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Abstract: Nanostructures of polyaniline (PAni) and polypyrrole (PPy) with controlled morphologies have
been synthesized on atomically flat surfaces using adsorbed surfactant molecules as templates. Atomic
force microscopy (AFM) has been used to investigate polymer film formation on highly oriented pyrolytic
graphite (HOPG) and chemically modified HOPG. Morphological control over the resulting polymer film is
possible by the addition of coadsorbing molecules, manipulation of the length of the surfactant hydrophobe,
or by changing the surface chemistry of the adsorbing substrate. Phase transitions between spheres,
cylinders/wires, and featureless films have been observed which exactly parallel transitions between spheres,
cylinders, and flat layers in the adsorbed surfactant. Parallel arrays of PAni nanowires can be synthesized
with alignment evident over large areas in a simple self-assembly technique in which fabrication and
arrangement take place simultaneously. Such a technique in which one can engineer sub-100-nm-ordered
nanoscale s-conjugated polymer structures of a desired shape by a simple self-assembly process presents
potential as templates, sensors, and microelectronic devices.

Introduction Surfactants at solidliquid interfaces have practical implica-

Surfactants are a class of molecules that form thermodynami-tioNS in areas such as detergency, wetting, foams, emulsions,
cally stable aggregates of inherently nanoscale dimensions botr2nd flotation technologies and have been the subject of two
in solution and at interfaces. In solution, surfactant self-assembly €cent reviews. In 1995, Manne et al. discovered via in situ
has been investigated both theoretically and experimentally, in 20mic force microscopy (AFM) experiments that surfactants
part because of the importance of such ordered templates inself-assemble a_t the s_ol|(_3I/I|qU|d mterfacg into analogues of
the synthesis of nanometer to micron scale structures with Structures found in solutiohi.e., spheres, cylinders, and bilayers
controlled dimensions. In 1976, Israelachvili et al. proposed the N hydrophilic surfaces and hemispheres, hemicylinders, and
concept of the molecular packing parameter that can be usedmonolayer_s on hydrophobic surfaces. Phase _tranS|_t|ons bgtween
to predict the equilibrium size and shape of surfactant ag- morphologies have been obs_erved by manipulating variables
gregated. In this model, thermodynamic, electrostatic, and Such as electrolyte conce_ntran‘bhydrophp_be length or coun-
molecular packing considerations give rise to the general t€fion types surface chemistr§or the addition of coadsorbing
formula for a dimensionless parametefalo, wherew, andl, molecules—® For example, adsorption of sodium dodecy! sulfate
are the volume and length of the surfactant tail within the (SDS) on highly oriented pyrolytic graphite (HOPG) has been
hydrophobic core of the aggregate amis the effective area investigated by in situ AFM experiment$These studies have
occupied by each surfactant headgroup at the surface of theshown that SDS self-assembles into aligned arrays of hemicy-
aggregate. When the parameter lies within the ranges'® lindrical aggregates that are stable over a large concentration
1/3—1/2, or 1/2-1 the favored aggregate morphology in solution "ange. This epitaxial arrangement has been attributed to an
is spherical, cylindrical, or a flat bilayer, respectively. In
addition, solution aggregate morphology can be altered by a ) Ela)4T1i£’eEgj \F,\-/?a‘?r””(gkgéﬁ{a”otbilﬁ“gb%’g”-Irgg:gg;fggg%%%350%%00
number of external variables. The addition of electrolyte to ionic  (3) Manne, S.; Gaub, H. ESciencel995 270, 1480. o
surfactant solutions reduces electrostatic repulsive forces be- ggg I(g%oeﬁ'icﬁ' E. Ducker, W. AJ. Am. Chern. il(()sd-a?/g? Eﬂgﬁgﬁiggg
tween headgroups, whereas incorporation-afcohols causes 15, 1685. (b) Velegol, S. B.; Fleming, B. D.; Biggs, S.; Wanless, E.; Tilton,
the hydrophobic component of the aggregate to swell, and both ¢, Z{) %rgﬁgnglt\j;.r;zgc?grtﬁ?'ﬁ;sﬁgérg, Eangmuir2002 16, 2285. (b) Grant,
effects cause a reduction in aggregate curvature and hence L. M. Ducker, W. A.J. Phys. Chem. B997, 101, 5337. (c) Grant, L. M.;
different morphologies. @ m‘iﬁ%'sng?‘f;k‘Bﬁwvgy,Aﬁ'v@?yé'ugi‘(fr',‘“wﬁiﬁglrﬂﬁif 1298987', 13, 4223.
(8) Ducker, W. A.; Wanless, E. lLangmuir1996 12, 5915.

