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The Cyp, isomer of the 1,2-Nc (1,2-naphthalocyaninato) ligand has been efficiently isolated as a hydrated magnesium
complex by the fractional crystallization from the benzene/acetone solution after treating the crude mixture of the
four isomers (Cyn, Cs, Coiy D2p) With benzene. The Cy, Symmetry has been confirmed by X-ray structure analysis.
The central metal ion has been demetalated and subsequently converted to the Li, complex followed by conversion
to the cobalt(l) complex. Electrochemical oxidation of the Co'"(1,2-Nc)(CN), anion prepared from the cobalt(ll)
complex with TPP (tetraphenylphosphonium) has yielded a partially oxidized salt, TPP[C0"(1,2-Nc-Cyp)(CN),],.
The crystal comprises slipped stacked Co"(1,2-Nc-Cyp)(CN), one-dimensional chains and one-dimensional arrays

of TPPs. The conductivity at room temperature is 0.1 S cm~

1 and the temperature dependence is semiconducting

with a small activation energy of about 0.05 eV. The positive temperature-independent value of about 60 «V deg*
observed in the thermoelectric power measurements suggests that the salt is in the correlated hopping regime.

Introduction
Phthalocyanines have been known as a functional dye, an

their semiconducting electrical properties were noted in as

early as 1948. As organic conductors were developed,

of the r-ligand yields 2,3-naphthalocyanine (2,3-Nc) deriva-

dives, and CHl(2,3-Nc)(CN} has been found to give

conducting neutral radical crystdfst® Compared with the
linear extension, angular extension of tiidigand is much

phthalocyanines have been utilized as a component ofMore complicated; the conventional synthetic route produces

molecula? and axially bridged polymeri¢ conductors with
one-dimensional columnar structure and neutral radica
conductor$. Besides them, axially substituted phthalo-
cyanines, M(Pc)(CN) where M= Cd" and Fé¢', Pc=
phthalocyaninato, were also found to be a promising
component of molecular conductdérs? The linear extension
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C4, Isomer of Metal(1,2-naphthalocyanine)
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Experimental Section

Preparation of Mg(1,2-Nc-C4,)H20. A solid mixture of the
Mg(1,2-Nc) isomers was prepared as previously describ&td.,2-
Naphthalenedicarbonitrile (4.93 g, 0.0276 mol) was heated with
excess Mg metal in aj\atmosphere at 378 for 2 h. The reaction
mixture was cooled to room temperature then heated to around 200
°C under vacuum fol h toremove the majority of unreacted 1,2-
naphthalenedicarbonitrile. After cooling to room temperature, the
remaining solid was finely ground and washed with methylcyclo-
hexane using a Soxhlet extractor for 24 h, and the remaining powder
was dried under vacuum. The powder was subsequently stirred in
water/ethanol (1:5 in volume) for 2 h. After being filtered and dryed
under vacuum, the solid was subjected to extraction with benzene
(200 mL) using a Soxhlet extractor for 24 h. Acetone (20 mL) was
added to the resultant benzene solution at room temperature, and
the dark green solution was left to stand. Purple prism crystals were
collected after about 1 week. Addition of a small amount of acetone
to the filtrate gave further precipitation of the desired product. The
composition of the crystal was determined to be Mg(1,20¥¢-
H,0O-(acetone3(benzene) on the basis of X-ray structure analysis.
Total yield; 0.735 g (17%).

Preparation of Hy(1,2-Nc-Cap). The Mg complex obtained was
dissolved in concentrated,BO, and poured through a glass frit
onto the crushed ice. The green precipitate identified #&,2+

it forms the crystalline conductors by oxidation of the pn¢c ) by IR spectra was filtered and washed with hot water,
wr-ligand. methanol, acetone, and ether. Quantitative yiel@5%).

