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ABSTRACT A protocol for nanostructuring and electropolymerization of a hybrid semiconductor polycarbazole-titanium oxide ultrathin
film is described. Ultrathin (<100 nm) films based on polycarbazole precursor polyelectrolytes and titanium oxide (TiOx) have been
fabricated by combining the layer-by-layer (LbL) and surface sol-gel layering techniques. Film growth was followed and confirmed
through UV-vis spectroscopy, ellipsometry and quartz crystal microbalance with dissipation (QCM-D). Subsequent anodic electro-
chemical oxidation of the carbazole pendant units afforded a conjugated polymer network (CPN) film within intercalating TiOx layers
of cross-linked and π-conjugated carbazole units. Cyclic voltammetry (CV), UV-vis, and fluorescence spectroscopy measurements
confirmed this process. The LbL-driven polyelectrolyte deposition process resulted in a quantified electrochemical response,
proportional to the number of layers, while the TiOx acted as a dielectric spacer limiting electron transfer kinetics and attenuating
energy transfer in fluorescence. Electro-optical properties were compared with other polycarbazole thin film materials with respect
to bandgap energy (Eg). The straightforward protocol in film nanostructuring and barrier/dielectric properties of the inorganic oxide
slab (denoted here as, TiOx) should enable applications in organic light-emitting diodes (OLEDs), dielectric mirrors, planar waveguides,
and photovoltaic devices for these hybrid ultrathin films.
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INTRODUCTION

Novel or smart materials based on nanostructured or
layered components are of high importance toward
miniaturization (1-5) and nanomanufacturing. The

assembly of hybrid, organic-inorganic, and nanostructured
films can be a challenge (6-9). Such assembly may require
macromolecular and molecular synthetic techniques from
two different media or dispersions (10). Nevertheless, com-
bining two dissimilar materials may result in unusual physi-
cal properties or nanoscale phenomena (11). By comparing
the efficiency of ultrathin and multilayered films to their bulk
counterparts, it is possible to identify new structure-property
relationships for applications in chemical sensors (12),
microelectronics (13, 14), and nonlinear optics (15) to name
a few. The layer-by-layer (LbL) film deposition is a most
versatile and facile process for building up films of polymers
or inorganic materials (1-5, 16, 17). Unlike the Langmuir-
Blodgett (LB) technique, which necessitates an air-water
interface (18, 19), the LbL assembly of charged species as
alternating layers can yield highly complex, layered archi-
tectures via simple dipping procedures from aqueous solu-
tions, resulting in structures held together primarily by
electrostatic forces (1-5). Further film stability can be
ensured by stronger interactions such as ionic bonds, charge-

transfer, and hydrogen/coordination bonds (20-23). A wide
variety of spectroscopic and surface-sensitive/microscopic
techniques have been utilized for investigating and charac-
terizing these systems, along with quartz crystal microbal-
ance (QCM) (24, 25), ellipsometry (26), surface plasmon
resonance (SPR) spectroscopy (27), and atomic force mi-
croscopy (AFM) imaging.

One of the unique features of organic-inorganic hybrid
materials is the possibility of fine-tuning optical/electronic
properties (2, 3, 16), simply by manipulating the order and
thickness of the organic/inorganic components (28). Com-
bining small molecule organic or polymers with early transi-
tion metal oxides should yield novel and synergistic electro-
optical properties and bioactive surfaces (29-31).

From the “inorganic” point of view, Si- and Ti-based
materials, with their tunable refractive indices, can be
incorporated within thin film architectures through a sol-gel
process and provide a predictable dielectric response (32, 33).
On the other hand, V- and W-based oxides can display
electrochromic behavior and their manipulation at the nano-
scale can afford interesting structure-property relationships.
For example, by using the LbL method, Huguenin et al.
fabricated V2O5-poly(aniline) nanocomposites possessing
both the electrochemical profile of the inorganic oxide and
the chromogenic properties of the organic polymer (33). Not
only did the metal oxide layers induced dimensional order-
ing, high mechanical stability and carrier mobility were also
observed with improved processing conditions.
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On the other hand, from the “organic” point of view, the
use of π-conjugated and conducting polymers (CPs) provides
for a vast class of processable organic semiconductors whose
tunable optical/electronic emission/absorption varies with
chemical or electrochemical doping (34, 35). Within the
realm of such CPs, carbazole-based polymers are well-
known electro-optically active materials for their hole-
transporting (36) and electroluminescent properties (37, 38).
Indeed, they have found practical applications as electro-
optical devices (39), light-emitting diodes (40, 41), and
polymer-based batteries. Through a conjugated polymer
precursor route, cyclic voltammetry (CV) allows extensive
cross-linking of carbazole units via anodic electrochemical
oxidation (42-44). The outcome is a conjugated polymer
network (CPN) film or pattern on a substrate (45-52). The
in situ characterization of this process has been realized with
surface sensitive analytical techniques such as electrochemi-
cal surface plasmon resonance (EC-SPR) (53, 54) and quartz
crystal microbalance (E-QCM) as previously demonstrated
by our group (55, 56). For precursor polymers, both single
and mixed pendant electroactive groups can be utilized
(55-59). Smooth morphologies and high-optical quality
films have been realized in such CPN films which have found
applications in organic light emitting diode (OLED) devices
(42, 43). The characterization of such precursor films by
electrochemical impedance spectroscopy (EIS) has recently
been demonstrated (60). It utilizes a sweeping voltage which
is applied to the film and can be utilized as a diagnostic
method for anticorrosion coatings. The information obtained
includes redox characteristics, conducting/insulating fea-
tures, and coating stability which can be modeled. Thus, an
extensive electrochemically cross-linked film can be achieved
by a rational precursor polymer design whose electropoly-
merizable side groups can be connected by electrochemical
CV or potentiostatic methods.

