) 2.038(7) 2.144(7) 2.165(8) 1.92(1) 1.949(4)
Co(3-N(23) 1.965(7) 1.997(7) 2.114(7) 2.136(8) 1.94(2) 1.949(4)
Co(3)-N(24) 1.987(7) 1.992(8) 2.116(7) 2.103(8) 1.96(1) 1.919(3)
Fe(1)-C(1) 1.92(1) 1.95(1) 1.93(1) 1.90(2) 1.88(2) 1.914(5)
Fe(1)-C(2) 1.86(1) 1.93(2) 1.92(1) 1.92(2) 1.89(2) 1.914(5)
Fe(1)-C(3) 1.91(2) 1.93(2) 1.95(1) 1.93(2) 1.90(2) 1.914(5)
Fe(1>-C(4) 1.908(9) 1.90(1) 1.942(9) 1.92(1) 1.91(2) 1.901(4)
Fe(1)-C(5) 1.89(2) 1.90(1) 1.93(2) 1.91(2) 1.92(2) 1.901(4)
Fe(1)-C(6) 1.901(8) 1.94(1) 1.93(2) 1.89(2) 1.94(2) 1.901(4)
Fe(2)-C(7) 1.879(8) 1.90(2) 1.93(2) 1.94(2) 1.86(2) 1.914(5)
Fe(2)-C(8) 1.882(8) 1.90(1) 1.92(1) 1.91(2) 1.87(2) 1.914(5)
Fe(2)-C(9) 1.866(9) 1.89(1) 1.91(2) 1.91(2) 1.88(2) 1.914(5)
Fe(2)-C(10) 1.898(9) 1.92(2) 1.92(1) 1.88(1) 1.89(2) 1.901(4)
Fe(2-C(11) 1.92(1) 1.97(1) 1.92(1) 1.95(1) 1.90(2) 1.901(4)
Fe(2)-C(12) 1.86(1) 1.91(2) 1.89(1) 1.88(1) 1.91(2) 1.901(4)
N(4)—Co(1)-N(13) 91.6(3) 91.1(3) 90.8(3) 90.5(3) 90.3(5) 88.8(2)
N(4)—Co(1)-N(14) 167.7(3) 167.9(3) 167.7(3) 167.7(3) 175.9(5) 177.2(1)
N(4)—Co(1)-N(7) 92.0(3) 91.3(3) 90.3(3) 91.7(3) 90.3(5) 88.5(2)
N(5)—Co(2)-N(18) 172.0(3) 171.3(3) 167.1(3) 165.9(3) 174.7(5) 177.2(1)
N(5)—Co(2)-N(19) 89.3(3) 89.8(3) 90.5(3) 89.3(3) 89.6(4) 88.8(2)
N(8)—Co(2)-N(5) 93.9(3) 93.0(3) 94.3(3) 96.1(3) 90.9(5) 88.5(2)
N(6)—Co(3)-N(22) 175.2(2) 174.8(3) 172.1(3) 170.1(3) 176.0(5) 177.2(1)
N(6)—Co(3)-N(23) 88.5(3) 88.2(3) 88.5(3) 88.3(3) 90.7(4) 88.8(2)
N(9)—Co(3)-N(6) 90.9(2) 90.8(3) 91.2(3) 92.3(3) 91.3(4) 88.5(2)
C(1)—Fe(1)-C(2) 84.1(4) 87.9(4) 88.1(4) 88.6(4) 88.8(6) 90.6(2)
C(1)—Fe(1)-C(4) 88.5(4) 87.6(4) 88.6(3) 88.8(4) 90.9(5) 86.6(2)
C(1)—Fe(1)-C(5) 174.8(4) 175.3(4) 176.8(3) 176.5(4) 178.8(6) 176.9(2)
C(7)-Fe(2)-C(11) 86.9(4) 86.6(5) 87.9(4) 88.0(4) 88.3(5) 86.6(2)
C(9)—Fe(2)-C(11) 176.9(4) 176.2(4) 177.6(4) 177.6(4) 177.6(5) 176.9(2)

sites, respectively. These data indicate that Co(1) is HS Co these two situations holds true for the title compound, but it is
over the entire temperature range, while the Co(2) and Co(3) clear that an electronic transformation affects the Co(2) and
centers undergo an electronic structure transformation betweenCo(3) ions as the temperature increases.
220 and 110 K. The interclustar—s interactions between the Synthesis and Molecular Structure of Ngd [Co(tmphen);]s-
tmphen ligands coordinated to the Co(1) centers, which are [Fe(CN)e]2} (ClO4)2 (2). Addition of [Fc][PF] to a green
absent for the ligands bound to the Co(2) and Co(3) centers,solution of 1 in MeOH generates a color change to a blue
may explain this unique behavior at the Co(1) site. solution. Subsequent addition of an aqueous solution of NaCIO
Below 110 K, the Co(2yN and Co(3)-N bond distances leads to the formation of dark blue platelike crystals upon
are intermediate between LS €@nd HS C48. The possibility standing in air for one week. These crystals were determined
of a HS— LS transition at the Cbion was ruled out on the by single-crystal X-ray crystallography to represent the one-
basis of the changes in oxidation state of the Fe centers (to beelectron oxidized form ofl, Na{[Co(tmphen)]s[Fe(CN)].}-
discussed in the NMasbauer and Magnetism sections). As a (ClO4)2(2)-34H,0 (space group= P2;/n). The asymmetric unit
result, the intermediate G\ bond lengths are due to either contains the clustgi{Co(tmphen)]s[Fe(CN)]2} ™, a disordered
static disorder in the crystal leading to a superposition of LS Na' ion situated near the terminal N atoms of the cluster, two
Cd" and HS C4 centers, or to electron delocalization between (ClO4)~ anions located in close proximity to thgCo(t-
the Cd and Cd' ions. The latter is an unlikely hypothesis, mphen}}3*ions, and disordered interstitiab& molecules. The
however, given that there are no direct orbital pathways betweencluster in2 adopts the same geometry as thatljiwith three
the Co ions. The most likely scenarios are that an equimolar { Co(tmphen} 3+ units and two [F&(CN)e]4~ units forming a
mixture of clusterd A and1C exist in the crystal lattice or that  trigonal bipyramidal geometry. The €d distances are sig-
clusters1B are present in the crystal in different orientations nificantly shorter (1.85(11.96(2) A) (Table 3) than the
(Scheme 3). It is difficult to discern experimentally which of corresponding distances iy an indication that the cluster
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Figure 2. Temperature dependence of-M distances (A) in red crystals
of 1 (vertical bars correspond to standard deviation).

