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Molecular Association and Monolayer
Formation of Soluble Phthalocyanine Compounds

Arthur W. Snow
N. Lynn Jarvis

Chemistry Division
Naval Research Laboratory
Washington, D.C. 20375

ABSTRACT

A series of H,, Mg, VO, Co, Ni, Cu, Zn, P4, Pt, Bi and Pb
4, 4', 4'', 4'’''~tetracumylphenoxy phthalocyanine compounds, MPcX,, was
synthesized. By vapor pressure osometry measurements of toluene solutions at
65°C, all MPcX compounds were dimeric complexes except PbPcX, which is mono-
meric and Cu,Ni,Pd and PtPcX, which form larger complexes ranging from 2.7 to
4.1 molecular units, Each Mﬁcx forms a stable Langmuir-Blodgett monolayer
to film pressures of 20 mN/m ana force—area curves indicate a dense packing of

phthalocysnine wnits with molecular areas increasing with complex size.
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Molecular Association and Monolayer
Formation of Soluble Phthalocyanine Compounds

Arthur W. Snow
N. Lynn Jarvis
Chemistry Division
Naval Research Laboratory
Waskington, D.C. 20375

Recent zdvances ir understanding the chemistry and physics of
phthalocyanine compounds include reports of vapor indmced electrical
condnctivityl, electronic switching between condmcting statesz. photo-
volteic effectss, oxidative and photoxidative catalytic activity4 and
electrochromisns. These phenomena involve surface interaciions with chemical
vapors, electromagnetic irradiation and electrical contacts. To study these
interactions an ideal physical form would be phthalocyanine monolayers of
known concentration and orientation deposited on interdigital micro-
electrodes‘. The mono 2nd multimolecular layer (L;ngnnir-BlodgéttT’approach
to studying organic films is of comsiderable cnr:eﬁt'interest7. Such studies
require soluble phthalocyanine compounds and a knowledge of their solutiom and
solid—state ordering. Ve wish to report the synthesis of eleven members of a
new family of tetracumylphenoxy substituted pkthalocysnines, their degrees of
sssociation in soluntion and their monolsyer forming properties at the

water/air interface.
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Our new findings include the direct observation of a dimeric complex as
the predozinant degree of association for most’gf tﬁf phthalocyanine compounds
in solution, & d8 effect that promotes degrees of association greater than two
for the Ni, Pd and Pt phthalocyanines, 2 large ion effect that prevents dimer
formation of the Pb phthalocyanine and the formation of stable monomolecular
phtbalocyenine films whose packing densities at the interface relate to the
degree of azssociation.

The tetracumylphenoxy phthalocyanine compounds, MPcX4. were synthesized
in evacusted sealed tubes at 280°C by reacting cnmylphenéxyphthalonitrile8

9a

with a four fold molar excess of hydroqﬁﬁnone for HchX4 ., PdCl

2
PtCl2 for PtPcX4. PbO for PchX49b and the appropriate acid etched metal

for Pchxz.

turnings or powder for the remaining MPcX4 compounds. The cumylphenoxy group
dominates the solubility properties of these compounds. They a2re all soluble
in aromatic, chloroalkane and cyclic ether solvents and were purfied by column
chromatography on neutral alumina. Elemental analysis (C, B, N, M) and
spectroscopic data (eleatronic. infrared, 13 NMR 10. ESR) are con;iftent with
the assigned structures,

The number average degree of associstion in toluene was measured
by vapor pressure osmometry11 2s the apparent molecular weight divided by the
molecular weight calculated from the assigned structure (Figure 1). The
linearity of the plot indicates the degree of association does not
significantly vary over the concentration range 3 x 10-3 to 2 x 10‘-2 M, and
the slope is related to the solvent-solute interaction. Most of the MPeX

