La '
Subscriber access provided by UNIV OF HOUSTON
Research Article

Nanostructured Ultrathin Films of Alternating Sexithiophenes and
Electropolymerizable Polycarbazole Precursor Layers Investigated by
Electrochemical Surface Plasmon Resonance (EC-SPR) Spectroscopy

Saengrawee Sriwichai, Akira Baba, Suxiang Deng, Chengyu
Huang, Sukon Phanichphant, and Rigoberto C. Advincula

Langmuir, 2008, 24 (16), 9017-9023 « DOI: 10.1021/1a800307u * Publication Date (Web): 11 July 2008
Downloaded from http://pubs.acs.org on December 16, 2008

Electrochemical
instrumentation

counter electrode

reference electrode °

-1

o
@
T

s
000000000
Oor subsrate

=

Polarizar working electrode
olarize (Au)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Langmuir is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/la800307u

Langmuir 2008, 24, 9017—9023

Nanostructured Ultrathin Films of Alternating Sexithiophenes and
Electropolymerizable Polycarbazole Precursor Layers Investigated by
Electrochemical Surface Plasmon Resonance (EC-SPR) Spectroscopy

Saengrawee Sriwichai,”* Akira Baba,” Suxiang Deng,” Chengyu Huang,"
Sukon Phanichphant,** and Rigoberto C. Advincula*"

Departments of Chemistry and Chemical Engineering, University of Houston, Houston, Texas 77204-5003,
and Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai, 50200 Thailand

Received January 29, 2008. Revised Manuscript Received May 11, 2008

Nanostructured ultrathin films of linear and dendrimeric cationic sexithiophenes, 6TNL and 6TND, respectively,
alternated with anionic polycarbazole precursor, poly(2-(N-carbazolyl) ethyl methacrylate-co-methacrylic acid) or
PCEMMA32, were successfully fabricated using the layer-by-layer self-assembly deposition technique. The two
electro-optically active oligomers exhibited distinct optical properties and aggregation behavior in solution and films
as studied by UV —vis and fluorescence spectroscopy. The stepwise increase of the 6TNL/PCEMMA32 and 6TND/
PCEMMAS32 layers was confirmed by UV —vis spectroscopy and in situ surface plasmon resonance (SPR) spectroscopy.
The intralayer electrochemical polymerization and cross-linking behavior of the carbazole functionalized PCEMMA32
layers were then investigated using cyclic voltammetry (CV) and electrochemical surface plasmon resonance (EC-
SPR) spectroscopy. The increase in current with each cycle confirmed intralayer cross-linking followed by the
doping—dedoping process within these films. The two types of films differed with respect to dielectric constant and
thickness changes before and after electropolymerization, indicating the influence of the oligothiophene layers. This
demonstrated for the first time the preparation of highly ordered organic semiconductors alternated with in situ
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electropolymerizable layers in ultrathin films.

Introduction

Oligothiophenes and polythiophenes have been extensively
and intensively studied as materials for electro-optical and
electronic devices, for example, light-emitting diodes (LEDs)
and field effect transistors (FETs)." Among the oligothiophenes,
the linear quinquethiophenes (5T) and sexithiophenes (6T) are
of interest due to their high charge mobilities and ability to form
ordered structures for high-performance organic thin film devices.
Garnier et al.” first demonstrated sexithiophene films with very
high hole mobility due to the high 7t—z stacking order and domain
formation. The main problem for the 6T molecule is its poor
solubility in most organic solvents. Therefore, they have been
modified with alkyl chain substituents in the o, position to
increase their solubility in organic solvents.* The introduction
of quaternary amine end-groups on the alkyl substituted 6T
enabled solubility to water and a variety of polar solvents.’ This
in turn allowed the preparation of various alternating layer-by-
layer nanostructured ultrathin films incorporating the high
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mobility oligomers with various polyelectrolytes and even clay.’
The solution aggregation behavior of this linear 6T bolaform
amphiphile has also been studied.> In addition to linear oligomers,
electro-optically active dendrimers are also of great interest
because of their different topological and packing behavior in
thin films.® For example, the Advincula group has reported the
synthesis and characterization of thiophene dendrimers and their
ability to form nanostructures on surfaces.” However, up to now,
no nanostructured layered ultrathin films incorporating den-
drimeric oligothiophenes have been reported.