Scheme 3. Static Disorder of Co' and Co"' Sites Due to
Superposition of (a) 1B in Different Orientations; or (b) 1A and 1C

contains three LS Cbions. Based on charge balance consid-
erations, the oxidation states of the two Fe ions—(Ee=
1.87(2)-1.94(2) A) are assigned as LS'Fén contrast tol,

the range 1.863(4) A to 1.949(4) A (Table 3), which is in accord
with those for LS C# —N distances. The FeC distances vary
from 1.901(4) A to 1.918(5) A, which is consistent with LS
Fe'! as required by charge balance considerations, magnetism,
and Massbauer data (vide infra). The unit cell contains two
crystallographically inequivalent clusters with Co centers of
opposite chirality; i.e., the three Co centers Are\, A in one
cluster and\, A, A in the other. Both clusters exhibit idealized
D3 symmetry with the 3-fold axis passing through the Fe centers
and the three perpendicular 2-fold axes passing through each
of the three Co centers. The clusters pack in the crystal in a
fashion that facilitates intercluster—x interactions between
the bpy ligands coordinated to all of the Co centers. The spaces
between the clusters~3500 A3%) are occupied by interstitial
H.0 molecules and the [Fe(C§~ counterion, which is located
near the special position (1/3, 2/3, 1/4) at 1/3 occupancy (Figure
S4)82

5"Fe Mussbauer Spectroscopylron ions in [Fe(CNJ]"™ (n
= 3, 4) units adopt LS configurations and exhibit comparable
isomer shifts §) over a broad temperature range (e.g., between
0.00 and—0.20 mm/s at 4.2 K, relative to Fe metal at room
temperature) rendering it difficult to discriminate the Fe
oxidation states based only on isomer shift. In contrast, the
quadrupole splitting4Eg) of Fe' sites is relatively small€0.2
mm/s) as compared to that of 'Fesites ¢0.26 mm/s).
Furthermore, Mesbauer data collected in an applied magnetic
field allows for the distinction between the slow-relaxing
paramagnetic LS P& (S = %,) ions, which have magnetically
split Mossbauer spectra due to hyperfine interactions, and
diamagnetic LS FPeions, whose spectra are split only by nuclear
Zeeman interactions.

As shown in Scheme 1, the Fe sites in each of the three phases
of compoundl adopt either+2 or +3 oxidation states. To
elucidate the oxidation state of these sites in each of these
phases, we collected Mebauer spectra in an applied magnetic
field of 0—80 kG over the 2300 K temperature range and
have compared the Msbauer parameters obtained fowith
those for3 and 4, which have a well-defined, unambiguous
valence assignment.

Compound3 contains octahedral LS [Eéons in the complex
cation{[Cd" (bpy)]s[F€'(CN)s]2} ™ and an octahedral LS He
site in the counterion [FECN)e]3~ generating a stoichiometric
Fe!/Fe" ratio of 6:1. The 4.2 K Mesbauer spectrum of this
complex reveals the presence of a line spectrum attributed to
the LS Fd ions in the complex cation{[Co" (bpy)]s[Fe'-

color changes as a function of temperature were not observedCN)el2} 7, and an underlying broad paramagnetic feature

for 2.

Synthesis and Molecular Structure of{[Co(bpy),]3[Fe-
(CN)gl2} [Fe(CN)e] 13 (3). The reaction of Co(bpy)}?2+ with
K3[Fe(CN)] in a mixture of water and MeOH yields blue
needlelike crystals of[Co(bpy)]s[Fe(CN)]2} [FE(CNX]1/3 (3)
in high yield. Compoun@ crystallizes in the chiral hexagonal
space groupP6322 (No. 182), with two independedfCo-
(bpy)ls[Fe(CN)]2} ™ cations per asymmetric unit each at one-
sixth occupancy and one-third of a [Fe(GN) counterion unit

attributed to the presence of LS'fFéons in the counterion
[FE'"(CN)e]3~ (Figure 3). The experimentally determined ratio
between the absorption of Fand Fé' is 5.7:1 (LS Fé = 85-
(3)%; LS Fé' = 15(3)%), which is very close to 6:1 calculated
based on the stoichiometry of compouddTable 4).