In this work, we fabricated nanostructured hybrid or-
ganic-inorganic ultrathin films on several substrates (quartz;
gold; tin-doped indium oxide, ITO) based on a combined LbL
electrostatic assembly and surface sol-gel layering protocol
of alternating polyelectrolyte polycarbazole precursors and
TiOx layers, respectively. Subsequently, the polyelectrolyte
layers were electropolymerized as CPN layers. The polyelec-
trolyte precursors are composed of alternate layers of poly[2-
(N-carbazolyl)ethyl methacrylate-co-methacrylic acid] (PCEM-
MA) (-) and a random copolymer, poly[2-(9H-carbazol-9-
yl)ethylmethacrylate]-co-[2-(methacryloyloxy)-N,N,N-
trimethylethanaminium] iodide (CCP) (+) deposited through
the LbL technique (Figure 1). The Ti(OBu)4 sol-gel layers
were intercalated every 2.5 polyanion/polycation layers.
PCEMMA is a copolymer that was utilized in its deprotonated
form while the CCP is a random polymer bearing a quater-
nary ammonium group. Both species have pendant carba-
zole electroactive units. The interest is in enabling a nano-
structured stacking procedure resulting in confined elec-
trochemical cross-linking of the precursor carbazole deriva-
tives intercalated within inorganic oxide layers. We empha-
size the use of the LbL self-assembly in order to observe

quantitative electrochemical CPN formation in morphologi-
cally defined ultrathin films (48, 49).

The surface sol-gel process as developed by Kunitake et
al. is a relatively simple method that allows deposition of
oxo-hydroxo materials in an LbL manner as well (8, 24, 25).
The process, with its alternating chemisorption-hydrolysis
steps, is a suitable method of intercalating a dielectric layer
within nanostructured architectures because the film thick-
ness can be controlled similarly at the nanoscale level. The
whole LbL/sol-gel process is represented in Scheme 1.

UV-vis absorption spectroscopy, quartz crystal microbal-
ance - with dissipation monitoring (QCM-D), and null ellip-
sometry were utilized to monitor and characterize ultrathin
film growth. Shown also in Scheme 1 is the anodic oxidation
of the carbazole side groups via CV within the PCEMMA/CCP
layers. Fluorescence and UV-vis spectroscopy confirmed
the occurrence of cross-linking. Further investigation of such
hybrid films may show viability as hole-transport/electron
blocking materials in OLEDs (61, 62) (i.e., a spatially defined
gradient layers), novel dielectric mirrors (63), and enhanced
heterojunction photovoltaic devices (64).

EXPERIMENTAL SECTION
Materials. All the reagents were used as received unless

otherwise stated. 2,2′-Azobisisobutyronitrile (AIBN; Aldrich,
98%), absolute ethanol (EtOH), and dimethylsulfoxide (DMSO)
were utilized without further purification. Toluene, triethylamine
(TEA) and tetrahydrofuran (THF) were distilled before using
according to the normal laboratory procedures. 11-Mercaptoun-
decanoic acid (Aldrich, 95%) was used for functionalizing the
Au-coated QCM crystal. Functionalization of the silicon wafers,
quartz slides and ITO glasses was carried out with 3-aminopro-
pyltrimethoxysilane (APS; Acros, 95%). CCP and PCEMMA were
synthesized in the laboratory and the synthesis of PCEMMA has
been previously reported (65). 10-2 M solutions of Ti(OBu)4 were
prepared by dissolving 341 µL of Ti(OBu)4 (Alfa Aesar, 99.9%)
into 100 mL of toluene/EtOH (1/1, v/v). CCP solutions were
prepared by dissolving 40 mg of polyelectrolyte in 25 mL of
deionized water (resistance ) 18.2 MΩ), followed by dropwise
addition of 25 mL of DMSO and then sonication (30 to 45 min.);
no pH adjustment was required. PCEMMA solutions were
prepared by dissolving 40 mg of polyelectrolyte in 50 mL of
deionized water/DMSO (2/3, v/v), followed by dropwise addition
of 0.1 M NaHCO3(aq) to adjust the pH to 8 and subsequent
sonication (45-60 min.).

Synthesis of N-[3-(Dimethylamino)propyl]methacrylamide,
Cationic Monomer (1). In a 500 mL round-bottomed flask, 8.48

FIGURE 1. Chemical structures of (a) poly[2-(9H-carbazol-9-yl)eth-
ylmethacrylate]-co-[2-(methacryloyloxy)-N,N,N-trimethylethanamin-
ium] iodide, CCP (+), a random copolymer, and (b) poly [2-(N-
carbazolyl) ethyl methacrylate-co-acrylic acid], PCEMMA, (-) used
for the LbL self-assembly method.

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 12 • 3726–3737 • 2010 3727



mL (122 mmol) of TEA was added to 10.0 g (97.8 mmol) of
3-(dimethylamino)propylamine dissolved in 25 mL of dry THF.
The reaction mixture was stirred at room temperature for 5
min and then in an ice bath at 0 °C. 6.39 g (122 mmol) of
methacryloylchloride in 75 mL of dry THF was added dropwise
to the cooled solution over a period of 1 h under a N2 atmo-
sphere. After the addition had been completed, the reaction
mixture was allowed to react at 0 °C for 5 min and then was
left stirring at RT for an additional 12 h. Triethylammonium salt
was filtered out, and the filtrate was dried under vacuum to
remove the solvent. The purified yellowish liquid was stored in
a refrigerator until further use. 1H NMR (300 MHz, CDCl3) δ
(ppm): 5.78 (d, 1H), 5.36 (d, 1H), 3.47 (m, 2H), 2.53 (t, 2H),
2.35 (s, 6H), 1.98 (s, 3H), 1.76 (m, 2H).

Synthesis of 2-(9H-Carbazol-9-yl)ethyl Methacrylate (2).
In a 100 mL round-bottomed flask, 2.00 g (9.46 mmol) of 2-(9H-
carbazol-9-yl)ethanol was dissolved in 25 mL of dry THF. One
gram (9.56 mmol) of methacryloyl chloride was dissolved in 10
mL of dry THF into an addition funnel. The methacryloyl
chloride solution was added to 2-(9H-carbazol-9-yl) ethanol at
0 °C dropwise and then allowed to warm to room temperature
overnight. The solvent was removed in vacuum and the product
was purified via column chromatography. Product yield: 50%
(1.58 g). 1H NMR (300 MHz, CDCl3) δ (ppm): 8.10 (d, 2H), 7.49
(m, 4H), 7.26 (m, 2H), 5.92 (s, 1H), 5.47 (s, 1H), 4.61 (t, 2H),
4.53 (t, 2H), 1.80 (s, 3H).

