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Nanocomposite Films of a Polyfluorene Copolymer
and Carbazole–Thiol-Capped Gold Nanoparticles: Electrochemical
Crosslinking and Energy-Transfer Properties**

By Prasad Taranekar, Chengyu Huang, Timothy M. Fulghum, Akira Baba, Guoqian Jiang,
Jin-Young Park, and Rigoberto C. Advincula

1. Introduction

Composites and nanocomposites have been the focus of
much research for developing new and smart polymer materi-
als.[1] A major objective is to obtain a property (or a combina-
tion of properties) not available in any of the individual com-
ponents. Improved mechanical properties or processability is
desirable. Recently, polymer composites with high electrical
and thermal conductivities have also been targeted towards
novel electro-optical applications.[2,3] Nanocomposites consist-
ing of inorganic nanoparticles and organic polymers often ex-
hibit a host of mechanical, electrical, optical, and magnetic
properties that are far superior when compared with their orig-
inal polymer hosts.[4] It has been reported earlier that the lumi-
nescence properties of a light-emitting polymer doped with
metal nanoshells or metal nanoparticles were enhanced

because of the quenching of triplet excitons, whose energy lev-
els overlap with the absorption bands of the metal nanoshells
or metal nanoparticles.[5,6]

Au nanoparticles to date have been one of the most well-
studied materials, not only because of the ease of their synthe-
sis but also because of their surface plasmon properties and
amenability to surface functionalization.[7] Their contributions
towards fluorescence quenching and enhancement of Raman
spectroscopic intensities are also well-known.[8] These nanopar-
ticles are often coated with dispersing agents, such as alkane-
thiols or polyvinylpyrrolidone in order to distribute them well
in a polymer matrix. Because of this additional nonconjugated
dispersing agent and phase-segregation tendencies, the electri-
cal resistance and threshold voltage of devices fabricated with
such polymer/nanoparticle composite materials are in-
creased.[9] Therefore, to improve these properties, our group
has attempted to circumvent this problem by incorporating
ligand-exchanged carbazole-functionalized Au nanoparticles
(NPs) via electrochemical crosslinking of the carbazole moi-
eties with PVK [poly(9-vinylcarbazole)] and polyfluorene
(PFC) copolymer derivatives (Scheme 1). The interest mainly
lies in two objectives: 1) electropolymerizability of a ternary
composition for uniform blending and 2) energy-transfer prop-
erties of an electrochemically crosslinked conjugated polymer
network nanocomposite.

PVK is a hole-transporting organic semiconducting poly-
mer.[10] It has a wide bandgap energy (Eg) and has been widely
used as an electronic and optical material. It can be blended
with light-emitting polymers to introduce higher luminescence
efficiency than the homopolymer alone.[11,12] On the other
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The preparation and properties of an electrochemically crosslinked Au nanoparticle/polyvinylcarbazole (PVK)/polyfluorene
(PFC) nanocomposite film is described. Blends of the blue-light emitting PFC, PVK, and the 11-(9H-carbazol-9-yl)-undecane-
1-thiol-capped Au nanoparticles (CBZ-S-Au) were prepared as thin films by spin-coating and subsequent crosslinking by cyclic
voltammetry (CV). The electrochemical properties are then evaluated on the basis of the redox behavior (reversibility) and
electron-transport properties of the films. They are further characterized by UV-vis spectroscopy, photoluminescence spectros-
copy, and atomic force microscopy (AFM). The large differences in photoluminescence properties of the CBZ-S-Au/PFCVK
crosslinked copolymer composite film compared to the PFCVK polymer alone result in an efficient energy-transfer system, in
which the excimer peak is almost totally quenched. This indicates a compatible match between the absorbance of the Au plas-
mons and the emission of the excimer energy trap from PF polymers. Furthermore, electrochemical crosslinking enhances this
match both by shifting the absorbance to greater overlap and decreasing the Förster distance between the Au nanoparticle and
the PFCVK polymer chains.
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hand, p-conjugated polyfluorene (PF) has been used exten-
sively to prepare organic light-emitting diodes (LEDs) because
of interest in blue-emitting materials.[13,14] However, these
polymers have a higher bandgap than most emissive polymers
and are prone to excitonic quenching because of the tendency
to aggregate (or crystallize) in films.[15]

Our group has previously designed a polyfluorene derivative
with a pendant carbazole group that can be electrochemically
grafted to a carbazole alkysilane self-assembled monolayer
(SAM).[14] Using this method, the results showed a decrease in
the excimer peak because of aggregation leading to higher
luminescence efficiencies. It is anticipated that if this polymer
can be co-electropolymerized in a physical blend with PVK,
improved thermal stability, excellent film-forming properties,
and a high emission quantum yield can be expected. It is also
believed that such blending will not only lead to new methods
for fabricating flexible polymer LEDs (PLEDs) but also result
in improved devices with increased oxidative stability and work
function tunability.[16]

This approach is analogous to what has been previously
reported by our group and others as a “precursor polymer” ap-
proach for forming conjugated-polymer networks (CPNs).[16]

The main difference is the incorporation of functionalized Au
nanoparticles with electrochemically active ligand groups and
their electro-optical effects. Although in the past blends of
fluorene polymers and gold nanoparticles have been report-
ed,[17] the long-lived excitons of polyfluorene were not effec-
tively quenched. In the present study, the efficient quenching
by the donor–acceptor interaction of gold nanoparticles and
polyfluorene with pendant carbazole/PVK (PFCVK) cross-
linked nanocomposite films is demonstrated. This leads to
purer blue emission by reducing the yellow/green excimer hue
of the photoluminescence. It is believed that an electrochemi-
cal crosslinking approach coupled with Au nanoparticles will

lead to composite films with high thermal stability and should
exhibit interesting electro-optical behavior when applied to
PLED devices.

