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Phthalocyanine aluminum, gallium and chromium fluor-
ides were prepared and doped with iodine to give
(PcMFI_)_ compositions, where x = 0.012-3.4 (M=Al),
0.048-3. (M = Ga) and 0.12-3.3 (M = Cr). Thermo~
gravimetric analysis proved useful for 3odine analysis
as complete loss of I, occurs below 250 C, leaving

a PcMF residue. Raman and infrared spectroscopy were
used to characterize the iodine-doped PcMF materials.
Raman spectra (U_ = 514.5 nm) of (PcMFIx)n_fhowed
scattering attributable to 13- (106-108"cm ~) and

I.~- (164~168 cm ~), with the relative proportions of
these bands being a function of M and sample thermal
history. Iodine doping results ingincreases in con-
ductivity by factorglas gigh as 107, with the highest
conductivity (5 ohm ~ cm ) being observed for
(PcAIF1 4) derived from sublimed (PcAlF)n. An
apparen *3ctivation energy for conduction of 0.17 eV
was measured for (PcAlFI3 4) . The crystal and
molecular structure of PGAF has been determined and
will be discussed in relation to the conductivity of
the doped material.

*This work supported in part by the Office of Naval
Research.
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INTRODUCTION

Organic, inorganic and organometallic materials which can
be made highly conducting are of conslderable interest

as new candidates for optical, electronic, photoelectric
and electrochemical applications. Depending on the per-
spective, phthalocyanines fall into one or more of the
above classes of materials. Because of their thermal and
hydrolytic stability, intense color, and ready availability,
phthalocyanines have been the subject of study with regard
to their phgtoconducting, semiconducting and conducting
properties. >3 For ome composition, NiPcIy g, detalled
structural information is available and metallic behavior
has been demonstrated. Conductive thin films of NiPc
treated with ilodine at elevated temperatures have also

been examined, with a view to their ultimate use as improved
photosensitizers for optoelectronic devices.? In addition
to investigations on stacked phthalocyanines, work on 6
bridged-stacked phthalocyanines ((MPc0) , M=Si, Ge, Sn)

has shown that the presence of a central atom-oxygen bridge
does not prevent high conductivity. Our interest in this
area began with work on polymeric bridged-stacked fluoro-
phthalocyanines, (PcMF)n, M = Al, Ga, Figure 1, first
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Figure 1. Proposed PcMF structure.
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prepared by Kenney, et al.7 We have shown that these
materials can be doped with lodine to produce highly con-
ducting (PcMF I ) compositions. This work {s summarized
below together Wwith new resultg on PcCrF and the descrip-
tion of the crystal and molecular structure of PcGaF.

RESULTS AND DISCUSSION

The reaction of (PcMF) (M = Al, Ga, Cr) with iodine pro-
duces highly conducting (PcMFIx)n compositions. The rate
and extent of reaction with iodine is quite dependent on
PcMF purity and reaction conditions. As an example, sub-
limed PcAlF reacts with a saturated pentane/iodine solution
to give [PcAlFI, ,]_  in less than 5 min., while with
unsublimed PcAlﬁ’g Baximum I/Al ratio of 1.5 is obtained
within 24h.

(PcMFIx) compositions containing maximum iodine con-
tent are unstable in vacuo and slowly lose iodine over a
period of days to weeks finally giving stable compositions.
Thus, the composition (PcAlFI 4)n’ initially obtained
from a solid-vapor reaction, ibses iodine to form
(PcAIFI, ,) after two weeks in vacuo. (PcAlFI1 )n
obtaine&'érgm an iodine/heptane slurry reaction,'?s also
unstable. This composition changes to (PCAlFIl,o)n after
exposure to dynamic vacuum for two weeks. pumping
to constant weight, most samples evolved small quantities
of iodine when stored at ambient temperature and pressure,
as evidenced by the discoloration of the polyethylene caps
of the storage vials. Compositions prepared by heating
(PcMFI_) were much more stable to loss of iodine. At
elevat&d temperatures (ca. 250 C) under dynamic vacuum
complete removal of iodine is effected leaving (PcMF)
which was identified by infrared spectroscopy, elemental
analysis and TGA.