Poly(N-vinylcarbazole) (PVK) is a well-known material for use
as a hole transport layer in organic devices and as a precursor
polymer.® This material exhibits interesting electrical and optical
properties which have important applications for the fabrication of
organic-semiconductor devices such as solar cells and light-emitting
diodes.” Furthermore, the electrochemically polymerized PVK can
exhibit interesting electrochromic properties in the presence of
m-conjugated 3,6-linkages (formation of polycarbazole).'® Poly-
carbazole itself has been extensively studied for use in electrically
conducting and electrochromic devices.'! Recently, our group has
demonstrated a novel method for conversion of “precursor polymers”
to form conjugated polymer networks (CPNs) or cross-linked films
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on flat electrode substrates.'> In this approach, a precursor polymer
is first synthesized chemically and by design contains pendant
electroactive monomer units. Electropolymerization or chemical
oxidation results in a conjugated polymer network having both inter-
and intramolecular cross-linking possibilities between the pendant
electroactive units. This process is of high interest for depositing
insoluble ultrathin films of conjugated polymer (or oligomer) species
for practical electro-optical applications in devices. A number of
combinations are possible for the design of these precursor polymer
backbones and electroactive monomer units. Extensive studies have
been reported by the Advincula group for carbazole containing
precursor polymers. '

The layer-by-layer (LbL) self-assembly technique has become
a powerful and versatile method for fabrication of nanostructured
ultrathin films with uniform and controlled thickness.'* The process
involves alternate and sequential adsorption of polycationic and
polyanionic molecules from solution to charged surfaces as driven
by electrostatic interaction. This method has been widely used for
layered assembly of conjugated polymers and nanoparticles in
applications such as semiconductor devices,' sensors,'> and DNA
delivery.'® Furthermore, the evaluation of film formation and
electrochemical properties of LbL conjugated molecule films is
also important.'” Surface plasmon resonance (SPR) and Electro-
chemical surface plasmon resonance (EC-SPR) spectroscopy are
highly sensitive techniques for characterization and study of interfaces
and ultrathin films prepared by the LbL method.'®' The combina-
tion of SPR and electrochemical methods has become a powerful
technique for simultaneous observation of optical and electro-
chemical properties at substrate/electrolyte interfaces.'® Informa-
tion about film formation and optical property changes can be
obtained by simultaneously monitoring angular-reflectivity
changes with current or potential.?® The characterization of
conducting polymer thin films using EC-SPR spectroscopy has
been previously demonstrated.”’ The EC-SPR spectroscopy
technique has also been used for many applications including
biosensor development®* and new in situ imaging instruments.?
Moreover, the electropolymerization of PVK to form conjugated
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polycarbazole networks have also been investigated using in situ
EC-SPR spectroscopy.?*

In this study, two types of cationic water-soluble sexithiophene
(linear and dendrimeric, 6TNL and 6TND, respectively) oligomers
were studied for their ability to form nanostructured LbL ultrathin
films with a polycarbazole precursor, poly(2-(N-carbazolyl) ethyl
methacrylate-co-methacrylic acid) or PCEMMA32. The two
oligomers 6TNL and 6TND were observed to have distinct
aggregation behavior in solution and films. The film growth was
monitored by UV —vis spectroscopy and in situ SPR spectroscopy.
The differences in film forming properties of the two oligomeric
topologies were investigated. The sandwiched PCEMMA32 were
then electrochemically polymerized and cross-linked by cyclic
voltammetry. Their polymerizability and doping-dedoping prop-
erties were investigated by in situ EC-SPR spectroscopy.?

Experimental Section

Materials. All the chemicals were purchased from Aldrich and
used without further purification. Tetrahydrofuran (THF) and toluene
were freshly distilled from sodium benzophenone ketyl. Tetrabu-
tylammonium hexafluorophosphate (TBAPFg; Aldrich) was freshly
dried under vacuum at about 40 °C. Anhydrous acetonitrile was
used as received. The structures of the oligomers and polyelectrolyte
used in this experiment are shown in Figure 1.

