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ABSTRACT: We review here the self-assembly, electrochemical and spectroelectrochemical properties of
2,3,9,10,16,17,23,24-octa(2-benzyloxyethoxy) phthalocyaninato copper (Cuf@aB2)), where terminal

benzyl groups on the eight ethylene oxide side chains assist in forming unusually ordered, mechanically rigid
thin films. New spectroscopic characterization of cast CuPg(@B2); films is discussed in comparison with

cast films of its metal-free analoguePt(OGOBz)s and similar copper and dihydrogen phthalocyanines with
benzyl— terminated triethylene oxide substituents, CuPcf@$Bz)s, and HPc((OGO)sBz)s, which do not
demonstrate the same degree of ordering as CuP€iBg)y. AFM studies of horizontally transferred LB films

of CuPc(OGOBz)s show column—column distances c& 2.8 nm and confirm the high degree of ordering
previously surmised from spectroscopic characterization of multilayer thin films. The oxidative electro-
chemistry of multilayer thin films prepared from these Pcs is strongly dependent on the chemical identity of the
supporting electrolyte anion and on annealing of the thin films. Compliance of the films to counter-ion transport
limits the extent of electrochemical doping. Preliminary studies of the oxidative electrochemistry of isolated
CuPc(OGOBz)s aggregates (diluted into an electroinactive methyl arachidate thin film) on an electroactive,
integrated optic waveguide (EA-IOW) are also presented. Monitoring the change in absorbance at 633 nm on
the waveguide surface allows the determination of the onset potential for oxidation of the isolated aggregates,
which appears to be less positive in potential versus that observed for multilayer Pc assemblies. Cgopyright
1999 John Wiley & Sons, Ltd.

KEYWORDS: phthalocyanines; spectroelectrochemistry; self-assembly; AFM; integrated optic waveguides

INTRODUCTION nanometers or longer is a significant challenge,
especially because small variations in molecular
Peripherally substituted phthalocyanines are of inter- architecture of the phthalocyanine assembly may
est because of their tendency to aggregate in columnarultimately control the optical, electrical and electro-
assemblies, many with discotic liquid crystalline chemical properties of the material. Coherence of
properties, with the prospect for molecular electronic, cofacial Pc assemblies can be assured for polysilicon
photonic and chemical sensor applications [1-13]. phthalocyaninato (PcPS) materials on the length scale
Insuring coherence in these assemblies over tens ofof the polymer chains. Axial polymerization of the
central silicon atoms provides the possibility to create
ordered thin films with up to 100 Pc units per
*Correspondence to: N. R. Armstrong, Department of Chemistry, monomer unit within the film [7—11]. Creation of thin
University of Arizona, Tucson, AZ 85721, USA. films composed of linear cofacial Pc aggregates from
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nines, Edinburgh, September 1998. tive from a processing point of view, has not provided
CCC 1088-4246/99/060620—-14 $17.50 nearly t_hls type o_f coherent assembly [1-6, 1_4—17].
Copyright© 1999 John Wiley & Sons, Ltd. Crystalline Pcs with a tendency toward formation of



perfectly cofacial aggregatege.g.the FAIPc system)
canbevacuumdepositedasepitaxiallayerson single-
crystal substratege.g. freshly cleavedSnS) to form

very highly orderedcofacialaggregatesyut againthe
processingonditionsare not simple[18, 19].

We have recently produced a new class of
phthalocyaning with eight benzyl-terminatd ethy-
lene oxide side chains per Pc monomer.
2,3,9,10,16,17,224-Octakis(2-benzyloxyethoxy)
phthalocyaning copper (CuPc(OGOBz)s) and its
related zinc (ZnPc(OGOBz)) and metal-free
(H,Pc(OGOBz)) analogueshave been prepared
[20—23]. CuPc(OGOBz)g is illustrated in the sche-
matic shownin Fig 1(b). The simple modification of
the ethyleneoxide side chainswith a terminalbenzyl
groupleadsto a supramoleculamaterialwith unique
properties Stablemonolayerandbilayerthicknesd B
films are readily formed from CuPc(OGOBz)s and
H,Pc(OGOBz)s using a horizontal transfer method
(Schaffer method [24], and multilayer films show
unprecedentedong-rangeorder [25-27]. As shown
below,whenthe numberof ethyleneoxide unitsin the
benzyl-terminatd sidechainis increasedrom oneto
three,asin the octa(tri(ethyleneoxide)) Pcs CuPc(O
(C0O,)3Bz)s and HoPc(O(GO)sBz)s, the aggregation
tendenciedn solution are weakenedIncreasedside
chain motion, possiblein the longer-chainmaterials,
reduceghe stability of the aggregateassembliesThe
unusualstability of the mono(ethyleneoxide)-linked
materialsis lost, asis the ability to form well-ordered
LB thin films and to transferthesefilms with the
efficiency noted for both CuPc(OGOBz) and
H,Pc(OGOBZz)s.

