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Monomeric, not tetrameric species are responsible for the colossal dielectric
constant of the copper phthalocyanine derived from pyromellitic dianhydride
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Western Michigan University, Department of Chemistry, Kalamazoo, MI 49008, USA.

1. Experimental details

All commercially available reagents and solvents (Sigma-Aldrich) were used as received. UV-
Vis spectra were recorded at room temperature on a Shimadzu UV 2101 PC spectrophotometer,
in aqueous 0.1 M NaOH (1a and 1b) or chloroform solutions (2). Mass spectral data were
recorded in negative mode up to m/z 4000 with a linear ion trap mass spectrometer (LTQ;
Thermo Scientific, Waltham, MA, USA), equipped with an Ion Max electrospray ionization
source. Samples were infused by a syringe pump at 5 pL/min and nitrogen was supplied as
nebulizing gas at a setting of 12 arbitrary units. The electrospray voltage was set to 4.2 kV
spray voltage. The transfer capillary was maintained at a desolvation temperature of 200°C and
25 V while the tube lens was set to 160 V. Solutions were prepared at 10~ M concentrations in
dimethylformamide (1a and 1b) or chloroform (2).

2. Details of the mass spectrometric analysis
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Figure S1. Predicted (red) and observed (blue) isotopic pattern for [(1a),—H]
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Figure S2. Predicted (red) and observed (blue) isotopic pattern for [(1a),—2H]*".
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Figure S3. Predicted (red) and observed (blue) isotopic pattern for [(1a);—2H]*".
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Figure S6. Predicted (red) and observed (blue) isotopic pattern for [2].

3. Literature survey of the phthalocyanines obtained from pyromellitic acid derivatives.

Phthalocyanines (Pc) were discovered over a century ago' and constitute approximately a
quarter of all artificial organic pigments used nowadays,” with copper phthalocyanine (CuPc,
Figure S7) being the single largest-volume colorant produced.’ Besides its high tinctorial
properties, CuPc also possesses semiconductivity, photoconductivity and catalytic properties,
and it is one of the most widely used materials in organic field-effect transistor’ and organic solar
cell research.” The synthesis, characterization and applications of phthalocyanines are thoroughly
reviewed.® Polymeric phthalocyanines became interesting research targets following the
discovery of the high thermal and chemical stability of the phthalocyanine ring. Polymers
containing phthalocyanine units linked by ether bridges were prepared as early as 1958,
however polymers with fused phthalocyanines were sought for achieving even greater stability
and improved physico-chemical properties due to extended conjugation/resonance.

Figure S7. Structure of the parent copper phthalocyanine (CuPc).
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7 and in 1959, Drinkard and Bailar’ reported the use of

pyromellitic dianhydride (PMDA) fused with urea and copper chloride (and ammonium

In 1958, Marvel and Rassweiler,

molybdate as catalyst) at 160-180 °C in the presence or absence of 1,2-dichlorobenzene as
solvent, in an attempt to prepare large graphite-like sheets of phthalocyanine polymers. Using
elemental analysis and end group (carboxylic acid) titration, they concluded that the reaction
product contains linear oligomers with up to six Pc units, and no evidence was found for even the
smallest sheet oligomer proposed, a 2x2 array of four fused phthalocyanines. In 1960, Epstein
and Wildi fused 1,2,4,5-tetracyanobenzene (pyromellitonitrile, PMN), CuCl and urea at 350 °C
under 1000 psi N, pressure to prepare a copper phthalocyanine “polymer”, and studied its
electrical properties (variable temperature Hall effect and electrical resistivity).'’ In 1965, Inoue
et al. reported similar conditions (along with a modified procedure using ethylene glycol solvent
at 180-200 °C) to prepare mixed copper/iron “polymers”, which acted as oxidation catalysts.'""*
The known synthesis methods and properties of “polymeric” phthalocyanines and their metal
complexes were first reviewed in 1971."° A year later, in 1972, Bailar’s group reported that only
the monomeric (CuPc)(CN)s is obtained when PMN is used instead of PMDA, in ethylene glycol
solvent at 180-200 °C.'® They also showed that the use of different PMDA :urea:CuCl, ratios and
different reaction temperatures (180-250 °C) leads to the isolation of either the monomeric
(CuPc)(COOH)s, or the impure dimer and linear tetramer and pentamer, respectively, with
varying degrees of hydration. However, it was also noted that the copper content of the
oligomeric species was in general significantly lower than the expected values. In 1974, Norrell
et al. reported the use of PMN and urea at 450° to prepare Cu, Fe, Sb and Zn phthalocyanine
“polymers”, and studied the electronic conduction and polarization within those materials."”
Bailar’s PMDA method was used by Kreja et al.'"™'® and Blomquist et al.?’?*?
“polymeric” iron phthalocyanines. In 1980, Wohrle et al. showed that only the monomeric

to prepare

phthalocyanine is obtained from PMN when 1-propanol or N,N-dimethylaminoethanol are used
as solvent,” and showed that the resulting octacyanophthalocyanine (CuPc)(CN)s can be
converted to the corresponding carboxylic acid, anhydride, imido and amido derivatives.”* In
1981, Nalwa et al. reported the synthesis and electrical properties of a “polymeric” iron Pc
obtained using PMDA in the presence of nitrobenzene solvent at 200 °C.*> Using the same
method, in 1982 Achar et al. reported the preparation and characterization of Cu, Ni and Co
analogs.”® Contrary to previous observations, they assigned the product to a pure cyclic tetramer
(“sheet oligomer”, (CusPc’)(COOH);s), based on IR spectroscopy, elemental and titrimetric
analyses. Shortly afterwards, in 1983 Nalwa et al. reproduced Bailar’s synthesis'® using the
conditions that were reported to lead to a “pentamer dihydrate”, and found that the electrical
resistivity of the resulting material (which they considered to be the tetrameric sheet oligomer) is
affected by washing with various solvents or chemical solutions.”” In 1985, Lin et al. used PMN

and CuCl in 1-methyl-2-pyrrolidone (NMP) at ~150 °C to obtain a CuPc “polymer”,” and



