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Electron transfer from the electron donor of p-phenylenediamine (PPD) to the electron acceptor of (H*)3[PM012040)>~
forms a one-electron-reduced Keggin cluster of [PM012040]*", bearing a S = */, spin, while proton transfer from
the proton donor of (H*)s[PMo1,04)°~ to the proton acceptor of PPD yielded mono- and diprotonated cations of
4-aminoanilinium (HPPD™) and p-phenylenediammonium (H2PPD?*). By introduction of crown ether receptors during
the crystallization process, supramolecular cations of (HPPD*)(crown ethers) and/or (H,PPD?*)(crown ethers) were
successfully introduced into three new a-[PMo1,04]*~ salts of (H,PPD?*),([12]crown-4)4[PM01,040]*~ (1), (HPPD*),-
([15]crown-5),[PM012040*~ (2), and (HPPD*),(H,PPD?*)([18]crown-6),[PM012040*~ (3) as the countercation. The
protonated states of PPD and molecular-assembly structures of the supramolecular cations depended on the size
of the crown ethers. In salt 3, a novel mixed-protonated state of HPPD* and H,PPD?* was confirmed to be complexed
in the cation structure. According to the changes in the cation structures, the anion arrangements were modulated
from those of the two-dimensional layer for salt 1 to the isolated cluster for salts 2 and 3. The temperature-
dependent magnetic susceptibilities of salts 1-3 were consistent with the isolated spin arrangements of [PM015040]*".
The electronic spectra of salts 1-3 indicated the intervalence optical transition from pentavalent Mo" to hexavalent
MoV ions within the [PMo1,040]*~ cluster. Temperature-dependent electron spin resonance spectra of salt 2 revealed
the delocalization—localization transition of the S = %/, spin at 60 K. The spin on the [PMo1,040]*~ cluster was
localized on a specific MoV site below 60 K, which was thermally activated with an activation energy of 0.015 eV.

Introduction

Polyoxomolybdates (POMs) such as [Mhag], [M0gOxg],
[M010036], and [PMQaO4q] are synthesized by condensation
reactions of molybdic acid derivatives under acidic condi-
tions!?2 The combination of corner-, edge-, and face-sharing
[MoQ,] units (wherex = 4, 6, 7) can yield a vast structural
diversity of the POMs. Among them, the compound
o-[PMo1204q], Which displays the archetypal Keggin struc- | _ : (
ture, was the first POM reported by Berzelius in 1826 and E;é’:f;g{;e'}?&;ﬁg@%g?ﬁggf&ﬂg‘mf2'3'3’2 7'\’“‘1?'6””3’ Poly-

has been extensively examined from the viewpoints of (2) (a) Miiler, A.; Kégerler, P.; Kuhlmann, CChem. Commun1997,
1437. (b) Muler, A.; Kogerler, P.; Dress, A. W. MCoord. Chem.
Rev. 2001, 222, 193. (c) Miller, A.; Serani, CAcc. Chem. Re200Q
32, 2. (d) Mtler, A.; Roy, S.Coord. Chem. Re 2003 245, 153.

catalysis’ antiviral activity? gas adsorptiohand electronie’
and magnetit materials. The molecular structure of
[PM01,04] is constructed from the corner-sharing of 12
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p-Phenylenediamine-Crown Ether—[PMo01,040]*~ Salts

[MoOg] octahedra, and the central FFO anion is included
at the center of the clustérThree types of O atoms are

2-thioxo-1,3-dithiole-4,5-dithiolate’:"*® This approach al-
lows us to modify and modulate the assembled structures of

present in ther-Keggin structure, and these can be identified the [Ni(dmit),]~ anions in the crystal and thus to modify the

as terminal Me-O, bridging Mo—O—Mo, and anionic P-O

magnetic properties of the [Ni(dmit) salts!? By using this

species. Because each Mo ion is coordinated by six O atomsapproach, relatively large and complex cations, which consist
in an octahedral fashion, the energy levels of the 4d orbitals of an organic ammonium cation such as anilinium and

on the Mo ions are split inta,¢ and g orbitals. Therefore,

p-phenylenediammonium @RPF"), with crown ethers were

it is not a surprise that multistep redox properties are one of also introduced into the crystal, which gave rise to a spin

the most notable properties of the Mo-baseleggin. The
o-[PM012040)%", one-electron-reducemt[PM0o;,04q)*~, and
two-electron-reduced-[PMo,:040)°>~ species, with the--Keg-

ladder of interactions d6 = /, spin on [Ni(dmity] ~ anions!?
However, the [Ni(dmit)]~ anions are relatively small for
embedding large and structurally diverse supramolecular

gin structure, have been characterized in the solid state, whilecations in the crystal lattice. Therefore, in the present study,

the rearrangement of the three-electron-reduc¢BMo; -
040]® to the lacunary [PMaOs¢]® compound is facilé2
Although the o-[PM01;040]" cluster is electrically and
magnetically inert because of the (2ajectronic structure
of all 12 Mo"" ions, the one-electron-reduced [PM4q]*~
species with one pentavalent Mimn of the (4d} electronic
structure is electrically and magnetically actfvé.Indeed,

we used the Keggin cluster as a counteranion of the
supramolecular cations [these supramolecular cations are
comprised of the 4-aminoanilinium (HPPDor H.PPF*
complex via H-bonded interactions to the cavity of the crown
ether]. In the course of crystallization, both the electron- and
proton-transfer processes between the electron donor (proton
acceptor) op-phenylenediamine (PPD) and electron acceptor

it has been shown that the mixed-valence electronic structure(proton donor) of (H)sj[PM01:049)%~ yield the H-bonded

of [PMoYMoV'11040]%~ gives rise to the intervalence optical
transition from pentavalent Mato hexavalent MY within

supramolecular cations and the one-electron-reduced {PMo
Ou4]* in the crystal. The two—NH, sites of the PPD

the cluster, and temperature-dependent electron spin resomolecule have the potential to form two kinds of cations of

nance (ESR) spectra reveal a localizatiolelocalization spin

HPPD" and HPPD’" via a proton-accepting process ac-

transition? As such, it can be seen that the dynamic properties cording to the reaction between PPD and 4PM0;:04q]>~
of electron and spin in the mixed-valence POM system are in solution. When the acid-dissociation constant of Y4

interesting from the point of view of constructing novel
electronic and magnetic materiafs.

