Inorg. Chem. 1992, 31, 4517-4523 4517

Preparation and Characterization of (Tetrabenzoporphyrinato)cobalt(II) Iodide, a Ring-Oxidized
Molecular Conductor
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Oxidation of (tetrabenzoporphyrinato)cobalt(II), Co(tbp), with iodine affords Co(tbp)I. The structure comprises
metal-over-metal columnar stacks of partially (one-third) oxidized Co(tbp) groups surrounded by chains of I~ ions.
Co(tbp)I crystallizes in the tetragonal space group D2, — P4/mec witha = 14.129 (3) A, c = 6.334 (1) A, V' = 1249
A3, and Z = 2. In contrast to (phthalocyaninato)cobalt(II) iodide, Co(pc)I, which shows metal oxidation and is
a metal-spine conductor, conductivity and thermoelectric power measurements on Co(tbp)I show that oxidation
occurs at the macrocycle; the charge carriers are holes in the five-sixths-filled band comprising overlapping p-=
orbitals from adjacent tbp rings. Reflectance spectroscopy measurements on single crystals provide an explanation
of why the tbp macrocycle is more readily oxidized: the p—= orbitals are higher in energy for Co(tbp)I than for
Co(pc)l. Ring oxidation of Co(tbp) leaves one spin on each Co2* ion. However, Co(tbp)I does not exhibit an EPR
signal associated with either the carriers or the Co?* (S = !/,) ions, and the magnetic susceptibility data yield a
Curieconstant of 0.039 (emu K)/mol, far less than expected for a linear chain of S = !/, spins. Inaddition, Co(tbp)I
does not have a measurable magnetoconductance, as would be expected from a system with conduction electrons
scattered by reorientable local moments. This is in contrast to Cu(pc)I, which also is ring oxidized with the metal
ionand carriers forming a spin-coupled system, but which shows both the full Curie constant (C = 0.4 (emu K)/mol)
for the Cu2* (S = !/,) ions and an EPR signal. Thus, spins in the Co?*(d,2) orbitals of a partially oxidized Co(tbp)
stack must exhibit antiferromagnetic coupling through direct or carrier-mediated interactions, or most likely both,

that is much stronger than in Cu(pc)l.

Introduction

Molecular conductors may be divided into two classes: organic
molecular metals that conduct through overlapping p-= orbitals!
and linear-chain metal-spine conductors that transport charge
through metal-based d,: orbitals.2 In the chemically versatile
but structurally similar porphyrinic molecular conductors, M(L)-
A,, charge transport is introduced by partial oxidation of the
M(L) moiety.>-13 The site of oxidation, and thus of charge
transport, can be changed by tuning the local electronic structure

of M(L) through incorporation of different transition metals into
the same macrocycle. For example, both Ni(pc)I and Cu(pc)l
are (one-third) ring-oxidized conductors with charge transport
through the highest-occupied delocalized = molecular orbitals of
pc.>® However, Co(pc)l is partially oxidized at the central metal
with the result that conduction is through the overlapping d,:
orbitals.* Thus, replacing Nior Cuwith Coin M(pc)I compounds
changes the site of charge transport from ring-centered to metal-
centered. Furthermore, in the series of “alloys” Co,Ni,_(pc)!
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the site of oxidation shifts from the macrocycle to the metal as
x increases.’

The local electronic structure of M(L) compounds also can be
varied by employing different macrocycles, with porphyrins
generally being easier to oxidize than phthalocyanines. Therefore,
we sought to determine whether isostructural Co(L)I molecular
conductors that employ twodifferent macrocycles, but incorporate
the same metal ion, might yet exhibit oxidation at different sites.
Typically, oxidation of cobalt(II) porphyrins and phthalocya-
nines occurs at the cobalt site to afford [Co*(L)]*;!4 thus, metal
ion oxidation in Co(pc)l is not unexpected. However, Co(II)
porphyrins, such as (octaethylporphyrinato)cobalt(Il) (Co?*-
(OEP)), apparently undergo a one-electron ring-centered oxi-
dation to give [Co2*(OEP**+)][C10O47].1* Accordingly, would the
porphyrinstructural analogue of Co(pc), namely Co(tbp), exhibit
oxidation at the ring or metal ion when it is partially oxidized to
a molecular conductor? We have prepared Co(tbp)l, and we
find that unlike Co(pc)I it is oxidized at the ring by iodine to
form a ring-centered conductor that may be described formally
as [Co2*(tbp)]033+I;753;. These electronic structural features
that cause the differences between M(pc)I and M(tbp)l are probed
here with detailed UV-vis reflectance spectroscopic measure-
ments.

Experimental Section

Synthesis of Zn(tbp). Zinc acetate dihydrate was synthesized by the
reaction of zinc shot (AESAR, 99.9999%) with freshly distilled acetic
acid. Zn(tbp) was synthesized by the template cyclization of 2-acetyl-
benzoic acid with this zinc acetate dihydrate by the method of Vogler
and Kunkely,!6 but with a different purification process. Zn(tbp) was
extracted from the reaction mixture with pyridine and then recrystallized
from 1-chloronaphthalene.