(1) Israelachvili, J.; Mitchell, D. J.; Ninham, B. W. Chem. Soc., Faraday (9) Kovacs, L.; Warr, G. GLangmuir2002, 18, 4790.
Trans. 21976 72, 1525. (10) Wanless E. J.; Ducker W. Al. Phys. Chem1996 100, 3207.
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overlap of carbon atoms in the alkane chain of the surfactant microemulsion techniqu¥. In addition to this, nonionic sur-
with those of the graphit&. Addition of small quantities of factants have been shown to act as templates for individual poly-
1-dodecanol to SDS/graphite systems induces a phase transitiorf3,4-ethyldioxythiophene) (PEDOT) chains producing films with
from hemicylinders to a planar adsorbed lay&his transition individual PEDOT chains having a high level of orientatf8n.

is due to changes in the aggregate packing parameter describeédmphiphilic molecules have been used directly by Wan et al.
previously. to synthesize PAni and PPy micro/nanotubules or fibrils in the

In addition to aggregation of surfactants at interfaces, bulk. In this techniqueg-naphthalene sulfonic acigB{NSA)
aggregation of polymers at interfaces has also been extensivelys used as a “surfactant-like” molecule which simultaneously
studied. Polymeric nanostructures, very different than those controls the cylindrical structure and acts as a dopant to the
observed in bulk solution, have been observed to form on Polymer product! Other amphiphilic organic acids have been
surfaces due to a combination of interfacial, intra-, and used as dopants to form nanoscale tubes or fibers of conducting
intermolecular force&? Coadsorption of surfactants and poly- Polymers?? In a different technique, the self-organization of
mers on surfaces has been the focus of a number of studiespreformed polymers in conjunction with amphiphilic molecules
although the morphology of these adsorbed structures is muchhas been used to fabricate ordered mateffalNanoscale
less explored. In one particular case, nanoscale-aligned strand§Ylinders with repeat distances of 3.5 nm have been created in
of polymer did form; these were found for ethyl(hydroxyethyl)- the bulk due to hydrogen bonding between PAni chains and
cellulose on the surface of graphite in the presence of surfac-camphorsulfonic acid (CSA) and 4-hexylresorcinol (Hres)
tants!3 However, to our knowledge, no other systems have appendage moleculés.
shown such morphologies. Interactions between polymers and As well as synthesizing-conjugated polymeric nanostruc-
surfactants in the bulk have been extensively reviewed due totures in bulk solution, the ability to engineer ordered thin films
the relevance to many industrial applicatidfi$n general, the ~ of conducting polymers on flat surfaces is attractive in the
addition of polymer to surfactant systems induces aggregation fabrication of macromolecular electronic devices for applications
at a concentration (critical aggregation concentration, cac) well Such as electrooptics, microelectronics, and photdfighin
below the aggregation concentration (critical micelle concentra- films of PPy have been successfully rendered on surfaces by a
tion, cmc) for the surfactant-only system. technique termed admicellar polymerization (AP). AP can be