Synthesis of Cationic Water-Soluble Sexithiophenes. The details
for the synthesis of linear cationic water-soluble sexithiophene [5,5"" -
di((6-(trimethylamino)hexyl)-2,2":5",2" -terthiophene) 2,2":5',2" :5" 2" :
5™, 2" 5" 2"" ~sexithiophene, 6TNL] had been reported previously
by our group.” The synthesis of dendrimeric cationic water-soluble
sexithiophenes [6TND] was carried out as shown in Figure 2. More
details of the synthesis can be found in the Supporting Information.
All of the reactions were carried out under nitrogen atmosphere. The
6TNL and 6TND were obtained by treatment of bromide terminated
groups with trimethylamine in ethanol for 1 week.’

Synthesis of Polycarbazole Precursor. The details for the
synthesis of poly(2-(N-carbazolyl) ethyl methacrylate-co-methacrylic
acid), PCEMMA32, have been described elsewhere.?®

Layer-by-Layer Adsorption. Quartz, indium tin oxide (ITO),
and high refractive index LaSFNO glass substrates were cleaned by
consecutive sonication at 15 min each in the following order:
sonicating solution (2% glass cleaning solution), deionized water
(resistivity 18.2 M€2+cm), isopropanol, and acetone. They were then
cleaned by argon ion plasma treatment for 5 min. The gold films
were vacuum evaporated onto high reflective index LaSFN9 glass
substrates (with an adhesion layer of 2 nm Cr, previously evaporated
on glass). The thickness of the gold film was ~45 nm. The substrates
were then treated with 1 mM 3-mercapto-1-propanesulfonic acid
sodium salt in ethanol for 90 min and finally rinsed with ethanol.
The ITO substrate was pretreated with the RCA recipe®’ (H,O/
H,0,/NH3;, 5/1/0.3) at 50—60 °C for 75 min and then rinsed with
Millipore water. After complete drying, the ITO substrate was treated
with 0.5% 3-aminopropyltriethoxysilane (APS) in freshly distilled
toluene at 95 °C for 2 h. The substrates were then rinsed with toluene
and methanol. The quartz substrate was pretreated with piranha
solution (H,0,/H,SO4, 30/70 v/v) for 30 min and subsequently rinsed
with Millipore water. After complete drying, the substrates were
functionalized by immersion in 0.5% APS in freshly distilled toluene
for 30 min and rinsed with toluene and acetone. The slides were then
stored overnight in 0.1 M HCI. The LbL deposition process was
performed mainly using the following steps: (1) The functionalized
substrates were immersed into a solution of PCEMMA32 (1 mg/mL
in dimethyl sulfoxide (DMSO)/water, 2/3 at pH 10) for 10 min and
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Figure 1. Chemical structures of the oligomers and polyelectrolyte used for fabrication of the nanostructured layer-by-layer films.

Figure 2. Synthesis scheme for 6TND. Reagents and conditions: (i) n-BuLi, THF, BuzSnCl, —78 °C to room temperature; (ii) 2,3-dibromothiophene,
DMEF, Pd(PPhs)4, 100 °C; (iii) n-BuLi, THF, CuCly; (iv) aqueous HBr, refluxing; and (v) trimethylamine, EtOH, refluxing.

then rinsed with DMSO/water (2/3) at pH 10 for 2 min. The substrates
were then neutralized by rinsing with water for 30 s. (2) The substrates
were immersed into the aqueous 6TNL or 6TND solutions (1 mg/
mL) for 10 min and then rinsed with water for 2 min.

The alternate LbL films of 6TNL or 6TND with PCEMMA32 were
achieved by repeating this process until the desired number of layers
was reached. Figure 3 shows the composition and proposed structure
of alternating multilayer films. For SPR measurements, the func-
tionalized Au-coated LaSFNO substrate was first dipped into the
cationic sexithiophene solution, followed by the PCEMMA32
solution.