4

compounds are dimeric complexes in solution. The exceptions are P’oPcX4 which

is unimolecular and the Cu, Ni, Pd and Pt phthalocyanines which form

progressively higher order complexes.
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That phthalocyanine compounds are dimeric complexes in organic solvents
was postulated by Bernauer and Flllablz and further advanced by Monahan et 3113
on the basis of electronic and ESR spectroscopies and solvent polarity
effects. Their systems were limited to copper, vanadyl and zinc metals, and
they did not consider the possibility of higher order complexes. V¥e confirm
by direct solution activity measurements that dimeric association is a general
trend of phthalocyanine compounds in solution and add that specific metal ion
effects can superimpose on this dimerization tendency. These metal ion
effects operate when the complexed metal ion has scfficient size or proper
electronic structure to tracscend the n orbitals of the phthalocyanine ring
and interact with other molecular units, Tﬁble I presents the number average
degree of association, metal ion radius and d electronic confignration of the
MPcX4 compounds investigated. To exert a strong influence on association from
a consideration of size only, the metal ion electronic radius must perturbd the
phthalocyanine electronic structure or extend beyond the distance of maximum =

electron density14'15

of the phthalocyanine ring. Of the Mch4 compounds
studied, PchX4 has by far the largest ionic radius. Spectroscopic and
crysteallographic data on PbPc indicate that the lead ion is displaced 0.4 2

22,16,17
g

from the plane of the phthalocyanine rin . This structural

distortion of symmetry may disrupt the general tendency of the phthalocyanine
ring to form dimers. Fuorther, the 5610652 electronic configuration of the
plumbus ion would not be expected to promote coordinmation with another PbPcX
unit. On the other hand, the MPcX4 conpounds with the d8 configuration have
an enbenced capacity to form complexes of 2 higher order than two molecular
units, and this effect increases with metal iom size. It is well known that

square planar complexes of 4 Ni(IX), PA(II) and Pt(II) can form stacked

columns with some partial metal-metal bonding through an axial interaction in
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the solid statels. Krogmann19 has applied the valence bond approach to

describe the stacking of d8 square planar platinum complexes and proposed an
exizl bonding through the hybridized dz’ and p, orbitals in an excited high
spin electronic state. His scheme would predict paramagnetism for analogously
bonded d8 phthealocyanine complexes in solution; ané. indeed, preliminary ESR
measurements show very strong signals (1019 spin/gram) which decrease
progressively from the Ni to the Pd and Pt complexes. This would be
consistent with 2 bond peiring of axial d electrons of the internal
phthalocyanine units of larger stacked complexes. Regarding the
phthalocyanines in general, NiPc is somewhat unique in that exceptionally

strong ESR signals at g = 2 have been observed in bdoth solntion20'21 and the

solid*statezl’22 .

Concentration gnd solvent dependent variations in electronic spectra have
been interpreted as due to the formation of dimeric phthalocyanine complexes
in the cases of CnPcX'4. VOPcX'4 and ZnPcX'4(X' = Sozsﬂ(CHz)17C33)';; organic
solvents13 and of CuPcX”4 and CoPcX"4 (X' = SO; ) in aqueouns and mixed
aqueous—organic solvontslz'zs. The spectroscopic observation is a marrow
monomer a2bsorption band between 650 and 700 nm superimposed on a broad dimer
absorption with a partizlly resolved maximum at a slightly shorter waveleagth.
The kigher order Ni, P4 and Pt complexes of our MPcX4 system display a pro-
gressive enhancement of this broad storter wavelength absorption when compared
with 2 ''well-behaved'’ dimer such as ZnPcX4 or monomer such as PchX4 (Figure
2). Only the PchX4 electronic spectrum follows Beer’s law, which would be
expected 2s it exhibits no complex equilibria. The interpretation of the

13b,24

CuPuX'4 electronic and ESR spectra as a dimer has been disputed in favor

of s higher complex on the basis of a more comprehensive ESR studyzo. Our

results support the latter position.
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Monomolecular films of the metal substituted cumylphenoxy phthalo-
cyanines, where M = H,, Co,Cu,Ni,Pd and Pt, were spread at the water/air
interface from benzene solntionzs. Surface tension was monitored by the
¥Wilhelmy plate technique to + 0.05 mN/m. The force—area curves are
presented in Figure 3. Each of the phthalocyanine compounds was discovered to
form stable, reproducible films to film pressures of 20 mN/m or higher.

Two ottstanding features of the monolayer data of Figure 3 are first,
that the complexing metals have a pronounced effect on the area occupied per
phtkalocyanine molecule, and second, that all the phthalocyanine derivatives
occupy areas that are remarkably small. The aress/molecule 2re consistent
with cofaciel orientation, with the planar rings orieanted at e significant
angle out of the water/air interface. Cofacial orientation is comsistent with
the electronic spectra of the compounds in solution and could readily give
rise to strong metal-metal interactions between adjacent molecunles. The
effect of the metal atoms on phthalocyaninme packing in the monolayer relates
at least qualitatively to the degree of association given in Fignr;.l. The
metals giving the highest degree of association, Ni, Pd and Pt, also give the
largest srea/molecule at equivalent film pressures, and in the same order.