Polymerization and Quaternization of Cationic Car-
bazole Polymer (3, CCP). One gram (3.60 mmol) of carbazole
methacrylate, 2.4 g (14.4 mmol) of methacrylamide monomer,
and 50 mg (8.20 mmol) of AIBN were dissolved in 20 mL of
dry THF and charged in a Schlenk flask. The reaction mixture
was subjected to 3-4 freeze-pump-thaw cycles to remove
any trace of gases prior to being placed in a constant oil bath at
60 °C for 12 h. After polymerization, 1.3 g (9.0 mmol) of methyl
iodide was added to the Schlenk flask, the reaction mixture was
diluted to 50 mL with the addition of water and left to stir for 2
days. After 2 days, the polymer was precipitated from acetone
and dried in the vacuum oven for 24 h. 1H NMR (300 MHz,
DMSO-d6) δ(ppm): 8.17 (br, 2H), 7.51 (br, 4H), 7.24 (br, 2H),
3.9-3.4 (m, 8H), 3.4-2.8 (br, 15H). FT-IR (KBr, cm-1): 1167
(m, C-O-C), 1462 (s, C-O-C), 1481 (s, CdC), 1597 (m, CdC),
1635 (m, CdC), 1724 (vs, CdO), 2954 (m, C-H), 3005 (w,
C-H). GPC: M̄n ) 9059, M̄w ) 12457, M̄w/M̄n ) PDI ) 1.375.
The overall synthetic route is depicted in Scheme 2.

Instrumentation. All the measurements were recorded at
room temperature unless otherwise stated. NMR spectra were
collected on a General Electric QE300 spectrometer (1H 300
MHz) with tetramethylsilane (TMS) as internal standard. UV-vis
and fluorescence spectra were recorded on a HP-8453 UV-vis
spectrometer (within the 250-700 nm range) and a Perkin-
Elmer LS50B spectrometer, respectively. QCM-D experiments
were performed on a KSV QCM-Z500 (Biolin Scientific) system

Scheme 1. Schematic Description of Surface Modification (a), Multilayer Deposition (b), Surface Sol-Gel LbL
Process (c) On a Substrate Surface (Si, quartz, ITO, Au), and (d) CV-Induced Electropolymerization of the
Electroactive Units in CCP (Blue) and PCEMMA (Red)
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equipped with Au-coated quartz crystals (f ) 5 MHz, frequency
resolution 10-2 Hz, mass resolution 1.77 × 10-9 cm-2 in liquid,
D sensitivity ≈. 3 × 10-8 in liquid). Null ellipsometry was
performed using an Optrel GmbR Multiskop at 60° incidence
and a 632.8-nm He-Ne light source. CV and potentiostatic
measurements were executed using a one-compartment, three-
electrode cell driven by Princeton Applied Research Parstat
2263 instrument and AMEL instrument potentiostat (model
2049).

Surface Activation. Silicon wafers (N100 type) were cut into
1 × 2 cm squares, sonicated in Millipore water (15 min.),
acetone (5 min.), Millipore water again (5 min.) then soaked in
piranha solution (Caution: strong oxidizer!), 30% H2O2/conc.
H2SO4 (3/7, vol/vol) for 60 min. They were then thoroughly
rinsed with Millipore water, dried under N2 stream and plasma-
cleaned for 3 min. The activated surfaces were dried in oven
(45 min.) and functionalized by dip-coating in APS solution
(0.5% v/v in toluene) for 30 min at 70 °C in a staining jar. Fresh
toluene was added for subsequent sonication (15 min.), fol-
lowed by final drying under N2 stream. The substrates were
stored in 0.1 M HCl until needed. This procedure affords a
positively charged surface onto the solid support. Flat ITO-
coated glasses were sonicated in isopropanol (10 min), hexane
(10 min), and toluene (10 min). Subsequent plasma-cleaning
(2 min) yielded activated surfaces that were functionalized by
dip-coating in APS solution (0.5% v/v toluene, Teflon-taped
staining jar) for 30 min at 50 °C, sonicated in fresh toluene (15
min) and finally dried under N2 stream. The gold-coated QCM
resonator and glass slides were rinsed with Millipore water,
dried under N2 stream, plasma-cleaned (3 min), and then
soaked in NH3/H2O2/H2O solution (1/1/5, v/v) for 10 min.
Subsequent rinse with Millipore water, drying under N2 stream
and plasma-cleaning (3 min) yielded clean gold surfaces that
were finally dipped overnight in a solution of 11-mercaptoun-
decanoic acid in EtOH (1 mg/mL, 95% activation).

LbL Deposition. The fabrication of the [PCEMMA/(CCP/
PCEMMA)2/TiOx]n thin films was realized by hand dipping of all
substrates as follows. An APS-activated substrate (either silicon,
ITO, or quartz) was alternatively immersed in PCEMMA/CCP
solutions (15 min each, chemisorption steps), DI water (circa
20 s, rinse step), Ti(OBu)4 solution (10 min, chemisorption step),
and toluene/EtOH (few seconds, rinse step) to remove the
excess of alkoxide. The as-activated surface was then driven to
complete hydrolysis of Ti-based layer by immersion in DI water
(2 min). The PCEMMA/CCP bilayers were assembled twice

before the deposition of the TiOx sol-gel and the whole
procedure was repeated twice; conclusive, topmost (CCP/
PCEMMA)2 layers were then deposited. Thus, the resulting film
architecture can be described as [A/B/A/B/A/C]2/A/B/A/B/A (A )
PCEMMA, B ) CCP, C ) TiOx). No pH adjustment was made.