[PM01,04q)% is lower than that of PPD, complete proton
transfer from (H)3[PMo1,040]% to PPD occurs, giving rise

In this context, we have been introducing supramolecular to the dication, HPP¥*, during the crystallization pro-
cation structures between inorganic or organic cations andcess41>Because the crown ether moiety has a much higher

crown ethers as the countercations of [Ni(dghigimit?~ =

(6) (a) Abbas, H.; Pickering, A. L.; Long, D.; Kerler, P.; Cronin, L.
Chem—Eur. J 2005 11, 1071. (b) Clemente-Lep M.; Coronado,

E.; Gamez-Garcia, C. J.; Mingotaud, C.; Ravaine, S.; Romualdo-

Torres, G.; Delhag P.Chem—Eur. J. 2005 11, 3979.

(7) (a) Ouahab, L.; Grandjean, D.; Bencharif, Atta Crystallogr., Sect.
C 1991 47, 2670. (b) Ouahab, L.; Bencharif, M.; Mhanni, A,
Pelloquin, D.; Halet, J.-F.; Pan O.; Padiou, J.; Grandjean, D.;
Garrigou-Lagrange, C.; Amiell, J.; Delhaes, ®hem. Mater 1992
4, 666. (c) Maguerg, P. L.; Ouahab, L.; Golhen, S.; Grandjean, D.;
Pena, O.; Jegaden, J.-C.] @ez-Garcia, C. J.; DelhagP.Inorg.
Chem 1994 33, 5180. (d) Gmez-Garcia, C. J.; Ouahab, L.; Gimene
Saiz, C.; Triki, S.; Coronado, E.; DellgeP.Angew. Chem., Int. Ed.
Engl 1994 33, 223. (e) Galan-Mascaso J. R.; GimefieSaiz, C.;
Triki, S.; Gamez-Garcia, J.; Coronado, E.; OuahabAhgew. Chem.,
Int. Ed. Engl 1995 34, 1460. (f) Bellitto, C.; Bonamico, M.; Fares,
V.; Federici, F.; Righini, G.; Kurmoo, M.; Day, ©hem. Mater1995
7, 1475. (g) Coronado, E.; Galan-Mastsrd. R.; Gimehe-Saiz, C.;
Gomez-Garcia, C. J.; Triki, SJ. Am. Chem. Sod 998 120, 4671.
(h) Coronado, E.; Galan-Mascaral. R.; Gimefe-Saiz, C.; Gmez-
Garcia, C. J.; Falvello, L. R.; DelhagP.Inorg. Chem1998 37, 2183.
(i) Coronado, E.; Gmez-Garcia, C. Chem. Re. 1998 98, 273. (j)
Coronado, E.; Gireez-Saiz, C. J.; Guez-Garcia, C. J.; Capelli, S.
J.Angew. Chem., Int. EQ004 43, 3022. (k) Nyman, M.; Ingersoll,
D.; Singh, S.; Bonhomme, F.; Alam, T. M.; Brinker, C. J.; Rodriguez,
M. A. Chem. Mater2005 17, 2885. () Coronado, E.; GalaMascafs,

J. R.; Gimeez-Saiz, C.; Gmez-Garaa, C. J.; Marimez-Ferrero, E.;
Almeida, M.; Lopes, E. B.; Capelli, S. C.; Llusar, R. M. Mater.
Chem 2004 14, 1867.

(8) (a) Mler, A.; Peters, F.; Pope, M. T.; Gatteschi,Chem. Re. 1998
98, 239. (b) Gatteschi, D.; Pardi, L.; Barra, A. L.; Mer, A.; Doring,

J. Nature1991, 354, 463.

(9) (a) Prados, R. A.; Meiklejohn, P. T.; Pope, M.Jl.Am. Chem. Soc
1974 96, 1261. (b) Prados, R. A.; Pope, M. Thorg. Chem 1976

15, 2547. (c) Sanchez, C.; Livage, J.; Launary, J. P.; Fournier, M.;

Jeannin, Y.J. Am. Chem. Sod982 104, 3194.
(10) Suaud, N.; Gaita-Afm, A.; Clemente-Juan, J. M.; Coronado, E.
Chem—Eur. J 2004 10, 4041.

affinity for the cationic—NHz* group than the neutratNH,
groupi® both the size and shape of the supramolecular
assemblies between HPPDr H,PP*" and crown ethers
are strongly affected by the proton-transfer state of PPD.

(11) (a) Nakamura, T.; Akutagawa, T.; Honda, K.; Underhill, A. E.;
Coomber, A. T.; Friend, R. HNature1998 394, 159. (b) Akutagawa,
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gawa, T.; Hasegawa, T.; Nakamura, T.; Takeda, S.; Inabe, T.; Sugiura,
K.; Sakata, Y.; Underhill, A. Elnorg. Chem 200Q 39, 2645. (d)
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T.; Nishihara, S.; Takamatsu, N.; Hasegawa, T.; Nakamura, T.; Inabe,
T. J. Phys. ChenB 200Q 104, 5871. (c) Akutagawa, T.; Takamatsu,
N.; Shitagami, K.; Hasegawa, T.; Nakamura, T.; Inabe). Mater.
Chem 2001, 11, 2118. (d) Akutagawa, T.; Hashimoto, A.; Nishihara,
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Nakamura, T.J. Phys. Chem. B003 107, 66. (f) Nishihara, T.;
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S.; Miyazaki, Y.; Takeda, S.; Akutagawa, T.; Nishihara, S.; Nakamura,
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Chart 1. Molecular Structures of PPD, Crown Ethers, and [RMDaq] Crystal Structure Determination. Crystallographic data (Table
1) were collected by a Rigaku Raxis-Rapid diffractometer using
Mo Ko (A = 0.710 73 A) radiation from a graphite monochromator.
Structural refinements were performed using the full-matrix least-
squares method df2. Calculations were performed usi@yystal
Structure software packages. Parameters were refined using
anisotropic temperature factors except for the H atoms, and these
were refined using the riding model with a fixed-€l distance of
0.95 A.
Optical Spectra. Infrared (IR; 406-7600 cnt?) spectral mea-
Also, the change in the cation structure will modify the surements were carried out using KBr disks on a Perkin-Elmer
arrangement of the [PMgD4o]*~ cluster in the crystalline Spectrum 2000 spectrophotometer with a resolution of 2lcm
state. We examined the combination of supramolecular UV —Vis—near-IR spectra (3563200 nm) were measured on KBr
cations between protonated PPDs and crown ethers bydisks using a Perkin-Elmer Lambda-19 spectrophotometer with a
changing the size of the crown ethers from [12]crown-4, to resolution of 2.nm. Raman.measurements Wh.ere.made using a Jasco
[15]crown-5, to [18]crown-6 and obtained the single crystals RM'DT'f]l%S rkmcrohs_cf:tofpe W';h an rfAI’-|ane g exlcnatlon o dat 532 |
of (HoPPDF)([12]crown-AYPMos:0sg*~ (1), (HPPD)- nm. The Stokes shift from the surface of single crystals was detecte

