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Structural, Electrical, Magnetic, and Spectroscopic Properties of Ring-Oxidized Molecular
Metals Produced by lodination of Metal-Free and Nickel Tetrabenzporphyrins

Introduction

We have extensively studied quasi one-dimensional molecular
metals based on porphyrin moleculed? When the central
metals and ligands are changed, the electrical, magnetic, an
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Detailed studies of the structure, conductivitity, magnetoresistance, optical spectra, and magnetic properties
(susceptibility, EPR) for the new molecular metal tetrabenzporphyrin iodiglgbh)) and the electrical, spectral,

and magnetic properties of Ni(tbp)l are reported. Paramagnetic transition-ion impurities were carefully excluded
during the synthesis of #tbp)l and Ni(tbp)l, and both materials show much higher, metal-like conductivites
than previously seen for less-pure Ni(tbp)l. Comparison of the specular reflectance data for Ni(tbp)(tepy H

allows a distinction between purely ringrtransitions and metal-involved charge-transfer transitions, and the
spectra fix the energy levels of theorbitals involved in conduction. Transport, magnetic, and optical properties
show that both K{tbp)l and Ni(tbp)l are ring-based conductors that have metal-like conductivities, varying as
~1/T, down to ca. 36-40 K. However, the remaining level of defects is higher in the tbp conductors than in
Hx(pc)l, and whereas the latter is metallic down to the mK temperature range, the defects in the (tbp) compounds
localize the conduction electrons atLl0 K (Ni(tbp)l) and~30 K (Hx(tbp)l), leading to transport through one-
dimensional variable-range hopping. EBRalues for H(tbp)l and Ni(tbp)l are close to that for the free electron

and are nearly temperature-independent. The line widths for both samples are extremely narrow and also are
nearly temperature-independent. These results show that Ni(tbp)l does not display doubly-mixed valence, as
thought earlier: Paramagnetic impurities significantly altered the EPR signals of the prior samp(dsp)IH
crystallizes in the space grolg/mccwith cell constants oé = 14.173(10) A and = 6.463(4) A. Full-matrix
least-squares refinement of 63 variables gav&Ramdex of 0.061 orF,2

spectral properties are significantly modified. For example,
negative thermoelectric power for Co(pc)l GFghthalocyanine)
suggests that Co(pc)l is a metal-centered conductor where the
o dz orbital is the path for conduction electroffsln contrast,
d’p:ositive thermoelectric power for Co(tbp)l shows that oxidized
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tbp rings are the pathway for conduction electréhsThis is
because it is easier to ring-oxidize (tbp) than (pc). We have
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the identity of the macrocyck®:26 In particular for Co, the
orbitals are higher in energy for Co(tbp)l than for Co(pt)I
and the HOMO for the former is & rbital not the metal
orbital. Thus Co(tbp)l is a ring conductor as are the Ni(pc)l

and Cu(pc)l, rather than a metal-spine conductor as is Co(pc)I.

Recent calculations that compared Ni(tbp)l with several M(pc)l
compound¥’ predict that the P levels should beower in
Ni(tbp)l than in Ni(pc)l, raising the possibility that they may
be below the metal zZllevel and that Ni(tbp)! will be a metal-
spine conductor.

Murata et al.

specular reflectance data for Ni(tbp)l and(tp)l allows a
distinction between purely ring-transitions and metal-involved
charge-transfer (CT) transitions, and the spectra fix the energy
levels of thes-orbitals involved in conduction. Transport,
magnetic, and optical properties show that botltlbp)l and
Ni(tbp)! are ring-based conductors, and they exhibit high, metal-
like conductivities down to ca. 3040 K. However, the
remaining level of defects is higher than in(pic)l, and whereas
the latter is metallic down to the mK temperature range, the
defects in the (tbp) compounds localize the conduction electrons

We have recently found that electrical and magnetic properties at low temperatures, leading to transport through one-dimen-

of porphyrinic molecular metals are far more sensitive to organic

sional variable-range hoppirt§. Ni(tbp)l does not show doubly-

impurities, structural defects, and paramagnetic metal centersmixed valence, as thought earlier, where both Niatbitals

than we had appreciaté®l.In order to remove as many of these

and tbp rings are oxidized owing to the hopping of the

factors as possible, we revisited an early system, the phthalo-conduction electrons between thg drbitals and the ring$*

cyanines (pc’s), obtaining much higher purityx(pic)l and

Ni(pc)l. The maximum conductivity for single crystals of these
samples is about-56 times larger than for those reported
previously??=32 These “clean” background conductors enabled

us to study the effect of impurities on the electrical and magnetic

properties’® Organic impurities and structural defects act as

Paramagnetic impurities had significantly altered the EPR
signals of the prior samples.