Mossbauer spectra of red crystalslofuspended in MeCN
were recorded at temperatures between 4.2 and 220 K, in applied

(81) Sieber, R.; Decurtins, S.; Stoeckli-Evans, H.; Wilson, C.; Yufit, D.; Howard,
J. A. K.; Capelli, S. C.; Hauser, AChem—Eur. J. 2000 6, 361—368.

refined to a total occupancy of one-third (Figures S3 and S4). (82) To verify the identity of the counterion, compouBdvas also prepared

The complex cation i adopts a trigonal bipyramidal geometry
with three{Co(bpy)}}3* units situated in the equatorial plane
and connected to two apical [Fe(GM) units via the N end of
threefac CN~ ligands (Figure 1b). The CeN distances are in

6772 J. AM. CHEM. SOC. = VOL. 127, NO. 18, 2005

using the precursor “[Co(bpyICIO4]." rather than "[Co(bpy)][NO3]."
which led to the isolation of blue needle crystals that were determined by
X-ray diffraction techniques to be identical to those obtained by the synthetic
route described in the Experimental Section. The XPS data collected on
the new crystals ruled out the presence of @toviding further support
that the counterion is, indeed, [Fe(GN).
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Table 4. Mossbauer Parameters for Selected Fe Types in the Three Solid-State Phases of 1, 3, and 4, and Representative Prussian-Blue
Analogues

Fe ) AEq
compound type T(K) (mm/s) (mm/s) ratio (Fe'/Fe')
1, red crystals Pe 4.2 0.02 0.2 40:6650:50
70:3¢
Fell 220 —0.08 0.61 0:100
20:80°
1, blue solid Fé 4.2 0.02 0.2 100:0
Fe! 293 —0.06 0.15 >75:<25
1, red solid F& 20 —0.04 1.40 <15:>85
Fe!l 220 —0.09 1.00 <15:>85
3 Fe! 4.2 0.02 0.2 85:15
4 Fell 150 —0.06 0.79 0:100
Cd'1 {F€" (CN)g]-6H,0* Fe!l 293 -0.17 0.61 0:100
Rbo 66C0"0.84C0" 0 4[F€' (CN)g] -4.3H,0* Fé! 293 —0.08 0.16 100:0
alarge crystals? Small crystals.
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Figure 3. Mdossbauer spectrum fof[Co" (bpy)]s[Fe'(CN)g]2} [Fe'- % 6 4 2 . 0 2 4 6 8
(CN)glo.ss (3) at T = 4.2 K. The contributions of LS Me(shown in red) velocity [mm/s]
and LS Fé' sites present in the sample are depicted separately above theFigure 4. Mésshauer spectra of red crystalslafecorded af = 4.2 K in
experimental spectrum. applied fields of 0.45 kG (a) and 80 kG (b). The spectral simulation (solid

] ) ) ) line) for the F& site (40%) is shown separately, above the high field
fields up to 80 kG. Five samples from independent preparations spectrum.

were investigated: the average crystal size from four prepara-

tions was large (ca. & 1 x 1 mn¥) and gave similar Mssbauer  onseryation further supports the sensitivity of comporio

spectra at aI_I temperatures. Analysis of th(_a spectra of the four oy +rinsic factors and, as explained below, provides an op-

samples_ indicates that each sample co_ntalns twc_) distinct typesportunity to obtain Mesbauer parameters for the'Fsites in

of Fe sngs._ The 4.2 K spectra _conS|st of a line spectrgm the sample as a function of temperature, which was not possible

characteristic of LS Feaccompanied by broad paramagnetic for samples that have an1:1 mixture of F& and F&'. The

featurels spread over the velocity range betweenand +4 broad, magnetically split features observed at 4.2 K for L' Fe

mm s, which are indicative of intermediate relaxation and  |1anse at temperatures above 30 K into a quadrupole doublet

are attributed to LS Fesites (Figure 4a). A 80 kG Mxsbauer istingyished by a shoulder (marked by arrows in Figure 5 and

spe_ctrum conf_|rme<_j that the line spectrum is du? to a diamag- S5), a feature that is observed up to 190 K. A Fourier transform

netic LS Flé site with parameters = O'OE mm S, AEq :3 procedure was applied to the spectra to remove the line width

0.2 mm s*, and asymmetry parametgr= 0 (Figure 4b}: contribution of thé’Co(Rh) sourcé& In the transformed spectra

Thus, the 4.2 K Mesbauer spectra indicate that the four samples temperatures below 150 K, the left-side shoulder belongs to

ini i | | ’

containing the large crystals contain both LY faed LS F€ a quadrupole doublet wiih andAEg values (Table 5 and Figure

sites, with the LS Fecontent varying between 40% and 50%;  gg) that are typical for octahedral LS 'Esites with cyanide

variable-temperature Msbauer spectra indicate that the sample 5 qinatior5€5For example, the 150 K Misbauer spectrum

composition remains constant up to 110 K. Based on these data, {[Ni(tmpheny]j[Fe(CNX]5} (4),63 which is isostructural to

it is concluded that the large crystals bbelow 110 K consist 1 and contains only LS P& consists of a doublet with and

of a mixture of LS Fé and LS F& ions in an~1:1 ratio. AEq of —0.06 and 0.79 mm/s, respectively. Analysis of the
The 4.2 K Mtssbauer data collected for small crystalslof  ga04ra and their Fourier transforms for the small crystall of

obtained from a fifth preparation revealed a higher LY Fe afforded Msbauer parameters for the LS'Feites at each
content (70(3)%) than that observed for large crystals. This

(84) Dibar-Ure, C.; Flinn, P. A. IiMossbauer Effect Methodolog§ruverman,
(83) lItis important to note that, while the low-field Msbauer spectrum could 1. J., Ed. Plenium Press: New York, 1971; pp 24%2.

be simulated also withEq values smaller than 0.2 mm’s the high field (85) Greenwood, N. N.; Gibb, T. GQMossbauer Spectroscapghapman and
spectrum can only be simulated wittEqg = 0.2 mm s Hall: London, 1971.
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Figure 5. Mdssbauer spectra and Fourier transforms of the spectra (shown l}‘ i u’i‘
in red) for a sample containing small red crystalslatcorded at 110 K 1.5 — |I||I|'"| !
(a) and 190 K (b). Arrows mark the shoulder that is due to the left line of I||||
the doublet for LS P8. Bracket marks the quadrupole doublet for LY'Fe [ : : : :