P ) in a backscattering detector arrangement.
([15]crown-5}[PM012040* (2), and mixed-protonated Magnetic Susceptibility. The magnetic susceptibility was

(HPPD")z(H-PPF)([18]crown-6[PM012040]*~ measured using a Quantum Design model MPMS-5 SQUID
(CHsCN)4 (3) (Chart 1). Herein, we report the preparation magnetometer for polycrystalline samples. The applied magnetic
and structural, optical, and magnetic properties of three newfield was 1 T for all measurements.

Keggin salts, in which different types of protonated states ESR.Temperature-dependent ESR spectra were measured using
of PPD derivatives afforded unique supramolecular struc- a JEOL JES FA-100 spectrometer equipped with a temperature

tures. control system (Oxford ESR900 cryostat). The single crystals were
attached to a support on a quartz sample holder.gtalues of
Experimental Section the ESR signals were corrected at the third and fourth reference
signals of MnO. All ESR signals were fitted using the Lorentzian
Preparation of One-Electron-Reduced [PM@;O4g*~ Salts. line shape.

(H")3[PM01,040]-nH,O (n = 20) andp-phenylenediamine (PPD) ) )
purchased from Tokyo Kasei Inc. were used without further Results and Discussion
purification. The crystals were grown using standard diffusion

h i H-sh L)1 (HM)3[PM ‘nH . L
?leltogdfng)agnd SPSpDe?S%eHrfg)cTov)vn (eth)es}r[s (;6%04293 \iv%re protonation states of PPD derivatives for sdlts3 were

introduced into opposite sides of the H-shaped cell, andGDH determined as (HPPD")z([12]crown-4)[PMor0s*~ (1),
(distilled prior to use) was introduced into the diffusion cell sowly. (HPPD")a([15]crown-5}[PMo1204*~ (2), and (HPPD)x(H-

After 10 days, single crystals with typical dimensions of 8.5.5 PPD**)([18]crown-6)[PMo01204q]* (CH3CN), (3), from the

x 0.4 mn? were obtained as black blocks. Yields of salts3 elemental analysis, X-ray crystal structural analysis, and IR
were 42, 35, and 39%, respectively. The stoichiometry of the spectra. The changes in the protonated states of PPD
compound was determined by X-ray structural analysis and modified the structures of the supramolecular cations and
elemental analysis. Elem anal. Calcd fogssOs6NsMoy P (salt cluster arrangements (see below). Further, the absolute
1): C, 19.24; H, 3.08; N, 2.04. Found. C, 19.30; H, 2.92; N, 2.10. mgagnitude of the magnetic susceptibilities of saits were
Callcd for GaHi160eNsMO 1P (salt2): C, 24.48; H, 3.72:N, 3.57. iy accordance with the formation of the one-electron-reduced
'(;c;lftnsf;j % 224663? A’,-H|-'| 34‘16102’,'\:\" 31'19; C;;Ei;wéelsfg‘l'\.‘ﬁ'\ﬂgléz_ N [PMo01,04]*~ species. Although one electron was transferred

e e om e e e o from PPD to [PM@yOag]® during the formation of the crystal

4.06. The solvent content (GBN) in salt3 was determined by latti idized . included in th
thermogravimetrie-differential thermal analysis (TGDTA) mea- attice, no oxidized species of PPD were included in the

surement using a Rigaku Thermo Plus TG8120 with a scanning Structure. However, protons were transferred ffom[PMO%Z
rate ¢ 5 K min—! under a N flow. These measurements showed a Oad®~ tO PPD., which gen?rateq HPPDor H,PPC** in .
ca. 4% weight loss up until 413 K, which indicates that fours€H  [PM012O4g]*~ via complexation with the crown ether moi-

Preparation of Salts 1-3. The stoichiometries and

CH solvent molecules are presentdn eties. Slow diffusion between (Hs[PM01,040]°~ and PPDB-
Cyclic Voltammetry. The redox potentials of PPD anah-( crown ethers in CECN vyielded both the proton- and
BusN)3[PM01,040]3~ were measured in anhydrous €EN with 0.1 electron-transferred states in sdlts3. We discuss the crystal

M (n-BusN)(BF,) as the supporting electrolyte, using Pt electrodes formation from the viewpoints of electron- and proton-
(working and counter electrodes) and a saturated calomel electrodgransfer processes in solutiét?°
(SCE) as the reference electrode. The scan rate was 20V s Upon crystallization, the color of the mother liquor

_ 3- i - i . . .
(n-BUN)3[PM01204]*~ was prepared by a cation-exchange reaction -, nqeq from yellow to black-violet by the slow diffusion
according to the literatur®,

(18) Crystal Structure: Single-crystal structure analysis softwaersion

(16) (a) lzatt, R. M.; Bradshaw, J. S.; Nielsen, S. A.; Lamb, J. D.; 3.6; Rigaku Corp. & Molecular Structure Corp.: The Woodlands, TX,
Christensen, J. J.; Sen, Bhem. Re. 1985 85, 271. (b) lzatt, R. M; 2004.
Pawlak, K.; Bradshaw, J. D.; Bruening, R. Chem. Re. 1991, (19) (a) Sadakane, M.; Steckhan,Ghem. Re. 1998 98, 219. (b) Himeno,
91, 721. S.; Takamoto, M.; Santo, R.; Ichimura, Bull. Chem. Soc. Jpr2005
(17) Nirgey, P.J. Cryst. Growth1977, 40, 265. 78, 95.