The cofacialaggregatioror axial polymerizationof
Pcsinfluencestheir redox properties,generallylow-
ering the first oxidation potential for the assembly
versusthe monomericmaterial [28—36]. Electroche-
mical ‘doping’ of these assembliesto increase
conductivity, in a mannersimilar to that previously
reported for crystalline Pc complexes[1, 37—-41],
becomesaccessiblefor thin films of thesematerials
[13]. For the polymerized silicon phthalocyanine
systemsheeffectof placingthe Pcsin closeproximity
is substantialwith up to a 650mV decreasen first
oxidation potential betweenthe monomerand the
trimer oligomersand a somewhatarger decreasen
oxidation potential for the PcPSpolymer versusthe
monomer[28-30]. CuPc(OGOBz)g multilayer thin
films appearto show a decreasein first oxidation
potential versus that expected for the monomer,
althoughnot aslarge an effect asthe SiPcoligomers
or polymers[20-23,25-27].
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Incorporationof counter-iondgnto the Pcfilm must
accompanythe oxidation events.Film structuremust
be sufficiently compliant to facilitate counter-ion
injection without disruptionof columnarorderin the
film structure [42,43]. For the oxidation of CuPc
(OC,0Bz) thinfilms, asshownin this paperthereis a
strongdependencef the onsetfor oxidationandthe
shapeof the voltammetric peaks on the chemical
identity of thecounter-aniorspeciesn solution.These
counter-iondependencesn redoxbehaviorhavebeen
previously noted for PcPSthin films [13] and are
consistentwith the behavior noted for the electro-
chemicaldoping of vacuum-depositedrystalline Pc
thin films [21,42,43].

Ultimately it is desirableto usecolumnarpolymers
or aggregate®f thesePcsto spanelectrical contacts
on the distancescaleapproachings0—-100nm, andto
be ableto ‘tune’ the conductivity of thesemolecular
wires through chemical or electrochemicaldoping
[44—-46]. Heroic efforts to arrangeindividual PcPS
‘wires’ acrossmetal contactson this distancescale
havebeenreported andtheresultantassemblymaged
by scanningunnelingmicroscopy[44—46].1t is useful
to understand the electrochemical properties of
isolatedPc polymersor aggregatesn orderto better
control doping, suchthat specificelectronicmaterial
propertiesareaccessibleln ultrathinfilms, wherethe
Pc assembliesre monolayeror lessin coveragethe
rateof ion transportshouldnot belimiting. Both PcPS
and CuPc(OGOBz)g assembliesan be diluted into
monolayers of an electroinactive matrix such as
poly(isopentyl)cellulose (IPC) or an LB amphiphile
such as methyl arachidate(MA) [44-47]. Normal
electrochemicalmethods of characterization,how-
ever, lack sufficient sensitivity to monitor a redox
eventinvolving lessthan10%of amonolayernf thePc
in question.Spectroelectrochemicahethodscan be
usedproductivelyif the moleculesbeinginvestigated
undergo significant absorbancechangesduring the
redoxevent.

We have recently introducedan integratedoptic
waveguide technology, the electroactiveintegrated
optic waveguide (EA-IOW), which is capable of
monitoring redox eventsinvolving certain adsorbed
chromophorest coveragesear 1% of a monolayer
[48,49]. Monitoring the absorbancechangesoccur-
ring in suchthin films asa function of potentialmay
ultimately allow for the reconstructionof a voltam-
metric responsegr at leastthe determinatiorof onset
potentials for redox activity. This spectroscopic
responsés insensitiveto the non-faradaidackground
currentswhich limit the sensitivity of normalvoltam-
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metric investigationsinvolving low-coverageredox-

active molecules[48,49]. This technology can be

productively applied to the characterizationof the

redox chemistriesof low surfacecoveragesof both

CuPc(OGOBz)s and PcPS,andwe presenthere our

first resultsusingthe EA-IOW in the characterization
of CuPc(OGOBz)s aggregatesliluted into MA thin

films and depositedby LB vertical dipping technol-
ogiesontothe EA-IOW surface.

EXPERIMENTAL

Thesynthesisaandpurificationof CuPc(OGOBz)s and
its relatedanalogueshave beendescribedpreviously
[20-22]. The Pcswere eachcreatedfrom phthaloni-
trile derivatives,modifiedin the 3,4-positionsby the
appropriatédoenzyl-teminate@thyleneoxide.LB films
of this molecule were created from chloroform
solutionsof the pure Pc or solutionscontainingboth
the PcandMA. After dispersabn thetroughsurface,
films were allowed to standfor 20min prior to the
onsetof compression.