Experimental Section

Zn(tbp). Zinc acetate dihydrate was prepared from ultrapure zinc
shot (Johnson Matthey, 99.9999%) and freshly distilled acetic acid.

sources of random potential and lead to a localized electronic Zn(tbp) was synthesized by the template cyclization of isoindolinone-

state34-36 Electrical conductivity is reduced in the localized
state and is limited by variable-range hoppfig® Paramag-
netic metal impurities, such as uCd', and Fé, also reduce
the conductivity of porphyrinic molecular metals but by a
different mechanism known as the Kondo efféct'?

We report here structural, electrical, bVis polarized

3-acetic acid with zinc acetate dihydrate by utilizing the method of
Edwardset al#” but excluding the purification process. Zn(tbp) was
extracted from the reaction mixture with pyridine and recrystallized
from 1-chloronaphthalene until the impurity peak appearing at 460 nm
in the optical spectrum was removed.

Ha(tbp). Metal-free tetrabenzporphyrin was obtained by the de-
metalation of Zn(tbp) in cold concentrated sulfuric acid saturated with

specular reflectance, and magnetic properties of the newhydrogen chloride gas. The sulfuric acid solution of Zn(tbp) was poured

molecular metal K{tbp)l, prepared in a manner similar to the
purer pc’s in order to avoid the contamination of paramagnetic
impurities. We also report a restudy of electrical and magnetic
properties for a sample of Ni(tbp)l having a much lower level
of paramagnetic impurities than befdfe®> Comparison of the
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onto ice in order to avoid the sulfonation of the tbp rings. The resulting
precipitate was washed with cold water and dried before extraction
with 1-chloronaphthalene with the use of a quartz Linstead hot-
extraction apparatéand a high-purity glass thimble (Whatman). The
material obtained after cooling the solution had a blue-purple luster,
and its optical solution spectrum showed no trace of Zn(tbp)tbid)

was further purified by sublimation under vacuum (less thar? Torr)

at 450°C. The overall yield was 7.9% from isoindolinone-3-acetic
acid.

Ni(tbp). Ha(tbp) was metalated with twice the stoichiometric amount
of 99.9985% NiC}-6H,O (Johnson Matthey) in a 10% quinoline/1-
chloronaphthalene solvent. The solution was refluxed in a fused-silica
vessel for 72 h and then cooled in an ice bath. The dark-purple Ni(tbp)
crystals that precipitated were removed by filtration and washed with
hot water and acetone. The progress of the metalation was followed
by UV—vis solution spectroscopy, and the reaction was repeated until
the peak at 666 nm in the UWis spectrum associated withy(tbp)
was removed. The resulting Ni(tbp) was sublimed twice in vacuum at
450°C. The yield from H(tbp) was 91%.

Ha(tbp)l and Ni(tbp)l. Single crystals of k{tbp)l and Ni(tbp)l were
grown by oxidizing H(tbp) and Ni(tbp), respectively, with a 20% molar
excess of 4 in 1-chloronaphthalene ata. 200 °C in shielded fused-
silica H-tubes. A higher temperature is needed to dissolve tbp as
opposed to pc. The silica tubes have an extra horizontal tube to equalize
the level of the solvent. If too much iodine is used, then thp is
overoxidized. Shiny dark-green crystals oftdp)! and Ni(tbp)l were
collected by filtration. Anal. Calcd for £H22IN4: C, 67.8; H, 3.49;

N, 8.78. Found: C, 69.0; H, 3.49; N, 8.68. Calcd fosolN4Ni:
C,62.28;H, 2.91; N, 8.07. Found: C, 62.07; H, 2.78; N, 8.13 (Nippon
Shokubai Central Research Laboratory, Osaka, Japan).

X-ray Diffraction Study of H ,(tbp)l. From Weissenberg X-ray
photographs, we assigned the(tdp)! crystals to Laue group dmm
of the tetragonal system. Systematic absences are consistent with the
space group®4/mccandP4cc. Agreement among Friedel paiiR{
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Table 1. Crystal Data and Experimental Details fop(Hbp)I Single-Crystal Polarized Reflectance SpectroscopyPolarized
PP specular reflectance spectra were obtained with an instrument described

?;mﬂ?a S::;Eszzoporphynn lodide in detail elsewherg& Spectra were rt_ecorded‘ from elongated faces
fw 637.51 ((100) and (010)) of both Ktbp)l and Ni(tbp)! with the electric vector
a A 14.173(10) aligned either parallel or perpendicular to the need)eakis of the
c, A 6.463(4) crystals. Since the macrocycle planes are aligned perpendicular to the
Vv, A3 1298 c axis (see below), parallel and perpendicular to the needle axis
V4 2 correspond to out of plane and in plane, respectively. For each spectrum
Qeare, g CNT3 1.631(3) 400 data points were collected between 215 and 850 nm. Collection
space group Dan2-P4/mcc at each data point for each individual spectrum proceeded until the
w, et 125 sample mean had a 99% probability of being within 1% of the
transmzcoeﬁ 0.8260.851 population mean. For each sample, three or four individual spectra
Ewocr:r:: I(é 2 8'281 were averaged once the data were corrected for percent reflectivity
Ron Fot\JNith F2 > 30(Fs) 0.039 relative to a NIST standard mirror. For Kramei§ronig analysi$?53