There have been a few reports on the synthesis and preparation of Co"(1,2-NcCqn). A solution of butyllithium
isolation of 1,2-Nc’s. While 1,2-Nc’s lacking peripheral (1.59 mmol) was added dropwise to a suspension 1,8-Nc-
substituents are generally insoluble, the first successful Cs) (0.400 g, 0.56 mmol) in 15 mL of dehydrated DMSO under
separation was reported for i@y, isomer of Fe(1,2-Nc)- a N, atmosphere. The suspension was then heated t6@&hd
(isocyanocyclohexy}) which was relatively soluble upon  stirred for 30 min. A solution of Co(OAg)1.3 mmol) in DMSO
complexation with the axial ligand.Recently, Simon etal. ~ Was then added dropwise to the suspension and stirrédrfanore
reported that each of the four isomers of the magnesiumat 180°C. After .th.e mlxture.cooled, distilled water was adde.d
complex can be isolateéd The magnesium complexes were slowly. The precipitate was filtered and yvashed extenswe_ly wnh
relatively soluble in common organic solvertswhich water, ethanol, and acetone. The solids were then stirred in

. . ] .. concentrated k5O, and poured through a glass frit onto the crushed
enabled isolation by column chromatography; however, it ice. The precipitate was filtered, washed, and dried. No trace of

was extremely time-consuming a.n_d required excessiVe the H, complex was observed in the IR spectra. Yield; 0.39 g (90%).
amount of solvent to elute the purified complexes. In the  preparation of K[Co' (1,2-NcCa)(CN),]. A suspension of Clo
current work, theCs, magnesium isomer has been isolated (1,2-NcC,)(0.21 g, 0.27 mmol) and KCN (0.40 g, 6.14 mmol) in
from the crude mixture by fractional crystallization. This ethanol (50 mL) was stirred at 6@ for 72 h (open to the air).
method has proven to be remarkably efficient for g Water was then added to the suspension, and the precipitate was
isomer. The successful isolation of a preparative amount of filtered and washed with water. K[®@1,2-Nc-C4n)(CN);] was
the C4n magnesium isomer allowed us to prepare the metal- extracted with dry acetone using a Soxhlet extractor. The extracted
free Species and achieve further metal insertion into this solution was reduced to one-fifth of the volume and diluted with
ligand. Thus, the axially substituted compound, (cation[Co hexane. The' precipitated solids were filte_red and _dﬁbijMR
(1,2-NcCa)(CN),], has been obtained from the cobalt(ll) spectra (;onflrmed thgt the .product contained a single conformer
. N (Supporting Information). Yield; 0.10 g (43%).

complex. Electrochemical oxidation of [®¢1,2-Nc-Cyp)- ; " .
(CN);]~ with tetraphenylphosphonium (TPP) has yielded a Preparation of EL,N[CO" (1,2-NcCap)(CN)2]. A suspension of

. . e C0'(1,2-NcCy)(0.2 g, 0.26 mmol) and tetraethylammonium
conducting partially oxidized salt, TPP[@L,2-Nc-Cyp)-

LA cyanide (0.5 g, 3.2 mmol) in dry ethanol (50 mL) was refluxed for
(CN)el2, which is analogous to the Pc system, TPPI€0 75 1y yith a CaGl tube. The precipitate was filtered and washed

(PC)(CN}Y]2. In this paper, preparation, isolation, and struc- ith water. E{N[Co" (Pc)(CN}] was extracted with dry acetonitrile
tural and optical characterization of the metal complexes of ysing a Soxhlet extractor. The extracted solution was reduced to
1,2-NcC4 and physical properties of TPP[E(L,2-Nc-Cyy)- one-fifth of the volume and diluted with hexane. The precipitated
(CN),]. are presented and compared with the correspondingsolids were filtered and dried. Yield; 0.10 g (40%).
Pc species. Preparation of TPP[Ca" (1,2-Nc-Cy,)(CN)2).. An electrochemi-
cal cell with a glass frit was filled with an acetonitrile solution
(17) ﬂa7n9ack, M.; Renz, G.; Stnge, J.; Schmid, SChem. Ber198§ 121, containing [Cd'(1,2-Nc-C4)(CN),]~ (0.4 mmol dnT3) and TPP