Forthe spectroscopistudiesof aggregatiorduring
solvent evaporation, a fiber optic probe spectro-
photometer(SpectralinstrumentsSI1400) was usedto
obtain absorbancespectrain real time during the
evaporation of drops of the chloroform solution
(volumes ca 50mL, initial Pc concentration ca
10~"M). Solutions were placed in a microscope
depressioslidelocatedin the spectrometelight path.
Spectraverecollectedatintervalsof 15s,in reflection
mode, during the full evaporationof these solvent
drops.Thepathlengthanddistributionof Pcin thelight
path changedranmatically as film formation on the
surfaceof the depressiorslide proceeds.This redis-
tribution of materialaccounts,n part, for the loss of
absorbanceéntensity during the courseof the expert
ment.In addition,the molarabsorptivityof monomeric
Pcis greaterthanthat of aggregatedPc assemblies.

LB films werecreatedon a Riegler—Kierstertrough
using a standardwilhelmy balance[22]. Films were
compressedto the appropriate surface pressure,
creatingeithera monolayeror a bilayerthicknesdilm
(see below). An appropriately hydrophobizedsub-
strate was lowered horizontally onto the trough,
picking up the Pc film via the Schaeffermethod.
Highly ordered multilayer films were preparedby
utilizing a film stabilization baffle positionedin the
subphaseyhich cutsthefilm into stabilizedsegments
asthe Langmuirfilm is lowered.The segmentedilm
canthenbehorizontallytransferredn sequenceo the

Copyright© 1999JohnWiley & Sons,Ltd.

appropriatesubstratewithout disruptionof neighbor-
ing film segment$25-27].

AFM studies of multilayer films of CuPc(O-
C,0OBz), depositedy the horizontaltransfermethod
on either freshly cleavedHOPG surfacesor hydro-
phobized Si(100) surfaces,were conductedwith a
Digital Instruments Nanoscopelll. Images were
generatedin aqueous fluid tapping mode using
oxide-sharpenedilicon nitride tips [50]. The images
were processedn both height and deflectionmodes
andwereenhancedhrougha convolution/decowolu-
tion algorithm which heightenedthe contrast in
topology[25-27].

Electrochemicaktudieswere conductedon multi-
layer films of CuPc(OGOBz)s on hydrophobized
indium tin oxide (ITO) substratesas discussed
previously [22]. The electrolyteswere all aqueous
solutions0.1M in thesupportingelectrolyte Spectro-
electrochemicaktudieswere carriedout in the same
electrochemicalcell as that used for the normal
voltammetricstudies[22], using the Spectrallnstru-
mentsfiber probespectrometediscussedbovefor the
dropletevaporatiorstudies.

Theconstructiorof theEA-IOW technologyusedn
this study has been reviewed recently [48,49]. A
schematiof the EA-IOW is shownin Fig 7. A single
modeof light from theHe—Nelasersourcg(633nm)is
coupledinto this step-indexwaveguidestructure,so
that a fraction of the evanescentail is presentin the
outerITO film andinteractswith moleculesadsorbed
to the ITO surfaceat low coveragesThe degreeof
this interactionis a strongfunction of the thickness
of the Corning6059waveguiddayer, the thicknessof
the silica buffer layer, the thicknessof the ITO, and
therefractiveindex of all the waveguidecomponents
and the superstratematerials. The entire EA-IOW
assemblywashousedn anelectrochemicatell which
permits solutionsto be introduced and changedat
will. The incident He—Ne laser source was modu-
lated at a frequencyof 1 kHz, and the outcoupled
light, after striking a photodiodewith a preamplifier
and subsequentlydemodulated,was corrected for
changesn absorbancéackgroundvhich accompany
all voltammetric processe®n the EA-IOW surface
[48,49].

RESULTS AND DISCUSSION

LB Thin Films and AFM Studies of CuPc(OC,0Bz)g

Figurel(a)showsatypical pressure—areigothermfor
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Fig. 1. Schematicview of CuPc(OGOBz): (a) pressure—areiaothermobservedor this moleculeon a purewatersubphase,
showingpressurefor bothmonolayeffilm transfer(I,) andbilayerfilm transfer(1,); (b) pressure—areaothermdor amethyl
arichidatemonolayerandfor samemonolayerwith ca 10 mol% of CuPC(OGOBz)s dilutedinto it.

CuPc(OGOBz) [22]. The two phase transitions
associatedwith compressionof this molecule are
clearly seen, correspondingto the formation of a
close-packedsingle monolayer (IM;) and a close-
packedbilayerfilm (I1,) [22]. PreviousAFM studiesat
the submicron lateral resolution scale, along with
recent X-ray reflectometry studies of multilayer

Copyright© 1999JohnWiley & Sons,Ltd.

versions of these thin films, confirm that both
monolayer and bilayer thicknessfilm transfersare
possibleand that the horizontal transfer method is
capableof producingthin films with unusuallyhigh
coherencg22, 25-27].We areawareof only oneother
octasubstitutedPc systemwhich exhibitsthis kind of
clear transition betweenmonolayer thicknessfilms

J. PorphyrinsPhthalocyanines3, 620—-633(1999)
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50 nm

Fig. 2. Schematicview of columnarassembliesndtheir hexagonatlosepackingasa bilayer film, andtappingmodeAFM
imageof suchathin film (in water),showingparallel,coherenttolumnsspacedat ca 2.8nm.

andbilayer thicknessfilms [6]. Nolte and co-workers
have reportedtwo-phaseisotherm behaviorfor Pcs
with branchedandoptically active alkoxy substituent
groups,andassociatedhe phasesvith monolayerand
bilayer film formation on the trough surface. The
branchedsubstituentchainsintroducea chiral center
which is expectedto influencethe liquid crystalline
propertiesand enhancethe self-assemblyof these
materials into more rigid thin films. Unlike our
materials,however,thesebranchedsubstituentchain
Pcsweredifficult to transferto substrates.

