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Conductive (Phthalocyaninato)platinum Radical Salts:
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New conducting salts of (phthalocyaninato)platinum (PtPc), PtPc(ClO4)os and PtPc(AsFs)., were prepared
by electrochemical oxidation. A crystal of PtPc(ClO4)os belongs to a tetragonal system with a space group of
P4/mcc, the lattice constants being a=14.062(1) A, ¢=6.510(1) A, and Z=2. They are metallic at least down to
120 K, the room-temperature conductivity being 60=102—103 S cm~1. XPS indicates that the conduction pathway
is located mainly at the ligand chain due to a partial oxidation of the ligand-centered HOMO. ESR experiments
have also strongly supported this conclusion. The bandwidth of the ligand-centered conduction band has been
estimated to be 1.2 eV from the plasma frequency, % w;=0.87 eV, which is obtained by the polarized reflectance

spectrum.

Highly conductive iodine salts of metallo-macro-
cyclic compounds have been extensively studied by
groups at Northwestern University.1-10 These partial-
ly oxidized phthalocyanine salts have a stable metallic
ground state against Peierls distortion at low tempera-
ture, although they have a one-dimensional column
structure with a metal-over-metal overlapping mode.
On the other hand, the mixed-valent platinum
complex, K2Pt(CN)4Bris-3H20 (KCP), has been re-
ported to have a mixed-valent groud state between P2+
and Pt4+,11.12 which might give rise to a movement of
paired electrons.!® However, it shows a semiconduc-
tive behavior at low temperature,¥ because it suffers
the Peierls distortion.1® Therefore it may be interest-
ing to make a partially oxidized platinum chain which
is stable against this type distortion. Such materials
might possibly be found by searching for the con-
ductive platinum macrocyclic compounds. This was
the motivation of the present research. In this paper we
report on the preparation and solid-state properties of
the partially oxidized salts of (phthalocyaninato)-
platinum (PtPc), PtPc(ClOs)os and PtPc(AsFs)x, which
were prepared for the first time in the research de-
scribed here.

Experimental

PtPc was synthesized from phthalonitrile and PtClg,'® and
purified several times by a vacuum sublimation.
partially oxidized salts, PtPc(ClO4)os and PtPc(AsFe)x, were
obtained by the electrochemical method in a 1-chloro-
naphthalene solution using supporting electrolytes of (n-
Bu)«NX, (X=ClO4 and AsFs). The electrochemical reaction
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was carried out for about 2 weeks in a galvanostatic mode
(1—5pA) at 120°C in an Ar or N2 atmosphere. The
concentration of PtPc was ca. 3X10~4 mol 172, and those of
the supporting electrolytes were (2X10-3—2X10-2) mol 1-1.
The crystals were grown along the c-axis, the typical
dimensions being 0.01X0.01X2 mm3. The chemical com-
position of PtPc(ClO4)o5 was determined from an X-ray
crystal structure analysis.

The intensities of X-ray diffraction were measured at room
temperature with a Rigaku AFC-5 automated diffractometer
combined with a Rotaflex RU-200, using Cu Ka radiation
monochromated with a graphite plate. The dimensions of
the crystal used in this experiment were 0.03X0.03X0.6 mma3.
The crystal belongs to a tetragonal system with a space
group of P4/mcc, the cell constants being a=14.062(1) A,
¢=6.510(1) A, and Z=2. We obtained 554 unique reflections,
in which 405 reflections with F.>30(F,) were used for the
analysis. An absorption correction was made with a pro-
gram (ACACA) written by C. T. Prewitt. The structure was
solved by a heavy-atom method and was refined by a block-
diagonal least-squares method with anisotropic temperature
factors. The hydrogen atoms were neglected in this analysis.
The final R-value was 0.055. The anisotropic temperature
factors and F,—F. data are deposited as Document No. 8883
at the office of the Editor of Bull. Chem. Soc. Jpn. The
computer program used in this analysis was UNICS III
system.1?

The electrical conductivity of a single crystal was
measured along the needle axis from 290 K down to 10 K by
the use of a four-probe ac method with a frequency of 70 Hz,
the constant current being 10 pA. The voltage drop between
the inner probes was detected by a lock-in-amplifier (EG & G
5205) which was controlled by a microcomputer. The phase
change of the voltage was automatically checked at each
temperature. Needle-like crystals were mounted on 10 pm
gold wires with carbon paint to obtain electrical contact.
The unnested voltage was tolerably small.