The ability of surfactants to self-assemble into organized visualized as Fhe surface analogue to emulsion polymerization
templates in the bulk offers potential to fabricate materials that &S adsorbed bilayered surfactant aggregates are used as templates
retain this molecular imprint. Examples of these materials {© form thin polymer films on various surfaces. Thin polymer
include latexes and mesoporous inorganic materials with films of EPy have_been successfully fab_rlcated on surfaces such
controlled pore size, i.e., the extremely important commercial 33 aluminf-28 mica282°and HOPG® using AP, although no
structures known as MCM catalydfsBecause this currentwork ~ &ttempts have been made to control the morphology of the
focuses onz-conjugated polymer nanowires, this paragraph resulting polyr_ner film. For many gppllcqnons, sp_atlal control
briefly reviews other methods to produce nanowires in bulk. ©f the deposition on the surface is desired. Typical routes to
Mesoporous inorganic materials with controlled pore sizes have Pttérn_surfaces withr-conjugated polymers include laser
been used to synthesizeconjugated polymer nanowires within  Writing,* surface-templated depositiéh,screen printing?
the confined reaction channels afforded by the pét@dered ~ Photolithography’? and e-beam writing? Limitations to these
n-conjugated polymer/silica nanocomposites have been prepared®chniques include resolution and possible damage of the
by using polymerizable surfactants, monomer, and tetraethyl polymer.
ortho-silicate so that the ordering of the silica and polymer (19) Jang, J.; Yoon, HChem. Commur2003 6, 720-721
occurs simultaneously. Surfactants have also been used to (20) Hulvat, J. F.; Stupp, S. Angew. Chem., Int. E®003 42 (7), 778.
produce 1-D nanostructures of electrically conducting polymers (21) (&) Shen, Y.; Wan, MJ. Polym. Sci., Part A: Polym. Cheri999 37,

! X . . 1443. (b) Liu, J.; Wan, MJ. Polym. Sci., Part A: Polym. Chei2001, 39,
in the presence of inorganic aclfsand also in a reverse 997. (c) Wei, Z.; Zhang, Z.; Wan, M.angmuir2002 18, 917.

(22) (a) Zhang, L.; Wan, MNanotechnology002 13, 750. (b) Qiu, H.; Wan,
M. J. Polym. Sci., Part A: Polym. Cher2001, 39, 3485. (c) Huang, K;
Wan, M. Synth. Met2003 135-136, 173. (d) Wei, Z.; Wan, MJ. Appl.
Polym. Sci2003 87, 1297. (e) Qiu, H.; Wan, M.; Matthews, B.; Dai, L.
Macromolecule®001, 34, 675. (f) Jana, T.; Roy, S.; Nandi, A. ISynth.
Met. 2003 132 257.

(23) Ikkala, O.; Brinke, G. TScience2002 295, 2407.

(24) (a) Kosonen, H.; Ruokolainen, J.; Knaapila, M.; Torkkeli, M.; Jokela, K.;
Sermiaa, R.; Brinke, G. T.; Bras, W.; Monkman, A. P.; lkkala, O.
Macromolecules200Q 33, 8671. (b) Kosonen, H.; Ruokolainen, J.;
Knaapila, M.; Torkkeli, M.; Sermiaa, R.; Bras, W.; Brinke, G. T.; Ikkala,
0. Synth. Met2001, 121, 1277. (c) Kosonen, H.; Valkama, S.; Ruokolainen,
J.; Knaapila, M.; Torkkeli, M.; Sermiaa, R.; Monkman, A. P.; Brinke, G.

(11) (a) Groszek, A. JProc. R. Soc. London, Ser.17Q 314, 473. (b) Yeo,
Y. H.; Yackoboski, K.; McGonigal, G. C.; Thompson, D.Jl.Vac. Sci.
Technol., A1992 10, 600. (c) Rabe, P.; Buchholz, Sciencel991, 253
424.

(12) Rabe, J. PCurr. Opin. Colloid Interface Scil998 3 (1), 27.

(13) Djuve, J.; Grant, L. M.; Sjolom, J.; Goloub, T. P.; Pugh, R. Uangmuir
2002 18, 2673.

(14) (a) Kwak, J. C. TPolymer-Surfactant SystepMarcel Dekker: New York,
1998; Vol. 77. (b) Goddard, E. [Tolloids Surf.1986 19, 255. (c) Goddard,
E. D. InInteractions of Surfactants with Polymers and Protei@sddard,
E. D., Ananthapadmanabhan, K. P., Eds.; CRC Press: Boca Raton, FL,

1993; pp 203-276. (d) Lindman, B.; Thalberg, K. Iinteractions of
Surfactants with Polymers and ProteinGoddard, E. D., Ananthapad-
manabhan, K. P., Eds.; CRC Press: Boca Raton, FL, 1993; pp 208
(e) Baany, S.Macromol. Symp2001, 166, 71.