: . . o Br (0.4 mmol dn13). The solution was left to stand for 12 h at 20
(18) Negrimovski, V. M.; Bouvet, M., Lukyanets, E. A Simon, J. °C \(/vithout current?‘low to achieve the equilibrium conditions (some

Porphyrins Phthalocyanine800Q 4, 248. THIPH : i
(19) Bradrook, E. F.; Linstead, R. B. Chem. Sac1936 1739. precipitation of the cation exchanged species occurs). A constant

Inorganic Chemistry, Vol. 45, No. 10, 2006 4171



Gacho et al.

between the crystal and gold lead wires (diamete20 um) were
made by a gold paste, and the ohmic behavior was confirmed in
the range of the applied current of-10 uA. The thermoelectric
power measurement was carried out using a system similar to that
previously reported Two heater blocks were separated by 1 mm,
and the thermal and electrical contacts between the heater blocks

Table 1. Data-Collection Conditions and Crystal Data for
Mg(1,2-NcCan)H20- (acetone)d(benzene) and
TPP[C0(1,2-No€4n)(CN)2]2

Mg(1,2-Nc-Can)H20- TPP[Co-
compound (acetone)3(benzene) (1,2-Nc-Can)(CN)2]2

Crystal Data

formula CooHsoNsMgO Ci24H6sN20CoP and the sample crystal were made with gold foils (thickrresk

2’;’ ot svst 1r?1i7r{gcllinic ﬁgﬁg'sgnal um) and a gold paste. The temperature gradient was maintained

spyaceéroup P2,/n 14,/a g less than 0.5C f_or the whole temperature range. The emf of th(_a

alA 18.172(1) 32.511(1) system was calibrated by a standard sample of constantan wire,

b/A 12.780(1) 32.511(1) and the reproducibility was checked for several different crystals.

c/A 22.961(1) 8.662(1)

Bl° 93.29(1) 90

VIA3 5323.9(4) 9155.4(5) Results and Discussion

z 4 4

Dxﬁj c2r3/ . 3.327 i-ggl Synthesis and Isolation.The fractional crystallization of

#(Mo Ka/em ' _ ' the isomer mixture obtained from a direct reaction between

B Daéi%g"ec“o” £4.96 1,2-naphthalenedicarbonitril and £80) was found to be

m . . ) : .

Temp of data collection/K 113 123 successful for the isolation of th&,, isomer but not for the

no. ?f refins Cun isomer?* Since the cobalt(ll) complex is not satisfactorily

tota 45 423 37533 ; ; ; ; o

unique Rn) 11984 (0.053) 5242 (0.101) soluble, isolation of thé_34h isomer is rather difficult, even
Refinement upon attachment of axial ligands. Bradbrook and Linstead

no. of variables 721 333 reported that the magnesium complex is relatively soluble

R1[ > 2.00(1)] 0.062 0.066 in common solvent®’ Therefore, the target was changed to

WR2 (F?, all data) 0.142 0.119 ; i

GOF 1107 0.822 this complex, and the central metal was intended to be

exchanged after the isolation according to the report by

current of 0.54A was applied to two platinum electrodes immersed Sl.mon et ak? Extraction of th? pu.re single isomer from the
in the solution in each compartment for 6 days af@0Needlelike mixture merely by the solubility difference was not success-
crystals grew on the anode surface as the current flowed. Someful, whereas the benzene extraction of the hydrated com-
unidentified solid products were also deposited on the electrode pound gave &Cu-rich solution. Furthermore, preferential
surface. They were largely noncrystalline and probably byproducts crystallization of theCy4, isomer occurred when a small
of electrochemical oxidation of [(*{1,2-Nc-C4,)(CN),] ~. Only the amount of acetone was added to tha,-rich benzene
crystalline needles were harvested by filtration. The composition go|ytion. Upon treatment of the mixture of the four isomers
of TPP[CE'(1,2-Nc-Cyr)(CN)]2 was confirmed by X-ray structural yith water/ethanol, the hydration reaction was assumed to
analysis. More than 10 crystals were subjected to the diffraction go to completion for all the isomers. Asymmetric water
experiments, and all of them were found to have the same unit cell coordination to the planar isomers leads to symmetry
parameters. .