XPS was measured by a Kratos XSAM 800 ultrahigh
vacuum photoelectron spectrometer using the Mg Ka line as
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the excitation source. PtPc was deposited on the copper
sample holder through vacuum sublimation. Powdered
samples of PtPc(ClO4)os and PtPc(AsFs), were pressed onto
the copper holder. No surface treatment was conducted so as
to avoid any damage to the sample. Calibration of the
spectrometer was performed by Au4f lines and the Au Fermi
edge.

The ESR spectra were measured with a JEOL JES-FE1XG
and a Varian E-112 using an X-band at temperatures
between 290 and 4.2 K. About 80 slim crystals were aligned
with silicone grease on a teflon sample holder so that the
needle axes were parallel to each other. The crystals were so
small that the ambiguity of the alignment was about 10°.
The g-value was determined by a comparison of the ESR
signal of solid Li-TCNQ. The spin susceptibility was
calibrated by the integrated intensity of violanthrone, the
static magnetic susceptibility of which had been measured.
The intensity was obtained from a double integration of the
ESR signal.

Polarized reflectance spectra were measured in the spectral
range from 4200 to 25000 cm—! with the polarization
directions parallel and perpendicular to the c-axis at room
temperature. The reflectance spectra were measured with a
microspectrophotometer. The absolute reflectivity was ob-
tained by comparing with the reflected light from a Si single
crystal.

Results and Discussion

Crystal Structure. The atomic parameters of PtPc-
(ClO4)o.5 are compiled in Table 1. Figure 1 shows side
and top views of the molecular column of PtPc in the
crystal of PtPc(ClOq4)os. The space group is the same
as those of NiPcI,? NiPc(BF4)oas,”? NiPc(ClO4)o.42,?
H2Pcl,® CoPcl,® and CuPcl.® The crystal is
composed of molecular columns piled up along the
c-axis. In this column the phthalocyanine molecules
are stacked with a staggered angle of 40.7°. At the
same time, the phthalocyanine molecules make molec-
ular layers on the (001) plane. ClO4™ is located at the
interlayer position, as shown in the side view. The site
occupancy of ClO4 is 0.5, so that the anions are
positionally disordered. Since the diameter of Cl04

Table 1. Fractional Atomic Coordinates (X104)
and Equivalent Temperature Factors
(Beq=(4/3)ZyBiaia))

Atom x y z Beq
Pt 0 0 0 2.9
N(I) 1296(16) 577(13) 0 4.2
N(2) 809(14) 2257(13) 0 3.7
C(1) 1475(22) 1530(22) 0 3.9
C(2) 2453(18) 1728(19) 0 4.1
C(3) 3028(18) 2569(17) 0 4.6
C4) 4016(21) 2407(22) 0 6.3
C(5) 4445(20) 1507(23) 0 6.6
C(6) 3899(20) 675(23) 0 6.0
C(7) 2874(16) 807(18) 0 3.8
C(8) 2129(15) 131(22) 0 3.1
Cl 5000 5000 2500 17.2
(0] 4279(69) 4537(66) 1835(241) 18.2
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(ca. 5.6 A)19 is larger than half the c-axis, the anions
and voids should be located alternately along the c-
axis, and these one-dimensionally ordered anions are
probably arranged randomly along the a- and b-axes.
Furthermore, the large temperature factors of ClO4~
indicate that the anion is also rotationally disordered.
Table 2 shows a comparison of the average bond dis-
tances of PtPc. Since the atomic scattering factor of a
platinum atom is much larger than those of carbon
and nitrogen atoms, the standard deviations of the
bond distances are large: 0.02 A for Pt-N distance and
0.03—0.04 A for N-C and C-C bond. In addition, the
molecular geometry of the Pc ring is insensitive to the
valency.2? Therefore it is not possible to judge from
the molecular geometry whether the ring is oxidized or
not. Since the oscillation and Weissenberg photo-
graphs of PtPc(AsFg), are essentially the same as those
of PtPc(ClO4)os, we consider that the former is
isostructural to the latter.

ay (b)

Fig. 1. (a) Side view and (b) top view of the crystal
structure of PtPc(ClO4)os. The occupancy of Cl04~
is 0.5.