The correlation indicates that the electronic interactions giving rise to the
different degrees of association in solution are also operative ia the
monolayer regime. Those derivatives giving dimer formation in solution (H2
and Co), and the somewhat more associated Cu compound, gave evidence of closer
packing at the water/air interface; however, with significant individual
differences.

If the phtbalocyanime solution complexes are considered to have a
colunnar structure of cofacially stacked rings and to exist as such in the
monolayer, then it is resonable to presume that the smaller, shorter

sggregetes would pack moré efficiently than the larger, longer ones. Such a
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model would be consistent with the molecular area ordering of the Pt, Pd and

Ni complexzes. The variations in molecular ares of the dimeric complexes may
-

- -

be due to additional ordering brought about in transition from the solutionm to
the solid-state monolayer. Notably, polymorphs attributable to dimer

structures, which are distinct from the commonly encountered a and B

24
phthalocyenine crystalline forms, have been proposed for CuPc and BZP026.

Currently we zre developing characterization techniques for these monolayers.
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oeasurements. This work was supported by the Office of Naval Research.




s St
PRt}

... .
e ﬁ
"‘ Ed .

1%
A

- E=w
SN A,

' '.-7
. FLN

SR

0
-~

References

(1) (a) Peterson, J.L.; Schramm, C.S.; Stojakovic, B.M; Hoffmann, B.M;
Marks, T.J.J. Am. Chem. Soc. 1977, 99, 286; (b) Dirk, D.VW, Mintz, E.A.;
Schock, K.F.; Marks, T.J.J. Macromol. Sci. 1981, Al6, 275; (c) Aoyagi, Y.;
Masuda, E.; Nazbsz, S.J. Phys. Soc. Jpn. 1971, 31, 524,

(2) (a) Bamann, C.; Hoehne, H.J.; Kersten, F.; Mueller, M;
Przyborowski, F.; Starke, M. Phys. Status Solidi A 1978, 50, K159; (b)
Fedorov, M.I.; Shorin, V.A.; Fedorov, L.M.; CA: 96 , 78093j.

(3) (2) Fan, F.R.; Faulkner, L.R. J. Chem. Phys. 1978, 69, 3341; (b)
Dohlberg, S.C.; Musser, M.E. J. Chem. Phys. 1979, 70, 5021; (c) Dohlberg,
S.C.; Musser, M.E. J. Chem. Phys. 1980, 72, 6706.

(4) (a) Harbour, J.R.; Tromp, J; Hair, M.L. J. Am. Chem. Soc. 1980, 102,
1874; (b) Ferraudi, G.; Sprisankar, E.V, Inorg. Chem. 1978, 17, 3164; (c)
Ohkatsu, Y.; Hara, T.; Osa, T. Bull. Chem. Soc. Jpn. 1977, 50, 696; (4)
Boucher, L.J. ’''Coordination Chemistry of Macrocye11c Compounds’’: Plenum
Press; New York, 1979; Chapter 7.

(5) (a) Nicholson, M.M, Iad. Eﬁg. Chem. Prod. Res. Dev, 1982, 21, 261;
(b) Easuga, K; tsutsui, M. Coord. Chem. Rev. 1980, 32, 67.-

(6) These electrodes are microfabricated on quartz or silicon surfaces
with a2 thickness on the order of 1000A and widths and space separations on the
order of 1 microa.

(7) (2) Polymezoponlos, E.E.; Mobius, D.; Euhn, H. Thin Solid Films
1980, 68, 173; (b) Day, D.R.; Lando, J.B. J. Appl. Poly. Sci. 1981, 26, 160S;
(c) Lloyd, J.P.; Petty, M.C.; Roberts, G.G.; Lecomber, P.G.; Spear, W.E. Thin
Solid Films 1982, 89, 395; (d) Roberts, G.G.; Vincett, P.S.; Barlow, VW.A.
Phys. Technol. 1981, 12, 69.

(8) Marullo, N.P.; Smow, A.W. ‘'Cyclopolymerization and Polymers with

Chein-Ring Structures’’; American Chemical Society: Vashington, D.C., 1982,
328,

° (9)(2) Reaction temperature was 180 c®; (b) Reaction temperature was
210°C.