X-ray Structure Analyses. Single-crystal X-ray diffraction _reductlon_ due to the loss of one plf’:me. of symmetry. The
measurements using an automated Rigaku R-axis RAPID imaging'SCMer withCy, or Dz, symmetry maintains gnother plang
plate diffractometer with graphite-monochromated M tédiation of symmetry, and no racemization occurs. High symmetries
were performed for the two crystals; Mg(1,2-g)H,O-(acetone) are thought to be advantageous for fractional crystallization;
3(benzene) and TPP[®¢1,2-Nc-Car)(CN),],. All of the measure- however, no crystalline products have been obtained for the
ments were carried out at a low temperature using cold nitrogen Mg isomers. This may be attributed to the small content of
gas flow equipment. The crystal data are summarized in Table 1. these isomer¥ Indeed, when the content of ti®, isomer
The structures were solved by direct methods (SIR2EER-92), was rich, the asymmetrically pyridine-coordinat@g species

and the hydrogen atoms were placed at the calculated idealyyas preferentially isolated for the €acomplex in the
positions. A full-matrix least-squares technique with anisotropic crystalline form?*

thermal parameters for non-hydrogen atoms and isotropic param-
eters (1.% of the attached atom) for hydrogen atoms was employed
for structural refinement using the teXsan program package.

Hydration of theC,4, andCs isomers, which are the major
isomers in Mg(1,2-Nc}8 leads to racemization, and the point

Measurements.UV —vis spectra were measured for the pyridine groups change tdC, a”‘?' Cy, respectlvely.. The h'ghe_r
solutions on a JASCO Ubest V570 spectrometer. IR spectra for SYmmetry of the former is advantageous in crystallization
the KBr disk specimen were recorded on a Perkin-Elmer 1600 FTIR compared with the irregular shape of the latter. As will be
spectrometetH NMR measurements for the DMS@@-solutions described later, the hydrated magnesium 1,2hjcomplex
were performed using a 400 MHz JEOL NMR spectrometer. crystallizes with benzene and acetone. The benzene mol-
Electrical conductivity was measured in the temperature range of ecules can be displaced by pyridine, and the space-filling
85-300 K using a standard four-probe method. The contacts feature of these solvents seems to be a key in the successful
isolation of theCy, isomer by simple fractional crystalliza-

(20) Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo, M.; Polidori,

C.; Spagna, R.; Viterbo, Dl. Appl. Cryst 1989 22, 389.

(21) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo,

M.; Guagliardi, A.; Polidori, C.J. Appl. Cryst 1994 27, 435.

(22) TeXsan, Crystal Structure Analysis Packadéolecular Structure

Corporation: The Woodlands, TX, 1985 and 1992.
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C4, Isomer of Metal(1,2-naphthalocyanine)

% T [ arb. units

T T T T T T ] Figure 2. ORTEP drawing of the Mg(1,2-N€n)H20 unit.
1600 1400 1200 1000 800 600 400

Wavenumber / cm-! Table 2. Bond Lengths in the 1,2-NE4, Ligand (A, Averaged by the
) Can Symmetry) and in the Pc Ligand (A, Averaged by thg

Figure 1. Infrared spectra of (a) Mg(1,2-NCan)H20, (b) Hx(1,2-Nc-Cap), Symmetry}

(c) Cd'(1,2-NcCyqn), and (d) K[CH'(1,2-NcCan)(CN)z]. Arrows in (b)

indicate characteristic peaks.