reflectivities beyond our experimental region were estimated in the
= 0.025 aftter correction for absorption) and successful refinement of infrared region from values for Ni(pc)l and Co(p&) and were

the structure Support the choice of space grm'ﬁ_le_/mcc Least- apprqximated in the vacuum ultraviolet and beyond SO as to produce
squares refinement of 14 reflections centered on a Picker diffractometerbaselines approaching zero absorbance in regions known to have no
yielded cell constants af = 14.173(10) A andt = 6.463(4) A ¢(Mo absorbance in related systems in the vapor state. Deconvolution was

Kay) = 0.7093 A). In addition to the normal Bragg scattering, diffuse carried out with an interactive Gaussian and Lorentzian program
scattering was observed, similar to that found in the Ni(tbp)l and Ni(pc)l (‘FastGauss*).

systemg®# The diffuse scattering, observable on oscillation photo- ~ Electron Paramagnetic Resonance Measurementsvieasurements
graphS’ was found in p|anes perpendicu]ar todhaxis with aspacing at room temperature and 77 K were carried out with the use of a
of ¢’ = 2s¢’. No diffuse layers witH’ = 3n were observed. modified Varian E-4 X-band ESR spectrometer. Data recorded between

The data for the Bragg scattering were collected at 123 K with the 1.8 and 4.2 K were taken on powdered samples with a modified Varian
6—20 scan technique. No systematic changes were seen in the sixE-109 Q-band ESR spectrometer fog(#dp)! or a Bruker ER 200D-
standard reflections that were measured every 100 reflections. TheSRC X-band ESR spectrometer for Ni(tbp)l. Experiments were
final refinement onF,2 converged toR(Fi? = 0.061 for 999 performed with a silvered TE102 sample cavity in a Janis Corp. liquid-
observations and 63 variabl#s.In this refinement the positions of ~ helium immersion Dewar flask. The temperature was regulated by
the hydrogen atoms were idealized{8 = 0.95 A) and each hydrogen ~ controlling the He pressure inside the Dewar. For the calibration of
atom was given an isotropic thermal parameterlakger than that of ~ the field, 2,2-phenyl-1-picrylhydrazyl (DPPH), recrystallized from
the carbon atom to which it is bonded. Experimental details and crystal benzene d = 2.0036 at 300 Kg = 2.0025 at 4.2 K), was used.
data are found in Table 1. Other crystallographic details are in the Computer simulations of the powder patterns generated by the program
Supporting Information. QpowPs57 were used to determingvalues and line widths.

Intensity data for the diffuse scattering were collected at 123 K point  Magnetic Susceptibility Measurements. Static magnetic suscep-
by point along a line perpendicu|ar to the diffuse p|ane5. Two data tibility measurements were taken from 300 to 1.9 K with a Quantum
sets were collected: (1) every 0506 26 with a counting time of 100  Design SQUID susceptometer. Gelatin capsules were used to hold the
s per step; (2) every 0.10n 26 with a counting time of 200 s per samples, and the background was measured over the full temperature
step. The data were collected out'te= 11. Thel’ = 1 peak was not range just prior to measuring the sample. Data were recorded at 5 kG
discernible from the background. The two different data sets were On 20-40 mg samples.
averaged and corrected for absorption and Lorepttarization effects.

As in Ni(tbp)l, the apparent thermal parameter of the iodine atom
was larger along the chairJg = 0.0957(5) R). The diffuse lines Structure of Hy(tbp)l. Not surprisingly, the structure of
may be ascribed to the disorder in the iodine chains that leads to this H,(tbp)l is very similar to that of Ni(tbp)#* The macrocycles
a_nomalc;us thermal motion. A reasonable quel that accour_lts for this 5re stacked in chains that run parallel to theis, with chains
d'.sﬁrde? pr(()jposes that thsrebare ﬁrderr]ed chains ‘;f iymm@;r 1ohs of iodine atoms in the channels between the stacks. The two
with repeat distance’ = 3¢/2 but that the origins of these chains are Ha(tbp) molecules within the unit cell are staggered by.40

out of register. This lack of register gives rise to the observed diffuse Th hvri | iv ol b th
scattering. From an analysis of that scattering, we can obtain the value € porphyrin macrocycies areé necessarily planar because they

Results and Discussion

of d, the displacement parameter, and hence tHallstance in thed™ lie upon sites of 4h symmetry. Figure 1 is a perspective

ion. A least-squares fit to the previously derived expre<8itn drawing of the H(tbp) molecule. The thermal parameter of
the iodine atom in the stacking direction is much larger than

IF )2 = that perpendicular to the stack. This evidence supports the

L \n2re 2 disordered 4~ modef® for H,(tbp)!.