Table 5. Mossbauer Parameters for Fe'l lons in Small Red -3 -2 -1 0 1 2 3
Crystals of 1 velocity [mm/s]
T(K) o (mmsY AEq (mm s Figure 6. Mdssbauer spectra of the large (a) and small (b) red crystals of

1 from two independent preparations recorded at 220 K. The red solid

30 —0.02 0.98 lines represent a quadrupole doublet corresponding to the parandeters,
iég :88‘51 8;2 —0.08 mm/s and\Eq = 0.61 mm/s. The contribution of the ¥esites is
190 —0:06 0:67 80% in part b; the blue line represents the contribution df @28%).
100

temperature (Table 5). The isomer shift becomes more negative

with increasing temperature because of the second-order Doppler 80

shift, while AEg decreases from 0.98 mm/s &t= 30 K to —_

0.61 mm/s atT = 220 K, a feature that has been noted ) 60 L

previously for LS F# .8 The spectra collected at 30 and 110 *g

K are identical and indicate that the sample composition is b

unaltered up to 110 K. Above 110 K, however, the' fFe!" 8 40t

ratio decreases substantially, with the LS' i@ens comprising %o

only ~20% of the sample al = 220 K (Figure 6b). By using v

the Messbauer parameters obtained for LS"Fa the small 20t

red crystals (Table 5), the high-temperature spectra of the four

samples of large crystals were analyzed. For these samples, the 0 L L L L

Fel'/Fe" ratio was also shown to decrease above 110 K, with 0 50 100 150 200 250

the 220 K Mssbauer spectra revealing a well-resolved doublet T (K)

; i ; 1 ~
consistent with the presence of eXClus_'VeW L9'Hens @ ~ Figure 7. Temperature dependence of the LY'F@ntent for two samples
—0.06 mm s, AEg ~ 0.61 mm s?) (Figure 6a). of small @) and large M) red crystals ofl. Solid line is merely to guide

The Méssbauer data indicate that crystals otontain a "¢ &Y€

. | S :
m_|xturg of Fé! and F¢! sites below 110 _K‘ which is compatible increased P& content of the samples is also due to a CTIST,
with either the presence dfB, or a mixture of1lA and 1_C. which convertsiB to 1C.
Data recorded at temperatures above 110 K reveal an increase The Messbauer spectra of the blue solid phasé obnsists

in the Fé!' content irespective of the Fiel! ratio below 110 ¢ 5 gingle absorption line at all temperatures between 4.2 and
K (Figure 7). These observations provide incontrovertible g3 K (spectra not shown), consistent with the presence of LS
evidence that both the small and large red crystals undergo apdi a spectrum recorded on the same sample in an applied
CTIST that favors the conversion 1€ at higher temperatures.  magnetic field of 70 kG at 4.2 K confirmed that all Fe sites
One scenario that is compatible with the"$ébauer data for  present in the sample are diamagnétichus, the blue solid
red crystals ofl is that, below 110 K, large crystals contain a form of 1 is exclusively{ Cd",C0'Fel;} 1A at low temperatures.
mixture of forms1A and1C in a ~1:1 ratio, whereas small  Mossbauer data collected at 293 K also revealed a single line
crystals have a higher content bA (Figure 7). Above 110 K, spectrum typical of LS Fe However, it is important to note
the Fd' content of the sample increases, which indicates a that this spectrum may conceal the presence of a small
CTIST of 1A to 1B or, more likely, 1C. An alternative  quadrupole doublet that originates from a minority of L$'Fe
explanation is that, below 110 K, large crystals contai sites (<25%) due to the relatively similar isomer shifts for LS
clusters (which have the same valence distribution as a 1:1Fd' and LS Fé' ions in a CN coordination environment. Thus,
mixture of 1A and1C). In this scenario, the small crystals would the Mossbauer data of the blue solid at room temperature
contain somelA clusters beside&B in order to explain the indicate that it contains forrhA and allows for the possibility
higher Fé content in the sample. Above 110 K, however, the that a minority of the clusters arkB or 1C.

6774 J. AM. CHEM. SOC. = VOL. 127, NO. 18, 2005
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Figure 8. Md0ssbhauer spectra of the red solid bfafter 10 days under
vacuum recorded & = 4.2 K (a), 20 K (b), and 220 K (c)H = 0).

Exposure of the blue solid form dfto vacuum (1062 Torr)
produces a color change to red within seconds.ssbauer

derivative signal

I I I I
100 200 300 400
B (mT)

Figure 9. X-band EPR spectrumfa 1 mM solution of 1 in MeOH.
Simulation for oneS = 3/, species (lower curve) was generated using the
spin Hamiltonian given in eq 1 with fine and hyperfine parameters given
in the text (experimental conditionsf = 15 K; microwave frequency
9.65 GHz; microwave power= 0.02 mW; modulation amplitude=
9.43 G).

spectra of samples exposed to vacuum for 1, 5, and 10 days » .
indicate that the duration of exposure to vacuum does not affectconditions (Figure 9). The apparegivalues (5.85, 3.62, and

the sample composition at high temperatures, but it does have

2.02) determined from this spectrum are typical for HS' Co

an effect on the relaxation rate of the electronic spin at low Sites: g-values for the tetragonally distorted octahedral complex,
temperatures (Figures S6 and S7). For the sake of brevity, only[Co(acac)(6-Mequin)], are 5.83, 3.92, and 1.98and for [Co-
the Massbauer spectra recorded for a sample exposed to vacuunitriphenylphosphine-oxidel) which contains a four-coordinate

for 10 days are discussed héfelhe broad features of the 1.5

Cd' ion with C, symmetry, they are 5.91, 3.64, and 283 Thus,

K (not shown) and 4.2 K (Figure 8a) spectra indicate an EPR spectroscopy confirms the presence of HS Dol in

intermediate relaxation process. The 20 Kddbauer spectrum
(Figure 8b) consists of a broad quadrupole doubdi{= 1.4
mm/s;d = —0.04 mm/s) characteristic of LS Hesites. It is

solution.