QCM D Measurements. All the measurements were recorded
at 20.0 ( 0.1 °C. QCM is a mass-sensitive, mechanical-based
surface technique: when a piezoelectric quartz crystal is excited
by an applied voltage, it oscillates at its fundamental frequency
fq. A small mass applied onto the QCM crystal results in a
change, ∆f, of this frequency. Once the mass is deposited, a
shear wave dissipates through the crystal; the piezoelectric
effect can be detected and electrically amplified. The crystal is
driven at its resonance frequency, and then the electrical circuit
is switched off so that the amplitude of such decay can be
monitored. Both the resonance frequency f and the dissipation
D of the oscillating crystal can be measured. The former
quantity is related to the mass deposited while the latter one
describes the rigidity and viscoelastic features of the film. D
indicates how purely elastic the crystal oscillation is (66): its
change, ∆D, is a measure of the dampening of the system being
loaded. In order to investigate the viscoelastic behavior of the
overall film and evaluate the effect of the intercalation of
inorganic slabs, we monitored the in situ fabrication of the
(PCEMMA/CCP/TiOx)n film and its “purely organic”, counterpart,
a (PCEMMA/CCP)n LbL film, namely, with no intercalation of
TiOx layers. The sequence of the material injection into the QCM
chamber followed the same scheme (in terms of deposition
sequence, absorption time and rinse steps) as reported for the
LbL deposition.

Electrochemical Cross-linking. Cyclic Voltammetry (CV) was
utilized for electro-polymerization and cross-linking of the
carbazole groups within the organic moieties. The working
electrode was an ITO-coated glass substrate which the films
were fabricated on; a platinum wire and Ag/Ag+ electrode (10-2

M in CH3CN) were utilized as counter and reference electrodes,
respectively. 10-1 M tetrabutylammonium hexafluorophos-
phate [Bu4N][PF6] or TBAH in dry CH2Cl2 was used as supporting
electrolyte along with the cyclic potential sweep technique over
the 0 to 1.4 V range (scan rate: 50 mV s-1). The thin films were
dried in a vacuum oven overnight at 50 °C prior to effectuating
CV to remove excess solvents.

RESULTS AND DISCUSSION
Synthesis and Film Characterization. PCEMMA

and CCP are carbazole-bearing, water-soluble polyelectro-
lytes (anionic the former, cationic the latter) compatible with
LbL self-assembly and sol-gel processes. They are also
precursors for the formation of polycarbazole by chemical
oxidative or electrochemical polymerization (45-52, 55, 56).
In particular, CCP was obtained from free radical polymer-
ization, with Mw ) 12457 g/mol and PDI ) 1.375. The
presence of carbazole units on both oppositely charged
polyelectrolytes is important since they enable a high density
of electrochemically cross-linkable groups to form CPN
(48, 49). We have demonstrated the quantitative electropo-
lymerization of such polyelectrolyte polycarbazole precur-
sors (48) and their electronanopatterning using conducting
atomic force microscopy (CS-AFM) (49).

The films were then deposited by LbL. A steady, linear
layer deposition was realized on all of the rigid support
substrates utilized for the CCP/PCEMMA/TiOx ultrathin films.
Overlays of the UV-vis spectra for the LbL assembly,
recorded after every single deposition on quartz plate are
shown in Figure 2.

Scheme 2. Schemes for the Synthesis of
Poly[2-(9H-carbazol-9-yl)ethylmethacrylate]-co-
[2-(methacryloyloxy)-N,N,N-trimethylethanaminium]
Iodide (CCP)
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The bands at 265 and 297 nm are attributable to the
π-π* transitions within the carbazole groups (67). These
absorption peaks increase as the carbazole concentration
increases, according to the Beer-Lambert law, a typical
behavior in an LbL deposition. Comparison with our previ-
ous work showed a steeper absorbance increase at λmax)
297 nm, most likely due to the presence of oxide networks
arising from the sol-gel process (68-70). Indeed, the use
of TiOx-based slabs sandwiched between conjugated poly-
mers affects the architecture and electro-optical behavior of
such thin films (vide infra). This is further confirmed by
plotting the absorbance versus the number of the deposited
polyelectrolyte layer pairs (inset in Figure 2). Although TiO2-
based thin films do not affect the UV attenuation coefficient
of carbazole species (e.g., poly(N-vinylcarbazole), PVK)
(69, 70), even when the thickness of the polymer layer is
comparable, the largest absorbance increases here were
observed as a step-function after sol-gel depositions; in
other words, the TiOx slabs have less UV-transparency than
the polyelectrolyte layers in the composite film.

Likewise, the optical thickness determined by ellipsom-
etry showed an upward, pseudolinear behavior (Figure 3).
The film thickness was measured after every deposition and,
again, is characterized by the “jumps” corresponding to the
TiOx depositions (indicated by the two arrows). The thick-

nesses at these junctions were determined to be 2.20 and
13.4 nm, respectively. This difference may also be due to
the total increase of the number of polyelectrolyte-based
layers and concomitant film swelling by aqueous solvent
because of the prolonged LbL process. The resulting effect
is that the effective hydrolysis of Ti(OBu)4 molecular precur-
sors and subsequent sol-gel deposition favors the formation
of thicker films at the latter stages. The choice of butoxide
over other alkoxides was due to the fact that it showed easier
workability with the solvent and reasonably smooth film
deposition (32, 33).

In Situ QCM-D Studies. QCM measurements were
also utilized to monitor the in situ depositions of single
PCEMMA, CCP, and TiOx layers. In general, each step
resulted in an increase of the associated frequency shifts of
the QCM crystal but the plot was not included in this paper
because of experimental limitations working with toluene
(deposition with TiOx). However, previous plots of similar
step absorption monitoring with QCM has been demon-
strated (48). If the depositions are done in vacuum or air,
the mass-frequency relationship can be quantitatively ex-
pressed through the Sauerbrey equation (71, 72). The char-
acteristic deposition kinetic curves for PCEMMA, CCP and
TiOx in the hybrid thin films are shown in Figure 4, plots a,
b, and c. The most straightforward data obtainable from
QCM measurements is a mass value (in the nanogram range)
per unit area (the Au electrode). The microbalance per se
does not directly measure mass but must satisfy the Sauer-
brey equation (71). For this to hold, the deposited layer must
be rigid, thin, and homogeneous and no viscous losses/
viscoelastic effects of the solvent must be present. In other
words, only uniform, rigid, thin-film deposits can fully couple
with the crystal oscillation (73, 74). In air, viscoelastic effects
can be neglected, whereas this is not clearly possible in
liquids because a viscous solvent exerts a stress sideways
on the topmost film surface and this effect scales linearly
with the mass. This is even more pronounced if polyelec-
trolytes are being deposited, because they trap water inside
their loops and tails (25). The ∆f is dependent upon the total
oscillating mass which can include the solvent coupled to
the adsorbed layers. Because of the aforementioned reasons,
dissipation monitoring (QCM D) is a better technique for
analyzing more complex viscoelastic systems (72). The
dissipation factor, D, may be expressed as