Instruments. UV —vis spectra were recorded using an Agilent
8453 UV —visible spectrometer. The thickness and the kinetic of
adsorption for layer-by-layer films were measured by in situ SPR
spectroscopy with gold-coated LaSFN9 glass substrate. The surface
plasmon spectra were obtained in the SPR mode of the Multiskop
instrument with the attenuated total reflection (ATR) setup used for
the excitation of surface plasmons in the classical Kretschmann
configuration.”® For the electrochemical measurements, the poten-
tiostat (Princeton Applied Research Parstat 2263) with three

(28) Knoll, W. MRS Bull. 1991, 16, 29.
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Figure 3. Schematic view of alternating LbL multilayer film buildup
of 6TNL or 6TND with the precursor polyelectrolyte.

electrodes was used for cyclic voltammetry. Functionalized ITO
substrate or gold-coated LaSFN9 glass substrate was used as the
working electrode. The counter electrode was platinum wire with
Ag wire as the reference electrode. The electrochemical cross-linking
of layer-by-layer films was performed using 0.1 M TBAPF/
acetonitrile as the supporting electrolyte. The solution was freshly
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Figure 4. UV —vis absorption spectra of 6TNL and 6TND in water and
PCEMMA32 in DMSO/water (2/3) at pH 10. The PL spectrum is shown
in the Supporting Information.

purged with N, gas for 15 min prior to the experiment. Kinetic
electrochemical cross-linking was studied using in situ EC-SPR. It
was also used to monitor the oxidation/reduction and electrochemical
properties of deposited films with reflectivity changes as a function
of time. Details of the EC-SPR setup have been reported
elsewhere.'®*2° The excitation source employed was a He—Ne laser
with 4 = 632.8 nm on an ATR setup. The reflectivity-angular
measurements were also performed by scanning an incident angle
range before and after electrochemical cross-linking. The electrode
surface area was 0.785 cm?.

Results and Discussion

UV—Vis and Photoluminescence Spectra in Solution. Figure
4a shows the UV —vis absorption spectra of 6TNL and 6TND
in water (5 ug/mL) and PCEMMA32 in water/DMSO (2/3) at
pH 10. The dendritic sexithiophene shows spectroscopic proper-
ties that are different from those of the linear sexithiophene. The
solution molar absorptivity was determined to be emax = 7924
M~ em™! at Apax = 420 nm for 6TNL and epax = 16 111 M ™!
cm™! (Anax = 400 nm) for 6TND. The Ayax chosen represented
the longest conjugated o.—o. oligothiophene units corresponding
to six (420 nm) and four (400 nm) thiophene units for 6TNL and
6TND, respectively. As previously described,” there are two
different linkages between each thiophene units including o,
and o,o linkages. The oo linkage provides the best ;z-electron
conjugation, while the a,f linkage disrupts it. The absorbance
is directly proportional to molar absorptivity at constant
concentration and path length (Beer—Lambert law). Another
corollary is that, at a similar molar absorptivity, the higher
concentration gives greater absorbance. Because of the more
extended conjugation length with 6TNL, it was expected to have
the higher molar absorptivity. However, the results indicate that
even though 6TNL is expected to have a higher molar absorptivity,
6TND has more absorbance under 250—420 nm as well as higher
molar absorptivity (also see the Supporting Information). The
absorption spectrum of the dendrimeric 6TND is broad and shows
three peaks at 385, 294, and 252 nm originating from the 7—m*
transitions, indicating a distribution of absorbing oligothiophene
species. The lowest energy absorption at 400 nm is almost identical
to that of a-quaterthiophene and represents the upper limit. This
spectrum is reminiscent of the organic soluble 6T oligothiophene
dendrimer previously reported.” Thus, the absorbance is a multiple
of overlapping conjugated units of o, and o,0 connectivity,
giving it a higher molar absorption. The absorption spectrum of
6TNL shows the strongest T—s* transition peak at 420 nm and
several shoulders at 440, 470, and 515 nm. These distinct shoulders
are due to the vibronic structure and/or Davydov interaction,