8630 Inorganic Chemistry, Vol. 45, No. 21, 2006



p-Phenylenediamine-Crown Ether—[PMo01,040]*~ Salts

Table 1. Selected Crystal Parameter of Sdlts3

1 2 2 3
empirical formula G4Hg4Os6N4Mo 1P Cs4H116060NsM0O1P Cs4H116060NsM0O 1P Cr4H13eN10064M0O 1P
fw 1373.70 1569.95 1569.95 1687.09
space group P1 (No. 2) P1(No. 2) P1(No. 2) P1(No. 2)

a A 12.07(4) 13.74(3) 13.59(3) 14.241(6)
b, A 13.15(3) 14.52(2) 14.57(3) 14.617(5)
c A 14.45(4) 16.26(3) 16.16(3) 14.878(6)
o, deg 82.65(8) 65.13(6) 64.74(6) 102.68(1)
S, deg 68.75(9) 64.74(6) 65.32(6) 91.73(2)
y, deg 65.81(9) 67.12(6) 67.15(7) 105.29(2)
v, A3 1949(9) 2573(8) 2543(8) 2901(2)

A 1 1 1 1

Deale g CNT3 2.340 2.026 2.050 1.931

u, cmt 19.905 15.258 15.437 13.632

T, K 298 298 100 100

no. of refins measd 17719 40 485 37 743 27 848
no. of indep reflns used 5898 22278 7607 9286
o(l) 0.3 25 15 2.0

R2 0.060 0.043 0.045 0.038
Ry(F 22 0.144 0.064 0.053 0.062
GOF 1.29 1.14 1.14 1.09

AR = 3||Fol — IFdll/3|Fol andRy = [X(w(Fo? — FA)A)/ X w(Fe?) 2

of (H")3[PM01,040]3 and PPD in CHCN over 2-3 days,
and then black single crystals of salts3 were obtained as
one-electron-reduced mixed-valence [Ph@yg* salts.

cation radicals of PPD or their protonated species were not
incorporated into the crystals.
The highly acidic properties of (H3[PMo012040]3~ have

Because the crown ethers are electrochemically inert, electrorbeen reported in solutiort,and the monoprotonated HPPD

transfer from the electron donor of PPD to the electron
acceptor of [PM@Q4q]®~ yielded the one-electron-reduced
[PMo1,040]* state. The electron-accepting and -donating
abilities of [PMa204g)®~ and PPD were evaluated from cyclic
voltammetry in CHCN.® Reversible two-step, one-electron
reduction of [PM@;O4q)3~ were observed at the half-wave
reduction potentials oE; (1) = +0.394 V andE;(2) =
+0.051 V, respectively (vs SCB;BusNBF,, Ptin CHCN).
The E} (1) values of strong electron acceptors of 7,7,8,8-
tetaracyang@-quinodimethane (TCNQ) and 2,5-difluoro-
TCNQ (F-TCNQ) were observed &;/,(1) = +0.421 and

state can be expected to coexist in equilibrium wite P
under the crystallization conditions because both HP&l
H,PPD* have the possibility of being included as counter-
cations of the [PM@Q40]*~ anion species. [12]crown-4, [15]-
crown-5, and [18]crown-6 formed supramolecular cations
with appropriate cationic species of HPP&nd/or H2PPB"
in order to fit the overall cation such that closely packed
crystal structures of salts—3 were realized.

Crystal Structures of Salts 1—3. The cluster frameworks
[PM0120O40]*~ found in salts1—3 were found to adopt the
o-Keggin structure, such that the asymmetric unit is com-

+0.231 V, respectively. Therefore, the strength as an electronprised of half of the [PM@O4g*~ unit. Furthermore, the

acceptor of [PM@QO40]®~ was higher than that of TCNQ and
similar to that of BL-TCNQ, suggesting that the electron-

accepting ability was high enough to cause the electron

transfer from typical electron donors to [PM0O4g®~ in CHs-
CN. Also, the half-wave first oxidation potentigE,»(1)]

of PPD was observed &t0.803 V under the same measure-
ment conditions. The ability of electron transfer from PPD
to [PMo1;040]%~ was estimated from the difference of the
redox potentials betweeE°; (1) of PPD andE},(1) of
[PM012040]73 [AE = Eol/z(l) - E;./Z(l) = +0.41 V], the
value of which was within the range expected for the
formation of ionic electronic ground state of (PPB
[PMo01,040)*".2* The electron-donating and -accepting abili-
ties of PPD and [PMO,g°~ were appropriate to form a

central P@*~ anion was found to be disordered over two
positions with equal probability at both 298 and 100 K.
Supramolecular Cation Structures Overall, the molec-
ular assemblies of the protonated PP&@own ethers in salts
1-3 are quite distinct from each other (Figure 1). A largely
deformed sandwich-type cation structure of (H2PB[12]-
crown-4) was observed in salt (Figure 1a), in which eight
O atoms of upper and lower [12]crown-4 molecules are
interacting with the two—NH3" groups of the HPPD*
dication through N-H*~O hydrogen-bonded interactions.
Two kinds of crystallographically independent cation
structures of HPPI([15]crown-5), A and B units, were
observed in sal? (Figure 1b). At 298 K, positional disorder
of the C atoms in HPPDwas observed in the A unit, while

completely electron-transferred ionic ground state of the one orientation was identified in the crystal structure of the
donor-acceptor-type charge-transfer system, although the A unit at 100 K (Figures S4 and S5 of the Supporting
Information). The average thermal parameter of the C atoms
(20) (a) Akutagawa, T.; Saito, @ull. Chem. Soc. Jprl995 68, 1753. i i — ;
(b) Akutagawa, T.; Saito, G.; Kusunoki, M.; SakaguchiBgl. Chem. of HPPD' in the A unit Beq = 12.4) was ca. 3 times larger

Soc. Jpn1996 69, 2487. (c) Akutagawa, T.. Hasegawa, T.; Nakamura, than that in the B unitifeq = 4.2) at 100 K, and the molecular
T.; Inabe, T.; Saito, GChem=—Eur. J. 2002 8, 4402. packing of HPPD in the A unit was much looser than that