Ed and Es are the energy dissipated and stored during the
decay, respectively. An important consequence is that, for
the Sauerbrey equation to be valid, no change in dissipation
must be detected, namely ∆D) 0. For rigidly bound species,
this will be true. For viscoelastic species, however, Ed through
a layer will increase. Dissipation monitoring can therefore
shed light on these ambiguities because a qualitative mea-
sure of the relative stiffness of a layer can be inferred (25).
As previously stated, we set out to evaluate the effect of the

FIGURE 2. UV-vis spectra of PCEMMA/CCP/TiOx multilayer films and
absorbance increment (inset, λ ) 297 nm) per layer plotted as a
function of deposited layer.

FIGURE 3. Thickness increment per layer deposition obtained from
null ellipsometry (incident angle: 60°, refractive index: 2.00). The
two TiOx depositions are indicated by the arrows.

D )
Ed

2πEs
(1)
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intercalated inorganic slabs in the LbL film. Although the
ultimate goal was the evaluation of the electroactivity of the
carbazole-bearing polyelectrolytes, it is important to char-
acterize the hybrid property of combining the organic and
inorganic material. In order to do so, we first needed to
comprehend the salient features of the simpler, organic
PCEMMA/CCP film deposition in terms of viscoelastic be-
havior. Comparative ∆D versus ∆f plots of [PCEMMA/CCP/
TiOx]n and (PCEMMA/CCP)n thin films indicated that the
swollen, more viscous film was actually the one with the
inorganic slabs (Figure 4d). The calculated ∆D/∆f slopes were
0.45 (PCEMMA/CCP film) and 0.32 (hybrid film), respectively.

The chemisorption of Ti(OBu)4, followed by hydrolysis,
produced the oxy-hydroxy-Ti xerogel; this allowed for H-
bonding/entrapment of small molecules (BuOH, H2O) within
the as-formed oxide framework. A look at ∆D for PCEMMA,
CCP and TiOx shows dramatically higher values, up to 5 ×
10-4. The simultaneous presence of polyelectrolytes and a
xerogel introduces more swelling-related issues: whenever
there is solvent entrapment in a textured architecture, the
deviations from the Sauerbrey-like behavior are more likely
to occur. In particular, the relationship is no longer valid for
a viscoelastic polymer in water (typical Newtonian liquid).
Several models have been brought up and discussed previ-
ously (75-77). Some have pointed out that, for hydrated
polymer films, there is a minimum thickness (at which
significant deviations arise) that increases as the film viscos-
ity increases: the more imbibed a film is, the thicker it
becomes. Sensibly higher dissipation values (>5 × 10-6) are
indicative of non-Sauerbrey behavior (46, 78, 79). Indeed,
if polyelectrolytes are deposited, the layer will always contain
such species as well as imbibed water. Apart from the
obvious contribution of solvents within the polyelectrolyte
layers, the presence of solvents inside the TiOx slabs as well
conferred pronounced viscoelastic behavior to the structure.
Therefore, the outer layers seem to be not as well coupled

to the quartz surface as initially thought. The direct applica-
tion of the Sauerbrey equation therefore becomes question-
able because of the dissipation values, which represent a
clear underestimation of the solvent inclusion in both sys-
tems (24, 25, 78).

Electrochemistry. Electrochemical properties in LbL
films have long been of high interest not only for applications
in sensing but also to relate their nanostructure with elec-
trochemical phenomena in structure-property relationships
(99-101). Shown in Figure 5 is the cyclic voltammogram
of the composite [PCEMMA/CCP/TiOx]n film. Electropoly-
merization converts the precursor polymers the PCEMMA/
CCP layers into CPN films containing both inter- and in-
tramolecular cross-linkages between the pendant carbazole
units (55, 56). The onset of the irreversible first scan (∼1.10
V vs Ag/AgCl) is the anodic oxidation potential, that is, the
formation of carbazolyl cation radicals and subsequent start

FIGURE 4. Typical ∆f/∆D vs time depositions of TiOx (a), CCP (b), and PCEMMA (c). Plot d: Dissipation shifts (∆D) versus frequency shifts (∆f)
for PCEMMA/CCP/TiOx (blue) and PCEMMA/CCP (red) multilayer films, 3rd harmonic overtone plotted.

FIGURE 5. CV traces of the polymerization within [(PCEMMA/CCP/
TiOx]n multilayered, hybrid film (10 cycles). Electrolyte: 0.1 M
[Bu4N][PF6] or TBAH in CH2Cl2. Potential window: 0-1.4 V, scan rate:
50 mV s-1.
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of electropolymerization of the precursor polymers by the
carbazole groups (82-91). Cross-linking in this case is a
process that occurs as a three-electron transfer and dimer-
ization of pendant carbazole ring via the 3,6-positions. This
in turn leads to intermolecular cross-linking (Figure 5 inset)
and increase in conjugation length (92, 93). Progressively
developing quasi-reversible CV traces (2nd cycle and up)
showed lower oxidation potentials (onsets at 0.80 and 1.00
V) and their corresponding reduction potentials (1.00 and
1.20 V). In all the cases, the anodic current appeared to
increase as subsequent cycles, namely further cross-linking,
occurred; lower oxidation potentials and doping/dedoping
cycles could be observed.