(29) Aust, E. F.; Ito, S.; Sawodny, M.; Knoll, W. Trends Polym. Sci. 1994,
2,9.
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indicating a degree of aggregation.*® In fact, this vibronic structure
disappears with the addition of 20% THF, the best solvent for
6TNL which has € = 10 755 (Amax = 442 nm) almost similar to
that of 6TND at A = 420 nm (see the Supporting Information).>
As shown in Figure 1, 6TND and 6TNL have both hydrophobic
sexithiophene units and cationic alkyl chain arms at the ends.
The positively charged quaternized amine end-groups make the
molecules hydrophilic and water soluble. However, 6TND has
four quaternized amine end-groups which lead to greater water
solubility compared to 6TNL. In addition, from previous studies,”
the shoulder peaks of 6TNL in water were found to originate
from H-aggregation (;t—s stacking), which disappeared when
THF was added (up to 30%). This phenomenon was not observed
in the case of 6TND. The UV —vis absorption spectra of 6TND
in different ratios of water/THF were identical, indicating that
it is less prone to aggregation.

The above observations are also consistent with the solution
photoluminescence (PL) spectra; that is, the PL spectrum can be
observed for 6TND, but it was quenched for 6TNL in water (see
the Supporting Information).”® The UV—vis spectrum of
PCEMMA32 shows peaks at 245, 261, 293, 332, and 345 nm
which were attributed to w—s* and n—s* transitions of the
carbazole unit which presented as polymer pendant side groups.>'
The sloped baseline of the absorption may be due to some
aggregation of PCEMMA32 in DMSO.

Multilayer Growth. Multilayer films of 6TNL and 6TND
with PCEMMAS32 on various substrates were fabricated by the
LbL deposition technique. The layer deposition was monitored
by UV —vis absorption spectroscopy on quartz substrates every
two bilayers. Shown in Figure 5 is the UV —vis absorption spectra
of the films prepared from 6TNL (a) and 6TND (b). The
absorbance intensity of both 6TNL and 6TND increased linearly
with increasing number of layers, indicating a stepwise and regular
growth process. Shown in Figure 5c is the relationship between
peak intensity at 238, 400, and 415 nm with the number of
deposition layers for the two systems. It is evident that the stronger
intensity at 238 nm is predominantly due to the incorporation
of carbazole units from PCEMMA32, which is higher with the
6TND pairing. It is also clear that more 6TND units are
incorporated per layer compared to 6TNL.

The peak at 400 nm, attributed to the oligothiophene units in
water solution, is red-shifted to about 425 nm in the film which is
due to the J-aggregation in the 6TND film. This is possibly due to
a stronger electrostatic interaction between the dendrimeric
sexithiophene and polycarbazole precursor molecule leading to a
higher density of 6TND on the surface. For 6TNL in solution and
film as seen from the shoulder peaks in solution, the aggregation
of 6TNL was observed to be due to the H-aggregation (blue-shift).
This shoulder disappeared in the film with the polycarbazole
precursor molecule. This result is opposite to that of the 6TND
aggregation phenomenon on the films.>* The disappearance of these
vibronic structure bands after adsorption with the polycarbazole
precursor layer shows that deaggregation may have occurred during
the adsorption process but also indicates a lower surface coverage
for 6TNL consistent with our previous results.

The kinetics of the layer-by-layer adsorption for both 6TNL
and 6TND systems was studied by SPR at a fixed angle slightly
lower than the resonance angle with water as the medium. The
alternation of the layers between the cationic sexithiophenes and
anionic polycarbazole precursor results in the buildup of

(30) (a) Hotta, S.; Rughooputh, S. D. D. V.; Heeger, A.; Wudl, F.
Macromolecules 1987, 20, 212. (b) Koren, A. B.; Curtis, M. D.; Kampf, J. W.
Chem. Mater. 2000, 12, 1519.