(21) (@ Torrance, J. B, Vazquez, J. E.; Mayerle, J. J., Lee, \Phys. in the B unit. The result strongly suggested that the rotation

Rev. Lett 1981, 26, 253. (b) Saito, G.; Ferraris, J. Bull. Chem. Soc. ) )
Jpn 198Q 53, 2142. of the phenyl ring around the long axis of HPPI3 expected
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Figure 1. Supramolecular cation structures in sdlts3. (a) FLPPD*"([12]crown-4} structure in salil viewed along the short axis of RP*" (left) and
normal to thex plane of HPPD** (right). (b) Two kinds of crystallographically independent HPRR5]crown-5) A and B units in saf2 viewed normal
to thes plane of HPPD. (c) Monocationic HPPD([18]crown-6) A unit (left) and dicationic PP ([18]crown-6) B unit (right) in salB viewed normal

to thex plane of PPD.

Figure 2. Crystal structure of salt. (a) Unit cell viewed along thk + c axis. H atoms were omitted to clarify the packing structure. Polyhedral representations

of [PMo012040]* clusters within (b) theab plane and (c) théc plane.

in the A unit. It has been observed that the O atoms presentdy_o distances in salt4—3 were 2.89, 2.88, and 2.92 A,

in the crown ether interact strongly with the catioriblHz"

respectively, whose distances were similar to each other. The

group, as has often been observed, through H-bonded typeH-bonded supramolecular cation structures in $alt8 were

interactions, while the affinity between the O atoms of the
crown ether and the neutratNH, group is low; this

constructed from similar magnitudes of-ii*~O hydrogen-
bonded interaction%.

demonstrates the electrostatic nature of the interaction. As Packing Structures The sandwich-type PP ([12]-
such, it can be seen that coordination between the five Ocrown-4} units were arranged between [PM04]*~ clusters

atoms of [15]crown-5 and HPPDoccurred at the-NH3"
group of HPPD; the upper and lower N sites of HPPIn
Figure 1b were—NH, and —NH3;" moieties, respectively.

Both the HPPD and H2PPB' cations were confirmed
in salt3 as a HPPD([18]crown-6) A unit and a sandwich-
type HbPPF([18]crown-6) B unit (Figure 1c). The dihedral
angles between the mearplane of the phenyl ring and the
mean Q@ plane of [18]crown-6 in the A and B units were
97° and 99, respectively. Therefore, the long axes of the
HPPD' and HPP** molecules were almost normal to the
Og plane of [18]crown-6. Both HPPDand HPP, under
Bransted acigtbase equilibrium during crystallization, were
introduced into the crystal to realize a closed-packing
structure of cations and anions.

The strength of NH*~O hydrogen-bonded interactions
of the cations in salt§—3 was evaluated from the average
N—O distance dn-o) between the-NH3z"™ group of HPPD
or H,PPF" and the O atoms of crown ethers. The average

8632 Inorganic Chemistry, Vol. 45, No. 21, 2006

along thea and b axes (Figure 2a), where effective
intermolecular interactions between cations and anions were
not observed within the limit of van der Waals interactions.
Parts b and c of Figure 2 show a polyhedral representation
of the [PMaOuq]* clusters forming the lattice in thab

and bc planes, respectively. Within thab plane, a two-
dimensional (2D) layer of [PM@Oyq*" clusters was ob-
served. Within theab plane, the P-P distances dp-p)
between the nearest-neighboring [PM]* clusters along
thea axis @p—p = 12.1 A) were ca. 1 ah2 A shorter than
those along thé axis @p—p = 13.1 A) and along the-a +

b axis @-p = 13.7 A). The most effective intercluster
interaction was observed along theaxis, which formed a
one-dimensional (1D) chain of [PM#D4q* clusters. The

1D cluster chains were connected through two kinds of

(22) (a) Jeffrey, G. AAn Introduction to Hydrogen Bondingruhlar, D.
G., Ed.; Oxford University Press: New York, 1997. (b) Steiner, T.
Angew. Chem., Int. EQ002 41, 48.
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Figure 3. Crystal structure of sa. (a) Unit cell viewed along thé axis. (b) Alternate arrangements of HPR[15]crown-5) A and B units along the
a axis.

Absorbance / a.u.

(71 T T I I I
0 10 20 30 40 50

Wavenumber [ 10°cm™
Figure 5. Electronic spectra of salts (1), (i) 2, and (iii) 3 on a KBr disk
in addition to (iv) a solution spectrum of (H[PM012040)3~ in CH3CN.

Figure 4. Crystal structure of saB. Unit cell viewed along thé axis. H
atoms were omitted for clarity.
those along théb and c axes, respectively. Because the