HS Cd' ions with octahedral coordination havé® ground
state, the orbital degeneracy of which is removed if the

important to note that the spectrum may conceal a single-line symmetry is lowered and leads to either a doublet and a singlet,

spectrum arising from the presence of up to 15% L $ites
(AEq = 0.2 mm/s;0 = 0.02 mm/s). Data collected at 220 K

or three singlet orbital states. Since the local symmetry df Co
in the cis-[Co(tmphen)(NC);] moiety is C,, it can have a

also reveal a quadrupole doublet € |_0-09 mm/s;AEq = nondegenerate orbital ground state. If the ground state is orbitally
1.0 mm/s) that is consistent with LS Fecenters (Figure 8c).  pondegenerate and well separated from the excited states, spin

The average isomer shift of the quadrupole doublet does not it coupling leads to four energy levels, the energy of which
vary with temperature between 20 and 293 K (other than by .44 pe obtained using the spin Hamiltonian:

the expected second-order Doppler effect), and we conclude that
the average valence of the Fe sites in the sample does not

change; i.e., P& constitutes> 85% of the Fe sites over the entire

temperature range. Therefore, the major component of the red

solid phase ofl is best described d<d'sFe" 5} (1C) over the
entire temperature range investigated.

Mossbauer and EPR Spectroscopy of Compound 1 in
Solution. The obvious influence of the solvent content on the
properties ofl in the solid state prompted us to examine its
properties in solution. A Mssbauer spectrum collected for a
frozen solution ofL in methanol (spectrum not shown) indicates
the presence of LS Hesites, exclusively. Thus, compourd
exists in solution agCao'Cd",Fé';} 1A and contains one HS
Cd' (S=3/,) ion. A perpendicular®; [ B) mode X-band EPR
spectrum was recorded at 15 K a 1 mMsample obtained by
dissolving the red solid phase @fin MeOH under anaerobic

H=p8Sg-B+ D(sz2 - %) +ESZ-S)+AS (1)

whereD andE describe zero-field splitting; & the g-tensor,
andA is the nuclear hyperfine constant f8€o (S= 7/, 100%).
The EPR spectrum is simulated in Figure 9 using software
written by Hendrich et &t® based on this Hamiltonian with a
large positiveD andE/D = 0.186,9; = 2.53,0, = 2.42,g3 =
2.22, andA = 148 G. The large intrinsig-values indicate an
important orbital contribution, which would potentially render
the use of the spin Hamiltonian invalid. At this end, a detailed

(87) Bencini, A.; Benelli, C.; Gatteschi, D.; Zanchini, @org. Chem.1980
19, 3027-3030.

(88) Makinen, M. W.; Kuo, L. C.; Yim, M. B.; Wells, G. B.; Fukuyama, J. M.;
Kim, J. E.J. Am. Chem. Sod.985 107, 5245-5255.

(86) Spectra collected on samples that were placed under vacuum for various(89) Hendrich, M. P.; Petasis, D.; Arciero, D. M.; Hooper, ABBAmM. Chem.

time intervals are submitted as Supporting Information.

So0c.2001, 123 2997-3005.
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Figure 10. Plot of yn,T versusT for the three solid-state phaseslofred

crystals, blue and red solidi(= 1000 G). Figure 11. Plot of ymT versusT for the blue solid ofl collected as a

function of exposure time to ambient conditiort$ £ 1000 G).
analysis of the EPR spectra using AOM and DFT calculations
and including spir-orbit coupling is in progres®.

Magnetic Properties of {[Co(tmphen),]s[Fe(CN)g]2} (1).

value corresponding to one HS Cmn/cluster only after the
sample is kept in air for approximately 1 month. The magnetic

. - e behavior of the solid after 30 days is consistent with the presence
Variable temperature magnetic susceptibility data were collected of 1A at lower temperatures. The divergenceyaT from the

?E theTred gryst?llinz, blude solid Iandd red SO"df phaze:.‘i?f K value expected for a single HS €@n above 150 K can be
exmT product for the red crystals decreases from 8.3 emu K i e to a CTIST that leads to a conversionL@ This

mol~! at room temperature to 4.4 emu K mélat T = 130 K L , .
! behavior is in agreement with the gg&bauer results for the blue
followed by a gradual decrease to 3.3 emu K Mat T = 10 solid g

K (Figure 10). The room temperature value is higher than the . .
: Magnetic susceptibility measurements on the blue solill at
spin-only value of 6.375 emu K mol (g = 2.00) calculated g : .
el : : . : > 280 K show a sharp increase jmT due to desolvation of
for the {Cd'sFe",} 1C configuration. This result is not X CAm ;

. A . - the blue solid phase. Resolvation is not possible due to the
unexpected, however, in light of the significant orbital contribu- vacuum of the SQUID chamb&and they,T product measured
tion expected for both the HS ¢S = %/,) and LS F&' (S= . Sm1 P .
I . upon cooling does not reproduce the values measured in
/) ions. Given the fact that the room temperatyr@ products . ; . .