Synthesis of H(tbp). Metal-free tbp was obtained by the demeta-
lation of Zn(tbp) in concentrated sulfuricacid. The sulfuricacid solution
of Zn(tbp) was neutralized by filtering it into a mixture of NH4OH and
ice. The resulting precipitate was washed with boiling water and dried,
before being extracted with 1-chloronaphthalene in a hot-extraction
apparatus.!” The resultant material, H,(tbp), obtained after cooling has
a blue-purple luster; its optical spectrum shows no trace of Zn(tbp). The
H,(tbp) is further purified by sublimation at 350 °C under vacuum (less
than 102 Torr). Anal. Calcd for CssH2aN4: C, 84.68; H, 4.34; N,
10.97. Found: C, 84.31; H, 4.24; N, 11.01 (Micro-Tech Labs, Inc.,
Skokie, IL).

Synthesis of Co(tbp). Co(tbp) was prepared by reaction of Ha(tbp)
with bis(acetylacetonato)cobalt(II) [Co(acac),] in refluxing l-chloro-
naphthalene. To 100 mL of 1-chloronaphthalene were added 500 mg
(0.98 mmol) of H,(tbp) and a large excess (~ 10 mmol) of Co(acac),,
and the mixture was refluxed overnight. After the solution was cooled,
the solid material was collected by filtration, washed in boiling water and
acetone to remove any unreacted metal salts, and then dried. The
sublimation of this material resulted in blue-purple crystals of Co(tbp)
(overall yields 70-95%).

Synthesis of Co(tbp)I. Solutions of Co(tbp) in either 1,2,4-trichlo-
robenzene or 1-chloronaphthalene were oxidized with a 20% excess of
molecular iodine inan H-tube equipped with a pressure-equalizing bridge.
After the metaliomacrocycle side of the H-tube was heated to 180-200
°C for 1 day, shiny dark-green needles of Co(tbp)I were collected by
filtration. Anal. Caled for Ci3sH0CoIN4: C, 62.27; H, 2.90; N, 8.07;
I, 18.27. Found: C, 62.27; H, 2.85; N, 7.94; I, 18.18.

Resonance Raman Spectroscopy. Raman spectra were obtained as
described previously.?!8
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Table I. Crystal Data and Experimental Details for Co(tbp)I

formula Ci6H20CoIN,
fw 694.4
space group D2,—~P4/mcc
a, A 14.129 (3)
c 6.334 (1)
v, A? 1249
zZ 2
temp, K 125

deaic, g/cm? 1.845 (125 K)
A(Cu Ka,) radiation, A 1.540 56
u, cm™! 157.3
transm factors 0.39-0.67
R(F ;) 0.085
Ru(F.2)° 0.120
R(F,)4 for F2 > 3a(F,2) 0.042
Ru(Fo)a for Ft > 3g(F,2) 0.055

@ R(FQ) = LIFe? - FA/LF2; Ru(Fe) = [Tw(Fot - FA)}/TwF A1/,

R(Fo) = Z"Fo|‘|Fcu/Z|F0| Ru(Fy) = [ZW'(|FO“|FC|)2/ZW/F ?]1/2, where
w = 1/0¥(F,?) and w’ = 4wF,2.

X-ray Diffraction Study. X-ray data from a single crystai of Co(tbp)I
were collected on an Enraf-Nonius CAD4 diffractometer at 125 K. An
initial search produced a tetragonal cell, Laue symmetry 4/mmm, with
cell constants a = 14.129 (3) A and ¢ = 6.334 (1) A, essentially the same
as those of Ni(tbp)L.6 Systematic absences were observed for the
reflections Akl and Ok/ with / odd, consistent with the space groups P4/
mcc and P4cc. We have previously reported a series of isostructural
compounds of the formula M(L)I, where L = pc, tatbp, and tbp, that
crystallize in space group P4/mcc. 3245267 We therefore chose D3, -
P4 /mcc as the space group for Co(tbp)I and, not surprisingly, the struc-
ture refined successfully. Intensity data were collected by the 6-26
scan technique and were processed by methods standard in this labora-
tory.'® No systematic change was observed in the intensities of six stand-
arcreflections measured every 3 h of X-ray exposure time. A totalof2351
reflections were observed. After correction for absorption, these were
averaged to yield 720 unique data, of which 486 had Fy? > 30(Fo?).
Experimental details are summarized in Table I. Further details are
given in Table SI.20

The Patterson map calculated for Co(tbp)I was essentially identical
to those calculated for the previous M(L)I compounds. We therefore
used the atomic positions of Cu(tatbp)I as a starting solution. The initial
isotropic least-squares refinement on F yielded values of Rand Ry, 0of 0.11
and 0.12, respectively. Introduction of anisotropic thermal parameters
reduced these to 0.043 and 0.055, respectively. All hydrogen atoms were
located on a difference electron density map and their positions were
idealized (C-H = 0.95 A) and not varied. Each hydrogen atom was
assigned a thermal parameter 1 A2 greater than the equivalent isotropic
thermal parameter of the carbon atom to which it is bonded. The final
refinement was carried out on Fs? and involved 65 variables and all 720
unique data. This refinement converged to the agreement indices given
in Table I. Final positional and equivalent isotropic thermal parameters
aregivenin Table II. Table SII presentsanisotropic thermal parameters.2°