The Cs symmetry of the isolated isomer has been
confirmed by X-ray analysis; therefore, further chemical
modifications were rather straightforward. After demetalation
using a conventional method, several methods were under-
taken in an effort to convert the isomer to the cobalt(ll)
complex. Refluxing K(1,2-Nc-Cy4,) with CoCk in quinoline,
1-chloronaphthalene, or DMSO and with £B0) in X [Col(L,2-Nc-
ethylene glycol did not give a satisfactory yield. The best bond Mg(PO)HO Mg(L,2-NCCa)HO  Can)(CN)I

result was obtained when the metalation was performed with 2 1323((?2) i-gggg; iiggﬁ%
the Li, complex following a literature proceduté. ¢ 1:367(12) £b) l.'363(6) 1.:';23(14)
The IR spectra of the isolated chemical species are shown d 1-336(7) €a) 11-34397(51) li3107(9)
in Figure 1. The demetalation from Mg to,Has well as ; 1.2152((55))(:@ 1.4633(2)0) 1.213259(%)
metalation from Hto Co, was followed by a dramatic change g 1.394(6) 1.409(12) 1.474(9)
in the spectra. The characteristic peaks gfflk2-Nc-Cyp) at h 11-3311(2) . 11;141124(1111) 11-358256(1250)
921 and 578 cr‘rf (indicated by arrows in Figure 1b) may J' 1:377&5; &N 1'.360((7)) 1'.378((15))
be associated with the-N\H out-of-plane deformation and k 1.377(6) Ej) 1.420(4) 1.40(3)
in-plane deformation, respectively. These peaks are observed ! 1.394(6) 11;:131;(;) 11f56%2)
at 999 and 715 crt in Hy(Pc)? Two peaks in the region o _ 1:359% 1:318
of 1000-1050 cm* also show characteristic variations by o - 1.414(5) 1.54(1)
the central chemical species. These features were also utilized P - 1.353(6) 1.32(2)
q - 1.426(6) 1.42(1)

to monitor the reaction.
Structure of Mg(L,2-Ne-Ca)HzO-(acetone)3(benzene). T values nparenoses afe e maxium dference from he average
The molecular structure is shown in Figure 2. In this crystal, '

a Mg(1,2-Nc€4)H20 unit is crystallographically indepen- (3 > Nc)(isocyanocyclohexyl}” The peripheral naphthalene
dent. As described above, the 1,2-Rgr unit is now @ ying maintains the characteristics observed for naphthalene:
racemic body and the two enantiomers are related by a centep; relatively short bond lengths for n, p, and j. Bond g, which
of inversion. The Nc ligand is practically planar and the s 4150 short in naphthalene, is not as short because the bond
central Mg atom is slightly deviated from the ligand plane g shared with the TAz fing.

(0.497 A). The bond lengths for the Nc ligand are sum- "~ portion of the crystal packing is shown in Figure 3.
marized in Table 2. Co_mpared with the nee_lDL)ﬁ symmetzrg/ Hydrogen bonds between the axial®and acetone (&0

of the tetraazaporphyrin (TAz) framework in Mg(PeB{ distances; 2.803(2) and 2.810(2) A) bridge the two Nc units.
as indicated by relatively small dlfference§ in averag(Dyg; Six benzene molecules are packed between the two Nc
type deformation of the T'_AZ framework in the Mg(1,2-Nc-  y1anes; so that the void between the planes is effectively
Can)H0 unit is detectable: bond e is shortened and bond f 64 Therefore, two units of crystallographically indepen-
is lengthened. This deformation was also observed for Fe- 4ot Mg(1,2-NcCa)H.O- (acetone3(benzene), related by a
center of inversion, form a relatively condense structural unit
that can efficiently crystallize.

(25) Kobayashi, T.; Kurokawa, F.; Uyeda, N.; Suito,3pectrochim. Acta
197Q 26A 1305.