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2012

showed that thermal treatment leads to large electrical conductivity.” Copper phthalocyanine
“polymers” have also been obtained by the reaction of PMN with copper metal.**>* In the same
year, Wohrle et al. carried out an extensive analysis of Bailar’s PMDA method reported in
1972,' and concluded that reaction times of 60 minutes and temperatures of 270 °C are optimal
for the preparation of Cu, Co, Ni, Fe and Mg phthalocyanine “polymers” from various
pyromellitic acid derivatives and excess urea, without the use of a solvent.”>>’ They concluded
(based on elemental analysis) that these “polymers” contain at least 9 Pc units. Also in 1985,
Nalwa et al. reported that the CuPc “polymer” obtained by using Bailar’'s PMDA method'®
(again, considered to be the cyclic fused tetramer) has an extremely high dielectric constant.”®
Following these discoveries, a series of papers exploring the desirable properties attributed to

39-50
d.

“phthalocyanine tetramers” were publishe Composite materials incorporating

“phthalocyanine tetramers” mixed with organic polymer351'5 ? 60-

66

or grafted onto organic polymers
or nanoparticles®’ were also prepared, culminating with the publication of a paper in Nature.*®
With one exception using a modification (boric acid as catalyst) of Bailar’s PMDA method,* all
these papers reference the method of Achar et al.?® for the preparation of the “tetrameric”
(Cu4Pc’)(COOH);6, and they all attribute the high dielectric constant to the extended conjugated

system of this “sheet oligomer”.

4. Comments on elemental analysis results of “oligomeric” copper phthalocyanines

From the very first attempts of assigning a structure to the phthalocyanines derived from
PMDA, by using elemental analysis, Bailar et al. were confronted with grossly low copper
contents (as put by the authors themselves).'® For example, only 5.40% Cu instead of an
expected 8.21% was found for the assumed “tetramer dihydrate”. Since the C, H, N analyses
were in good agreement with the expected values, the low copper content was attributed to
partial demetallation of the phthalocyanine rings. This seems a rather odd assumption,
considering that excess copper was used in the preparation of those compounds, and no
conditions that could apparently lead to cleavage of the strong Cu—-N bonds of the
phthalocyanine complexes were employed. In fact, later it was reported that the use of harsh
conditions for the saponification of the peripheral imide to carboxylic acid groups, such as a
boiling 50% KOH solution, leads not to demetallation, but to the total breakdown of the
phthalocyanine scaffold.”> This observation was also confirmed in our laboratory, when a
sudden, total loss of the characteristic deep blue-purple color of the copper phthalocyanine
compound was observed during saponification under the above conditions. The resultant white
solid was found to be the potassium salt of pyromellitic acid.

A comparative analysis of the expected elemental composition of the mononuclear and
various oligonuclear copper(Il) phthalocyanine complexes reveals rather insignificant differences
(often within experimental error) between their corresponding C, H and N contents. Table S1
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shows the calculated C, H, N and Cu contents of the monomer and fused dimer, trimer, and
linear and cyclic tetramers (Figure S8), along with the reported values for the carboxylic acid and
the corresponding anhydride derivative of the assumed” “cyclic tetramer”.

Significant deviations of the reported values from the calculated ones for both the “cyclic
tetramer” and its assumed octahydrate are observed. Although the observed values for the
corresponding anhydride derivative seem to be closer to the calculated ones (except for N),?
Wohrle et al. later showed that the carboxylic acid derivative does not completely dehydrate to
the anhydride before thermal decomposition occurs upon heating in vacuum above 400 °C.*
Moreover, other researchers employing Achar’s method also found low Cu content for the
corresponding potassium salt of the assumed “tetramer” (6.08 % instead of the calculated 7.42
%).%2 Various amounts of absorbed water or oxygen have often been considered in an attempt to
reconcile observed with calculated values. Therefore, it appears that elemental analysis is not a

reliable method for characterizing these types of materials.

Table S1. Calculated (black) and reported (red) C, H, N and Cu contents of carboxylated CuPc derivatives (Fig. S8).

CuPc oligomer | C (%) | H (%) | N (%) | Cu (%)
Carboxylic acid derivative
monomer 51.76 1.74 12.07 6.85
dimer 52.48 1.64 13.99 7.93
trimer 52.77 1.59 14.77 8.38
tetramer (linear) 52.93 1.57 15.19 8.62
tetramer (cyclic) 53.46 1.50 16.63 9.43
tetramer (cyclic) + 8 H,0 50.75 1.99 15.78 8.95
Reported values™® 48.62 2.48 14.12 8.80
Anhydride derivative
monomer 56.12 0.94 13.09 7.42
dimer 56.27 0.94 15.00 8.51
trimer 56.34 0.95 15.77 8.94
tetramer (linear) 56.37 0.95 16.18 9.18
tetramer (cyclic) 56.48 0.95 17.56 9.96
Reported values™® 56.26 1.20 19.97 10.02
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Figure S8. Structures of the carboxylated CuPc monomer and hypothetical fused dimer, trimer and tetramers.
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