(1/9)[(1 + 2cosf2d(d = TI)YO — (1 +2 cos[Z/3)T (1) The molecular structure is similar to that of Ni(tbp)I, but there
yieldsd = 0.0213(1). The observed and calculated values of the diffuse are some notable differences (Supporting Information). Re-
structure amplitudes (Supporting Information) lead toRaimdex for placement of the Ni center with protons causes the coordinating
these intensities of 0.088. pyrrole nitrogen atoms to move away from the center of the

Single-Crystal Electrical Conductivity Studies. Single crystals ring. Thus, the angles around the nitrogen atoms are larger in
of both Hy(tbp)! and Ni(tbp)I were mounted on graphite fibers with a  H,(tbp)I than in Ni(tbp)l, and the central hole of the macrocycle
locally prepared palladium paste. Four-probe ac (27 Hz) conductivity g expanded.
measurements were performed along the stacking axis. A Stanford
Research SR-530 two-channel lock-in amplifier was used to measure(s1) Desjardins, S. R.; Penfield, K. W.; Cohen, S. L.; Musselman, R. L.;
the voltage drop across the sample in the differential mode. A Quantum Solomon, E. 1.J. Am. Chem. Sod.983 105, 4590.

Design SQUID susceptometer was used to apply a transverse field up(52) Anex, B. G.Mol. Cryst. 1966 1, 1-36.
to 5 T and to control the temperature between 300 and 1.85 K. All (53) Kronig, R.J. Opt. Soc. Am1926 12, 547.

; : 3 (54) Haddon, H.; Musselman, R. L. FastGauss, Macintosh Application,
Zrystals showed ohmic properties for the current betweehdtd 10 Franklin and Marshall College, 1992.

(55) Belford, R. L.; Nilges, M. J., Eds. I6omputer Simulation of Powder
Spectra;EPR Symposium, 21st Rocky Mountain Conference, Denver,

(49) R(FA) = Z|F? — FA|I=ZF2 CO, 1979.

(50) Guinier, A.X-Ray Diffraction in Crystals, Imperfect Crystals and  (56) Nilges, M. J. Ph.D. Dissertation, University of lllinois, 1979.
Amorphous Bodiesy. H. Freeman: San Francisco, CA, 1963. (57) Maurice, A. M. Ph.D. Dissertation, University of lllinois, 1980.
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at 24 x 10® cm™! as a transition fromsl only in the solid
state. Peaks H and Hre similar to two relatively low-intensity,
high-energy peaks in4pc)l; neither of these peaks is predicted

‘T 15 20 25 30 35 50 as in recent theoretical treatmerfts;8and these remain unassigned.
Wavenumber, 10%m: ! The in-plane spectrum for tbp)l, Figure 3a, shows a Soret
Figure 2. Polarized specular reflectance spectra of a single crystal of '€gion, peak B, and a greatly reduced Q band relative to that in
Ha(tbp)l: — = electric vector perpendicular to (out of plane) and --- Hz(pc)!,26 consistent with porphyrin Q bands being much lower
= parallel to (in plane) molecular planes. in intensity relative to the Soret band than the phthalocyanine

Q band$?® This spectrum is remarkably similar to the in-plane

Single-Crystal Reflectance SpectroscopySpecular reflec- spectrum for Co(tbp)#* and we assign the transitions as we
tance spectroscopy was used to obtain polarizations of electroniadid in that system: Q at 15.8 10° cm™! as 2ay() — 7ey(")
transitions, since the high absorbances made transmissiorand R at 17.4x 10° cm™ as 5a,(n) — 7ey(n"). These two
spectroscopy impractical. Comparison of the spectra of Ni(tbp)! transitions are calculated to be at 15 136 and 20 712C ¢on
and Hy(tbp)l is helpful in distinguishing metal-involved CT  Ni(tbp)l.2”
transitions from purely ringr-transitions. There is a complica- The intense peak in Figure 3a at 26 300-émorresponds
tion from three out-of-planest transitions, one of which falls  to the Soret band in solution spectra of porphyrins. We recently
in the region of the lowest energy MLCT band, the-¢ ,p, assigned this band in M(pc)I syste#h&” and in Co(tbp)l to be
transition in M(pc)I?>% and Co(tbp)E* the low-energy out-  primarily 6g() — 4bx (") with minor contributions from
of-plane-polarized transitions can be differentiated with the help several much weaker transitions. Our calculations on Ni@bp)!
of spectra from Ktbp)l. show several transitions around 27 000¢énthe strongest being