. warming mode but is comparable to that of the red solid obtained
for K3[Fe(CN)] and HS Cd ions are 0.6 emu K mol and . . .
18192 . by pumping on the blue solid (see below). Finally, there was
2.0-3.2 emu K moti8t92respectively, the room temperature . .
P . no evidence of thermal hysteresis when the temperature was
value of 8.3 emu K mof is in good agreement with the sum :
. | cycled over the 2280 K range at rates of 0:110.0 K/min for
of the experimental values for three HS'Gons and two LS .
Fe' ions. The behavior ofT at T < 130 K is in agreement the blue solid.
: m The ymT product of the red solid phase &fobtained after

with the presence of either a 1:1 mixturel& and1C, or 1B. exposure to vacuum for 10 davs exhibits a steady decrease from
There was no evidence of thermal hysteresis when the temper- Xposu vacuu ys exnibl y

1
ature was cycled over the-290 K range at rates of 0-110.0 8.3 emu K mof a_t 350 K to 7.8 emu K mof at 100 K,
K/min. followed by a relatively sharp decrease down to 5.86 emu K

. . . mol~! at 2 K (Figure 10). The magnetic behavior over the
Magnetic susceptibility measurements on the blue solid phase2_350 K range is reversible, and there is no evidence of thermal
obtained immediately after filtration revealed that tagT g '

product increases gradually from 2.12 emu K mait 2 K to hysteresis. ThgnT value at room _tem_perature Is the same as
1 . the value for the red crystals, indicating the presence of three
3.88 emu K mot?! at 150 K, followed by a sharper increase to L . :
1 ; . . HS Cd' ions and two LS P8 ions (LC). The decrease ipmT
6.64 emu K mol* at 280 K (Figure 10). It is interesting to as the temperature is lowered is predominantly due to the orbital
note that the magnetic behavior of the blue solidlLaxhibits P P y

N |
a time dependence that is presumably related to the quantity ofcontrlbutlon of the HS Chand LS F& centers down to 50 K.

H,0 in the sample (Figure 11). ThanT product of the blue Belov_v this temperature,_ a number of addltlon_al factors can
- . : . . contribute to the decreasing trend of the magnetic data, namely,
solid immediately after extraction from the mother liquor is

) . a partial conversion oflC to 1B and/or 1A, and weak
higher than theymT values obtained after 1 day. In fact, the antiferromagnetic interactions within the cluster. It should be

susceptibility of blue samples declines steadily and reaches qmentioned that Lescdmec et al. have observed ferromagnetic

(90) Dragulescu-Andrasi, A.; Achim, C.; Berlinguette, C. P.; Dunbar, K. R. coupling in an Fe(lll)>CN—Co(ll) double zigzag chain com-

Unpublished work. _ _ pound?>%* which, based on DFT calculations, was attributed
(91) Measurements on the red crystals were carried out by placing an MeCN . R R . .
suspension of the crystals in a gelatin capsule and coating it with eicosane t0 the near orthogonality of the orbitals in which the unpaired

to prevent MeCN evaporation in the vacuum atmosphere of the SQUID electrons of the metal ions reside. DFT calculations aimed at
chamber. The layer of MeCN prevented contact of the sample with the
warm eicosane (mp 32C). To properly fit the data, it was necessary to

measure the sample and solvent without eicosaiie<a220 K (the mp of (93) The blue and red solid phases can be produced reversibly by exposure to
MeCN). humidity/vacuum.

(92) Konar, S.; Mukherjee, P. S.; Drew Michael, G. B.; Ribas, J.; Ray, C. N. (94) Toma, L. M.; Lescouezec, R.; Lloret, F.; Julve, M.; Vaissermann, J.;
Inorg. Chem. 422545-2552. Verdaguer, M.Chem. Commur2003 1850-1851.
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occur at 2115 and 2065 crh respectively, and are generally
shifted to higher energies when the Cigand bridges two
metal centers. Thecy- modes for bridging CN in Fe/Co
(1)Red C t/\/\ systems generally follow the trené&t4.3537.57
ed Crystals
J N——

2085-2103cm* Fd'-CN-Cd', ¢

(1) Red Solid 2116-2133cm* Fd'-CN-Cd"
2153-2169 cm* Fé"—CN-Cd' ¢
o | (1) Blue Solid o
Q Compounds2 and 3 both exhibit a band at 2065 crh
§ assigned to the Be-CNierminas mode and a band at 2137 chn
‘2 @ attributed to the Pe-CN—Cd" s framework. The signal at
® 2105 cnt! for 3 is assigned to the He-CNierminasmode in the
3) \/J_/\ [Fe(CN)]3~ counteranion. Compountiexhibits a band at 2115
cm1, attributed to the PE—CNeminasmode, and a broad band
at 2150 cm?, assigned to the e-CN—Ni' framework®3
The red crystalline and red solid phaseslaxhibit similar
(4 spectra, with two distinct features at 2110 and 2140%rand
bear a striking resemblance to the IR spectrum of comglex
2200 2150 2100 2050 2000 (Figure 12). The band at 2110 cfis attributed to the stretching

wavenumbers (cm’") mode of terminal CN ligands coordinated to Fes ions, while

the higher energy stretch is assigned td"FE€N—-Co'ys.