intercluster interactions along theand—a + b axes, forming intercluster distances in s&@twere 1-2 A longer than those
the 2D later within theab plane. in salt 1, each Keggin cluster was isolated to each other
The [PMa;049)*" clusters of salR were observed on the because of the large size of the [18]crown-6 molecules
lattice points, while the (HPPD([15]crown-5) cations A  separating the [PMgO4q*~ clusters in salB.
and B formed an antiparallel dimer arrangement around the Electronic Spectra of Salts 1-3. The electronic states
center of the unit cell (Figure 3a). Alternate arrangements of [PM01,040]* in salts1—3 were evaluated by UVvis—
of (HPPD")([15]crown-5) A and B units were observed along near-IR-IR spectra of the solid (Figure 5). The yellow
thea andb axes, which formed the cation layer within the (H")3s[PM01,040]%" did not show the éd transition (spec-
abplane. The cation dimer was surrounded by eight nearest-trum iv in Figure 5) due to the (48lglectronic structure of
neighboring [PM@,040]*" clusters in the crystal. The inter- the Mod” ions. The electronic absorptions at 32 and 46
cluster distances along tlzeaxis @dp—p = 13.6 A) were ca. 10 cm* have been assigned to the metlidand charge-
1 and 2 A shorter that those along thexis dp—p = 14.6 transfer electronic excitation from the doubly occupied oxo
A) and the—a + b axis [dp—p = 15.6 A), respectively. The  orbitals to the unoccupied d orbitals of M3324On the other
1D arrangement of the [PMgD,g]* clusters along the hand, the electronic spectra of salts3 showed broad
axis dominated intercluster interaction in saltHowever, absorption in the visnear-IR-IR energy region. Because
the shortest intercluster distance was 1.5 A longer than thatthe octahedral coordination of six O atoms to a Mo ion splits
in compoundl, suggesting that the intercluster interactions the d orbitals into4; and g orbitals, whose energy separation
in 2 were decreased by increasing of the size of the crownwas usually larger than 1& 10°* cm™, the low-energy
ether from [12]crown-4 to [15]crown-5. absorption in saltd—3 was assigned to the intervalence
The sandwich-type (#PPC*")([18]crown-6) cations of transition from Md to Mo"' through the Me-O—Mo bond
salt3 were observed on the lattice points (Figure 4), while within the cluster and the-ed transitions of M3 octahe-
two (HPPD)([18]crown-6) cations existed at around the
center of the unit cell. The most effective intercluster (23) Pope, M. THeteropoly and Isopoly OxometalateZpringer-Verlag:
interaction was observed along th@xis with dp_p of 14.2 (20) ?g"gbgﬁg,;ﬂ’.’ é?;gbay, PAGy. Inorg. Chem. Radiochen967,
A, the distance of which was 0.4 and 0.7 A shorter than 10, 248.
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Figure 6. Vibrational spectra of salts—3 and (H")3[PM012040]3~-nH20. (a) IR spectra of salts (@, (i) 2, (iii) 3, and (iv) (H")[PM01204g]3-nH20 on
a KBr pellet. The spectra in the energy regions 40800 and 1806600 cnt! are shown in the left and right figures, respectively. (b) Raman spectra of
salts (i) 1, (ii) 2, (i) 3, and (iv) (H5")[PM01204]3~ on a polycrystalline sample.

dra®?324 Because the terminal MeO distance ¢,) of the
[PM01204q] cluster was shorter than the inned,)( and
bridging Mo—0 distancesdy), the [MoQs] octahedra were

Characteristic vibrational bands of {l[PM012040]3 in
the IR spectrum (iv in Figure 6) were observed at 1065 and
962 cm'?, which were assigned to the asymmetric coupling

rather too distorted to cause further splitting of the d orbitals. mode ofve_o/vme-0 @and asymmetrioyo,-o modes, respec-
Therefore, the complex and broad electronic absorption bandgtively.?® The asymmetrion,—o modes for saltd—3 were

were observed at an energy belevi8 x 10° cm™1.°
IR and Raman Spectra of Salts 3. The protonated

observed at 946, 946, and 947 Tmrespectively, whose
energy was ca. 15 cm red-shifted from the [PMO,g]%~

states of the PPD derivatives and the electronic states ofcluster by one-electron reduction. The red shifts of the

[PM012049]*" in salts1—3 were evaluated from the vibra-
tional spectra (Figure 6). The-\H stretching modes/{—n)

of —NH, and—NH3;* have been typically observed at 3500
3300 and 31363030 cn1?, respectively, while the NH
deformation modesdg-n) of —NH, and —NHz;* were
observed at around 1650560 and 1600 cni, respec-
tively.?® In general, the energy of the vibrational bands of
the —NH; group was higher than that of theNH3™ group.
The cation structure of (#PPC*")([12]crown-4) in salt 1
may exhibit the vibrational bands efNH3™ only, while the
IR spectra of salt and3 were expected to show both the
—NH;*t and —NH, vibrational modes simultaneously. The
vn—p Mode of the—NH, group was not observed in the
energy region around 3400 cinfor salt 1, while those in
salts2 and3 were clearly confirmed at 3418 and 3370¢m
respectively (Figure 6a). The disappearance obthg mode
of the —NH;, group in saltl was consistent with the
formation of the sandwich-type cation structure of (H2PPBD
([12]crown-4). The vy—y modes of the—=NH3"™ groups of
HPPD'" and HPPD*" in salts1—3 were observed as broad

asymmetricvyo—o mode in the reduced Keggin cluster have
been already reporteédand the force constant of the M@
stretching mode was found to decrease by the introduction
of one electron into the cluster due to electron delocalization
on the cluster framework.

In the Raman spectrum of (H[PM012049)%", the sym-
metric and asymmetrieyo,—o modes were observed at 989
and 977 cm?, respectively (spectrum iv in Figure 6%Y}.
The Raman spectra of salts-3 showed sharp symmetric
vibrational modes at 995, 995, and 993 ¢nrespectively.
The symmetricvyo—o mode of saltsl—3 was ca. 7 cmt
red-shifted through the one-electron reduction of the Keggin
cluster. Although the vibrational modes found around 820
cm ! are related to the PPD derivatives, a clear correlation
between the energy of these bands and the protonated states
was not observed.

Magnetic Susceptibilities of Salts +3. Figure 7 shows
the ymo VS T (left scale) angymoT VS T (right scale) plots of
salt 2 in the temperature range from 2 to 300 K. The
temperature-dependent magnetic susceptibilities of 4alts

bands with two transmittance maxima observed at 2870 andand3 were also similar to that of sa& TheymT vs T plot

2910 cmt.

The absorptions at 1516 and 1470 ¢nwere assigned to
the aromatic €C stretching modevt—c) of the phenyl ring,
and those around 1100 cthwere related to the €0—-C
stretching mode of the crown ethers. The n mode of the
—NH3" groups for HPPF" in salt1 was observed at 1597
cm1, while the dn—4 mode of the—NH; group in salts2
and3 appeared at 1625 crhaccompanied by a shoulder of
the On—n vibrational mode of the-NH3™ group at around
1600 cmt. Because salt and 3 showeddy—y modes of
both the —NH3" and —NH, groups, the monoprotonated
HPPD' cations were included in the salts.

(25) Akalin, E.; Akyie, S.Vib. Spectrosc200Q 22, 3.
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of salt2 was in accordance with the Cutri®Veiss behavior,
whose Curie constant was 0.322 emu K molThis value
was slightly decreased from the calculated Curie constant
of 0.355 emu K moi! with g = 1.945. Although theC =
0.325 emu K moat! value of salt3 was similar to that of
salt2, the magnetic susceptibility of sdlt(C = 0.258 emu

K mol~1) was appreciably reduced from that of the free spin.
The suppression of magnetic susceptibility in dafhay be

(26) (a) Rocchiccioli-Deltcheff, C.; Fournier, M.; Franck, R.; Thouvenot,
R.Inorg. Chem 1983 22, 207. (b) Neier, R.; Trojanwski, C.; Mattes,
R. J. Chem. Soc., Dalton. Tran$995 2521. (c) Bridgeman, A. J.
Chem—Eur. J. 2004 10, 2935.