Striking features of this system, however, arise from the
interplay of organic and inorganic moieties: the current
response of the composite film showed dramatic changes
when the inorganic framework was absent (Figure 6). More-
over, the aforementioned CV scans yielded two oxidation/
reduction peaks instead of the canonical one peak in carba-
zole monomers and polyvinylcarbazole (PVK) (37, 88, 90, 91).
First, the two redox peaks appear whether or not TiOx is
present (see below): this suggests that they do not come
from electrochemical activity of the inorganic oxide. A few
carbazole-based systems have shown this electrochemical
feature (65, 94-98). In as much as a previous report of ours
made use of the same starting material (PCEMMA) (65), we
initially invoke a majority 3,6-connectivity of the carbazole
side groups during the electrochemical cross-linking, with
the second set of redox waves attributable to further oxida-
tion to different types of carbazolyl cation species, majority
of which should be the dication or bicarbazylium cations
(two electron process). However, such pair of redox peaks
bears close resemblance to the CV traces reported by Marrec
et al. and Pelous et al. (97, 98). Moreover, Cattarin et al.
observed such a behavior in HClO4 solutions of N-substituted
carbazole monomers when the potential range was widened
from 0.85 to 0.90 up to 1.1 V (95). They also noted some
film degradation in the cross-linking of N-phenyl carbazole,
when the window was widened to 1.25 V, as well as other
C-C coupling products. They claimed these results to be due
to oligomerization (at least tetramers), as indicated by ESR

activity and conductivity measurements. According to Siove
(96) and Pelous (97), these two redox peaks may be assigned
to one- and two-electron oxidation of a carbazolyl unit,
leading to cationic and dicationic forms. However, Marrec’s
starting materials were polyethers bearing two carbazole
groups. Therefore, they invoked their simultaneous presence
to afford two different, possible electropolymerization pro-
cesses after the dimer formation: a two-electron and a four-
electron process. These, in turn, would lead to polymer
fragments and electronic conducting “islets”, although they
also pointed out that the latter one was unlikely to occur.

Solution-type electropolymerization typically generates
one oxidation/reduction peak. However, in such cases, the
potential window is kept below 1.00 V. We deliberately
chose a wider range in order to avoid film dissolution and
elicit film deposition. The upper switching potential (1.4 V)
did not influence the polyelectrolyte responses and allowed
us to rule out anodic decomposition. There is also the
possibility of coupling at different positions within the car-
bazole rings in that the two peak pairs may indicate both
3,6- and 2,7-linking, the latter one being more unlikely, on
the basis of position activations within the benzene rings and
electron density. From this viewpoint, our electrochemical
cross-linking afforded a system whose behavior resembled
the ones described by Iraqi (88) and Zotti (102).

Also, the CV carried out on the ultrathin film without TiOx

slabs showed more pronounced current intensities (J values
up to ∼10-4 A cm-2, Figure 6, black, solid lines). The onset
oxidation potential shifted to a lower value (0.69 V) and the
two growing redox peaks were found much more distinct
in this case. The different extension at which cross-linking
occurs can be clearly evaluated by overlapping the two CV
traces. Comparison of these anodic currents with similar
works (37, 45, 102) allows us to place this system halfway
between a more efficient (Iraqi’s work, I ≈ 10-3 A) and less-
efficient (Inzelt and Xia’s works, I ≈ 10-5 and 10-6 A,
respectively) doping/dedoping cycles of carbazole-based
polymers. Our current peaks are in the 10-4-10-5 A range,
which seems to be a common value for solution-cast/LbL
films (48, 49). The higher current for the same thickness
indicates that nearly all of the carbazole units are electropo-
lymerized up to saturation, whereas this is not the case in
the presence of the blocking TiOx layers. This also means
that an LbL structure is more efficient compared to simple
cast films or electrodeposition (electropolymerization) of
monomers from solution (82). A similar phenomenon on
improved efficiency and lower oxidation potential has been
detected using different media or micellar surfactants (111).
This was also observed for thiophene and benzene deriva-
tives in strong acidic medium, which may be due to the
formation of π-complexes between the aromatic ring the
and the H+ or cation which decreases the oxidation potential
(112). In the case of these films, an analogous effect may
be occurring in the presence of the tethered-N+(CH3)3 in the
CCP main-chain. This is in fact consistent with a lower
oxidation potential for similarly prepared LbL films of PCEM-
MA and poly[4-(9H-carbazol-9-yl)-N-butyl-4-vinylpyridinium

FIGURE 6. Comparison of CV scans for ultrathin films with (red,
dashed lines) and without (black, solid lines) TiOx slabs, 20 cycles.
Electrolyte: 0.1 M TBAP in CH2Cl2. Potential window: 0-1.4 V scan
rate: 50 mV s-1.
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bromide] (P4VPCBZ) or PCEMMA/P4VPCBZ on a previous
report (49). Thus, a confined and “self-acidified” LbL film
electropolymerization enables a more efficient electrochemi-
cal polymerization of the carbazole units since it decreases
the applied potential necessary for the electropolymeriza-
tion. It also increases the thermodynamic oxidation potential
of the whole film which leads to broaden the domain of
electroactivity in the oxidation process. It is possible to revisit
the role and transport of the TBAH counterion by using other
sizes or charge density with this LbL films (113). A compari-
son on the significant electrochemical data of the two
different film architectures (with and without TiOx) is pre-
sented in Table 1.

The presence of TiOx slabs clearly affects the current
response, in that the inorganic oxide acted as a current
blocker and dielectric material, attenuating extensive elec-
tropolymerization, and the doping-dedoping cycles across
the film. One possible role is in limiting the transport of the
electrolyte counterions, TBAH, across the film either through
a decrease in diffusion kinetics or adsorption on the -OH
groups of the TiOx matrix layer. This may be mitigated by
the presence of the cationic -N+(CH3)3 in the polymer
backbone of CCP. The blocking effect of the TiOx layer may
also be seen as insulating in behavior because it causes the
conductivity to be less from the surface, rendering a “de-
layed” oxidation, hence the higher anodic oxidation poten-
tial in the hybrid film or higher resistance, that is, increase
in heterogeneous electron-transfer kinetics, IR drop of the
film (Vtotal ) Vacross film + I[Rfilm + Rsoln]) (114). Tan et al.
reported the same insulating/poor conducting nature of a
similar gel structure (103). According to their work, succes-
sive functionalization of Ti-based xerogels with protopor-
phyrin and ferrocene carboxylic acid (FCA) enabled better
photoactivity and electron transfer capabilities.