(15) Beck J. S.; Vartuli, J. C.; Roth W. J.; Leonowicz, M. E.; Kresge, C. T,;
Schmitt, K. D.; Chu, C. T. W. Olson, D. H.; Sheppard, E. W.; McCullen,
S. B.; Higgins, J. B.; Schlenker, J. 1. Am. Chem. S0d992 114, 10834.

(16) Wu, C.-G.; Bein, TSciencel994 264, 1757.

(17) (a) Lu, Y. F.; Yang, Y.; Sellinger, A.; Lu, M. C.; Huang, J. M.; Fan, H.

Y.; Haddad, R.; Lopez, G.; Burns, A. R.; Sasaki, D. Y.; Shelnutt, J.; Brinker,

C. J.Nature 2001, 410, 913. (b) Yang, Y.; Lu, Y.; Lu, M.; Huang, J.;
Haddad, R.; Xomeritakis, G.; Liu, N.; Malanoski, A. P.; Sturmayr, D.; Fan,
H.; Sasaki, D. Y.; Assink, R. A.; Shelnutt, J. A.; van Swol, F.; Lopez, G.
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(18) Zhang, Z.; Wei, Z.; Wan, MMacromolecule002, 35, 5937-5942.
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Figure 1. lllustration of the process to fabricate morphologically controlled nanostructures of electrically conducting polymers on surfaces usarg surfac
templates. This particular schematic represents the proposed schematic of wire formation on (A) chemically treated HOPG and (B) HOPG.

A simple technique to pattern-conjugated polymers with  we can fabricate aligned arrays over large areas quickly in which
nanoscale dimensions is in great demand. Although chemicalorientation is dictated by the surface and alignment is parallel
vapor deposition has proven effective in rendering ordered to the surface. The polymer structures have sub-100-nm features,
nanostructures on surfac&shis technique is not suitable for  are highly aligned, and are not trapped within a solid support.
orienting polymeric materials. Ordered rodlike structures of
polymerizable surfactants have been observed by AFM at the
mica/water interfacé® and polyelectrolyte ribbonlike structures Polyaniline. In Figure 2A we show ordered arrays of PAni
have been observed at the graphite/water intefada/ith nanowires on HOPG using adsorbed SDS aggregates as a
respect to oriented conducting polymers on surfaces, there havgemplate. Orientation of the wires is maintained over large
been few reports in the literature. Sub-100-nm lines of conduct- gjstances, with directional changes seen at grain boundaries or
ing polymer have been “drawn” on surfaces using the tip of a steps inherent in the graphite surface. Such abrupt changes in
scanning tunneling microscoffeand with the tip of an atomic  grientation of SDS hemicylinders on HOPG have been observed
force microscope in a direct-writing technigtfOriented arrays previously”-10 Separations, or cracks in the film, are observed
of PAni nanowires have been grown normal to surfaces by an gong the long axis of the wires. These cracks are believed to
electrochemical method in which no template is uSed. form during drying, and no attempts were made to try to stabilize

In this article, a new way to patterr-conjugated polymers  these films during drying. A cross-sectional view of the film
with nanoscale dimensions on a solid surface is described, With(Figure 2A) identifies a distinct periodicity with a repeat distance
some advantages over other processes. We show that by meanss 16.7+ 1.2 nm. Hemicylinder SDS aggregates adsorbed on
of a three-step process, equilibrium adsorbed surfactant ag-HOPG have been shown to have diameters of approximately 6
gregates can be used as templates to synthesize organizefim, although addition of 1-dodecanol causes the aggregates to
polymer films on flat surfaces in which one has morphological swell to around 12 nrilt is therefore likely that incorporation
control over the resulting polymer film. In the first stage, the  of aniline and aniline HCI into adsorbed SDS aggregates causes
monomer and surfactant are allowed to aggregate on the surfacgy swollen aggregate to form. A recent study concerning the
of the substrate, in the second stage an oxidizing agent is addedy|ybilization locus of anilineHCI in SDS micelles showed
to begin the polymerization reaction, and in the third stage the that the phenyl moiety resides within the hydrophobic region
substrate is rinsed to remove excess ingredients. Figure lgnd the positively charged polar group between negatively
indicates a schematic representation of the process. Unique tharged SDS headgroups at the surface of the mitellde
our work is the fact that, in the case of the polymer nanowires, incorporation of bulky phenyl groups within the hydrophobic
(33) Bargon, J.; Behnck, W.; Weidenbrueck, T.; Ueno,Synth. Met.1991, core of the aggregate coupled with charge Stabilizatio.n Fflt .the