(27) Rocchiccioli-Deltcheff, C.; Thouvenot, R.; Franck, Rdectrochim.
Acta1975 32A 597.
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Figure 7. xmo VS T (left scale) angmolT Vs T (right scale) plots of salts
2 in polycrystalline samplegmol Of salt2 per one [PM@O4q)*~ cluster is
plotted in the figure.

due to (i) spin-orbit coupling of the distorted Mooctahe-
dron, (i) antiferromagnetic interaction between [Pi@yg]*~

Table 2. Average Mo-O Distance3and Spir-Orbit Coupling
Constant {) in Salts1—3

1 2 3

C, emu K mot? 0.258 0.322 0.325
A, cmt +589 +353 +347
d A 1.66 1.65 1.66
db, A 1.90 1.90 1.89
da A 2.39 2.48 2.45

aThe shape of the [Mog) octahedron was evaluated from M@
distances of terminal MeO (d;), bridging Mo—O—Mo (dy), and anionic
Mo—POs3~ (dy).

(6]
Oy d‘” O
{§]
0%, |da‘0
O

clusters, or (iii) a slight change in the protonated state of where Na, u#g, and ks are Avogadro’s number, the Bohr

the crystal.

magneton, and Boltzmann’s constant, respectively. The

When the excess protons were introduced or removed frommagnitude off is +155 cn? for a free spin and depends

the ideal stoichiometry of (H2PPD),([12]crown-4)-
[PM012040]*", the number of thes = %/, spin on the clus-
ter should be modified. About a 20% fluctuation of
the H" stoichiometry of (H)sr0PPD)([12]crown-4)-
[PM01040] 02~ reduces theC value from the free spin
value to 0.25 emu K mol. Although a distinct change of

on a structural distortion of the [M®g] octahedron, where
a large distortion of the octahedron decreasedithalue?®
Table 2 summarizes the Curie consta} &nd spir-orbit
coupling constant/| calculated from eq 1 of salt§—3
together with the average Md distances of terminal
Mo—0 (d), bridging Mo—O—Mo (dy), and anionic Me-

the protonated states and electronic structures could not be®Q:®~ (dy) in the [MoQs] octahedron.

identified from both the vibrational and electronic spectra,

The distortion of the [Mo@] octahedron was evaluated

the possibility of a slight change in the protonated state of from Mo—O distances o}, dy, andd.. In salt1, the average
salt1 should not be completely disregarded at present. Thedistances ofd;, dp, and d, were 1.66, 1.90, and 2.39 A,

antiferromagnetic interactions between [P]*~ clusters
are also expected to reduce t@evalue of saltl. In the

respectively, which were within the same range of previously
reported reduced Keggin structures of [FeN€s),]s-

crystal, the 2D layer and effective intercluster interactions [PMo1204]*" and (tetrathiafulvalengffetraethylammoniurt)-
of the [PMa2Oa4g)*~ clusters were observed. The intercluster (H")[PM01204q*.""¢ Because the terminak of salt1 was

distance in salil was ca. +2 A shorter than those in salts

ca. 0.3 and 0.7 A shorter than the bridgidgand anionic

2 and 3, which should increase the magnetic exchange da, the [MoQs] octahedron was distorted to form an ideal

interactions between the [PM®4*" clusters in saltl.

octahedron. Although the lengths dffandd, for salts1—3

Although the lowest unoccupied molecular orbital coef- were observed within a similar range, the lengthdgfor
ficients at terminal O atoms of the Keggin structure were salt1(2.39 A) was about 0.1 A shorter than those of salts

quite significantly smalf® intercluster antiferromagnetic

(2.48 A) and3 (2.45 A). Therefore, the structural distortion

exchange energy is expected to reduce the magnetic susof the [MoQ:] octahedron for sall was smaller than those

ceptibility of salt1 and remains a possibility of the spin
orbit coupling of the MY octahedron within the cluster.
The magnitude of the spirorbit coupling constantij

of salts2 and 3. Both the spir-orbit coupling on the M¥
octahedron and antiferromagnetic interaction between
[PM0;,040]% clusters play an important role in reducing the

for the second and third transition-metal ions is usually larger absolute magnitude of the magnetic susceptibility in $alt

than that for the first transition-metal ions because of the

Spin Dynamics in the [PMo;040)*" Cluster. The forma-

d-electron broadening, which decreases the absolute magtion of one-electron-reduced [PM®.q*" clusters was
nitude of the magnetic susceptibility. The magnetic suscep- confirmed by temperature-dependent magnetic susceptibili-

tibility including the spin-orbit coupling constant is ex-
pressed for the ground-state symmetry of the YKig

octahedronT,) as
31 31
i Uy Wy

He )

2

_ Natg
Xmol = 3kBT

@)

ties of saltsl—3. One 4d electron on the [PM@®4q]*~ cluster
was delocalized on the cluster at room temperature from the
appearance of an intervalence transition-& x 10° cm?!

in the electronic spectra, which suggested delocalization of
aS= 1, spin of the Md ion on the cluste?.Figure 8a shows
the ESR spectra of a polycrystalline sample of &adtt 5,

50, and 80 K. Because the spin of PPD derivatives was
not detected in salts—3 from ESR spectra, the closed-shell
cation structures of HPPDand HPP** were confirmed.

(28) (a) Poblet, J. P.; lmez, X.; Bo, C.Chem. Soc. Re 2003 32, 297.
(b) Lopez, X.; Maestre, J. M.; Bo, C.; Poblet, J.-NL. Am. Chem.
Soc 2001, 123 9571.