An important parameter concerning conducting poly-
mers is the doping level γ, corresponding to the number of
electron exchanged per aromatic ring. It can be easily
determined electrochemically from the following equation:

where Qi is the charge density required for the electrodepo-
sition of the film and Qf is the faradic charge density
recorded during the oxidation of the film. From this relation-
ship, it is obvious based in Figure 6 that γ for [PCEMMA/
CCP]n > [PCEMMA/CCP/TiOx]n

Another interesting point to note is the possible change
in the band gap energy in the presence of the TiOx slabs.
This will be of interest in considering possible applications
of such films in junction sandwich devices such as OLEDs.
Because electrodes prepared with LbL films exhibit high
electrochemical stability, it is possible to combine UV-vis
spectroscopy and electrochemistry to estimate the energy
level diagram of the electropolymerized material (48, 49).
For example, the band gap energy (Eg), ionization potential
(IP), and electronic affinity (EA) can be determined based
on the CV (usually with respect to the highest occupied
molecular orbital (HOMO) level of -4.8 eV for the ferrocene/
ferrocenium redox system). The onset potentials (E′) of the
LbL films can be estimated from the intersection between
the two slopes drawn at the rising oxidation (or reduction)
current and background current in the CV. The oxidative
potential can be directly related to the IP of the electrochemi-
cally active film, while Eg and EA can be obtained from the
UV-vis spectra and CV, respectively.

To have an appreciation of the Eg differentiation, it is
necessary to review the nature of charge injection mecha-
nism in the forward direction (ITO positive) and its implica-
tions on a space-charge limited current (SCLC) conditions.
In most cases, the Fowler-Nordheim model has been found
to be applicable in the high field domain, which presumes
tunneling of charge carriers directly into the bands of the
semiconductor (115). According to the Fowler-Nordheim
model the current density can be expressed as

where F ) V/d is the applied field (d is the thickness of the
PVK film), J0 the prefactor, K is a constant, and φ is the
energy barrier height. A general mechanism for OLED
operation is by double injection of electrons and holes from
the electrodes, followed by formation of excitons, whose
radiative decay results in light emission. Holes being the
majority carrier determine the I-V characteristics while the
EL characteristics are determined by the electron minority
carrier injection. For instance, high EA (n-type) conjugated
polymers improves electron injection/transport and low IP
(p-type) conjugated polymers improves hole injection/
transport. Regulating the ITO/dielectric layer interface there-
fore, plays an important role in OLED performance primarily
through band-bending at the HOMO level. Consider a typical
ITO/PVK/Al junction device. The HOMO and the lowest
unoccupied molecular orbital (LUMO) of the PVK are 5.7 and
2.2 eV, respectively (116, 117), the EA of the ITO is about

Table 1. Relevant Electrochemical Data of the Two
Different Film Architecturesa

hybrid film PCEMMA/CCP film

onset (V) 0.87 0.68
Epa1 (V) 0.94 0.77
ip1 (mA) 1.28 × 10-5 6.90 × 10-5

Epa2 (V) 1.28 1.04
ip2 (mA) 2.65 × 10-5 7.01 × 10-5

Epc1 (V) 0.83 0.60
ipc1 (mA) -1.09 × 10-5 -6.04 × 10-5

Epc2 (V) 1.09 0.88
ipc2 (mA) -9.64 × 10-6 -5.72 × 10-5

∆E1 (V) 0.11 0.17
∆E2 (V) 0.19 0.17

a Shown are anodic and cathodic current/potentials Epa, Epc, ip, ipc.
Both redox peaks (1 ) lower potential, 2 ) higher potential) are
reported.

γ ) 2/([Qi/Qf] - 1) (2)

j ) (J0F2

φ
)exp[Kφ

3/2

F ] (3)

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 12 • 3726–3737 • 2010 3733



4.8 eV, while the work function of Al is 4.25 eV. Therefore,
the whole energy barrier at the ITO/PVK interface is about
0.9 eV, while the electron energy barrier at the PVK/Al
interface is around 2 eV. The smallest barrier height is
situated at the ITO/PVK interface and therefore holes are the
majority carriers crossing the device. Therefore, it is impor-
tant to focus on the energy barrier, which controls the hole
injection energy, φ, of the ITO/PVK interface (42, 43).

A summary of the energy levels of various carbazole and
polycarbazole thin film derivatives in relation to the LbL films
are shown in Figure 7. For polycarbazole (PCz), the elec-
tronic band gap Eg defined as the onset for the π-/π*
interband transition is close to 3.2 eV (118). The HOMO level
for a PCz- 3,6/2,7 copolymer (Co1) and PCz-2,7 homopoly-
mer (Ho1) was reported to be -5.33 and -5.47 eV (119).
The Eg calculated from the UV-vis absorption onset of the
films were both 2.9 eV. The LUMO levels in film were
estimated to be -2.43 and -2.57 eV, respectively. For an
electrochemically stable macrocyclic poly(N-(2-ethylhexyl)-
carbazol-3,6-diyl) (MC1), the HOMO and LUMO energy levels
are -5.0 and -1.6 eV, respectively (120). For an electropo-
lymerized dendrimer carbazole (DG2), the HOMO is -5.2
and the LUMO is -2.0 (46). Comparison of these values
show that the [PCEMMA/CCP]n (LbL) have a band gap of 2.9
eV which is lower than a highly cross-linked system in the
electropolymerized dendrimer, while the [PCEMMA/CCP/
TiOx]n (LbLT) at 3.3. eV is between that of a PVK film and
electropolymerized dendrimer. It should be interesting then
to utilize the [PCEMMA/CCP]n in an OLED device configura-
tion given the HOMO that is higher than PVK.