Single-Crystal Reflectance Spectroscopy. Polarized specular reflec-
tance spectra were obtained with the use of an instrument described in
detail elsewhere.2! Spectra were recorded from the (010) face of Co-
(tbp)I with the electric vector aligned either parallel or perpendicular to
the needle (¢) axis of the crystal. For each spectrum, 400 data points
were collected between 215 and 850 nm. Collection at each data point
proceeded until the sample mean had a 99% probability of being within
1% of the population mean. These spectra were averaged once the data
were corrected for percent reflectivity relative toan NIST standard mirror.
For Kramers—Kronig analysis?2.2? reflectivities beyond our experimental
range were obtained from literature values for the infrared?# region and
were approximated for the vacuum ultraviolet region so as to produce
baselines approaching zero absorbance in regions known to have no ab-
sorbance in related systems in the vaporstate.24 Deconvolution was carried
out with an interactive Gaussian and Lorentzian analysis procedure.
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Table II.  Positional and Equivalent Isotropic Thermal Parameters®
(A?) for Co(tbp)I

atom x y z B

I 1/ /2 /s 287(3)
Co 0 0 0 1.04 (4)
N 0.127 32 (34) 0.059 22 (35) 0 1.0(1)
Cc) 0.148 39 (41) 0.154 47 (41) 0 1.1(2)
C(2) 0.249 55 (43) 0.170 23 (40) 0 1.0(1)
C(3) 0.305 30 (48) 0.251 15 (44) 0 1.8 (2)
C(4) 0.402 43 (46) 0.240 39 (47) 0 1.8 (2)
C(5) 0.443 07 (43) 0.150 90 (47) 0 2.1(2)
C(6) 0.388 98 (43) 0.070 29 (47) 0 1.6 (2)
C(N 0.290 90 (43) 0.080 12 (41) 0 1.2(1)
C(8) 0.213 52 (40) 0.014 23 (41) 0 1.2(2)
C(9) 0.082 90 (43) 0.225 49 (40) 0 1.3(2)
H(1)C(3) 0.277 0314 0 2.7
H1)C@4) 0.444 0.296 0 2.7
H(1)C(5) 0.511 0.145 0 3.1
H(1)C(6) 0.418 0.008 0 2.6
H(1)C(9) 0.107 0.290 0 22

a Beq = (81rz/3)Z,ZjU,ja,"aj‘a,~a,-.

Charge Transport Measurements. Single-crystal conductivity mea-
surements on Co(tbp)l were performed, as described elsewhere,? by
means of a low-frequency four-probe ac technique on crystals that typically
were 2~3 mm long and 0.02-0.05 mm wide. The magnetoconductance
of single crystals was measured over a temperature range 300-3 K and
fields up to 5 T through use of a low-frequency four-probe ac method?2é
and a Quantum Design SQUID susceptometer.

The technique used for measuring thermopower was similar to that
described by Chaikin and Kwak.2” A slow alternating temperature
gradient witha maximum temperature drop of less than 1 K was employed
along the needle-shaped crystals. The thermopower, S, was measured
against that of pure gold, the contact material being Pd paint. All data
were corrected for the thermopower of gold.

Electron Paramagnetic Resonance Measurements. EPR spectra atca.
9 GHz were obtained on a modified Varian E-4 spectrometer. Spectra
were recorded at ambient temperature and 77 K.

Magnetic Susceptibility Measurements. Static magnetic susceptibility
measurements were taken from 220to 1.85 K witha SHE VTS-10SQUID
susceptometer. Sample holders made of high-purity Suprasil quartzwere
employed. The background was obtained over the full temperature range
just prior to measuring the sample. Calibration of the instrument was
routinely checked with Au as a standard. Sample sizes varied from 15
to 40 mg.

Results

Preparation and Purification of Zn(tbp) and Co(tbp). Until
now, the synthesis of Zn(tbp) has been plagued by the presence
of a porphyrin-like impurity regardless of the synthetic route and
despite extensive purification.?? The unidentified impurity has
a distinct peak at 460 nm in the UV-vis spectrum, to the red of
the peak at 433 nm. Recrystallization of Zn(tbp) from 1-chlo-
ronaphthalene virtually eliminates the 460 nm peak (Figure
1A,B). Demetalation of Zn(tbp) and remetalation yield Co-
(tbp), whose solution spectrum shows characteristic peaks for
metallotetrabenzoporphyrins at 404, 426, and 612 nm,2® but
nothing at 460 nm.

Resonance Raman Spectroscopy. The resonance Raman
spectrum of polycrystalline Co(tbp)I at room temperature exhibits
asharpfundamental peakat 110cm-! withan overtone progression
of peaks at 216, 320,and 428 cm™!. This pattern is characteristic
of linear chains of symmetrical triiodide ions.?? The absence of
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400 450 500 550 600 650
Wavelength (nm)
Figure 1. UV-visible spectra of Zn(tbp) in 1-chloronaphthalene (A)

before and (B) after recrystallization from 1-chloronaphthalene. Note
the decrease in the intensity of the peak at 460 nm, as shown by the lines.

any observable peaks having an intensity larger than that of the
overtone band at either 167 or 212 cm™! eliminates Is~ or I, as
the predominant form of iodine in this material. By analogy with
Ni(pc)1,% for which 12°T Méssbauer experiments provided no
evidence for the presence of I, we conclude that the proper
formulation of Co(tbp)I is {Co(tbp)]®33+[I3~]p 33, With partial
oxidation of !/, electron per metallomacrocycle.