41, 1111. surface of the aggregate could lead to an enlarged incipient
(34) Magnus Persson, S. H.: Kyreklev, P.; InganasAQu. Mater. 1996 8, structure. Height measurements have not been included due to
(35) (a) Li, W. Z.; Xie, S. S.; Qian, L. X.; Chang, B. H.; Zou, B. S.; zhou, W. geometric limitations of the tip and the fact that naked HOPG

3 ghae A Vieng, Goencassa s 1701, () on 2 ¥ iang. - may not be exposed between the wires. PAN nanowires can be

Sciencel998 282, 1150. (c) Huanh, M. H.; Mao, S.; Feick, H.; Yan, H.;  transitioned into a featureless PAni film by the addition of

\J/.\E/*}LEIJ’;.(@)K\IPJ{’DH.I;D.\;/V)%?]%E,H\’(.E.]..;; E";?]SQOQRLY?(’;%QBE;BECE)Z(SO}2)%2H 1-dodecanol (Figure 2B). Cross-sectional analysis shows that

Feng, S. QPhysica E2001, 9, 305. (e) Chen, L. C.; Chang, S. W.; Chang,  the periodicity is lost and the roughness of the film is reduced,
C. S.; Wen, C. Y.; Wu, J.-J,; Chen, Y. F.,; Huang, Y. S.; Chen, KJH

Results and Discussion

Phys. Chem. Solidg001, 62, 1567, : although the roughness is slightly larger (rma$.12 nm) than
(36) Biggs, S.; Walli:er, L. M.; Kline S. RNano Lett.2002 2 (12), 1409. the roughness of the underlying graphite (rms0.07 nm).
3 Okama o o408, 60 654, Additionally, no cracks are present in the film indicative of

(39) glayggngiz\/X.;sl;gocamo, S. F.; Grinstaff, M. W.; Liu, 3. Am. Chem. surface homogeneity. Addition of 1-dodecanol causes a change
oC. X .

(40) Liang, L.; Liu, J.; Windisch, C. F., Jr.; Exarhos, G. J.; Lin, Angew.
Chem., Int. Ed2002 41 (19), 3665. (41) Kim, B. J.; Im, S. S.; Oh, S. G.angmuir2001, 17, 565.
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Figure 2. 500 x 500 nn? AFM images of PAni films on HOPG with 0 mM 1-dodecanol (A) and 0.5 mM 1-dodecanol (B). Both images shown at a height
scale of 12 nm.

in aggregate packing parameter due to its smaller headgroup
yet same-length hydrophobe.

Analysis of the chemical form of PAni can be ascertained
by X-ray photoelectron spectroscopy (XPS), sometimes called
electron spectroscopy for chemical analysis (ESCA). PAni can
be present in one of three oxidation states: leucoemeradine,
emeraldine, and pernigraniline referring to reduced, reduced/
oxidized, and oxidized states, respectively. The particular form
of PAni can be characterized by XPS by way of three different
nitrogen environments with specific,Mbinding energies:<399,
399-400, and >400 eV representing-N=, —NH—, and
—N*t—, respectively*? Evaluation of the Ns peak from XPS
indicates that in both cases the polymer is in the emeraldine
salt (conductive) form. Figure 3 represents spectra for the film
shown in Figure 2A. Analysis of the area corresponding to
positively charged nitrogen>@00 eV) suggests that two
different species exist. These two different environments can

be interpreted, in order of increasing binding energy, as polaron
Figure 3. X-ray photoelectron spectroscopy of PAni wires on freshly

and bipolaron states, respectiv .3 valuation of the re.latlve cleaved HOPG. Three nitrogen environments can be observed by curve
area of the two peaks 400 eV with respect to total nitrogen  fiing,