Infrared Spectra

The infrared spectra for undoped and lightly iodine—dopsdlo
(PcMF)_ show characteristic phthalocyanine absorptions.™’
As iodgne doping Increases, the i.r. peaks become broad-
ened and finally obscured due tolﬁhilsuperposition of
electronic exitation absorptiom.” °’ The intensity of

the electronic exitation absorption increases markedly in
the vicinity of 5-6% iodine content. This correlates with
the rapid rise in conductivity near this iodine doping
level and is consistent with a semiconductor to conductor
transition.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:32 21 February 2013

246/[964] K. J. WYNNE and R. S. NOHR

Raman Spectra

Raman spectra (ca. 70-600 ent for (PcAIFI ) compositions
are shown in Figure 2, while Figure 3 shows spectra for
(PcMFIx)n and (PcSiOI1 38)n' Phthalocyanine ring peaks in

this region are insignificant compared to the resonance
enhanced polyiodide modes. All (PcMFIx)n iamples exhibit
intense scattering between 105 and 108 cm ~. In view of
previous spectroscopic studies, this band1§s assigned to
the 13 symmetric stretchin§ fundamental. The moderately

intense band at 164-168 cm ~ observed for most (PcMFI )

compositions is assigned to I_. %n6a§§eement with earligi
work on iodine doped macrocycies P, I (v=207 cm ™)
could not be detected. Iodide cannot be detected by any of
the spectroscopic techniques utilized in this study, but
prior work on iodine~doped phthalgcxgnines provides no
precedent for the presence of I . °

It was noted above that the rate and extent of reac-
tion of iodine with PcMF is dependent on PcMF purity and
reaction conditions., The Raman spectrum is also quite
sensitive to these factors. Thus (PcAlFI )n’ prepared
in heptane utilizing sublimed PcAlF, shows'Btrong Is-
scattering (Figure 1, x = 3.3). 1In contrast, PcAlFI3'4,

i
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Figure 2. Raman spectra for (PcAlFI )
where x = 2.7, 0,90, 0.44%pP
thermolysis of x = 3.3; x =
from I;/hexane.
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Figure 3. Raman spectra of (PcMFIX)n compositions.

prepared in vacuo from unsublimed starting material
(Figure 3) shows a much stronger I,- peak. These features
are not fully understood, but the sensitivity of the anion
identity to reaction conditions is clear.

The Raman spectrum of (PcCrFIl )n (Figure 3) shows
that I.- is the dominant ilodine speé;es present. When
(PcCrFi ) compositions are heated, the I_- and I,- peaks
attenuate at similar rates even at low iogine doping levels.
This stands in contrast to the behavior of (PcAlFI_)
compositions which (when x = 3.3, I,/heptane) show
scattering for I.- > I,- (Figure 2) and rapid attenuation
of I_- scattering with a concomitant increase in 13-
scatgering upon heating (Figure 2).

Thermogravimetric Analysis

TGA of (PcAlFI 3)n (Figure 4) reveals two digtinct iodine
weight loss procésses centered at 130 and 265°C, with a
less distinct process at ca. 145 C. These temperatures
refer to the point in the differential TGA (DTGA) mode
(Figure 4, center section) where the rate of welght loss
is maximum. Despite the contrasting Raman spectra for
(PcAlFIx)n, where x = 3.3 and 2.7, the thermograms
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(Figure 4) differ only in that a less prominent weight loss
at 130°C 1s observed for x = 2.7. These results indicate
that the first iodine weight loss process (130°C) 1s due
principally to decomposition of IS‘ to 13'.

OIFFERENTIAL WEIGHT LOSS

0 100 200 300 [ 1& 2& a'n
TEMPERATURE (°C)

Figure 4. TGA (left) and DTGA curves for (PcAlFIx)n and

(PcGaFI1 O)n' See Figure 2 caption for

preparative methods.

Additional controlled thermolysis brings about lower
iodine doping levels, (PcAlFI 9) , for which a much
diminished low temperature ioginenweight loss 1is seen.
Examination of the DTGA curves shows that the peak corres-
ponding to the temperature of maximum I, weight loss
gradually broadens and shifts to higher temperature. The
shoulder at 145°C becomes obscured in the broad low tem-
perature weight loss peak. In view of the growth of the
I.” peak in the Raman spectrum and the continued but
shifted low temperature weight loss feature in the DIGA
curves, 1t appears that two forms of I~ are present in
compositions such as (PcAlFI 9) . Thée low temperature
form would account for the sgéulaer at 145°C observed for
(PcALIFI, .)_ and would account for the persistance of sub-
stantiai'io% temperature ilodine weight loss for compositions
whose Raman spectra show weak 15' scattering.
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Figure 5. DTGA curves for (PcMFIX)n.