(29) (a) Carlin, R. L.MagnetochemistrySpringer-Verlag: Heidelberg,
Germnay, 1986. (b) Kahn, ®olecular MagnetismVCH: New York,
1993.
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Figure 8. Temperature-dependent ESR spectra ofadla) ESR signals of a

polycrystalline sample of gadt (i) 5 K (x1), (ii) 50 K (x10), and (iii) 80

K (x20), respectively. (b) Temperature-dependgrtlue (left scale) andH value (right scale) in the temperature range from 4 to 100 K. Jkelues

were corrected by a MnO marker. (c) i) vs T~2 plot.

A Lorentzian-type ESR spectrum gt= 1.946 and a line
width (AH) of 4.73 mT was observed at 5 K, while tige
value andAH at 80 K were observed at 1.945 and 8.17 mT,
respectively. Weak hyperfine structures around both sides
of the central signal ay = 1.946 were due to the two
isotopes of®Mo and®Mo species with a nuclear spin bf

= 5/,. The intensity of the ESR signals of saltfollowed

the Curie-Weiss law, which was consistent with the
temperature-dependent magnetic susceptibility. Figure 8b
shows the temperature-dependgnialues [eft scale) and
AH (right scale) of salt2. The g values showed the
temperature-independent behavior from 4 to 100 K, while
an abrupt enhancement of théd values was observed by

temperature range below 60 K, while the spin had a motional
freedom among the 12 Mo sites above 60 K.

Summary

Supramolecular cation structures between protonated PPD
derivatives of HPPD and/or HPPD** and crown ethers of
[12]crown-4, [15]crown-5, and [18]crown-6 were introduced
into the one-electron-reduced[PMo;,040]*~ Keggin salts.
Three new Keggin salts of @RPD)y([12]crown-4)-
[PM012040]47 (1), (HPPDF)4([15]CI'OWH-5)4[PM012040]47 (2),
and (HPPD),(H.PP*")([18]crown-6)%[PMo;2040]* (CHs-

CN); (3) were successfully obtained by the electron- and
proton-transfer processes between the electron donor (proton

increasing the temperature at around 60 K. The magnitudeacceptor) of PPD and the electron acceptor (proton donor)

of AH at 100 K (12.89 mT) was about 3 times larger than
that at 50 K (4.00 mT), and the change AH has been
discussed from a motional freedom of dBe= %, spin on a
reduced [PM@Qyq*" cluster. The temperature-dependent
AH values of the Keggin cluster were composed of the sum
of temperature-independefttl, and temperature-dependent
AHr as expressed in eq 2, where thidt term is proportional

to the hopping frequency{) of the S= 1/, spin between
the nearest-neighboring Mo sit&s.

AH = AH,+ AH; = AH, + Cv; 2
The vt term can be further expressed by Mott's hopping
frequency a%

vy = vy eXp(—2aR) exp(-E/kgT) ()

where a, R, and Ey, are the tunneling factor, nearest-
neighboring Me-Mo distance, and activation energy of spin
dynamics, respectively. Becausg a, andR are constants,
the INnAH vs T~ plots yieldEy, of spin dynamics within the
reduced [PMgQ4q*" cluster (Figure 8c). ThEy, value was
0.015 eV for sal2 in the temperature range from 60 to 120
K, which was similar to those previously reporf&dhe spin

in the cluster was localized at a specific Keite in the

(30) (a) Movaghar, B.; Schweitzer, L.; Overhof, Philos. Mag. B1978
37, 683. (b) Bachus, R.; Movaghar, B.; Schweitzer, L.; Voget-Grote,
U. Philos. Mag. B1979 39, 27.

(31) (a) Austin, I. G.; Mott, N. FAdv. Phys 1969 18, 41. (b) Mott, N. F.
Metal—Insulator Transition 2nd ed.; Taylor & Francis: New York,
1990.
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of the (H")3[PM012040]3~ clusters. The cation structure in
salt1 was the sandwich-type RPF")([12]crown-4}, while

that in salt2 was the monoprotonated 1:1 (HPPQ15]-
crown-5) adduct. The mono- and diprotonated states of
(HPPD")([18]crown-6) and (HPPD*")([18]crown-6) coex-
isted in salt3. Because the coordination affinity of the O
atoms of crown ethers for the amino group was negligible
in general, the sandwich-type coordination corresponded to
the formation of the BPPF' state in saltd and3, and the

1:1 adduct between HPPDand crown ethers was formed

in salts2 and 3. The Brgnsted acidbase equilibrium and
formation of a closed-packing structure in the crystals yielded
different types of cationic structures and molecular as-
semblies in saltd—3. A 2D layer of [PMqO4g]*" clusters
was observed in salt, in which 1D [PMa;O4*~ chains
were connected through interchain interactions. On the other
hand, the clusters in sal&sand 3 were isolated from each
other. By an increase in the size of the crown ethers, the
magnitude of intercluster interactions decreased in the order
of [12]crown-4, to [15]crown-5, to [18]crown-6 because of
an increase of the cation volume in the crystals. The crystals
were fundamentally constructed from the electrostatic inter-
action between [PMgQOy]* tetravalent anions and su-
pramolecular cations. The crystal densities of saks3
decreased in the order of the size of the crown ethers, and
CHCN molecules were introduced into s&8ltin order to

fill the crystal space. Therefore, the cation size of (H2PRD
([12]crown-4) was just fitted to the formation of a closed-
packing structure of [PM@O.q*~ tetravalent anions in the
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crystal. One-electron-reduced[PMo;,040]*", bearing one electrical and magnetic materials of an orgafiforganic
S = 1/, spin, was confirmed by the temperature-dependent hybrid molecular system.

magnetic susceptibilities of salts-3. The electronic absorp-
tion spectra of saltd—3 revealed the intervalence optical
transition between the pentavalent Wend hexavalent M6
ions within the cluster. In addition, temperature-dependent
ESR spectra of saR showed delocalization of thg = Y/, Supporting Information Available: Crystal data (CIF) of salts
spin on the cluster above 60 K. The localizatiatelocal- 1-3, selected bond lengths, temperature-dependent magnetic
ization spin transition was observed at 60 K by a temperature-Susceptibilities of salts and3, cyclic voltammetry, XRD, and T6
dependent line width of the ESR spectra. The controls of DTA chart of salt3. This material is available free of charge via
spin dynamics and intervalence electron transfer within the e Intemet at http://pubs.acs.org.

reduced Keggin clusters have the potential of forming novel 1C060857I
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