Ho(tbp)l. We show the reflectance spectra of(tdp)l in 6ey(7) — 4bpy(r"). Others include 2l — 7, and 4a, — 7e;,.
Figure 2 and the KrametKronig-transformed absorbance We thus assign peak B as primarily 6€) — 4by (") with
spectra in Figure 3a,b. The transformed spectrum with the minor contributions from 2h(m) — Tey(x") and 4day(w) —
electric vector parallel to the axis and out of the complex  7gy(x"). Note that this assignment differs from that of the four-
plane is shown in Figure 3b. As with all peaks in this compound orbital mode£%61where the Soret transition has been assigned
and in Ni(tbp)l, Gaussian deconvolution gave a better fit for as 4a,(r) — 6e(x"), equivalent to the 5a() — 7e,(") that
well-defined peaks than did Lorentzian deconvolution and was we assign to peak R. The structure at the top of peak B we
thus used. The lowest energy out-of-plane peaksrih Figure attribute to instrument noise since it falls within the background
3b, match very closely the corresponding peaks ipk)l,2
all of which were assigned as arising frogt,Ithe actual form (58) Liang, X. L.; Ellis, D. E.; Gubanova, O. V.; Hoffman, B. M.;
of the reduced | species in the crystal. We thus assign these Musselman, R. Lint. J. Quantum Chen994 52, 657-671.
three peaks as we did their counterparts ipd)l: peak D at (59) Schaffer, A. M.; Gouterman, M.; Davidson, E. Fheoret. Chim. Acta

_ . 1973 30, 9.
19.95x 10° cm™* as the'Sy — 'Sy* transition, peak F at 30.4 (60) Edwards, L.; Gouterman, M. Mol. Spectrosc197Q 33, 292.

x 10° cm™! as a spir-orbit component of peak D, and peak E  (61) Basu, Sind. J. Phys1955 28, 511.
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out of plane polarized:—, experimental data; ---, Gaussian deconvo-

lution; ---, residual.

signals in the deconvolution. The remaining peaks N, L, and
V fall in the region where at least five moderately intense (0.14
= f =< 0.51) transitions are predicted for Ni(tbp)l: e 3byy,
6, — 6&, 5 — 3by, 2a — 9¢, and 2B, — 8e,

Table 2. I137-Based UV-Vis Peaks

Inorganic Chemistry, Vol. 36, No. 15, 1998367

wavenumber
at max abs max abs intensity,

compd peak (103cm?l) (1EM~lcm? o (A2
Ha(pc)! D 19.65 22.848 4.6

E 23.95 4.61 3.3

F 29.95 5.97 6.2
Ha(tbp)! D 19.95 22.85 4.6

E 24 4.85 3.4

F 30.4 9.36 7
Ni(tbp)! D 20 12 4.2

E 24.35 3.34 35

F 30.05 4.38 6.5

peaks from 4~. Peaks B-F have been identified as arising
from alXy — 1X,* transition, a spir-orbit coupling component,
and a solid-state induced component, respectively. These peaks
also appear in Figure 5b, but the Gaussian deconvolution needs
to be described because of the close proximity of #ieand
Ni(tbp)l CT peaks. Peaks D and F have appeared within 400
cm~* of 20 000 and 30 000 cm, respectively, in both kpc)P®
and H(tbp)l, and it is reasonable to assume that their positions
will not change in Ni(tbp)l since the environment gf lanion
is similar in all three compounds. It is also reasonable to assume
that the relative integrated intensities will remain nearly constant
in all three compounds. The reliability of intensity data is the
principal limitation of our specular reflectance measurements.
Both inaccuracies in the raw intensities and inherent uncertain-
ties in the reflectance data beyond our experimental region affect
the intensities. The practice of estimating far UV reflectance
with an “effective reflectance” is essentially sol3dAlthough
the energies of peaks are unaffected by uncertainties in
unobservable reflectances, the slope of the transformed ab-
sorbance baseline, necessary for the estimation of relative
intensities, is principally affected by changes in the shape of
the effective reflectance. Table 2 lists several characteristics
of the k~ transitions in H(pc)l and H(tbp)l, as well as the
results arrived at for Ni(tbp)l from these intensity and energy
considerations. The ratio gf for peaks D:F is 3.54 in K{pc)!
and 2.44 in H(tbp)l. If no allowance were made for peaks A
and G in Ni(tbp)l, this same ratio would have the value 1.31.
When we place peak F at 30 000 chand target an intensity
ratio between 3.5 and 2.4 to obtain the adjusted peaks D and F
listed in Table 2, we obtain @ ratio of 2.66. The estimated
deconvoluted peaks A and G that result from this adjustment
are shown in Figure 5b.