Further explanations of electrochemical interactions be-
tween polymeric materials-TiOx may have also invoked the
protonation of the oxide template, according to

So far, this behavior has been encountered only in TiO2

templates that were dip-coated in PEDOT-PSS films (104).
From a general point of view, sol-gel derived organic-

inorganic hybrid materials have shown promising results as
photovoltaic devices, when organic chromophores are co-

valently linked to Si-O-Ti units (105). The combined use
of carbazole-based materials and titanium oxide have been
shown to give interesting results (as hybrid junction systems)
for the fixation of atmospheric N2 (106), although confining/
dielectric features for TiOx have been hardly reported so far.
There is indeed a further need for comprehension of the
factors that trigger the current decrease including levels of
porosity and the thickness of these layers. An immediate
consequence could be the use of TiOx xerogel as a “direct-
ing” material for polymers bearing electroactive carbazole
units: pairing LbL and surface sol-gel process could confine
the electropolymerizable units within the given slabs and
thus limit the hole-transporting materials in terms of Eg and
position in devices.

Spectroscopic Studies. The UV-vis and photolumi-
nescence spectra (Figure 8) of the hybrid, ultrathin film
deposited on ITO substrates were recorded before and after
electropolymerization. The UV-vis spectra of the film de-
posited on ITO prior to electropolymerization is best seen
in Figure 1. From the UV-vis data, it can be evinced that
electrochemical oxidation (i.e., doping) of conjugated poly-
mers decreases the π-π* band at 297 nm of the carbazole
units (91). Moreover, closer inspection reveals the appear-
ance of a new broad band that stretches from ca. 400 to over
500 nm. This is associated with the formation of the po-
laronic state of the π-conjugated polycarbazole, proof that
the electropolymerization resulted in radical cation coupling
of the carbazole (91). Comparison with solution spectra
according to literature at λmax ) 384 nm (since the elec-
tropolymerized films are fixed on the substrate) reveal
broadening and red shift of the film absorption spectra,
which indicate aggregations or π-π interactions of the
polymer chains in the solid state (118). The photolumines-
cence spectra of the films are also shown in Figure 8. The
large Stokes shift (from 297 nm in Figure 1 to 360 nm) is
apparently predetermined by the more polar and electro-
static LbL environment, which better stabilizes the excited
state than the ground state, and by the large difference in
the structures of the excited and the ground state. Compari-
son of the photoluminescence spectra (excitation wave-
length 300 nm), before and after CV, showed an analogous

FIGURE 7. Summary of the bandgap energy, Eg in eV of various polycarbazole derivatives in comparison to the [PCEMMA/CCP/TiOx]n (LbLT)
and [PCEMMA/CCP/TiOx]n (LbL) films.

TiIVO2 + H+ + e- f TiIIIO(OH)
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trend; a decrease of the emission intensity. This change
could be attributed to the immobilization of the polymeric
chains subsequent to cross-linking, as well as lesser avail-
ability of monomeric carbazole units to absorb the excitation
radiation (300 nm) as the cross-linking proceeds. Other
phenomena, such as packing and morphology changes,
might also be present (85). The overall effect is still a
decrease of the emission.

Finally, the optical behavior of the film without inorganic
counterparts was evaluated also by UV-vis and fluores-
cence: comparison of its absorption/emission to those of
the hybrid architecture was done before and after electropo-
lymerization (Figure 8). Interestingly, the extension of cross-
linking among carbazole units may be quantitatively esti-
mated from the intensity of the polaronic band in the
absorption spectrum (91). The quenching in the photolumi-
nescence spectra (excitation wavelength 300 nm in both
cases) appears slightly different (Figure 8, insets), in that
intercalation with the inorganic slabs produced a more
marked decrease on the photoluminescence intensity (350
nm) after cross-linking. This can be readily seen by compar-

ing the post-CV decrease in the hybrid, organic-inorganic
film (Figure 8a) to the post-CV decrease in the all organic
PCEMMA/CCP film (Figure 8b). In this case, it is also possible
that the absorbance property of the, TiOx layer, a known
absorber at the UV spectrum could attenuate the ability to
populate more excited states for the carbazole once it is
electropolymerized to polycarbazole (108). Note that amor-
phous TiOx prepared by sol-gel is not to be confused with
high temperature prepared crystalline TiOx which is photo-
catalytic (109).

This strongly confirms the general idea of chain im-
mobilization (85) because of the electrochemical cross-
linking (i.e., a tighter entanglement of the polymer back-
bones occurs, the likelihood of nanodomains and aggre-
gates therefore increases), and confining behavior that TiOx

imparts to the film. In the future, it should be of interest to
investigate the energy transfer characteristics and fluores-
cence lifetimes of the polycarbazoles in such confined
environments under waveguide structures - to take advan-
tage of the thin film quantitative nanostructuring (110). It is
also possible to observe applications of such films toward
electrochemical behavior in LbL films (121). We are currently
in the process of studying the reciprocal relationships among
CV-induced polymerization in polythiophene precursors and
spectroscopic behavior in similar, hybrid nanocomposite
ultrathin films.

CONCLUSIONS
The LbL self-assembly of intercalated of polycarbazole

precursors PCEMMA/CCP polyelectrolyees with slabs of
sol-gel-processed TiOx were investigated and characterized
for their deposition, electropolymerization, and electro-
optical properties. Linear film growth (in terms of absor-
bance increment, thickness, frequency shifts) was moni-
tored through UV-vis spectroscopy, optical ellipsometry and
QCM-D measurements. Upon cyclic voltammetry and sub-
sequent anodic electrochemical oxidation of the carbazole
pendant units within the polyelectrolyte layers, a CPN film
was quantitatively realized and observed. The current peaks
varied as a function of the inorganic slabs, namely it was
found that TiOx showed attenuating/dielectric behavior onto
the CV-driven anodic oxidation. Further spectroscopic mea-
surements confirmed the electrochemical conversion and
comparison of the band gap energy made with other poly-
carbazole derivatives. The carbazole units retained their
electroactivity upon intercalation of sol-gel-cast TiOx, dem-
onstrating that the combination of an LbL electrostatic
assembly and surface sol-gel process affords layered hybrid
nanomaterials that may have practical applications in charge-
carrier hole transport in semiconductor devices.
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FIGURE 8. Absorption/emission (insets) of (a) PCEMMA/CCP/TiOx and
(b) PCEMMA/CCP films before (blue, squares) and after (red, solid
lines) electropolymerization.
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