(PcSi01 3)n’ prepared by the reaction of (PcSi0)_,
with iodine }ﬁ heptane, was examined by TGA so that compari-
sons of the thermal stability of these highly conducting
materials and their Al-F and Ga-F linked analogs could be
madeé A low temperature (~80°C) and high temperature
(300°C) loss of iodine were observed for (PcSi0I ) 6
(Figure 5). Raman spectroscopy confirmed earliet’ feSults
which showed only in the presence of I,”. Thus, as for
certain (PcAlFI ) compositions, (PcSiaI ) _ compositions
prepared by the¥sBlution method contain Two thermally
distinguishable forms of I,”. The "low temperature” 13_
can be removed by thermolysis to give highly stable
(PcS1i0I ) compositions. If a comparison of thermal
stabiligynis made among the compositions with greatest
thermal stability, i.e., those compositions where "low
temperature weight loss" lodine has been removed, it is
seen that S1-0 linked systems are considerably more stable
than those containing Al-F and Ga-F backbones.
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Conductivity Studies

For iodine doped PcAlF and PcGaF conductivity rises rapidly
with increasing iodine content until I/M equals 0.4 - 0.6,
then rises more slowly with increasing iodine content. The
highest iodine dopant levels give higher conductivity for
Al ve. Ga. This observation correlates with the greater
inter-phthalocyanine ring spacing for Ga versus A1Y and
provides evidence that the conductive pathway is through a
conduction band generated by inter-ring pi-orbital overiap.
The composition having the highest conductivity (5 ohm™
em~l) was (PcAlFI3'3)n, prepared from sublimed PcAlF.
Activation energies for conductivity were in the range of
0.02-0.05 eV for iodine doped PcAlF and PcGaF,

Todine doped PcCrF showed similar behavior. Figure 6
shows that conductivity rises rapidly_ at low iodine doping
levels to a maximum of about 0.5 ohm™ cm™ for
(PcCrFIy 5),. Much high doping levels could be achieved
(to x = 3.5?, but conductivity was not materially enhanced.
I5~ is the principal anionic species present in the
(PcCrFI,), materials (Figure 3). Upon heating, Is~ and
I.~ peaks decrease in intensity monotonically and no
enhancement of I3~ was observed at lower doping levels.

glohm! -cm*)

1 1 ' 1 [ Il I

0.1 05 10 15 20 25 3.0 35
1/ICr

Figure 6. Conductivity versus iodine doping level for
(PcCrFIx)n.
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(PcCrFly)p compositions have moderate thermal stability,
with all iodine being lost by about 200°C (Figure 5).

Structure of PcGaF

During the course of purifying PcGaF by vacuum sublimation,
crystals suitable for an x-ray crystallographic study were
obtained. In view of the paucity of structural data in
this area and the unique structure proposed for PcMF
compounds, we obtained a_single crystal x-ray structure
determination for PcGaF,.

The structure of PcGaF is shown in Figures 7 and 8.
Gallium is octahedrally coordinated by four nitrogen and
two fluorine atoms. The gallium atom is at an inversion
center and thus the trans Ga-F and trans Ga-N bonds,
respectively, have identical bond distances. Another
consequence of the inversion center is the location of the
fluorine atoms in a symmetric bridging position (Ga-F =
1.9363). Thii symmetric bridging is gimilar to that found
in (MnPyPc),0 5 and [Me(OSiMe3)ZSiPc1 and supports the
symmetrically bridged structure proposed for other PcMF
and PcMO compounds.

Figure 7. The structure of PcGaF. Some important distances:
Ga-F(1), 1.936(1); Ga-N(1), 1.969(2); Ga-N(2)
1.970(2),
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Figure 8. A view of the unit cell which
shows molecular stacking.

An unusual feature of the present structure is that
the Pc rings are eclipsed. In all prior structures in
which Pc rings are collinearly stacked, the rings are
staggered. The closest approach to a collinearly stacked
eclipsed structure is found for [Me(OSiMe )ZSiOSiPCO]ZSiPc,
where ige central ring is rotated by 15.9g to the terminal
rings. Other sigc*;d phthalocyanines are staggered at
ca. 40" or more. ’