Recent tapping mode AFM studies of CuPc
(OC,0Bz) films in contactwith water confirm that
these films consist of parallel coherent columnar
assembliesvith lengthsof up to 50 nm anda column-—
columnspacingof ca2.8-3.0nm (Fig 2) [25—-27].This
column spacing is somewhat shorter than that
expectedfor the Pcs with their side chains fully
extended(ca 3.2—-3.5nm) and suggestsomecanting
of the Pcswith respecto the long axis of the column
and somerelaxationof the side chainsdue to their
interactiong20, 25]. Notethatthe columnaxesof the
Pcassembliesn Fig 2 lie parallelto the compression
barriersusedon the LB trough to createthesethin
films. This resultalsosuggestshat columnarorderis
achievedon the troughthroughfilm compressiorand
that horizontaltransferdoesnot destroythat column
ordering. Previously reported studies of these thin
films utilizing vertical transfer methods produced

Copyright© 1999JohnWiley & Sons,Ltd.

poorly orderedfilms [20]. Comparablealignmentof
Pc columns has been achievedfor the polysilicon
phthalocyanint (PcPS)system but thesemolecules
generallyalign alongthe vertical dipping axis, asthe
processof inserting and withdrawing the substrate
throughthe LB film causegherigid rod moleculesto
align alongflow profiles[7-11,13].

Spectrosc@ic Characterization of Cag Thin Films

Absorbancespectrataken of CuPc(OGOBz)s thin
films beforeandduringcompressiommnthe LB trough
suggesthatlarge-scaleaggregateassemblieslevelop
immediately upon distribution of the chloroform
solutionson the trough surface[22]. Figures3 and 4
illustrate the solution spectral properties of this
material,and the spectralchangeswvhich occur upon
solventevaporatiorduringthe formationof castfilms
aswould be expectedn the LB trough.Thesefigures
alsoshowthe spectralpropertiesof relatedmaterials,
including HoPc(OGOBz); and two new triethylene
oxide side chain derivatives of this molecule,
CuPc((0G0O)3Bz)s and HoPc((OGO)3Bz)g [26]. In
Fig 3 we showspectraof ca 10’ M solutionsof each
of these Pcs in chloroform, before and during
evaporationof the solventto createa castthin film.
Sincethe concentration®of eachPc solution usedin
thesestudieswere approximatelyequal, and similar
volumes were distributed in each case, we can

J. PorphyrinsPhthalocyanines, 620—-633(1999)
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Fig. 3. Q bandabsorbancepectraof chloroform solutionsof CuPC(OGOBz)g, H,Pc(OGOBz);, CuPc(O(GO)sBz)s and
H,Pc(O(GO)sBz)g just afterdepositionasa dropletandat equaltime intervalsduring drop evaporatiorandformationof final

castfilm.

comparehe aggregatioriendencie®f thesematerials
directly. In all caseghe absoluteabsorbanceropped
assolventevaporatedpwing to a changen oscillator
strengthin theQ bandregiondueto the perturbatiorof

molecularorbitalsinfluencedby aggregatdormation
[20, 23]. Additional reductionin the absoluteabsor-
bance intensity can be ascribedto a reduction of

pathlengthandredistributionof the chromophoren

the light path that accompanieshe evaporationof

solvent.

The effect of lengtheningthe ethyleneoxide side
chains from one ethylene oxide unit to three is
immediately apparenton comparingthe absorbance
spectrain Figs 3(a) and 3(c), and this effect must
transfer to the aggregation tendencies of these
materials on the LB trough. It is clear that the
aggregatiorof CuPc(OGOBz)s at the samesolution
concentrationis much greater than for CuPc(O
(C.0)3Bz)g, in asmuchasthereis significantlymore
broadeningand blue shifting of the Q bandfor the
shorter-chain material [20]. Previously we have
estimated the aggregationconstantin chloroform

Copyright© 1999JohnWiley & Sons,Ltd.