Peak A at 18 550 cnt is analogous t0g(d2) — au(P,7")
transitions found in Co(pc)I, Ni(pc¥ Cu(pc)I2® and Co(tbp)P*
The energies of the M(pc)hg(d2) — au(p.7r") transitions are
14.5, 18.4, and 18.& 10° cm™, respectively, following the
expected energies of metal orbitals. The energy of the same
transition in Co(tbp)! is 18 000 cm, a blue shift of 3500 crmt
from that in Co(pc)l. This was interpret&ds resulting from

Presumably these five transitions contribute to much of the a larger central cavity for tbp, causing a drop in thecbital
intensity in this region. The labels are chosen to be consistentand a rise in thex” orbitals in tbp owing to the less

with earlier treatments of porphyrin spectfe£°

electronegative methylene carbon atoms in the pyrole-bridging

Ni(tbp)l. The reflectance spectra of Ni(tbp)l are shown in positions. In the present case of Ni(tbp)l there is only a slight
Figure 4, and the transformed absorbance spectra are shown iblue shift of 150 cm?. The end result is that the gd2) —
Figure 5a,b. The in-plane spectrum (Figure 5a) is essentially a,(p,,7") transition in Ni(tbp)l is 550 cm?® higher than that in

identical to that for H(tbp)l (Figure 3a), and as noted above,

Co(tbp)l, consistent with parallel results in M(pc)l compounds.

our calculations for the Ni(tbp)l spectra agree with the experi- Nevertheless, from the comparison between thgda) —
mental in-plane peaks. We will therefore assign peaks Q, R, a(p,7r") transitions in Co(tbp)l and Ni(tbp)l we conclude that

S, B, N, L, and V to the same transitions as ig(tHp)l. Peak

the Ni 3dz orbital lies below that of Co and hence that partial

T is not predicted in our calculations and likely arises from a oxidation occurs on the macrocycle ring.

monochromator aberration at 22 000 Tmn

Electrical Conductivity. The single-crystal electrical con-

The out-of-plane spectra of Figure 5b contain the first metal- ductivity along the stacking axis at room temperature is in the
related information in this set, but we first need to identify the range of 308-1200 S cm? for both Hx(tbp)l and Ni(tbp)l. The
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broad range arises from uncertainties in the size of the crystals.Figure 7. Magnetoresistancepy — po)/p, as a function of the square

The conductivity normalized to that at room temperature,
however, is reproducible; it is shown in Figure 6 as a function
of temperature for both ¥tbp)l and Ni(tbp)l. The conductivi-

ties show similar temperature dependences. With decreasin

temperature, the conductivities increase as do metalsiTd<

of the magnetic fieldH? H(tbp)! (@); Ni(tbp)!l (O).

should not be attributed to a SchubnikedeHaas oscillation.

gsS shown in Figure 7 the magnetoresistance is linear t#h

eing negative at low fields and becoming positive at high fields.

0), reach a local maximum, and then decrease as semiconductord "€ Magnetoresistance can be interpreted as the sum of a

do (do/dT > 0). The maximum normalized conductivityay/
0300) is 4.1 at 35 K for H(tbp)l and is 8.9 89 K for Ni(tbp)I.
The conductivity ratios at 1.85 K are 2.3 and 6.8 fai(tHp)I
and Ni(tbp)l, respectively. The maximum conductivity of
Ni(tbp)l reported here is much higher than that reported
previously Gmafo300 = 1.8 at 95 K), and it occurs at a lower
temperature TmadK)). This major improvement in the con-
ductivity of Ni(tbp)l is brought about by the decreased level of
impurities, especially of paramagnetic metals, such ds Cdl',
and Fd. Only a trace €50 ppm) of Cu(tbp)l was detected by
EPR measurements onytbp)l and Ni(tbp)l. Note that Niis
diamagnetic in square-planar coordination.

negative term that tends to saturate with increasing field and a
positive term that does not saturate. The negative contribution
is explained by the Kondo effegt3°® Because of the trace
(<50 ppm) of Cu(tbp)l impurity, the conduction electrons are
scattered at low temperatures by the local moments hd@er,2
orbitals. In a magnetic field the direction of the local spins is
frozen and sd exchange interaction between conduction
electrons and local spins is prevented. As a result the resistivity
in the magnetic field decreases. Positive quadratic magneto-
resistance is observed in many atomic metals. Such quadratic
dependence is explained by the drift velocity model that
considers two types of carriers, for example electrons and

The increase in conductivity with decreasing temperature N0les®* Negative magnetoresistance, explained by a change
results from the reduction of phonon scattering found in typical Of Fermi energy owing to the Zeeman effect, is often observed

metals. The temperature dependence of the conductivity belowfor localized electronic systen§d. But this would not lead to

Tmax Shows variable-range hopping.
conductors, the conductivity follows the equationg. exp(To/
T)~12, whereTo(K) is a parameter close . The conduc-
tivities of both Hy(tbp)l and Ni(tbp) belowTnax are limited by
such hopping. The combination of the two contributions,