Table 2. Average Bond Distances of PtPc

PtPc(ClO4)os” a-PtPc? v-PtPc®
Pt-N, 1.99(2) 1.98 1.99
N,-C, 1.35(4) 1.38 1.40
Nm-Ca 1.36(4) 1.33 1.34
Ca-Co 1.41(4) 1.49 1.44
Co-GCo 1.42(4) 1.37 1.47
Cy-Ca - 1.40(4) 1.40 1.38
Co-Cc 1.44(4) 1.41 1.42
Ce—Cq 1.41(4) 1.41 1.42

a) This work. b) C. J. Brown.1®
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Electrical Resistivity. The electrical resistivity of
PtPc(ClO4)o5 along the c-axis is 10-2—10-3Q cm at
room temperature. The temperature dependence of
the resistivity shown in Fig. 2 is one of the examples in
which the cooling and warming rate is 0.5 K min-1.
The resistivity decreases at least down to 120 K upon
cooling the sample. Below 100 K resistivity jumps take
place at various temperatures which are not reprodu-
cible; the resistivity gradually increases up to 103 times
the room-temperature value at 10 K. However, the re-
sistivity recovers the starting value again upon
warming the sample to room temperature. This tem-
perature dependence of the resistivity is not reprodu-
cible against the heat cycles. The resistivity curve
below 50 K cannot be described by a simple exponen-
tial function, p(T)/prr<exp(E./kT), but is well
reproduced by the fluctuation-induced tunneling con-
duction model?? which is applied to the analysis of the
resistivity curves of doped polyacetylene and other
inhomogeneous materials. We surmise that the metal-
lic domains still remains at low temperature in
PtPc(ClO4)05. A more elaborate investigation is
necessary for an elucidation of the resistivity in the
low-temperature region. Similar electrical properties
have also been observed for PtPc(AsFé)y.

X-Ray Photoelectron Spectra. The X-ray photo-
electron spectrum (XPS) has been used to determine
the valency of atoms and molecules. For example,
XPS played a crucial role in elucidating the mixed-
valent state between P2+ and Pt4+ in the KCP crystal.1?
In the present case, however, no difference has been
observed among PtPc, PtPc(ClO4)os, and PtPc(AsFs)x
as concerns the line shapes of Pt4f72 and Pt4fss, except
for a slight increase (0.2 eV) in the linewidth for the
oxidized salts. Their binding energies are the same as
each other, the values being 73.2 and 76.6 eV for Pt4f7,
and Pt4fsp, respectively. As for the phthalocyanine
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Fig. 2. The first heat cycle of the electrical resistivity
of PtPc(ClO4)os.
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ring, the line shape of the Nls spectrum is almost
exactly the same as each other, and its binding energy
is 398.9eV. In contrast, the line shape of the Cls
photoelectron spectra of PtPc(ClO4)os and PtPc(AsFe)x
is slightly different from that of PtPc. Figure 3 shows
a comparison of the line shapes of PtPc(ClO4)os and
PtPc. According to the theoretical work of NiPc by
Kutzler and Ellis,?2 the highest occupied molecular
orbital (HOMO) of NiPc is composed of the 2p;, or-
bitals of carbon atoms and has nodes at the nitrogen
atoms and the nickel atom. Since this character of
HOMO is also expected in PtPc, the observed result
indicates that a partial oxidization occurs mainly in
the phthalocyanine ring. The slight chemical shift of
the binding energy of Cls is consistent with the
ligand-centered oxidation. These XPS results mean
that the conduction pathway is not on the Pt chain
but, rather, on the Pc rings in contrast to KCP.
Electron Spin Resonance. Figure 4 shows the

(b)
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Fig. 3. XPS spectra of the C 1s region of (a) PtPc-
(ClO4)os and (b) PtPc.