(10) H,PcX, cavity protons have an extrsordimerily large up field

chemical sh%ft.4 Marullo, N.P.; Zalesky, C.B.; Snow, A.W. J. Org. Chem. (in
press).

(11) For & review of this technique see: Billingham, N.C. ’'‘Molecular

Mass Measurements in Polymer Science’’; J. Wiley and Sons: New York, 1977;
Chapter 4.

PP W o 3 RN DL LTIV UG Sy




: b i )
PR A oA
P T T T

x

ey
BRI AR
Cat catrl T e

N T S e aui e ) hui At i)
.’ '-')-i’. L ,r;t',.. !
R R s S,

References (Continued)

"/ °

(12) Berpauer, K.; Fallab, S. Helv. Chim. Acta. 1961, 1287.

(13) (a2) Monahan, A.R.; Brado, J.A.; Deluca, A.F. J. Phys. Chem. 1972,
76, 446, 1944; (b) Abkowitz, M.: Monzhan, A.R. J. Chem. Phys. 1973, 58, 2281.

(14) Johnson, C.E.; Bovey, F.A. J. Chem. Phys. 1958, 29, 1012,

(15) Jenson, T.R.; Kane, A.R.; Sullivan, J.F.; EKnox, K.; Kinney, M.E,
J. An. Chem. Soc. 1969, 91, 5210,

(16) Edwards, L; Gouterman, M. J, Molecular Spect. 1970, 33, 292,

(17) Ukei, K. J. Phys. Soc. Jpn. 1976, 40, 140; Acta. cryst. 1973, B29,
2290,

(18) Cotton, F.A.; Wilkenson, C.¥W. '’Advanced Inorganic Chemistry'’, J.
¥iley: New York, 1966; pp. 1024, 1030,

(19) Krogmann, E. Angew. Chem. Int. Ed. 1969, 8, 35.

(20) Bolfo, J.A.; Smith, T.D.; Boas, J.F.; Pilbrow, J.R. Trans. Faraday
Soc. 1I 1976, 72, 481; and references therein.

(21) Raynor, J.B.; Robson, M.; Torrens-Burtom, A.S.M. J. Chem. Soc.
Dalton Trans. 1977, 2360.

(22) (a) Assour, J.M; Kahz, ¥.K. J. Am. Chem. Soc. 1965, 87, 207; (b)
Ingrez, V.J.E.; Bennett, J.E. Phil, Mag. 1954, 45, 545; (c) Boas, J'.F.;
Fielding, P.E.; Mackay, A.G. Aust. J. Chem. 1974, 27, 7. ‘

(23) Abel, E.¥.; Pratt, J.M.; Whelan, R. J. Chem. Soc. Dalton Trasms.
1976, 509.

(24) Sharp, J.H.; Abkowitz, M. J. Phys. Chem. 1973, 77. 477.
(25) For a2 review of this technique see: Gaimes, G.L. '’Insoluble

Monolayers at Liquid-Gas Interfaces’’'; J. Wiley (Interscience), New York,
1966.

(26) Sbarp, J.H.; Lardon, J. J. Phys. Chem. 1968, 72, 3230.




Number Average Degree of Association (DA), Ionmic Radiuws (R),

and d Electronic Configuration of MPcX4 Compounds

M DA R(A) d
E, 2.0 - -
Mg2* 1.9 .66 -
vo?* 1.9 .88 a?
co?* 2.0 .12 a’
NiZ* 3.0 .69 a8
pa?* 3.6 .80 : a8
pe2t 4.1 .80 a®
2t 2.7 .72 i
2a2* 1.9 .74 a0
Bi3* 2.0 .96 a10
o2t 1.0 1.20 a1




.
'

i vl kst ML AN B aCadn ok Bh L ) - RS A g i Py O
S ,'1;Bj:x BN~ . Ty, T
St N P ot Lt ' . X
RIS e Vo et e e

- OOUOORE SR~ i

AU L aaan o

b

T
c.,’ e e

PadiEl 4
1

Figure 1.

Figure 2.

Figvre 3.
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Number average degree of associetion (vapor pressure osmometry
molecular weight divided by monomeric molecular weight) of MPcX4.
compounds in toluene solution at 65°cC.

Electronic spectra of monomeric PbPcX,, dimeric ZnPcX, and
progressively higher order (Ni, Pd, Pt) MPcX4 complexes.

Laagmuir-Blodgett force—zarea curves of MPcX4.componnds.
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