solutionsfor CUPc(OGOBz)s t0 be Kagg= 2.9 x 107
[20], and we estimatethe aggregationconstantfor
CuPc(O(GO)3Bz)g to be at least an order of
magnitudesmaller [20]. For CuPc(O(G0O)3Bz)g, in
fact, there is little difference betweenthe Q band
spectrumat theinitial solutionconcentratiorandthat
expectedfor a purely monomeric solution of Pc
[2, 20]. Monomeric spectral featureswere still ob-
servableas the solventnearedcompleteevaporation
and the solution concentratiorof the Pc approached
molar levels. Sensitivity-enhancedersions of the
spectrafor thefully evaporatedilms in Figs3(a)and
3(c), andcastfilms on glass(Fig 4), alsosuggesthat
there is considerablymore disorderin the CuPc(O
(C.0)sB2z)g film, asevidencedoy the width of the Q
band spectrum[20]. Previous studies of vacuum-
depositedwell-orderedcofacial columnaraggregates
of FA1Pc, where the Pc—Pcspacingis comparable
with that of the aggregateshownhere,haveshowna
Q band a5 0f ca 615-630hm andan FWHM of this
Q band of ca 80nm [18,19]. Only the CuPc
(OC,0Bz)s aggregatesas depositedusing our hor-

J. PorphyrinsPhthalocyanines3, 620—-633(1999)
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izontal transfermethodfrom the LB trough,approach
this level of blue shifting andnarrowingof the Q band
lineshapeForthe metal-freeversionsof thesePcs the
degreeof aggregationn solutionfor H,Pc(OGOBZz)s
is somewhathigher than for H,Pc(O(GO)s;Bz)s, as
evidencedy the broadeningf the Q bandspectrum,
but the behavioraldifferenceis not asclearasin the
caseof the copper-centerednaterials.Featurescon-
sistentwith monomericPcscould be clearly seenfor
both Pcsas the solventnearedcompleteevaporation
and the solution concentrationsapproachednearly
molar values[26].

Thesespectroscopistudiesare consistentvith the
degreeof orderingobservedn thin films depositedn
the LB trough, and with our ability to transferwell-

Copyright© 1999JohnWiley & Sons,Ltd.
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Wavelength (nm)

Fig. 4. Q bandabsorbancepectraof phthalocyaninei Fig 3 ascastthin films on glass.

700 800 900

ordered films to hydrophobized substrates.Only
CuPc(OGOBz)s and H,Pc(OGOBz); producedthe
two-phaselLB isothermsshown in Fig 1(a). Clear
transitionsbetweenmonolayerthicknessand bilayer
thickness films were most easily observed for
CuPc(OGOBz), consistenwith its higherdegreeof
aggregationin concentratedolutionsand castfilms.
The longer-chain Pcs both gave poorly defined
pressure—aredsotherms, expected of amphiphilic
phthalocyanine which do not achieve significant
orderon the LB trough[2—4,12]. For both CuPc(O
(C.0)3Bz)g andH,Pc(O(GO)sBz)s we wereunableto
achieveefficient transferfrom the LB trough, using
either vertical or horizontal transfertechniquesand
only castthin films andpoorly definedinhomogeneous

J. PorphyrinsPhthalocyanines, 620—-633(1999)
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Fig. 5. Cyclic voltammetricscandor oxidationof four-bilayerthick films of CuPc(OGOBZz)g in presencef 0.1 M solutionsof
LiClO4, KCI, HNOs; andLiSO,. 0.1 M solutionsof NaBF, werealsoinvestigatednot shown)andgavevoltammetricresponses
entirely comparablewith thoseseenfor LiClO 4.

LB films could be examinedfor their spectroscopic  bilayer thick (ca 23nm) films of CuPc(OGOBZz),
andelectrochemicapropertieq26]. horizontally depositedon hydrophobizedITO sub-
strates[22, 26], in contactwith 0.1M solutions of
several different supporting electrolytes—LiC1Oy,,

Electrochemical/Spetroelectrochemnical Studiesof KCI, LiSO, and HNOz;. Comparableresponsesvere
CuPc(0OC,0Bz)g Thin Films obtainedwith thin films createdrom H,Pc(OGOBz)g

[26]. In general, we have found no significant
Figure 5 showsthe voltammetricresponse®f four- differencein the electrochemicalresponseof these

Copyright© 1999JohnWiley & Sons,Ltd. J. PorphyrinsPhthalocyanines3, 620—-633(1999)
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Fig. 6. Q bandabsorbancepectraobtainedduring oxidationin 0.1M LiClO4 of a 10-bilayerthick film of CuPc(OGOBzZz)s.
The increasesn absorbancelueto Pc cation radical formation andthe decreasen absorbancef the startingmaterialare

shownwith the addedarrows.

films asa function of changingthe cation(Li*, Na",
K™) in the supportingelectrolyte. Significant differ-
ence are observedas a function of changing the
identity of the anion. Similar effects have been
observedfor the electrochemicalbxidation of PcPS
thin films, and for thin films of variouselectroactive
polymerswhich canbe oxidatively ‘doped’ [13, 51].
At the voltammetric sweep rates used in these
studiestheelectrochemicabxidationeventappears$o
resolveitself into two broadvoltammetricpeaksi(a) a
peakspanningca 0.4—-0.7V in LiClO4 andin NaBF,
(not shown,but essentiallyidentical to the responses
seenn LIClO,), and(b) anevenbroadepeakpositive

Copyright© 1999JohnWiley & Sons,Ltd.

of 0.7V. Coulometricanalysisof thesevoltammetric
peakssuggestshat,at potentialsof ca1.0V in LiCIO4
andNaBF; electrolytes,up to 85% of the Pcringsin
thethin film areoxidized[22, 26].