(31) Fulghum, T.; Karim, S. M. A.; Baba, A.; Taranekar, P.; Nakai, T.; Masuda,
T.; Advincula, R. C. Macromolecules 2006, 39, 1467.
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Figure 5. UV—vis spectra of (a) 6TNL-PCEMMAZ32 and (b) 6TND-
PCEMMA32 multilayer films (up to 20 bilayers) and (c) plots of
absorbance at 238 nm (from PCEMMA), 415 nm (from 6TNL), and 400
nm (from 6TND) versus the number of bilayers in both systems.

multilayers. SPR measurements allow for the in situ monitoring
of film architecture while in contact with the aqueous medium.
As shown in Figure 6, the adsorption kinetic curves of 6TNL (a)
and 6TND (b) alternated with the adsorption of PCEMMA32 for
10 bilayers. At r+ = 0, the first aqueous solution of cationic
sexithiophene 6TNL or 6TND was injected into the SPR cell
with negatively functionalized gold and the adsorption was
followed in real time. Each layer adsorption process was
completed after several minutes. The reflectivity increases for
every layer of sexithiophene added, indicating the deposition of
these sexithiophenes. After 10 min, the film was simultaneously
rinsed with water for 2 min, resulting in decreased reflectivity.
The negatively charged PCEMMA32 was then injected and
allowed to adsorb for 10 min. The film was again rinsed with
water/DMSO (2/3) for 2 min and then neutralized with water for
a further 30 s. This deposition protocol was repeated until the
desired number of layers was reached. The insets show the actual
SPR reflectivity-angular measurements before and after deposi-
tion. In general, an increase in overall thickness was observed
for both systems.

Angular scan measurements were taken after every bilayer
deposition in water for sexithiophenes and in water/DMSO (2/3)
for PCEMMA32 in situ. The dip angles were shifted to higher
incidence angles with increasing number of layers as shown in
the inset of Figure 6. The film thickness was calculated by fitting
these experimental SPR curves with a Fresnel equation algorithm
(Winspall software version 2.20). The plots of the thickness as
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Figure 6. Time-dependent SPR experiments with 10 bilayers of (a)
6TNL/PCEMMAZ32 and (b) 6TND/PCEMMAZ32. The insets are the
angle shifts after deposition.

a function of number of layers for both 6TNL and 6TND system
were obtained (see the Supporting Information). The linear and
stepwise increase of thickness with each layer in the 6TNL system
was observed, consistent with the increase in UV —vis absorbance.
The total film thickness is 177 A after 10 bilayers as measured
in situ or an average of 17.7 A/pair-layer. For the 6TND system,
the total film thickness is 180 A after 10 bilayers or an average
of 18.0 A/pair-layer as measured in situ. As mentioned in a
previous work,?*~? the substrates can be predeposited with three-
pair layers of polyelectrolytes (PSS/PDADMAC) to ensure the
maximum surface charge density prior to deposition of their
materials. What is interesting is that although the average/pair
layer thickness is about the same, the higher absorbance intensity/
layer for the 6TND/PCEMMAZ32 films indicates a higher
chromophore density for these layers. This was confirmed by
electrochemistry results as discussed in the following section.
Other studies will also be required to prove the molecular
orientation and morphology of the films which are important
factors for eventual device fabrication and application.
Electropolymerization of Multilayer Films. The 20 bilayer
films of both 6TNL/PCEMMA32 and 6TND/PCEMMA32 were
fabricated on ITO substrates to investigate intralayer electropoly-
merization and cross-linking of carbazole units within the PCEM-
MA32 layers. Recently, our group®'“?' reported the electropo-
lymerization and cross-linking of poly(vinyl-N-carbazole) through
the carbazole unit as the pendant side group. Figure 7a shows
a schematic diagram of the electropolymerization and cross-
linking of the carbazole unit. Shown in Figure 7 are the cyclic
voltammetry (CV) traces of 6TNL/PCEMMA32 (Figure 7b) and
6TND/PCEMMA32 (Figure 7¢). The electrochemical experiment
was performed in 0.1 M TBAPFg/acetonitrile electrolyte at a

(32) Locklin, J.; Shinbo, K.; Onishi, K.; Kaneko, F.; Bao, Z.; Advincula, R. C.
Chem. Mater. 2003, 15, 1404.
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Figure 7. (a) Schematic diagram of electropolymerization and cross-
linking of the carbazole unit, and CV traces of 10 cycles of (b) 6TNL/
PCEMMA32 and (c) 6TND/PCEMMA32 layer-by-layer deposition films
at a scan rate of 20 mV/s.