Considering that conductivity occurs through a con-
duction band formed by the overlap of the Pc rings, it is
surprising that thglcog uctivity of iodine doped PcGaF is
high (o = 0.12 olm “em ~ (compacted pellet) for PcGaFI 93)
in view of the relatively largelging separation observed
for pristine PcGaF (3.872(2)8). _Ihe_iomparable compac-
tion value for NiPeI, , 1is 0.7 ohm "cm ~, where the ring-
ring separation known'grom a single crystal x-ray structure
is 3.244(2)3. The high conductivity for the bridge-
stacked gallium materiale could be explained by assuming
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the eclipsed ring structure for PcGaF persists in the
partially oxidized material. Thus the inter-ring overlap
lost due to increased inter-ring separation may be made up
in large part by the eclipsed ring conformation. In
contrast, NiPcI1 has an inter-ring rotation of 400, and
despite a short inter—ring separation the conductivity is
only modestly better than PcGaFI0 93 due to the staggered
conformation. '

In summary, we have shown that iodine-doped (PcMF)
compositions are highly conducting. They have lower thermal
stability with regaxd to loss of iodine compared to iodine
doped (PcS1i0)_, which 1s exceptionally thermally stable
(ca. 280°C); But because the polymer chain is linked by
coordinate covalent bonds in (PcMF) , these materials can
be sublimed and doped to give condugting thin films. The
conductivity of (PcMFIx)n is comparable to the 510
linked analogs despite a greater interplanar ring-ring
separation for PcMF (by ca. 0.3 - 0.5 A). This feature
may be due in part to the capability of purification of
(PcMF)n by sublimation vice (PcS1i0) which is less trac-
table, and in part to an eclipsed ring structure which
seems likely at least for (PcGaFIx)n.

REFERENCES

1. W. E. Hatfield, Molecular Metals, (Plenum Press,
New York, 1979).

2. A. B, P, Lever, Adv. Inorg. Chem. Radiochem., 7 27
(1965).

3. C. J. Schramm, D. R, Stojakovic, B. M, Hoffman and
T. J. Marks, Science, 200, 47 (1978).

4, C. J. Schramm, R. P. Scaringe, D. R. Stojakovic,
B. M. Hoffman, J. A. Ibers and T. J. Marks,
J. Am. Chem. Soc., 102, 6702 (1980).

5. W. A. Orr and S. C. Dahlberg, J. Am. Chem. Soc., 101,
2875 (1979).

6. K. F. Schoch, Jr., B. R. Kundalkar, and T. J. Marks,
J. Am. Chem. Soc., 101, 7071 (1979).

7. J. P, Linsky, T. R. Paul, R. S. Nohr, and M. E. Kenney,
Inorg. Chem., 19, 3131 (1980).

8. P. M. Kuznesof, K. J. Wynne, R. S. Nohr, and M. E.
Kenney, J. C. 8. Chem. Comm., 121 (1980).

9. R. S. Nohr, P. M. Kuznesof, K. J. Wynne, M. E. Kenney
and P. G. Siebenman, J. Am. Chem. Soc., 103, 4371
(1981).




Downloaded by [Tomsk State University of Control Systems and Radio] at 12:32 21 February 2013

254/1972) K. J. WYNNE and R. S. NOHR

10.
11.
12.
13.
14,
15.
16.
17.

18.

19,

J. E. Bloor, J. Schlabitz, C. C. Walden, and

A. Demerdache, Canad. J. Chem., 42, 2201 (1964).

R. C. Wheland and J. L, Gilson, J, Am. Chem. Soc.,
98, 3916 (1976).

C. R. Fincher, Jr., M. Ozaki, A. J. Heeger and

A. G. MacDiarmid, Phys. Rev. (B), 19, 4140 (1979).

W. Kiefer, Appl. Spectrosc., 28, 115 (1974) and
references therein.

A, Gleizes, T. J. Marks, and J. A. Ibers, J. Am. Chem.
Soc., 97, 3545 (1975).

Structure determination performed by Molecular
Structure Corporation, College Station, Texas.

L. H, Vogt, A. Zalkin and D. H, Templeton, Inorg.
Chem., 6, 1725 (1967).

D. R, Swift, Ph.D. Dissertation, Case~-Western Reserve
University, Cleveland, OH, 1970.

C. J. Schramm, R. P. Scaringe, D. R. Stojakovic,

B, M. Hoffman, J. A. Ibers and T. J. Marks, J. Am.
Chem. Soc., 102, 6702 (1980).

Doping of PcGaF with iodine leads to loss of x-ray
scattering and at the present time we have been
unable to grow crystals of doped materials hy other
methods. Nevertheless, it is unlikely that any major
change occurs in the polymeric stacked PcGaF structure
on partial oxidation.