Description of the Structure. The structure of Co(tbp)I is
essentially identical to those of H,(tbp)I, Ni(tbp)], and other
M(L)I molecular conductors.’a4.52.67.30 Tt comprises columns of
Co(tbp) cations surrounded by chains of I;~ anions. These Co-
(tbp) units have crystallographically imposed 4 /m symmetry and
are thus constrained to be planar. The cations stack metal-over-
metal with their molecular planes normal to the ¢ axis and
separated by ¢/2 = 3.167 (1) A. This is to be compared with the
separation of ¢/2 = 3.123 (1) A for Co(pc)I.# The two rings in
the unit cell of Co(tbp)I are staggered by 40.3 (7)°, similar to
the values found in Co(pc)I and the other M(L)I compounds.
The anion chains lie within the channels formed by the benzo
groups of the Co(tbp) cations and run parallel to the ¢ axis.

A drawing of the Co(tbp) cation with labeling scheme is shown
in Figure 2. Table III summarizes the intramolecular bond
distances and angles determined for Co(tbp)I at 125 K. The
central hole of the Co(tbp) cation is larger than that of Co(pc);
the Co-N, Co-C(1), Co—C(8), and Co-C(9) bond distances are
0.066 (6), 0.086 (10), 0.087 (10), and 0.028 (10) A greater than
their Co(pc) counterparts. Inaddition, the methine bridge angle
[C(1)~C(9)—-C(8)] is 5.6 (7)° greater than the corresponding
azomethine bridgein Co(pc). Apparently, the lone-pair electrons
on the methine nitrogen atom have a greater steric effect than
does the methine hydrogen atom, and this leads to the contraction
of theazomethine bridge angle.3! Similar comparisons have been
made between Ni(tbp)I and Ni(pc)l. All bond distances and
angles in the Co(tbp) cation agree with those found for the Ni-
(tbp) cation in Ni(tbp)I within experimental error.

The iodine atom is on a site of 422 symmetry. Its root-mean-
square amplitude of vibration along the chain direction is 3 times
that perpendicular toit. This has been observed in all the M(L)I

(30) Murata, K,; Liou, K. K.; Thompson, J. A.; McGhee, E. M.; Hoffman,
B. M,; Ibers, J. A. Manuscript in preparation.
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Figure 2. Drawing of the Co(tbp) cation with labeling scheme. Thermal
ellipsoids are drawn at the 50% level. Hydrogen atoms have been omitted
for clarity.

systems studied to dates#52.6728.3032 apd is a manifestation of
ordered chains of I;-ions that are disordered with respect to their
neighbors. A detailed analysis of the diffuse X-ray scattering
arising from this disorder has been made.32:3

Single-Crystal Reflectance Spectroscopy. Because the high
extinction coefficients for Co(tbp)1 prevent the use of absorbance
techniques for electronic spectroscopy, we have used polarized
specular reflectance spectroscopy. Theenergy of metal-to-ligand
and ligand-to-metal charge-transfer transitions have been shown
to be dependent upon the nature of the central metal.’*3* From
these measurements, we can determine the relative energies of
the metal- and ligand-based orbitals near the Fermi level; these
in turn have a direct influence upon the site of partial oxidation
in this class of materials. Polarized specular reflectance spectra
for a single crystal of Co(tbp)I are shown in Figure 3. Corre-
sponding absorbance spectra obtained through Kramers—Krdnig
analysis of the reflectance data are shown in Figure 4a,b.

(i) Parallel Polarization. The spectrum obtained with the
electric vector parallel to the ¢ axis is shown in Figure 4a. Since
the molecular planes are perpendicular to c, this is the “out-of-
plane” direction. Gaussian deconvolution gave a better fit to
well-resolved peaks than did Lorentzian deconvolution. It was
initiated with two transitions associated with the triiodide anions.
In M(pc)I compounds?334 there are two I;~ transitions polarized
parallel to the needle axis that occur at ca. 20 000 and 30 000
cm™'. These absorptions, which have been assigned to the lZg -
'3,* transition and a spin—orbit component, respectively, are
indicated as bands D and F in Figure 4a.

An additional transition recently assigned occurs at 25 500
cm! (band E).3*3% Although nosuch band appearsin the solution
absorption spectra of I3, similar transitions around 24 000 cm™
appear as shoulders in the absorption spectra of crystalline [N (-
Bu);] I3, (benzamide)»HI;, and (caffeine)-H,O-HI;.36 Thus, this
band is tentatively ascribed to the triiodide chain in the solid-

(32) ISlt‘anton, J. L. Ph.D. Dissertation, Northwestern University, Evanston,
, 1985,

(33) Heagy, M. D.; Rende, D. E.; Shaffer, G. W.; Wolfe, B. W.; Liou, K;
Hoffman, B. M.; Musselman, R. L. Inorg. Chem. 1989, 28, 283-286.