The transmissionspectroelectrochemat data in
Fig 6, as discussedpreviously [22], show that
oxidationof thefilm involvesa complicatedcombina-
tion of processesk-ormationof the Pc cationradical
stateis observedconcurrentlywith thelossof Q band
absorbancedue to the Pc aggregate.While the
counter-ion identity affects the energeticsof the
oxidation processijt doesnot influencesignificantly
the typesof oxidation productsformed. At the onset

J. PorphyrinsPhthalocyanines, 620—-633(1999)
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Fig. 7. Schematiof EA-IOW (seetext) andabsorbancehangenotedfor voltammetricoxidationof ca 10% of amonolayerof
CuPc(OGOBz)g, dilutedin an MA monolayer,asa function of appliedpotential.

of oxidationof the multilayerfilm, thereis a clearloss
of absorbanceat the peak of the Q band for the
aggregate(ca 620-630nm), in parallel with the
growth of absorbancén the 500 and800nm spectral
regions. By comparison with solution oxidation
studiesof thesePcsandrelatedmaterials,thesenew
absorbancefeatures are assigned to the broad
absorbance bands of the Pc" cation radical
[22,26,52,53]. Theabsorbancéeaturesn theregion
from 630 to 700nm, however, remain constant,or

Copyright© 1999JohnWiley & Sons,Ltd.

evenslightly increasein absorbancelp to potentials
appliedof 0.7V or less.Higher appliedbiasvoltages
then causethe loss of absorbanceat longer wave-
lengthsin the Q bandregion,with continuedgrowth of
absorbancentensityin theca500and800nm spectral
regions. We have surmisedfrom these data that,
beyond0.7V bias, the Pc films becomeless aggre-
gated, developinga monomer-like structure due to
counter-ionpenetrationfollowed by the oxidation of
this material[22].

J. PorphyrinsPhthalocyanines3, 620—-633(1999)



630 P.E.SMOLENYAK ETAL.

The electrochemical behavior of these CuPc
(OC,0Bz)s and H,Pc(OGOBz) thin films suggests
considerablestability after oxidationof up to ca 50%
of the Pcrings in the assembly.For castthin films
created from CuPc(O(GO);Bz)s and H,Pc(O
(C.0)3Bz)s, however,two poorly resolved electro-
chemical oxidation processeswere observed, but
without the electrochemicaktability observedn Fig
5. Oncethe oxidationeventshadbeeninitiated, there
was a clear deterioration of the cast films of
CuPc(0O(G0)sBz)s and H,Pc(O(GO)sBz)s, and the
currents observedon the reduction side of these
voltammogramaverelessthan 50% of thoseseenon
the oxidationside of the voltammogramsAfter more
than one oxidation/reductiorcycle, therewasa clear
physical deterioration of the cast thin films of
CuPc(0O(G0O)sBz)s and H,Pc(O(GO)sBz)s. Such
electrochemicabehaviorunderscoreshe importance
of film orderingand coherencen stabilizing the Pc
oxidationproductsin CuPc(OGOBzZz)s.

It hasrecently beenof interestto determinethe
extent to which the electrochemicalproperties of
CuPc(OGOBz); are unique to multilayer, close-
packedthin films. If the electrochemicalprocesses
areindependenbf the bulk film propertiesthey will
be observedaswell in thin film formatswherethe Pc
aggregatés embeddedn an electroinactivethin film.
As seernin Fig 1(b), methylarachidat€ MA) showsthe
pressure—aresothermexpectedof a classicamphi-
phile, with one phase transition observed with
increasingcompressionMA waschoserfor this study
becauseof this amphiphilic behavior, and because
there are no electrochemically active metal ions
presentin the LB layer or subphaseas might be
necessaryn using other amphiphilessuchas stearic
acid. Addition of CuPc(OGOBz)g, at concentrations
which would producecoverageof ca 1%—-10%o0f a
full monolayer,producedthe pressure—aresotherm
shownin Fig 1(b). For the mixed films the projected
area per molecule increased systematically and
predictablyasthe mole fraction of PcincreasedThis
type of increasein projectedareais consistentwith
incorporationof the Pc aggregatento the MA thin
film, ratherthanejectionof the Pcsothatit restsonthe
MA film surface, or beneathit in the subphase.
Attemptsto imagethesePc aggregateembeddedn
the MA thin film are under way, but preliminary
studiessuggestthat the Pc aggregatesmbeddedin
MA films possessengthsof lessthan 10nm andare
not ascoherentasthoseshownin Fig 2. Nevertheless,
our spectroelectrochemicatharacterizationof their
electrochemicabxidation suggestsomesimilarities
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betweenhe energeticof the oxidationprocessn the
submonolayeand multilayer assemblies.