(26) Fischer, M. S.; Templeton, D. H.; Zalkin, A.; Calvin, M.,Am. Chem.
Soc 1971, 93, 2622. (27) Brock, C. P.; Dunitz, J. DActa Crystallogr., Sect. B982 38, 2218.
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Electrochemical Oxidation of [Co(1,2-Nc€4n)(CN),] .
The cyclic voltammetry of K[Co(1,2-N&4,)(CN),] in DMF
showed the first oxidation process at 1.02 V vs AgfAghis
oxidation corresponds to theligand oxidation observed at
0.96 V for K[Co(Pc)(CNJ)]; more positive for 1,2-Nc than
for Pc is consistent with the expectation for the angular
m-extension of the porphyrinic framewot&Since this redox
process is not perfectly reversible (nonsymmetrical redox pair
with relatively large separation), aggregation may occur near
the electrode surface. Therefore, when the applied potential
is higher than that of the first oxidation of theligand,
electrolysis leads to the crystal growth of theradical
Figure 3. Molecular amangement of the two Mg(L,2-KEnJHO: species. Coexistence of TPP yielded a partie}lly oxi_dizgd salt,
(acetonel's(benzene) units in the crystal. Acetone moIecuI’es are drilwn with TPP[Co(1,2-NcCan)(CN)zlo. On the basis of its stoichiom-
shaded spheres, and benzene molecules are drawn in light gray. Brokeretry, the formal charge of the [Co(1,2-N&m)(CN);] unit
lines are G-H-+-O hydrogen bonds. was determined to be-0.5; the Nc ligand is oxidized by
, | , 1/2e.
Crystal Structure of TPP[C0o(1,2-Nc-Cap)(CN).].. Figure
5a shows the molecular arrangement of the partially oxidized
salt. In the analogous Pc conductor, TPP[Co(Pc)¢@zNhe
space group i®4,/n.2 The space group for TPP[Co(1,2-Nc-
Can)(CN),], is changed td4,/a, and theZ value is doubled.
In both compounds, however, the 'Caons and the centers
of TPP commonly occupy thedite and 4site, respectively.
Therefore, one-half of Co(1,2-N€x»)(CN), and one-quarter
of TPP are crystallographically independent. A structural
change in the molecular geometry of the 1,2-Glg-ligand
upon oxidation could not be clearly seen due to the rather
large experimental ambiguity (Table 2).
' ' ' ' The 1,2-Nc€y4, units form a one-dimensional chain along
400 500 600 700 800 the ¢ axis, and the TPP cations are also one-dimensionally
Wavelength / nm aligned between the chains. The arrangement of the chains
Figure 4. UV—vis spectra of (a) Mg(1,2-NCu)H;0, (b) Cd/(1,2-Nec- and the TPP arrays are similar to that of TPP[Co(Pc)EN)
Can). and (€) KIC!(1,2-NcCan)(CNJ] in pyridine. The structure of the one-dimensional chain is shown in Figure
Table 3. Major Absorption Bands of Pc and Nc Complexes in Pyridine 5b. The 1,2-Na24y rings, which are translationally related
along thec axis, are stacked with overlaps at two of the four

Absorbance / arb. units

compound Soret band/nm Q-band/nm ) A e )
M(L.2-NeCa)H,0 383 688 penphergl napht_halene rings with mte_rplanar distance of 3.44
Mg(Pc)HO? 347 674 A. The distance is comparable to that in TPP[Co(Pc):N)
gg:gé,z)-Nch) %53% %fz_g A marked difference between the—x overlap in the Pc
C . . . . B B
KICO" (1,2-NG-Can)(CN)] 103 685 cham a_nd that in thfe 1,2—h|@nh chain is t.he relative ring
K[Co'" (Pc)(CN}] 346 675 orientation. The chain axis of the Pc chain nearly coincides

with one vertical mirror plane of each molecule withy

aRef 29. o .
elerence symmetry. The same overlap mode is impossible for the 1,2-

Optical Properties. The UV—vis spectra of the Mg, Co Nc-Ca, chain due to the angular-extension. The molecule
and Cd' complexes in pyridine are shown in Figure 4. The  must now be rotated around the EKo—CN axis by about
sharpQ-band for each compound is consistent with @ye 12° to achieve the maximum—s overlap (Figure 6a).