(N*/N) shows a doping degree of 0.450rdered films of PAni

should provide improved electrical properties, and therefore, carbon, nitrogen, oxygen, and sulfur (Figure 4). A slight amount
evaluation of the conductivity of these films is currently under of oxygen is present in freshly cleaved HOPG (Figure 4C),
investigation. possibly due to the sample being cleaved 3 days prior to analysis
To study PAni film formation on a less hydrophobic surface, (the treated sample was treated and then also stored for 3 days
chemical treatment of freshly cleaved HOPG was carried out pefore analysis). Since the binding energies for nitrogen, oxygen,
by exposure to ammonium persulfate under acidic conditions and sulfur are 402.2, 532.5, and 168.7 eV, respectively, we
prior to the addition of monomer and surfactant. Contact angle pelieve that the mode of surface modification is intercalation
measurements show that the contact angle of the HOPG blockof ammonium persulfate ions into the graphene lattice. STM
with water changes from 90to around 75 after surface  studies of the intercalation of various ions into HOPG have
treatment. XPS analysis of treated HOPG indicates peaksshown the existence of large periodic superstructtfres.
corresponding to specific binding energies associated with Following surface treatment of HOPG with ammonium

(42) (a) Kim, B. J.; Oh, S. G.; Han, M. G.; Im, S. Eangmuir200Q 16, 5841 persulfate, PAni synthesis was then carried out in an identical

(b) Kang, E. T.; Neoh, K. G.; Tan, T. C.; Khor, C. S. H.; Tan, K. L. fashion as described previously. The resulting polymer films
Macromolecules 99Q 23, 2918.
(43) Han, M. G.; Cho, S. K.; Oh, S. G.; Im, S. Synth. Met2002 126, 53.
(44) We cannot rule out that some contribution to positively charged nitrogen (45) Yamada, T.; Miyake, K.; Ishida, M.; Hata, K.; Morita, R.; Yamashita, M.;
may come from intercalated ammonium ions beneath the polymer film. Shigekawa, HSynth. Met1999 103 2653.

Intensity (arbitary units)

3% 37 39 401 408 405 407
Binding Energy (eV)
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Figure 4. X-ray photoelectron spectroscopy of HOPG before and after chemical treatment. (A) Carbon, (B) nitrogen, (C) oxygen, and (D) sulfur.