(34) Rende, D. E.; Heagy, M. D.; Heuer, W. B.; Liou, K.; Thompson, J. A.;
Hoffman, B. M.; Musselman, R. L. Inorg. Chem. 1992, 3/, 352-358.

(35) (a) Liang, X.; Flores, S.; Ellis, D. E.; Hoffman, B. M.; Musselman, R.
L. J. Chem. Phys. 1991, 95, 403-417. (b) Liang, X.; Flores, S.; Ellis,
D. E. Unpublished results.
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state environment of the M(tbp)I system, as has been done for
the M(pc)I system.3¢

By analogy with Co(pc)l, we assign bands A and G to the
metallomacrocycle-based out-of-plane a,4(d,2) = a;,(p;,#*) and
3by(7) — byy(dse,2) transitions, respectively. Significantly,
band A at 18 000 cm™!, is biue-shifted by 4000 cm~! compared
to the corresponding band in the spectrum of Co(pc)I, while band
G at 36 000 cm™! is red-shifted by 4000 cm™. As Co(pc)I and
Co(tbp)I are isostructural, these spectral differences must arise
primarily from differences in the electronic structures of the
constituent Co(pc) and Co(tbp) molecules. Indeed, it is possible
to rationalize the observed shifts with qualitative ligand-field
and molecular-orbital arguments. Because the central cavity of
the tbp ring is larger than that of the pc ring, ligand-field
arguments predict that the a;4(d;?) and b;4(d;2-,2) molecular
orbitals of Co(tbp) should be slightly lower in energy than the
corresponding orbitals of Co(pc). The substitution of less
electronegative methylene carbon atoms in the pyrrole-bridging
positions is expected to raise the energies of tbp x-MO’s having
significant contributions from these sites relative to the corre-
sponding MO’s of pc. Thus, the a;5(d;2) — a3 (p,x*) transition
of Co(tbp)I should be at a higher energy than that of Co(pc)l,
and the 3by(7) — bjz(d,2,2) transition should be at a somewhat
lower energy. These results confirm the results of Liang et al.**
that thereis a general increase in the energies of the ligand-based
w-bands of tbp relative to those of pc; this effect perhaps is
responsible for raising the highest occupied =-band in Co(tbp)I
above the lowered level of the a;;(d;?) band sufficiently to lead
to ligand-based conduction upon partial oxidation (vide infra).

(ii) Perpendicular Polarization. The visible region of the
spectrum with E perpendicular to ¢ (in-plane) in Figure 4b shows
a characteristic pair of peaks around 15 000-20 000 cm™!, The
lower energy peak, Q, at 16 400 cm™! is equivalent to one at
~15500 cm™! in the M(pc)I series and generally has been
accepted as aju(m) — € (w*). 243338 A 2a;,(x) — Tey(x*)
transition is calculated to lie at 15 136 cm™! in Ni(tbp);3" as the
corresponding peak positions for Co(pc)I and Ni(pc)I are within
100 cm™! of each other, it is reasonable to assign peak Q as 2a;,-
(7) — Teg(n*). The accompanying peak R at 18 300 cm™! is
assigned as primarily 5a;u(7) — 7eg(7*); this transition appears
at20 710cm! ina Ni(tbp) calculation,**? soit is again reasonable
to correlate peaks for M = Ni and Co, by following the example
of the M(pc)I series.

The intense peak B at 27 250 cm™! corresponds to the Soret
band in solution spectra. Recently, this band has been reassigned
in M(pc) compounds as being primarily 6eg(m) — 4by,(7*),43
with minor contributions from several much weaker transitions.
The assignment of the B band for porphyrins had been based
upon a “four-orbital model 243 in which accidentally degenerate
a;,—¢gand a,, — ¢; transitions undergo configuration interaction
(CI) toproduce two peaks: Qat ~ 15 000cm™! and Bat ~ 30 000
cm!. An equivalent approach for phthalocyanines sets the a;,
and a,, orbitals at energies ~ 15 000 cm~! apart, thus eliminating
CI, and attributes the Soret band solely to an ay,(7) — ex(x*)
transition. Our determination that the Soret band of M(pc)
compounds is not an ay, — ¢, transition calls into question the
application of the four-orbital model to Co(tbp). Calculations
on Ni(tbp) predict several transitions around 27 000 cm-!, the
strongest being 6e,(w) — 4b,,(x*).3%® Othersinclude 2b;, — 7¢,
and 4a,,— Te;. The 6ey(w) — 4b,y,(=*) transition also was found
to be the major contributor to the Soret band in the M(pc)
compounds.?®® We thus tentatively assign band B as being

(36) Mizuno, M.; Tanaka, J.; Harada, 1. J. Phys, Chem. 1981, 85, 1789-
1794,

(37) Chen, 1. J. Mol. Spectrosc. 1967, 23, 131-143.