symmetry of the ligand, as observed in the spectra of the 1he 7—x overlap in the 1,2-N&4, chain is increased

isolated four isomers of Mg(1,2-Néj.The band position is  ¢ompared with that of the Pc chain. However, the degree of
slightly red-shifted compared with that of the corresponding ,,_ - interaction must be considered on the basis of the
Pc compound (714 nm), as shown in Table 3. On the other ygjecular orbitals. Since ther-ligand is oxidized, the
hand, the Soret bands are largely red-shifted<Z2 nm) HOMO—HOMO interaction is predominant. The HOMO
compared with those of the corresponding Pc compounds. coefficients were calculated with the structural data using
All these features qualitatively agree with the energy-level 5, extended Fakel method, and the overlap integral between
shifts expected for the-extended porphyrinic frameworks;  {he neighboring rings was estimated. The obtained value is
the LUMO is slightly more stabilized than the HOMO, and 1.8 x 10-3 which is about one-fifth of that found in TPP-
next-HOMO is largely destabilized in a 1,2-naphthalene- ’

fused porphyrin compared with those in tetrabenzoporphy- (28) Kobayashi, N.; Konami, HJ. Porphyrins Phthalocyanine2001, 5,
rin.?8 233.
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C4, Isomer of Metal(1,2-naphthalocyanine)

Figure 5. (a) Projection along the axis of the crystal structure of TPP[¢L,2-Nc-C4n)(CN)z]2. (b) One-dimensional chain of the partially oxidized
Cd"(1,2-NcCgn)(CN), units.

(a)

Pc stacking array

Figure 6. (a) Schematic representation of the molecular orientation in the Pc and 1,2-Nc stacking arrays. (b) Schematic representation of the HOMO
coefficients in the Pc and 1,2-Nc ligands.

[Co(Pc)(CN}]..2 Slight rotation of the Pc framework leads 10*
to a significant influence on tha—ux interaction. This is
thought to be because the HOMO coefficients at peripheral
rings are relatively small. In addition, rotation makes the
contact between the pyrrole carbon atoms, which have the 5
largest coefficient, in the neighboring 1,2-Ngs rings less
efficient (Figure 6b).

Physical Properties of TPP[C0(1,2-NdZ4)(CN),]2. The
temperature dependence of the single-crystal resistivity o
(/lc) of TPP[Co(1,2-NcEan)(CN);]- is shown in Figure 7.
The room-temperature value £2 cm) is about 3 orders of )
magnitude higher than that of TPP[Co(Pc)(GM} The 00 7]
temperature dependence is semiconducting with a small (b)
activation energy of about 0.05 eV. Since the Nc units form 10
a uniform one-dimensional chain in which the repeat unit I I L L
coincides with the unit length, the HOMO band is expected 4 6 8 10 12
to be three/fourths-filled metal-like. The inconsistency 1000/ 7 /K"
between the band picture and the transport behavior may beFigure 7. Temperature dependence of the single-crystal electrical resistivity
due to the extremely small overlap integral value, which is %ﬁ;‘ﬁ thec axis) in (&) TPPCO(L,2-NE4)(CN)J2 and (b) TPP[Co(Pc)-
approximately proportional to the transfer integral valtie ( :
= one-quarter of the band width). The bandwidth in TPP- and TPP[Co(1,2-N€&4)(CN).]2. This value is significantly
[Co(1,2-NcCu)(CN),); is estimated as 0.12 eV on the basis smaller than the on-site Coulomb repulsion energy (typically
of the ratio of overlap integral values in TPP[Co(Pc)(gN) 1 eV). Therefore, a simple band picture may not be applied

(a)

p/Qcm
3,
[
|

Inorganic Chemistry, Vol. 45, No. 10, 2006 4175



Gacho et al.