Figure 7 showsthe changein absorbancexperi-
enced by a submonolayer coverage of CuPc
(OC,0Bz)g diluted into the MA thin film, deposited
on the EA-IOW surface,in contactwith a 0.1M KCI
solution. The EA-IOW structureprovidesthe oppor-
tunity to monitor absorbancechangesoccurring at
633nm as a function of applied potential during the
voltammetric sweep. Absorbancechangesare due
only to speciesadsorbedo the ITO/solutioninterface
[47-49].Thesensitivityof this spectroelectrochemical
approachis suchthat, for many strongly absorbing
organicdyes,optical changesuchasthoseshownin
Fig 7 can be followed during the voltammetric
processfor dye coveragef only a few per centof
amonolayer.The changesn optical propertiesof the
ITO layeraregenerallysuperimposedpontheoptical
changesof the organic thin film and have been
removedrom theplotin Fig 7. It shouldbe notedthat
the first derivative of this plot of absorbancehange
with potential SA/6E, if correctedor changesn molar
absorptivity, would be directly proportional to the
faradaic current flowing as a function of potential
[48,49,54].

It canbe seenthatthe onsetfor oxidationof the Pc
entrappedn this MA film is at ca 0.4V vs Ag/AgCl,
whichis ca0.2V negativeof theonsetfor oxidationof
the multilayer film in the sameelectrolyte.A second
oxidationeventapparentlybeginspositiveof 0.8V, as
is observedfor the multilayer voltammogram.These
spectroelectrochermal data suggestthat counter-ion
transportimitations do contributeasmuchas0.2V in
added potential required to oxidize the multilayer
CuPc(OGOBz) film versusthe submonolayecover-
ageaggregateOxidationis accompaniedn this case,
however, by an increasein absorbanceat 633nm,
suggestingrery different spectralpropertiesof the Pc
aggregatesand their oxidation products when en-
trappedin the MA film, asopposedo their properties
in the cofacially aggregatedmultilayer film. Such
differencesin optical propertiesare not unexpectedf
thedegreeof aggregatioris alteredin theseMA films,
andrequiresinvestigationsusingmultiple-wavelength
(broadband) interrogation of the electrochemical
eventson the EA-IOW surface[55].

In PcPS thin films diluted into IPC matrices,
multiple-wavelegth experimentsvere conductedon
the EA-IOW, and shifts in Q band spectraand in
cation radical absorbancespectrawere noted with
increasingoxidation, but thoseessentiallymimic the
changesobservedin multilayer versions of PcPS
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[13,47]. In thecaseof thesepolymerizedPcchainswe

have to conclude that the optical properties are
unaffectedby dilution into anothermatrix. The fact

that the onsetpotential for oxidation of PcPSfilms

appeargo be unaffectedby coverageor dilution into

another matrix, while the oxidation of CuPc
(OC,0Bz) films is dependenton these changes,
suggestshatcounter-ionincorporationis madeeasier
by loss of aggregationassociatedwith dilution of

CuPc(OGOBz) into the MA film.

Therecentwork of JanserandBeck,characterizing
the electrochemicabxidation of crystalline,vacuum-
depositedthin films of CuPc,NiPc, FePcand CoPc,
provides some additional insight into the redox
activity of our multilayer materials [42,43]. They
have shownthat the voltammetricoxidation of both
CuPc and NiPc films in the presenceof CIO, in
acetonitrile proceedsthrough two sharp (FWHM
< 100mV) andwell-resolvedprocesseseparatedy
ca 0.4V. The first processproducesan ‘insertion
complex’ (CuPc"/CIO;, )which appearso bedirectly
relatedto similar complexegreparedhroughchemi-
cal doping of these Pcs [37-41]. When prepared
chemically, these insertion complexes appear to
involve oxidation of the Pc macrocycle resultingin
parallel rows of oxidized Pcs and incorporated
counter-anionswith approximately30%-40%of the
Pcrings oxidizedin the stableproduct.In the caseof
the voltammetricoxidationin Fig 5, thisis very close
to the chargetransferredn thefirst oxidationwave of
the CuPc(OGOBz) thin films in contactwith the
aqueoud).1 ClO, solutions.The secondvoltammetric
oxidationwavein Fig 5 is morepositivethanthefirst
by nearly the samepotential,as seenby Janserand
Beck for the oxidation of the crystalline CuPcfilms
[42,43]. For thesecrystalline unsubstituted®c films
the secondxidationprocescausedlissolutionof the
thin film.