are shown in Figure 5A; compare these films with those with monolayer coverage. In the case of a less hydrophobic
synthesized on freshly cleaved HOPG (Figure 2A). Spherical substrate, i.e., graphite chemically treated with ammonium
PAnNi structures are fabricated with a diameter of 44.2.6 persulfate, interactions between the headgroup and surface
nm covering the entire surface of the substrate. Many cracks predominate leading to bilayer coverage, which in turn leads
are apparent in the film and appear to follow steps in the to features with larger dimensions (see proposed mechanism in
underlying graphite. Using the cracks as a reference point for Figure 1). Measurements of the height differences are consistent
the location of the underlying graphite, we can measure a typical with this explanation; the height of the film shown in Figure
height of the film to be approximately 40 nm which corresponds 2A (periodicity of 16.7 nm) has been measured as+.6.4
well to the measured diameter indicating that the film morphol- nm, while Figure 5C (periodicity of 44.5 nm) has a height of
ogy is indeed spherical. Addition of small quantities of 4.7 + 1.9 nm. As mentioned previously, the tip is likely not
1-dodecanol causes the spheres to align into what looks like contacting the surface of the graphite, and almost certainly these
wires composed of connected spheres in a “pearl necklace-like”height values are not quantitatively correct although this
conformation (Figure 5B). Interestingly, increasing the reaction difference certainly represents a difference in polymer morphol-
time from 1 b 3 h at thesame 1-dodecanol concentration causes ogy.
the globular texture of the wires to diminish, rendering well- If APS-treated graphite is soaked in water for a few hours
formed PAni nanowires with a similar diameter of 4451.8 prior to reaction, the results are the same as using freshly cleaved
nm (Figure 5C). Analysis by XPS indicates that PAni is in the HOPG, indicating that intercalated ions diffuse back out of the
conductive emeraldine salt form with a typical doping degree graphene lattice. Conversely, even though APS is present in
of 0.46 (Figure 6)* Featureless PAni films were not observed reactions with freshly cleaved HOPG, we believe that adsorption
for this system at the highest 1-dodecanol concentrations of surfactant occurs before addition of APS and therefore retards
investigated. (or at least slows down the kinetics of) APS intercalation, and
Differences in film morphology with respect to surface hence, the surface is hydrophobic with respect to surfactant
treatment can be explained by a change in interaction betweenadsorption and subsequent polymerization.
the surfactant and surface. For freshly cleaved HOPG, the Polypyrrole. In the studies of PAni described above, the
interaction between the surfactant and surface is primarily due morphology of the synthesized polymer was controlled by
to interactions between the tail group and surface, consistentvarying the template morphology using either the surfactant
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Figure 5. 2 x 2 um? AFM images of PAni films on oxidized HOPG with 0 mM 1-dodecanol (A), 0.1 mM 1-dodecanol (B), and 0.1 mM of 1-dodecanol
and 3 h ofpolymerization (C).

sulfonate. Sulfonate surfactants were used because the adsolu-
bilization of pyrrole is somewhat limited in sulfate aggregates
without the addition of electrolyt®. The disadvantage of this
choice is that the adsorption of sodium sulfonate surfactants on
atomically smooth surfaces has not been studied by AFM to
our knowledge; therefore, the initial morphology of the surfac-
tant aggregates in the absence of pyrrole is unknown.

In Figure 7, one can see the effect of varying the length of
the hydrophobic moiety in the surfactant on PPy film formation.
In Figure 7A, PPy spheres are observed fem@th a diameter
of approximately 25.6t 2.8 nm. Increasing the length of the
hydrophobe by two methylene groups teyCreates a smaller
spherical morphology (18.2= 1.9 nm) and a reduced film
roughness indicated by the AFM cross section analysis (Figure
7B). A smaller spherical diameter in the case @f i€ somewhat
counterintuitive, although it can be explained in terms of the
cmc. As the same concentration of surfactant is used in all cases,

experimental conditions for {gare closer to the cmc than for
Figure 6. X-ray photoelectron spectroscopy of PAni wires on chemically - " ang hence, the number density of spheres adsorbed on the
treated HOPG, indicating curve fitting and the different nitrogen environ- . .
ments. surface is expected to be greater for thg Surfactant, which
in turn limits the size of polymer spheres. In contrast to spherical
structures observed forg@nd Go hydrophobes, a featureless
film is found in the case of G (Figure 7C). The transition from
spherical to flat morphologies is predicted by the packing
parameter of solution aggregates for an increase in length of

Intensity (arbitary units)

3% a7 39 401 408 405 407
Binding Energy (eV)

surface energetic interaction or the addition of a coadsorbing
molecule. Another parameter we wished to examine was
hydrophobe length, and further, we wished to determine whether
the templating effect could be induced with a monomer other
than aniline. Hence, three sodium sulfonate surfactants WET€ 46) Rosen, M. JSurfactants and Interfacial Phenomerend ed.: Wiley-
used: l-octanesulfonate, 1-decanesulfonate, and 1-dodecane- ° Interscience: New York, 1989.
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Figure 7. 1 x 1 um? AFM images of PPy films on HOPG 1-sodiumoctanesulfonate (A), 1-sodiumdecanesulfonate (B), 1-sodiumdodecanesulfonate (C),
1-sodiumdecanesulfonate with 0.8 mM decanol (D).