scan rate of 20 mV/s. The potential was cycled from 0 to 1.4 V
for 10 cycles with Ag wire as the reference electrode and Pt wire
as the counter electrode. The electrochemical process with the
6TNL system was reversible, indicating that the electroactive
carbazole unit was easily oxidized in the 6TNL system. From
the CV trace of 6TNL, the first cycle shows an oxidation onset
peak at ~1.37 V and shifts to 1.4 V with subsequent cycles. The
oxidation doping peak appears at ~1.16 V and shifts to ~1.27
V with subsequent cycles. The appearance of this oxidation doping
peak indicated the cross-linking of carbazole units in PCEMMA32
layers. The corresponding reduction-dedoping peak appears at
~1.05 V in the first cycle and shifts to ~1.2 V with subsequent
cycles. On the other hand, as seen in the CV trace of 6TND, the
oxidation onset peak for the first cycle appears at ~1.32 V and
shifts to 1.4 V with subsequent cycles. The oxidation doping
peak appears at ~1.1 V with the corresponding reduction-
dedoping peak at ~1.0 V. By comparison, for the 6TND films,
the current due to doping was higher than that of the 6TNL film,
indicating the 6TND film is more electrochemically active or
contains more chromophore. Nevertheless, the doping—dedoping
currents increased with each cycle for both systems. After
electropolymerization, the UV—vis spectra of the films were
compared with those of the films before electropolymerization.
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Figure 8. EC-SPR results: (a and b) potential ramp (top), amount of
charge (middle), and kinetic curve (bottom) during electropolymerization
(cross-linking) of polycarbazole precursor layers on 6TNL and 6TND
films in 0.1 M TBAPFg/acetonitrile and (c) corresponding CV traces.

The carbazole peaks at ~330 and ~345 nm disappeared and a
new peak at ~400 nm was observed which overlapped with the
oligothiophene peak. The appearance of this red-shifted peak is
due to the formation of more conjugated PCEMMA32 (conversion
to polycarbazole) after electropolymerization.”>® These con-
firmed the cross-linking of carbazole units within the PCEMMA32
layers in both systems. Note that the contribution of oligoth-
iophene redox couples are present but should be overlapped by
the carbazole and polycarbazole redox peaks, as oligothiophene
usually does not have very strong redox peaks in this region.*

Electrochemical Surface Plasmon Resonance Spectroscopy
(EC-SPR). The combination of SPR and electrochemical CV allowed
for the in situ (kinetic) investigation of the changes in the dielectric
constant and/or thickness of the LbL. film during the doping—dedoping
or protonation—deprotonation processes.** The EC-SPR experiments
were performed in the same condition corresponding to that of the
previous CV experiments. The 10 bilayers of both systems were
fabricated in situ on gold-coated LaSFN9 glass substrates and
incorporated in an electrochemical cell ATR setup. The kinetic trend
of the electropolymerization process including potential ranges (top),
amount of charge (middle), and reflectivity changes (bottom) of the
deposited 6TNL/PCEMMA32 and 6TND/PCEMMA32 films are
shown in Figure 8a and b. The data were recorded as a function
of time (up to 3 cycles for 6TNL and 10 cycles for 6TND systems).

(33) Zotti, G.; Randi, A.; Destri, S.; Porzio, W.; Schiavon, G. Chem. Mater.
2002, 74, 4550.

(34) Baba, A.; Park, M.-K.; Advincula, R. C.; Knoll, W. Langmuir 2002, 18,
4648.
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Figure 9. Angular scan measurements of electropolymerized films (a)
6TNL and (b) 6TND.

The potential cycling was 0—1.3 V for 6TNL system and 0—1.2
V for the 6TND system as shown in Figure 8c. The stepwise
increase of reflectivity was observed after each potential cycling.
For the 6TNL system, the reflectivity in the anodic scan gradually
increases and then rapidly decreases at ~1.0 V which relates to
the oxidation doping peak at ~1.0 V as shown in the CV trace.
The reflectivity again increases to a maximum at 1.3 V which
corresponds to the other oxidation onset peak at 1.3 V. The rapid
increase of reflectivity was also observed in the cathodic scan.
However, with an increasing number of cycles, the net maximum
reflectivity decreases stepwise.