For one-dimensional theé magnitude of the negative magnetoresistance being related

to the amount of paramagnetic impurities, as is found here. The
positive effect is also expected in localized systems with
electron-electron interaction® But this does not apply here

as the magnitude of the positive magnetoresistance is not related

phonon scattering that dominates at high temperatures and® the magnitude of localization.

variable-range hopping that dominates at low temperatures,

Magnetic Susceptibility. The variable-temperature static

results in the conductivity maximum. Because of variable-range susceptibilities for K(tbp)l and Ni(tbp)! (Figure S1 in Sup-

hopping the conduction electrons are localized at low temper-

atures. We recently reported that the conductivity of Ni(pc)l

porting Information) and the susceptibilities of(tbp) (—3.25
x 1074 emu mot?) and Ni(tbp) ¢3.82 x 1074 emu mot?)

increases as the defects in pc rings are reduced; the defects areere measured for diamagnetic core correction. The correction
the source of random potential that causes a localized electronidor /3 13~ is —1.15x 10~* emu mof ! from Pascal’s constant.

state?® Similar arguments could be made for(bbp)l and
Ni(tbp)l where the crystal defects in tbp rings localize the

The total diamagnetic correction forzfbp)l and Ni(tbp)l is
—4.40x 104 and—4.97 x 10~*emu mot?, respectively. The

conduction electrons at low temperatures. But owing to the susceptibility for both samp_les_ remains almost constant from
limitations in the respective synthetic routes (see above) it hasroom temperature to 30 K, indicative of a metal-like, temper-
not been possible to reduce crystal defects in tbp as much asature-independent Pauli paramagnetism. Upon further cooling

they can be in pc. Although the conducting behavior for Ni(pc)l
is very similar to that for K(pc)l, the conductivity for Ni(tbp)I
is higher than that for k{tbp)l because Ni(tbp)l contains fewer
impurities.

Magnetoresistanceé\{po = (o1 — po)/po) at 1.85 K is plotted
as a functiorH?, the square of the magnetic field, fop(tbp)!
and Ni(tbp)!l in Figure 7. Both bk{tbp)l and Ni(tbp)l show

of the sample the susceptibility increases rapidly and can be fit
approximately to an equation composed of a temperature-
independent Pauli-paramagnetism term and a Cileiss term,

(62) Kittel, C. InQuantum Theory of Solid§Viley: New York, 1987; pp
237-248.

(63) Fukuyama, H.; Yoshida, KJ. Phys. Soc. Jpn1979 46, 1522-
1528.

similar behavior. The data for Ni(tbp)l are noisy because a (g4) Kamimura, H.; Takemori, T.; Kurobe, Anderson Localization;

single crystal of Ni(tbp)l is extremely fragile; this behavior

Springer-Verlag: Berlin, 1982.
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— —eo)1? Table 3. Computer-Simulated EPR Values and Line Widths for
xr=xpt AT = 6) @ | op)l and NFi)(tbp)I 8

whereT is temperatureC (emu K mol?) is the Curie constant, sample T(K) oo 9 T'oMHz, G) Ty(MHz, G)
and® (K) is the Weiss temperatufé. The resultant values for ~ Ho(tbp)l 300  2.0026 2.0045 6,21 15,5.4
xp (emu mot?), C, and© are as follows: Htbp)l, 3.84 x 77 20031 2.0059 8,29 20,7.1
1074, 4.28 x 10-3, and—4.13; Ni(tbp)l, 3.75x 1074, 1.01 x 15 oo 000 1o3e 25,89
1073, and—0.33. The Curie constant represents the localized Ni(top)! 300 20010 2.0070 10, 3.6 10, 3.6
spins; these arise from localized conduction electrons and from 77 2.0020 2.0090 13, 4.6 13, 4.6
localized spins in Clid,e— orbitals. But since the amount of 4.2 20025 2.0140 15,5.4 25,8.9
Cu(tbp)! impurity is small €50 ppm), in the present instance 19 20025 20140 15,54 25,8.9

the Curie constant measures the strength of localization. The

larger Curie constant indicates that the conduction electrons arein the rings but also hopping into Ni orbitals at low temperatures.
more localized in IKtbp)l than in Ni(tbp)l, probably owing to  Similar results were seen for Ni(pc)¥, Y = SbR~ and
the larger amount of crystal defects or organic impurities. The AsF;~.7° Our new samples of Ni(tbp)!, from which paramag-
result is consistent with the conductivity measurements that netic transition-ion impurities such as Cu(tbp) have been
show Hy(tbp)! to have poorer conductivity than does Ni(tbp)l.  carefully excluded, give totally different results. Values of the
The Weiss temperature can be analyzed in a similar way. Theq, o T, andT, the parallel and perpendicular components

negative Wei_ss temperature indicates antiferromagnetic coup!ingof g and of the line width, as determined by computer simulation
among localized conduction electrons. The larger negative ¢ i signals, are summarized in Table 3