(38) (a) Schaffer, A. M.; Gouterman, M.; Davidson, E. R. Theor. Chim.
Acta 1973, 30, 9-30. (b) Schaffer, A. M.; Gouterman, M.; Davison,
E. R. Theor. Chim. Acta 1972, 25, 62-82.

(39) Basu, S. Ind. J. Phys. 1955, 28, 511-521.
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Table III.  Bond Distances (A) and Angles (deg) for Co(tbp)I

Inorganic Chemistry, Vol. 31, No. 22, 1992 4521

bond distance? avt bond distance av
Co-N 1.984 (5) C(2)-C(3) 1.388 (9)
C(6)-C(7) 1.393 (8) 1.391 (9)
N-C(1) 1.378 (7)
N-C(8) 1.374 (7) 1.376 (1) C(3)-C(4) 1.381 (9)
C(5)-C(6) 1.372 (9) 1.377 (9)
C()-C(2) 1.447 (8)
C(7)-C(8) 1.436 (8) 1.442 (8) C(4)-C(5) 1.389 (9)
C(2)-C(7) 1.401 (8) C(9)-C(1) 1.365 (8)
C(9)-C(8) 1.383 (8) 1374 (8)
Co-Co’ 3.167 (1)
type angle av type angle av
N-Co-N’ 180 C(1)-C(9)-C(8) 125.6 (6)
Co-N-C(1) 127.4 (4) N-C(1)-C(9) 124.9 (6)
Co-N-C(8) 127.5 (4) 127.5 (4) N-C(8)-C(9) 124.6 (5) 124.7 (6)
C(1)-N-C(8) 105.1 (5) N-C(1)-C(2) 111.3(5)
N-C(8)-C(%) 112.0 (5) 111.7 (5)
C(9-C(1)-C(2) 123.8 (5) C(3)-C(2)-C(T) 120.8 (5)
C(9)-C@B)-C(T 123.4 (5) 123.6 (5) C(6)-C(7)-C(2) 120.4 (6) 120.6 (6)
C(1)-C(2)-C(3) 133.4 (6) C(2)-C(3)-C4) 118.2 (6)
C(6)-C(7)-C(8) 133.9 (6) 133.7 (6) C(5)-C(6)-C(T) 118.1 (6) 118.2 (6)
C(1)-C(2)-C(7) 105.8 (5) C(3)-C(4)-C(5) 120.7 (6)
C(2)-C(1)-C(®) 105.8 (5) 105.8 (5) C(4)-C(5)-C(6) 121.7 (6) 121.2(7)

2 Angle between two Co(tbp) units in the cell, 40.3 (7)°. ¢ Average values are weighted. Theerror is taken to be the larger of the unweighted estimated
standard deviation of a single observation and that estimated from the inverse matrix.
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Figure 3. Polarized specular reflectance of Co(tbp)l: (—) parallel to
needle (out of plane); (- - -) perpendicular to needle (in plane).

primarily 6eg(m) — 4by,(7*) with contributions from 2b;,(7) —
Teg(n*) and 4a,,(w) — Teg(x*). The structure on peak B we
believe to be instrument noise because the corresponding peaks
in M(pc)I compounds3334 and preliminary spectra on Ni(tbp)I,
H;(tbp)I, and Cu(tbp)I show no structure.#® The peaks labeled
N, L, and V fall in the region in which at least five moderately
intense (0.14 < £ < 0.51) transitions are predicted for Ni(tbp):
6eg— 3byy, 6e;— 6ay,, Seg— 3byy, 2a;, — 9e;,and 2b;, — e, 35°
Presumably, these five contribute to much of the intensity in this
region.

Conductivity. The room-temperature conductivity (ort) of
Co(tbp)I is comparable to that of other ligand-centered =-
conductors (500 ©-! cm~1)3526 and is 10 times that of Co(pc)L.*
Asthe temperature is lowered, the conductivity initially increases
in a metallic fashion (de/dT < 0, for 300 > T > 170 K) as does
that of the M(L)I (M = Ni, Cu, “H;”) ring-oxidized conductors
(see Figure 5). In contrast, for the isostructural analogue Co-
(pe)l, which is a metal-spine semiconductor, o(T) decreases in
a roughly linear fashion from ot =~ 50 Q! cm™! as the tem-
perature is lowered.* Thus, the conductivity data place Co(tbp)I
with the ring-centered conductors, rather than with Co(pc)I. The

(40) Rende, D. E.; Heagy, M. D.; Musselman, R. L. Manuscript in
preparation.
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Figure 4. (a) Out-of-plane absorbance from specular reflectance of
Co(tbp)I: (—) experimental; (- - -) Gaussian deconvolution. (b) In-
plane absorbance from specular reflectance of Co(tbp)l: (—) experi-
emntal; (- - -) Gaussian deconvolution.

occurrence of a conductivity maximum at a relatively high tem-
perature (7. ~170 K)*' we attribute to scattering of the
conduction electrons by the interaction with the local moments
of the Co?* spins. This type of strong spin—spin interaction has
been seen in Cu(pe)l, as well as in Cu,Ni)_(pc)I alloys.>10
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Figure5. Temperaturedependence of the conductivity along the stacking
axis for a single crystal of Co(tbp)I (O) and the thermoelectric power
(®) of Co(tbp)l. The solid line is present only to guide the eye.