the hydrophobe. Addition of 1-octanol to thg §/stem did not Cs. There is a slight disruption in film thickness at the edge of
appear to affect the size or curvature of the PPy spheres asthe bubble, although the height can be estimated by placing
spheres with an average diameter of 2#53.2 nm were cursors at selected points as shown in Figure 8B. Multiple
observed at the highest concentration of 1-octanol investigated.measurements indicate that the film thickness is very close to
However, 1-decanol did induce a phase transition to reducedthe measured diameter of the spheres (28 nm), indicating that
curvature PPy films in the {g system and subsequently to a indeed the film is composed of PPy nanospheres, not hemi-
featureless layer as evidenced by the cross section (Figure 7D)spheres. The same experiment was carried out for PPy films
Addition of 1-dodecanol to the fzsystem was not investigated on HOPG in the case of ¢ (Figure 8C). Once again the film

as a featureless layer was already present. Rodlike morphologieshickness is found to correlate well with the measured diameter
do not appear to be favorable for sodium sulfonate surfactantsof the PPy structures at 16 nm. Therefore, PPy nanospheres are
and pyrrole under these particular reaction conditions. also synthesized on HOPG in thg&ystem.

Although films of PPy on HOPG appear to be spherical, one  The question now arises as to why the PPy films are spherical
would expect that the films are hemispherical by considering and not hemispherical in nature. To answer this, fresh HOPG
the hydrophobicity of HOPG. The film thickness was measured was chemically modified with APS as previously described to
by masking a portion of the HOPG from reaction. Surface form a more hydrophilic surface, and the synthesis of PPy was
masking was accomplished by trapping a bubble against thecarried out in an identical fashion as before. Resulting PPy films
side of the vial and over a section of HOPG so that an edge were identical in morphology and thickness to those obtained
was created across which one could measure the film thicknesswith freshly cleaved HOPG. From this result we believe that
Figure 8A represents the edge of the PPy film for the case of the surface of the freshly cleaved HOPG is chemically altered
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0.03*cmc, 0.13*cmc, and 0.45*cmc forgCCio, and Gy,
respectively*® where the cmc’s correspond to those measured
without monomer. In a different set of experiments, surfactant
concentrations were fixed at 0.67*cmc and the monomer
concentration fixed at 2.7 mM. Forg@nd Go systems, which

had much higher surfactant concentrations than 5.4 mM, there
was no noticeable coverage of polymer on the substrate,
indicating not enough monomer was localized at the surface.
Increasing the monomer concentration so that the surfactant to
monomer concentration was kept at a 2:1 ratio, as used for the
other experiments, leads to large amounts of solution polym-
erization which in turn deposits on the graphite and obscures
the surface.

400 nm

200
nm B Conclusion

Adsorbed surfactant aggregates function as templates for the
Jm‘ formation of morphologically controlled polymer films of
0 s-conjugated polymers with sub-100-nm features. The capability
to synthesize and arrange the polymer in one step to retain the
properties of the material by eliminating subsequent treatment
or processing is key to producing organic electronic devices.
The structure of the polymer film can be controlled by the
0 2.50 5.0 um addition of coadsorbing molecules which induce phase transi-
tions in the order of sphericat> cylindrical — planar.
Additionally, film morphologies are shown to be sensitive to
the length of the surfactant hydrophobe, with the same sort of
200 phase transitions occurring with changes in hydrophobe length,
nm C i.e., spherical— cylindrical — planar with increasing hydro-
phobe length. Unique to surface aggregation, a third variable,
the interaction between the surface and the surfactant, can be
0 used to alter the morphology in a manner which agrees
qualitatively with expectations. Other variables are also probably
available to elicit structural control, including electrolyte
concentration, temperature, pH, or possibly monomer type and
concentration. Thorough experimentation and theoretical model-
; ‘ * ‘ ing will yield a better understanding of this phenomenon and
0 100 2.00 3.00 4.00 pm should lead to a technique that can be tailored to many polymers

Figure 8. Cross-sectional analysis of PPy films fog §/stem indicating and surfaces in which one can not only synthesize, but also
polymer film on the right side of the image and bare HOPG on the left pattern at nanoscale dimensions.
side of the film edge (A). Height of the film measured between the markers
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