2.03
202} \ /°
2.01 }
200
7 \
1-99} N\
H
198 l§é
1.97 1 - - | 1 1 1
-30 0 30 60 90 120 150 180

e/

Fig. 4. Angular dependence of the ESR signal of
PtPc(ClO4)os. The solid and open circles correspond
to the room temperature and 4.2 K, respectively.
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angular dependence of the g-value of PtPc(ClOs)os at
room temperature and 4.2 K. From the tetragonal
symmetry of the crystal and molecule, the principal
values of the PtPc molecule can be directly determined
from this angular dependence. The principal values
are given in Table 3, together with the corresponding
values of the other related molecules. The symbols, //
and L, denote the directions parallel and perpendi-
cular to the normal of the molecular plane. Since the
principal values of PtPc(ClO4)os are completely
different from the corresponding values of KCP,2 the
unpaired electrons are not in the 5d: band located at
the platinum chain. On the other hand, the g-values
are also slightly different from those of the ligand-
oxidized cation radical, e.g. Ni2+Pcl-.29 Therefore, the
oxidation is mainly ligand-centered, though the
unpaired electron also has a slight d-character. This
result is similar to that of NiPc(SbFe)os.24:29 However,
the relation, g,>g., is reverse to that of NiPc-
(SbFs)o.5,24-2® in which the d-character of the unpaired
electron is interpreted based on the exchange inter-
action between the conduction electrons on the ligand
and the small amount of the localized spins on the 3d.:
orbital of nickel atoms. This anisotropy indicates that
the 5d: orbital of Pt is not responsible for the d-
character of the unpaired electron, but that the orbital
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of the unpaired electron has a character of d.. and
d,..2? It is not reasonable to simply replace the role of
5d. by 5d,. and 5d,., because the latters are expected to
be strongly hybridized with the n-orbital (e;) of the
ligand in contrast to the former.22 We thus consider
that this molecular orbital with e; symmetry is mixed
to some extent with the ligand-centered HOMO (ai.)
in the solid state because the symmetry restriction is
released in the general point of the Brillouin zone.
However, the contribution of the e, orbital seems to be
very small, because the observed g-value is close to that
of the ligand-centered unpaired spin, even at low
temperature (as described in the next section). This
conjecture is supported by the experimental result of

'XPS that the oxidation occurs mainly at the ligand

part. The different anisotropy of the g-value between
PtPc and NiPc is attributed to the electronic structures
of their molecules. Unfortunately, details of the elec-
tronic structure of PtPc are not known, as compared
with that of NiPc.

Figure 5 shows the temperature dependences of the
spin susceptibilities, linewidths, and g-values. Upon
cooling, gy and g, slightly increase from 2.016 and
1.989 to 2.023 and 1.992 at 4.2 K, respectively. This
temperature dependence is much weaker than that of
NiPc(SbFe)o5.29 This slight increase probably sug-

Table 3. Principal g-Values of PtPc(ClOs)os and Other Complexes at Room Temperature

Compound gy gL Reference
PtPc(ClO4)os 2.016 1.989 This work
PtPc(AsFs)s 2.016 1.990 This work
Pt(CN)4Brys 3Hz0 1.946 2.336 Mehran and Scott?®
NiPc(SbFs)os 1.994 2.030 Yakushi et al.24.29
Ni2+Pcl— 2.003 2.003 Bobrovskii and Sidorov?®
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Fig. 5. Temperature dependence of the spin suscep-
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gests a change in the degree of mixing between the eg
and a1, bands. The line shape of the ESR signal is
Lorentzian over the whole temperature range. The
spin susceptibility, which is obtained by the double
integration of the observed signal, remains almost
constant down to ca. 20 K. Combining this result with
the metallic behavior of the electrical resistivity, the
temperature-independent spin susceptibility is attribut-
able to Pauli paramagnetism. The linewidths of or-
ganic metals usually decrease upon lowering the
temperature, since they are determined mainly by the
spin relaxation through the so-called Elliot mecha-
nism.?® Thus the gradual decrease of the linewidth
also supports the view that the origin of the unpaired
electrons is conduction electrons. This magnetic
result suggests that PtPc(ClO4)os is metallic, at least
down to 20 K. Assuming the one-dimensional tight-
binding model, we estimated the bandwidth, 4¢, using