To investigate further the charge transport properties of Co-
(tbp)I, we attempted to measure the transverse magnetocon-
ductance. Ifanexternal magnetic field could partially orient the
local moments, this would diminish the scattering of the conduction
electrons and increase the conductivity. However, the application
of a 5-T field did not result in a detectable change in the
conductivity (Ag/g < 0.02) at any temperature between 3 and
300K. Weattribute thelack of magnetoconductance tocoupling
between the local moments of Co2* that is much greater than the
electron Zeeman energy at 5 T (~5 cm™).

Thermoelectric Power. Thermoelectric power measurements
confirm that Co(tbp)I is a ring-oxidized molecular metal. The
temperature dependence of the Seebeck coefficient (S) in the
range 80-300 K is shown in Figure 5. The room-temperature
value is about +50 V/K and decreases linearly to +20 V/K at
80 K. This behavior is similar to that of other ring-oxidized
M(L)I conductors, such as Ni(pc)I*¢and Cu(pc)I,% both of which
exhibit a positive thermopower and a linear temperature depen-
dence. Such a well-behaved and positive thermopower in these
cases indicates that the charge carriers are holes in the more than
half-filled pr-ligand orbital band: the one-third oxidation per
doubly filled macrocycle HOMO corresponds to a r-band five-
sixths-filled with electrons, which is equivalent to one-sixth hole
filling. In contrast, if oxidation were to occur at the metal, the
d,: band would be half-filled before oxidation. After oxidation
of 1/ electron per metal, the d,: band would be one-third filled
with electrons. The conductivity of a less than half-filled band
is associated with the electrons, and the thermopower would be
negative. This behavior is in fact seen for Co(pc)I.

In the tight-binding model], the thermopower for a one-
dimensional metal varies linearly with temperature, as seen in
Figure 5, and may be written*? (neglecting correlation effects)
as

21r2(ka)kBT cos (1p/2) . W(e)]
S=— =)= + = 1
e )W hin (o) 2 0§

where p is the number of conduction electrons per molecule,
is the bandwidth, and 7(¢) is the carrier scattering time (and
energy derivative) at the Fermi level, Er. For simple phonon-
scattering, the two terms in the bracket are equal. If we take this

(41) (a) For Co(tbp)I, the conductivity normalized to the room-temperature
value can be fit with the expressioné!t g,(T) = 4T exp(-4,/(kT)) for
300 > T > 50 K, yielding « = 0.92 and A,/k = 169 K. However, the
model that led to this equation and the corresponding interpretation is
not relevant here. (b) Epstein, A. J.; Conwell, E. M.; Sandman, D. J;
Miller, J. S. Solid State Commun. 1977, 23, 355~-358.

(42) Chaikin, P.M.; Greene, R. L.; Etemad, S.; Engler, E. Phys. Rev. B 1976,
13, 1627-1632.
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Figure 6. Bulk magnetic susceptibility x (emu/mol) vs 7. Inset: plot
of x~' vs T over the range 2 < T < 50 K.

to hold, then eq 1 gives W = 1.3 eV, similar to the value for
M(pc)I, M = Ni, Cu.3#% However, this model requires that
S(T) extrapolate to zero at 0 K. Because this behavior clearly
is not followed (Figure 5) and because the dominating scattering
mechanism is unknown, the derived value of Wshould be regarded
with caution.

Magnetic Measurements. The static magnetic susceptibility
of Co(tbp)I, measured at 220 K and corrected for the diamag-
netism of the ring and the metal, is 7.8 X 10 emu/mol. The
temperature dependence of the susceptibility has been measured
between 1.85 and 220 K (Figure 6). In the range from 220 to
50 K, the susceptibility is nearly temperature independent, x =
8 X 10*emu/mol, similar to the behavior of ring-oxidized M(L)I
compounds where the divalent metal is diamagnetic, for example
Ni(L)[.3¢ As the temperature is lowered below T ~ 50 K, the
susceptibility data show an additional Curie-Weiss contribution
with € = 0.039 (emu K)/mol and 8 = 0.39 K.#3

Because oxidation of the ring leaves one S = !/, Co2* ion per
site, one might expect the high-temperature magnetic suscep-
tibility of Co(tbp)I to be similar to that for the ring-oxidized
materials Cu(L)I, L = pc, tatbp, which is described by a
temperature-independent Pauli susceptibility associated with the
organic charge carriers and a temperature-dependent Curie-
Weiss contribution with a measured Curie constant of C = 0.402
(emu K)/mol, as expected for a linear chain of Cu?* (S =1/;)
spins.>” However, the magnetic susceptibility of Co(tbp)Iis very
different. The value of C for Co(tbp)I of 0.039 (emu K)/mol
is approximately one-tenth the expected value for a chain of Co2*
(S = !/,) ions. We interpret the reduced susceptibility for Co-
(tbp)Iasresulting from strong antiferromagnetic coupling among
the spins of the cobalt ions, as is also suggested by the absence
of a detectable magnetoconductance. Thiscoupling likely reflects
a combination of direct overlap between neighboring spins in the
half-occupied Co (d,2) orbitals, along with long-range, indirect,
carrier-mediated coupling. The Curie tail could result from crystal
defects or impurities that leave uncoupled Co?* sites or from the
defects and impurities themselves.*4*5 Most likely, the coupling
in Co(tbp)I is stronger than that in the Cu(L)I compounds (L
= pc, tatbp) because the unpaired electron on Cu?* is in the
in-plane d,:_,> orbital whereas the unpaired electron on Co?* is
in the out-of-plane d,. orbital. There can be very little overlap
of adjacent d,z_,2 orbitals, separated by ~3.2 A.