Weiss temperature fortbp)l once again demonstrates a larger . o .
number of localized electrons. The temperature-independent BOth Hu(tbp)l and Ni(tbp)!l show similar behavior. Thg

Pauli paramagnetism is almost identical for(tdp)l and values are close to_the free-electron valg§=(_2.0023), are
Ni(tbp)l. According to the one-dimensional tight-binding almost temperature-independent, and are similar to those values

model, the transfer integral(erg) is written as in Hy(pc)l and Ni(pc)l. The slightly larger value fag) than
for gp results from back-electron-transfer of electron density
t = NSy sin(mp/2)] €) from iodine to the ring. The line widths for Atbp)l and
Ni(tbp)l are extremely narrow at room temperature and increase
whereN is Avogadro’s number (6.022 1023 molecules motY), or_1|y slightly as the tempergture i_s lowered. The narrow line
B is the Bohr magneton (9.278 102! erg G'1), andp is the widths are typical for one-dimensional conductors because the
degree of oxidation. From the valuesgfabove ang = 1, direction of spin-lattice relaxation is restricted and slower. The

we obtain bandwidths (tof 0.214 and 0.219 eV for tbp)! slight increase in the line widths probably results from the
and Ni(tbp)l, respectively. These values are smaller than thosepresence of otherwise undetectably small amounts of paramag-
for pure H(pc)l (0.296 eV) and Ni(pc)l (0.381 eV). There is netic impurities. In these systems thealues and line widths
no clear relationship, though, between the bandwidth and are described by the susceptibility-weighted average of those
the strength of localization. for the exchange-coupled conduction electrons, with tempera-
Electron Paramagnetic Resonance A free radical signal  ture-independent susceptibility, and the Curie-like unpaired d
(9 ~ 2) is observed for unoxidized Xtbp) and Ni(tbp). The  electrons; thus the influence of the latter increase as the
origin of a free radical signal in diamagnetic porphyrins has temperature is decreased. The unexceptional behavior of the
been the subject of several pap&=® We confirm that the  EpR variables of the new materials and the absence of a
signal originates from trapped charge carriers at structural gigpjficant differences betweenftbp)l, necessarily a ring-
defects or impurity site® The much larger signal for the  contered conductor, and Ni(tbp)l show that Ni(tbp)l is not a

precursors k{tbp) and Ni(tbp) than fc_>r b{p_c) and Ni_(pc) doubly mixed-valence conductor but rather is a simple ring-
suggests that tbp has more defects or impurities, and it is these

; . oxidized conductor with a diamagnetic'Ngenter and that the
that make H(tbp) and Ni(tbp)l less conducting tham(gdc)l same is true for the M(pC)y™® g
and Ni(pc)l at low temperatures.

Our earlier EPR stud§#>of what we now know was impure
Ni(tbp)!l reported the following: (1) The powder EPR signal . ;
for Ni(tbp)l at room temperature showed a roughly symmetric tion for funding (Grants DMR-9523228 (B.M.H.), CHE-
line with the unusally large isotropig value ofgs, = 2.024. 8911215 (R.L.M.), and DMR-9632472 (the MRL Program at
(2) gay increased from 2.024 at 295 K to 2.062 at 77 K. (3) the Materials Research Center of Northwestern University
The peak-to-peak line width at room temperatdfes 105 G, (J.A.lL, B.M.H.)). R.L.M. also thanks the the don_ors of the
was also unusually large. (4) The line width further increased Petroleum Research fund of the American Chemical Society
from 105 G at 295 K to 320 G at 77 K. From these results we for partial funding (Grant 25966-B).
concluded that the [Ni(tbp}] cation exhibited an electronic . . . N
tautomerism with interconversion between '[Nitbp)] and Supporting Information Available: Tables of positional and
[Ni"(tbp)t]. Thus, we believed Ni(tbp)! to be a doubly mixed- displacement parameters, calculated and observed diffuse amplitudes,

valence conductor, where conduction electrons were not only Pond distances and angles, and a metrical comparison(ifil and
Ni(tbp)l and Figure S1, showing the temperature dependence of the

(65) For the purposes of this paper a more detailed analysis is not warranted Magnetic susceptibility for ktbp)l and Ni(tbp)! (5 pages). Ordering
For example, the temperature-dependent part could be described by ainformation is given on any current masthead page.
term dr—7.

(66) Assour, J. M.; Harrison, S. B. Phys. Chem1964 68, 872—876. 1C961490S

(67) Raynor, J. B.; Robson, M.; Torrens-Burton, A. S. M.Chem. Soc.
1977, 2360-2364.

(68) Harbour, J. R.; Loufty, R. Ql. Phys. Chem. Solids982 43, 513~ (70) Yakushi, K.; Yamakado, H.; Yoshitake, M.; Kosugi, N.; Kuroda, H.;
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