In the caseof our materials,this secondvoltam-
metric peakdoesnotin generalleadto the lossof Pc
from the electrodesurface providedthatthe electrode
potential is not held positive of 1.0V for extended
periodsof time. Films in contactwith KHP as the
supportingelectrolytedid, however degradevhenthe
potentialwascycledbeyondthefirst oxidationprocess
[26]. Theseresultssuggestthat the higher oxidation
products of CuPc(OGOBz)g are stabilized by the
interactionof the substituentthainswhich contribute
to the structuralintegrity of the columnarassemblies
notedabove.In the caseof the KHP anioninsertion
complexwe assumehatthe presencef the aromatic
moiety destabilizesthe columnar assembliesand
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resultsin dissolutionof the Pcs,similar to that seen
in the work of Jansenand Beck [42,43]. We can
hypothesizehat the differencesseenin the onsetfor

oxidation of these films, as a function of anion
identity, are due primarily to the differencesin

stability of the insertioncomplexedormed,andthat,

as with the crystalline materials, the perchlorate
complexesare the moststableof the anionsthusfar

investigated37—41]. This now appeargo governthe
electrochemicatiopingof our thin film materials,and
the PcPS system, at coveragesabove one or two

monolayers.

CONCLUSIONS

CuPc(OGOBz)g representsan unusual phthalocya-
nine aggregatevherethe procesof cofacialaggrega-
tion on the surface of the LB trough provides a
pathwayfor theformationof extremelyhighly ordered
thin films through self-assembly From the experi-
mentsshown here and from studiespublishedelse-
where[20-23,25-27],we canconfirm the balanceof
interactions which contribute to this ordered film
formation. Copperas a centralmetal in the Pcrings
appeardo assistin the aggregationthroughinterac-
tions betweenaza nitrogenson one Pc ring and the
metalatomin theadjacenting, causingatilt of thePc
rings with respectto the aggregatecolumn axis [20].
The metal-free version H,Pc(OGOBz) is not as
strongly aggregatedn solution, but forms films with
physicaland electrochemicapropertiesnearly indis-
tinguishablefrom the copper-centerednaterial [25—
27].

The length of the ethylene oxide side chainsis
critical to the stability of the columnarassembliesAs
discussedhere, longer side chains producea more
disordered,liquid crystalline-like material not well
suitedto LB film formation methods.We havealso
noted that the substitutionof methyl groupsfor the
benzyl groups on the termini of theseside chains
significantly decreasesthe ordering tendenciesof
thesematerials,confirmingthe importanceplayedby
arene—arenenteractions in these terminal benzyl
groups[26].

The electrochemicaland spectroelectrochermal
propertiesof theseassembliesuggestthat they can
be oxidatively ‘doped’ to increaseheir conductivities
in a fashionreminiscentof the crystalline Pcs,which
havebeenoxidizedasvacuum-depositethin films or
as slurriesin non-aqueousolvents[37—-43]. Earlier
work on phthalocyaninesuch as NiPc and silicon
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phthalocyanineoligomersand polymersshowedthat
thesematerialscould be chemically oxidized to the
point where about 30% of the Pc rings were in the
cation radical state, producing a highly conductive
material.Electrochemicallydopedfilms with ca 75%
of the Pcrings oxidizedhavebeenreported,although
at large positive overpotentials[37—41]. The CuPc
(OC,0Bz)s systemshowsitself to be amenabléo this
samekind of oxidative dopingat potentialslessthan
1.0V versusthe Ag/AgCI referenceelectrode Earlier
electrochemicaldoping studies suggestedthat the
energeticof anionincorporationweredeterminecoy
the sizeand chargedensityof the anion,andthatthe
lowestoxidation potentialfor the Pc assemblywould
occur with anions (X™) which were the easiest
geometricallyto incorporateinto the Pc™' X~ lattice
[37-41]. The work reported here, especially with
regardto the electrochemicabxidation of submono-
layer levelsof CuPc(OGOBz)s, andour otherrecent
electrochemicalstudies of submonolayerlevels of
PcPS suggest that anion incorporation into the
oxidized assemblymay not control the energeticgor
oxidation as much as previously thought for these
side-chain-modifiedPcs[13]. Transportof theseions
clearly doesaffectthe ratesfor oxidation,aswe have
observedn sweeprate dependencesf the oxidation
of theseCuPc(OGOBZz)g films andthin films of PcPS,
butthe onsetfor oxidationof bothmaterialsappearso
beindependentf film thicknessandprobablydepends
more on the solubility of the counter-ionin the
‘solvent’ environmentcreatedby the side chains,the
energeticsof contact ion pair formation, and the
relative stability of Pct"X ™ [51, 56].

This work is now being extendedto include
different metals and modificationsto the terminal
benzyl groups of the CuPc(OGOBz)s and related
molecules,to allow for further stabilization of the
assemblythrough polymerization.The prospectnow
appearsgood for creating Pc aggregatethin films
which can be patternedover small areas,dopedto
provide increasesn conductivity, and which exhibit
substantiallong-rangeorder and dichroism in both
their electricaland optical propertieq25-27].
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