Therefore, the IR spectra support the conclusion that at room

elucidating the electronic structure of the metal sites in t€mperature, the red crystalline and solid phasesa® in the

compoundL and at evaluating the exchange coupling pathways 1C form and contain §Cd'sFe'z} core.

in the cluster are currently underway in our laboratoffes. The spectrum of the blue phase®éxhibits three IR bands
Theme product fOf{ [CO(bDY)z]s[Fe(CNk]z} [Fe(CN)S]US(S) at 2060, 2090, and 2130 crh and res'embltles those of

(Figure S8) exhibits a gradual decrease fre@.49 emu K compounds2 and 3. The 2060 cm* band is assigned to the

mol* at 300 K to 0.18 emu K mot at 2 K. As the complex Fe' s—CNerminas mode, whereas the high-energy stretches are

cation contains only diamagnetic LS €and LS Fé ions, the attributed to bridging CN in Fe' s—CN—Cd''y;s and Fé,s—

Figure 12. IR spectra for compoundbk—4 in the vcn- region.

paramagnetism is attributed to the counterion, [Fe@SN)with CN—C0'ys frameworks. Thus, the IR spectrum confirms the
the decreasing trend of,T being attributed to appreciable ~formulation of the blue solid phase a#. . o
orbital contributions characteristic for LS 'tgS = /) ions. Although the vcn- region does not necessarily exhibit
The magnetic behavior of[Ni(tmphen)]s[Fe(CNY]2} (4), systematic changes in frequency with-8 bond Ien_gth§,9the _
which is isostructural td, indicates that the three N{S= 1) valence assignment of the metal centers in this IR study is
ions are ferromagnetically coupled to the two LS'Fens and consistent with the dlfferent structures of the blue and red s_olld
that intercluster interactions are not operative dow@ K due phases ofl as determined by X-ray, Msbauer, and magnetic
to the large intermolecular MM distances. The intercluster ~ €XPeriments. . _ .
distances inl are comparable to those # thus the intermo- Optical Absorption Spectroscopy.Optical absorption spec-

lecular interactions are also expected to be negligible for the [F0SCOPY has been extensively used to characterize complexes

red crystalline phase of compound The effects of exposure that exhibit different valence forms because theddransitions

to vacuum for long periods of time, however, may lead to and charge-transfer bands of such complexes are sensitive to

reduced intermolecular MM distances rendering intermolecu-  the valence formulation of the compound. Examples of optical

lar interactions possible at low temperatures. transitions that have been assigned in cyanide-bridged Fe/Co
Infrared Spectroscopy. Solid-state infrared (IR) spectra in  SyStems include the MNLT (Fé' — Cd") band at 179200 crt

thewven- region (1956-2250 cntl) were recorded for the three (950 nm) for a thin film of K 4Co. fFe(CN)]-5H0,> which

solid phases of compounti and compound€—4 at room contains an Pes—CN—Cd" s framework. Similar transitions

temperature (Figure 12). We note that the exposure of the redhave been observed ?t 25 3167?:((895 ”6@ and 17700 c;n%

solid phase to moisture could not be completely avoided during (°6° “”I‘l) in [(NC}Fe —CN—C(Z 3§CN)5] and [(NC)Fe'~

sample handling, and thus the sample may have contained acN—C0" (edta)f~, respectively’>*"More recently, it has b(ﬁen

minority of the blue form by the end of data collection. It is Shown that a series of discrete cyamde-brld”gedi_—ﬂw

also worth noting that compounds-4 exhibit broad bands due ~ €OmPplexes with cyanide coordination at the'Fsite and

to the presence of crystallographically inequivalent Gijands sgturate'd.amine or aminghioether coordination at the ®o
in each cluster. site exhibit MMCT (Fé' — Cd") bands at 17 500 and 19 600

The stretching modes observed in the IR spectra of com- lefl’ resp‘(‘esctivgly.“ Finally, the complex RFGGCd"?iMCdIMT
poundsl—4 were assigned based on comparison with bench- F€'(CN)el, lWthh exhibits an MMCT (Fe' — Co') band at
mark compounds, which allows for conclusions to be made 18 180 cm* (550 nm), undergoes a CTIST upon illumination
regarding the oxidation state of the metal centers in these (95) Sato, O Einaga, Y - Iyoda, T.: Fujishima, A.: HashimotoJkPhys. Chem,
clusters. Theycn- values for K[Fe" (CN)g] and Ky[Fe'(CN)g] B 1997 101, 3903-3905.
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wavenumbers (x10” cm™) Figure 14. UV —vis absorption spectrum fdrin dry methanol before (solid
Figure 13. Solid-state UV~vis absorption spectra for the three solid phases line) and after (dashed line) treatment with [Fc]fRAnset: expanded
of 1 and3. (Note: The noisy spectral region at ca. 12 000 &iis due to region in the 10 00825 000 cm! range.
detector change; the data are truncated when light scattering is predominant
at high energy.)

to generate an e-CN—C0d' framework. Upon this transfor-

mation, this band shows a decreased intensity and blue shift to

~16 700 cntl. To summarize, MNCT (Fé' — C0d'") bands

typically fall in the range 17 00626 000 cnt?, while MM'CT

(Cd' — Fé'') bands are likely to be found at lower energies.
The solid-state UV-vis spectrum of the blue crystals of

{[Co" (bpy)]s[Fe€'(CN)s]2} [FE(CNY]1/3 (3) at 293 K (Figure 13)

reveals an intense transition at 32 300@r(809 nm) assigned

to MLCT (Fe' — CN") transitiorf® and a band at 14 100 crh

(600 nm) that is assigned to a M@IT (Fe' — Cad'"') transition?”

The energy of the latter band is lower than those observed for

comparable Co/Fe clusters, which exhibit electronic transitions l ! ! !

in the 17 006-26 000 cnt! energy rangé’ 08 0.4 0 04
Solid-state spectra were recorded for the three phaskatof E (V)

room temperature (Figure 13). The spectra for the red crystals

and the blue solid are dominated in the visible range by broad

MM'CT transitions at 21 050 and 14 925 threspectively.