The EPR spectrum of Co(tbp)I at ambient temperature shows
a single weak signal at g = 2.00, with a line width I' =~ 4 G, as

(43) Magnetic susceptibility data for 1.9 < T < 50 K were fit to the Curie—
Weiss law plus a Pauli term, x = C/(T - 8) + xp.

(44) Diel, B. N.; Inabe, T.; Lyding, J. W.; Schoch, K. F.; Kannewurf, C. R.;
Marks, T. ). J. Am. Chem. Soc. 1983, 105, 1551-1567.

(45) Delhaus, P.; Coulon, C.; Flandrois, S.; Hilti, B.; Mayer, C. W.; Rihs,
G.; Rivory, J. J. J. Chem. Phys. 1980, 73, 1452-1463.
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seen in Co(pc)l.4 Spectra recorded at 77 K do not show any new
features. Since the intensity of the EPR signal from Co(tbp)I
isapproximately !/ o00th of that from Ni(pc)I, where it isassigned
tothecarrier spins, weassign the signal to impurities and conclude
that both the intrinsic charge carriers and Co?* spins are EPR
silent.

Discussion

We have shown previously that changing the central metal
from Ni or Cu to Co in the M(pc)I system causes a dramatic
change in charge-transport properties. The charge carriers in
Ni(pc)I and Cu(pc)l are holes that propagate through the highest-
occupied delocalized orbitals of pc.’»5 However, the charge
carriers for Co(pc)I are electrons, and charge transport is along
the Co metal spine.* The present investigation examines the
influence of the isostructural change from the pc to the tbp mac-
rocyclic ligand. The conductivity and thermoelectric power
measurements show that Co(tbp)1is a ligand-centered conductor,
unlike Co(pc)I. The change from partial metal oxidation in Co-
(pc)I (formally Co?33*) to ring oxidation in Co(tbp)I (formally
Co?*) undoubtedly occurs because the porphyrin ring is easier
to oxidize than is the phthalocyanine ring. Comparison of the
single-crystal reflectance spectroscopy for Co(pc)I and Co(tbp)!I
shows that the pr-orbitals for Co(tbp)I are somewhat higher in
energy than are the corresponding orbitals for Co(pc)I. The
energy difference is enough to elevate the pr-HOMO above the
metal-based d,: orbital in Co(tbp)I and to cause partial oxidation
to occur at the ring, not the metal ion. Calculations of energies
for several M(pc)I compounds and for Ni(tbp)I confirm that
pr-bands are lower in energy for Ni(tbp)I relative to Ni(pc)I.3
Other M(tbp)I crystals currently are being studied spectroscop-
ically, and it is expected that systematic correlations in the M-
(tbp)I series will be found.

Partial oxidation at the macrocycle ring to form an M(L)I
conductor leaves 1 electron in the d,z orbital of the metal ion for
M = Co and 1 electron per d,»,2 for M = Cu. In both cases, as
well as in Cu,Ni;_.(pc)I alloys, the spins on the metal ion spine
are coupled by a combination of direct interaction between
adjacent spins and indirect carrier-mediated long-range inter-
actions. However, the data presented here show that Co—Co
couplings are far stronger than are Cu—Cu couplings. Clearly,
direct M—M interactions should be stronger for the out-of-plane
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d,: orbitals of Co?* than for the in-plane d,=_,» orbitals of Cu2*,
This by itself may explain the fact that the Cu?* ions show nearly
their full Curie contribution,>” whereas the Co—Co couplings are
sufficiently strong to render the Co?* ions essentially nonmagnetic.
Studies on MNi,_.(tbp)I alloys, where M = Co and Cu, would
be required to determine whether the long-range couplings are
greater for M = Co as well. Here, the interaction arises from
d-w coupling, and its relative strength in the two cases is difficult
to predict. Intramolecular d-= coupling is predicted by Liang
et al. to be greater for M = Cu.3%2 However, intermolecular
coupling between d and = bands for k > 0 should be greater for
M = Co.%6

The strong coupling among the Co?* spins of Co(tbp)I explains
the absence of magnetoconductance, the suppressed susceptibility,
and the lack of an EPR signal. We have nonetheless proposed
that scattering of the itinerant carriers by the local moments
accounts for the minimal increase in conductivity from 300 to
170K and for the relatively high temperature of the conductivity
maximum (Tmax = 170 K) compared to other ring-oxidized,
metallic conductors. For this to be consistent with the absence
of magnetoconductance implies that the carriers are scattered by
coupling to modes that are not thermally excited.
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