80 T | T T of the electron charge, andis the ratio of holes to sites. In
the present case, is 1/2, leading toST—) = 59.7 uV
deg’. The value is in good agreement with the values we
have obtained, suggesting that in TPP[Co(1,2a%0¢CN),]»

the correlation between the charge carriers suppresses their
diffusive motion and hopping becomes predominant in
charge conduction. Interestingly, the thermoelectric power
of TPP[Co(Pc)(CNy: is clearly metallicSchanges linearly
with temperature with a room-temperature value of about
40 uV degt. Therefore, the difference again suggests that
TPP[Co(Pc)(CNy: is at the boundary between metallic and
CO states and TPP[Co(1,2-N&r)(CN)]2 is in an insulating
CO regime.

2]
o

S/ uV deg!
3

20

0 ! ! | ! .
50 100 150 200 250 300 Conclusion

T/K Isolation of a preparative amount of the 1,2-Rg:ligand

Figure 8. Temperature dependence of the single-crystal thermoelectric from the crude mixture, as well as preparation of its partially
F&‘:‘éﬁf&é{&?g thec axis) in (&) TPPICO(L,2-NEm)(CN)J2and (B) TPP- yidized one-dimensional conductor of axially CN ligated

: species, has been reported. Despitesthextended feature
for this system. The similar situation was also observed for compared with Pc, ther—n stacking interaction was
TPP[Co(Pc)(CNy2 in which the charge transport is weakly  observed to be considerably reduced. Thus, the conductivity
thermally activated though the conduction band is three/ showed apparent semiconducting behavior, and the thermo-
fourths-filled metal-like. For this crystal, the charge-ordered electric power indicated a Coulomb repulsion limited con-
(CO) instability due to both on-site and inter-site correlation stant value. The behavior may be explained by the CO
effects has been suggest€d: TPP[Co(Pc)(CNJ. is thought  instability in a one/fourth-(hole)filled one-dimensional con-
to be situated at the boundary between metallic and CO ductor. Structural analysis did not indicate CO periodicity;
states. TPP[Co0(1,2-NCan)(CN)]o may be situated com-  however, the extremely smalvalue in TPP[Co(1,2-NE4)-
pletely in an insulating CO regime, since the bandwidth is (CN),], may be preferable for such a charge localized ground
much narrower than that in the Pc analogue. Therefore, thestate compared with diffusive charge in a partially filled
charge transport is assumed to occur by hopping of localizedmetallic band.
charges.

The thermoelectric power behavior was also found to be
nonmetallic. The temperature dependence of the thermo-
electric power (&) is shown in Figure 8. Above 100 K, the
thermoelectric power is constant with a value of about 6
uV deg . This behavior can be reproduced by the prediction
reported by Chaikin and Beni for the high-temperature limit
of the thermoelectric power in a system with a large Coulomb  Supporting Information Available: H NMR spectra of K[Co-
repulsion®? According to their paper, the high-temperature (1,2-NcCan)(CN);] in DMSO-ds and X-ray crystallographic files
limit of the thermoelectric powel§y(T—w), in a system for ~ in CIF format for Mg(1,2-Nc€4y)H,O- (acetonel3(benzene) and

hole conduction with a large Coulomb repulsion is as follows TPPIC'(1,2-NcCap)(CN)ol. This material is available free of
charge via the Internet at http:/pubs.acs.org.

S(T—w) = (kg/€) IN[2(1 — p)/p], IC0520622

wherekg is the Boltzmann constarg,is the absolute value (30) Seo, H.: Hotta, C.; Fukuyama, Bhem. Re. 2004 104, 5005.

(31) Hotta, C.; Ogata, M.; Fukuyama, Ahys. Re. Lett 2005 95, 216402.
(29) Whalley, M.,J. Chem. Sacl961, 866. (32) Chaikin, P. M.; Beni, GPhys. Re. B 1976 13, 647.
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