In general, a decrease and increase in reflectivity were observed
during the oxidation—doping and reduction—dedoping processes,
respectively, for both films. The changes in reflectivity occur
due to the fact that the thickness or the dielectric constant is
changing.?' Since the overall change in reflectivity is higher for
the 6TND/PCEMMA system, this indicated the formation of a
thicker film or a higher dielectric constant trend. The amount of
charge tracks the electron transfer between carbazole units and
electrode for both systems (middle panel of Figure 8a and b).
It showed an increase during the doping process and a decrease
during the dedoping process. In this case, the amount of charge/
cycle for 6TNL/PCEMMAZ3?2 is higher than that for 6TND/
PCEMMA32. This means the 6 TNL/PCEMMA32 film ultimately
gives a higher degree of cross-linking or doping effect for
PCEMMA32. Consistent with the changes in reflectivity and
amount of charge, it can be concluded that the 6TND/
PCEMMAZ3?2 films have a greater electrochromic effect than the
6TNL/PCEMMAZ3?2 films but have a less effective cross-linking
environment for the precursor layers. This could be a consequence
of greater electron tunneling through the less dense 6TNL layers,
rendering an effective cross-linking stage for the PCEMMA32
layers. This is not unfounded, since 6TND has been shown to
form more dense layers based on stronger electrostatic interaction
with the precursor layers, and this was confirmed by UV —vis
and SPR thickness measurements.

After the electropolymerization, the electropolymerized films
were characterized by SPR reflectivity-angular scans. As shown
in Figure 9, the incident angle shifts to a lower angle for the
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6TNL film (Figure 9a) and higher angle for the 6TND film (Figure
9b). Two possible explanations for the different shift trends in
the SPR angular scan curves can be considered.'?®>3*3> The first
explanation is that the thickness of the films changed differently
after polymerization. The thinner film is a result of cross-linking
of the precursor layers on the 6TNL/PCEMMA32 films which
causes thickness contraction as shown by EC-SPR. For the 6TND
film, this resulted in thicker films (opposite trend) based on an
increased volume due to the several doping—dedoping process
cycles and alower degree of cross-linking. The second explanation
is that this is due to the change in the real (¢') and imaginary (&")
parts of the dielectric constant of the films. In general, from the
experimental data, the overall film SPR reflectivity was found
to increase during the oxidation—doping process and to decrease
during the reduction—dedoping process. A net decrease could
indicate that the electropolymerized 6TNL film will have a higher
dielectric constant based on more cross-linked polycarbazole
units formed whereas the 6TND film ends up incorporating more
void space during repeated CV cycling, resulting in a lower
dielectric constant. These differences can again be a consequence
of the higher density of the 6TND layers compared to the 6TNL
layers which allowed greater electropolymerizability/cross-linking
of the PCEMMA32 layers. Thus, these layers when cross-linked
will contract and prevent effective film swelling during the
doping—dedoping cycles. The net effect is a decrease in overall
film thickness as observed for the 6TNL/PCEMMA32 system.

Conclusion

Alternate LbL films of cationic 6TNL and 6TND with anionic
PCEMMA32 were fabricated on several substrates which exhibited
linear growth as monitored by UV—vis spectroscopy and in situ
SPR spectroscopy. The alternate precursor PCEMMA32 layers were
found to be electropolymerizable. The electrochemical and elec-
trochromic properties were consistent with the formation of an
intralayer CPN formation as observed by CV and in situ EC-SPR
spectroscopy. Thus, the pendant carbazole unit in the PCEMMA32
layer was electropolymerized to form polycarbazole species with
a reversible oxidation—reduction process. EC-SPR confirmed the
reversible doping—dedoping process and electrochromic effect. After
cross-linking, the angular-reflectivity measurements resulted in shifts
to lower and higher angles for the 6TNL and 6TND systems,
respectively. These results can be mainly attributed to the changes
in the dielectric constant and thickness for these films after
electropolymerization which are influenced by the density and
ordering of the 6TNL and 6TND layers and the electropolymer-
izability of the PCEMMA32 layers. In the future, these films can
be optimized for specific hole-transport and charge-carrier mobility
applications based on controlled ordering and electropolymerizability
of the layers.
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