The band observed for the blue material exhibits an energy close A green solution ofl for electronic spectral measurements

to that observed for the (e~ Cd") MM'CT bands ir8 (i.e., was prepared by dissolving a sample of the red solid in dry
14 100 cn1t), while the higher energy band observed for the MeOH under inert conditions. The UWis spectrum (Figure
red crystals is attributed to a Fe—~ Cd" MM'CT. The 14) shows two intense bands in the visible range at 14 706 cm
relationship between the position of the''Fe Co" and Cd (3000 M! cm%) and 22 025 cmt (1500 Mt cm™Y). The

— Fé'' MM'CT bands for the blue solid and red crystal forms 14 700 cntt band is similar to the MNCT bands observed for
of 1, respectively, can be correlated with the band observed the plue form ofl in solid state and for the MACT band of3.
before illumination for RhedC012fFe(CN)]-4.3H,0, and with Therefore, this band is assigned to an MM (Fé' — Co')

the changes observed after illumination for the same com- gnqg supports the hypothesis that the cluster adopts the config-
pound? The intense band at 35 000 chncorresponds to an  yration1A in solution. The transition observed at 22 0256m
MLCT band for the [Fe(CNJ*>~ unit in the red solid ofl.%><" is assigned to dd transitions at the HS Cosite. This
Thus, the U\~vis spectra lend further support to the conclusion assignment was confirmed by the fact that oxidatior afith

that the blue solid consists predominantly of th& form of [FC][PFs) to 2, which has a{Co'Fe'} core, leads to
the cluster, and the red crystals correspond toliidorm at disappearance of this band.

room temperature. Variable-temperature data did not reveal gjectrochemistry. Electrochemical studies dfwere carried
significant spectral changes, an observation that can be ascribegt in anhydrous MeOH (Figure 15). In addition to the two
to the fact the samples are immersed in oil or glycerol rather reyersible redox events &, = + 0.59 V andEy;, = + 0.78
than MeCN, further highlighting the influence of environmental V, attributed to the oxidation of each of the!Feenters to Fé
factors for driving the CTIST. (Scheme 4a), there are several processes that straddle zero
potential. These overlapping reduction waveg(~ —0.3 V)

. and associated oxidation wavéds, g~ +0.2 V) correspond to
(97) The spectrum of the red solid form &fdoes not reveal a band in the redox events at the Co sites that are difficult to resolve. The

visible range due to the fact that the sample prepared in the KBr pellet . X
was too dilute. two reversible F&'' couples at 0.59 and 0.78 V are shifted to

current

Figure 15. Cyclic voltammogram for compourttin 0.1 M NaClQ/MeOH
at a Pt disk electrode versus Ag/AgCl.

(96) Lever, A. B. PInorganic Electronic Spectroscopilsevier: New York,
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Scheme 4. Redox Events for { Co"">Co"Fe''z} 1 Dissolved in ies13455and it has been found that the transformation is due
Anhydrous MeOH? to a conversion of the diamagnetic ig—NC—Fé', s frame-

(a) work to a metastable ferromagnetic 'Gg—NC—Fe' | s struc-
ture#554 The metastable state is stabilized by the change in
Co—N bond distances when the LS €aenters undergo a
charge transfer to form HS Gaenters, which is then trapped
{Co'";FellFely> in the extended lattice. Taking this point into consideration, the

e ﬂ te Eyp=+059V CTIST c_)bserv_ed ilis gnexpected considering that the discrete
cluster is not involved in an extended covalent network. Given
{Co'"sFe'}* that other known Co/Fe compounds do not exhibit this behavior,
it is not immediately obvious what factors allow compouhd
to exhibit this property. Nonetheless, the significantly different
(b)  {Co"sFe!'} + {CollsFe!l,}3 behaviors of the three solid state phases ofake it clear that
the solvent content plays an important role for determining the
L Ke temperature range where the CTIST occurs.
{Co'l;Fe!lFe!ly?* While we have learned in the course of this investigation how
a(a) Two reversible 1 e Fel redox processes and (b) equation (O convert some of the solid state formslahto each other by
representing the comproportionation const#@) of the species presentin ~ €Xposing them to solvent or vacuum (e.g., the red crystals and
solution red solid transform to blue solid when exposed to humidity;
] ) ] ) ) the blue form and red crystals transform into the red solid when
higher potentials relative to the experimenally G!etgrmlned value exposed to vacuum), we cannot explain the role of the solvent
of Eyz = +0.49 V for [18-C-6-KE[Fe(CN)]. This is a result j, mojecular detail. The influence of solvent on the electronic
of the bridging C8 ions stabilizing the Fecenters, a feature g ctyre of mixed-valence complexes has been well docu-
consistent with the electrochemical behavior of _related Co/Fe mented. For instance, single crystals of the complexNJEt
compounds?#23%39.74The observed peak separation of the two e, (salmp}] isolated from MeCN are valence localized up to
Fe!! couples \E;, = +0.19 V) indicates a moderate stability 309 K as is the complex in solution, but desolvated samples
for the dicationic complexCo"'sFe' Fel} 2%, corresponding to  \ndergo a localization-to-delocalization transition on théssto
a comproportionation constaritd) of 2 x 10° (Scheme 4b). In 4.er time scal®® Numerous other examples of localization-
summary, the electrochemical behavior of compoldésolved 1 de|ocalization transitions in mixed-valence biferrocenium salts
in MeOH is interpreted as a sequence of the five-step redox 5nqg the influence of the crystallization solvent upon these
process depicted in Scheme 5. transitions have also been discussed in d&&lch complexity
Conclusions that originates from nonhomogeneity and weak interactions in
solid phases of molecular complexes deserves further inquiry
to aid in the development of materials that exhibit this
phenomenological behavior.

{CO|||3Fe|||2}3+
_eﬂ_'_e E1/2=+0.78V

This study provides incontrovertible evidence that compound
1 undergoes a charge-transfer-induced spin transition that is
exquisitely sensitive to temperature and degree of solvation. We
have determined that there are three distinct phasésrothe Acknowledgment. K.R.D. acknowledges the National Sci-
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