4t = 4N app2/(nsin (kec)x), (1)

where N is the Avogadro constant, us the Bohr mageton,
ks the Fermi wave vector, ¢ the inter-planar distance
between the adjacent PtPc molecules, and x the spin
susceptibility (measured with a unit of emu mol-?).
The bandwidth of the ligand-centered band has been
estimated to be 0.6—0.8 eV using x=(1.0—0.7)X10-4
emu mol-! and kw«=(3/4)n. The rise-up of x in the
region of T<20 K is attributable to the localized spins,
the concentration of which is 4X10-3 spins per one
PtPc(ClO4)05. Since the angular dependence of the
g-value of the localized spins is almost the same as that
of the conduction electrons (as shown in Fig. 4), the
origin of the localized spins is not the magnetic
impurity but, rather, a crystal defect. Incidentally, the
ESR spectrum of PtPc(AsFs), is essentially the same as
that of PtPc¢(ClO4)os5, including the temperature
dependence.

Polarized Reflectance Spectra. Figure 6 shows the
reflectance spectra of PtPc(ClO4)os polarized parallel
and perpendicular to the c-axis. The plasma-edge like
dispersion is observed only in the //c¢ polarization.
This strong anisotropy clearly indicates the presence
of a one-dimensional conduction band along the c-
axis. We analyzed the //c spectrum based on the Drude
model, and obtained the plasma frequency, wp,=7010
cm™!, the relaxation time of the conduction electrons,
7=0.8X10-14 s, and the dielectric constant contributed
from the electronic excitations in the higher wave
number region, &(core)=2.31. The reflection spectrum
calculated from these parameters is drawn by solid
lines in Fig. 6. The bandwidth, 4¢, was calculated on
the assumption of the one-dimensional tight-binding
model using

4t = {Vm(hwp)?}/ {4€2c2sin (kic)}, 2)

where Vi is the volume of PtPc(ClO4)os, e the unit
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Fig. 6. Polarized reflectance spectrum of the PtPc-
(ClO4)os single crystal. The circles and the solid lines
are respectively the experimental data and the
simulated curves based on the Drude model for the /¢
spectrum and the Lorentz model for the L ¢ spectrum.

charge of an electron, and & and ¢ are the same as
those defined in Eq. 1. The bandwidth was estimated
to be 1.2 eV, using Vin=6.437X10-22 cm3, hw,=0.87 eV,
and kic=(3/4)n. This bandwidth is 1.5—2.0 times
larger than that estimated from the spin susceptibility.
The difference between them is attributable to the
effect of the electron-electron Coulomb interaction.2®
Since the optical spectrum of PtPc(AsFg)x is the same
as PtPc(ClO4)os, we surmise x=~0.5 in PtPc(AsFe)x,
because the position of the plasma edge in the re-
flection spectrum reflects the concentration of the
conduction electrons, which is related to the chemical
ratio.

The Llc¢ spectrum was simulated by three Lorentz
oscillators so as to reproduce the experimental curve.
The simulated curve is represented by the solid line in
Fig. 6. The resonance frequencies of the Lorentz os-
cillators in the visible region are 16000 and 17900 cm~1.
The 16000 cm~1 electronic transition is assigned to the
interband transition which corresponds to the Q-band
in the free molecule of phthalocyanine. Probably, the
shoulder at 17900 cm-! cannot be assigned to the
vibrational structure of the Q-band, since the intensity
ratio to the main peak at 16000 cm-! and the
separation of the excitation energies depend signifi-
cantly upon the central metals of such salts as
NiPc¢(SbFs)o52® and CoPc(AsFs)x.39 The origin of this
shoulder is not clear at present. However, it is possibly
related to the mixed-valent nature of the phthalo-
cyanine ring, since the monoclinic PbPc crystal3?
exhibits a strong Q-band, the shape of which is a
single Lorentzian with a width of 1000cm-1
(FWHM).32



2272

We prepared PtPc(ClO4)os and PtPc(AsFs)x, which
were the first oxidized salts of PtPc, in the process of
searching for a stable metallic platinum chain with a
mixed-valent state. Both PtPc salts are isostructural
and have one-dimensional column structures like the
iodine complex of NiPc. They are metallic at least
down to 120 K and probably to 20 K, or possibly to a
temperature lower than that. Contrary to our ex-
pectation, however, the conducting pathway is not
located on the platinum spine, but mainly on the
ligand chain. The solid state properties are almost the
same as those of NiPc(SbFg)s5,2® but the ESR
properties are remarkably different.
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