2. Results and Discussion

2.1. Absorption Studies and Transmission Electron Microscopy

Composite films based on carbazole–thiol-capped Au nano-
particles (CBZ-S-Au) were made and could be fabricated as
ultrathin films on electrode surfaces. The synthesis scheme is
shown in Schemes 1 and 2. A strong absorption band at around
530 nm arises from the surface plasmon of the Au nanoparti-
cles, as shown in Figure 1, indicating that the diameter of the
particles is greater than 5 nm.[18–20] Carbazole–thiol ligands
were then exchanged onto the gold nanoparticles to form the
CBZ-S-Au (Scheme 2). The UV-vis spectrum shows two ab-
sorption peaks at 346 and 541 nm. The ligand itself (CBZ-SH)
has an absorption band at 346 nm, which is retained after li-
gand exchange with the Au nanoparticles (CBZ-S-Au) along
with the plasmon peak, which is shifted from 531 to 541 nm.
This 10 nm red-shift is presumably a result of ligand exchange
and repeated precipitation/redispersion cycles, which can cause
some aggregation of the nanoparticles.[21,22]

The transmission electron microscopy (TEM) images show a
fairly uniform distribution in the NP size (Fig. 2). After ligand
exchange, the gold nanoparticles (CBZ-S-Au) showed a mean
diameter of 8.2 nm with a standard deviation of ±1.2 nm.
These dimensions and distribution are consistent with that
observed from absorbance measurements. Typical surface plas-
mon resonance of Au nanoparticles with various diameters
gives a corresponding UV absorbance band at different wave-
length ranges, similar to that reported earlier by Kondow and
co-workers.[23a]
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Scheme 1. Preparation of crosslinked polycarbazole films with (forming PFCVK–Au-S-CBZ) and without gold nanoparticles (forming PFCVK).
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2.2. Electrochemistry

Solutions with composites of PVK and PFC combined with
CBZ-S-Au nanoparticles were deposited on indium tin oxide
(ITO, Scheme 1). Specifically, the mixtures were spin-coated to
form transparent films, which were then electrochemically

crosslinked. Cyclic voltammetry (CV) was performed to cross-
link the electroactive carbazole groups in PVK and PFC for
five cycles with a scan rate of 20 mV s–1. The anodic peak
potential in Figure 3 a and b occurs at 0.65 V, which is related
to the oxidation of the conjugated polymer, and the corre-
sponding reduction peak was found to be at 0.55 V.[14a] As
reported in this previous work,[14a] the peak at 0.78 V (vs. Ag/
Ag+ (0.01 m), not highly resolved) in the first cycle is attributed
to the oxidation of the carbazole monomer, while from the
second cycle, the peak at around 0.6 V emerges because of the
formation of more conjugated species. It is hard to distinguish
any major changes in the cyclic voltammograms of the films
with and without CBZ-S-Au, as well as by altering the CBZ-S-
Au ratios. However, the differences in peak anodic current
over the same observed crosslinking area (higher in the case of
carbazole-terminated gold NPs) suggests the incorporation of
more carbazole groups in the composite material.[14a] This is
reasonable because CBZ-S-Au NPs bearing terminated carba-
zoles are now participating in the crosslinking event compared
to the PFCVK polymer alone. This effect is more distinguished
with the higher peak anodic currents observed for the CBZ-S-
Au nanocomposite films (Fig. 3b) as opposed to the cyclic
voltammogram bearing no carbazole-terminated Au nano-
particles. The gold nanoparticle concentration was optimized
to get optically clear films, while at the same time retaining
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Scheme 2. Preparation of carbazole–thiol ligand-exchanged gold nanoparticles (CBZ-S-Au). See Experimental for further synthesis details.
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Figure 1. UV-vis absorption spectra of Au nanoparticles, the CBZ-SH li-
gand, and CBZ-S-Au NPs prepared by ligand exchange.
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their polymer exciton fluorescence intensity. This kind of
optical property is in fact desirable for future PLED applica-
tions.

After completely crosslinking the film, the monomer free
scan rate (v) dependence on current (I) for the electrodeposit-
ed PFCVK films was studied on a ∼45–50 nm thick gold sub-
strate, as shown in Figure 4 a and b. The plot of I vs. v1/2 (inset)
shows a nonlinear relationship, which indicates non-diffusion-
controlled kinetic behavior for ion-transport within the films. It
is possible that the ion-transport behavior is going towards a
surface-limited regime. This can be caused by a gradient in the
electro-crosslinking, which tends to be more crosslinked in the
first few cycles or near the substrate. On the other hand, PVK
and PFC alone have linear I versus v1/2 relationships, which
show predominantly diffusion-controlled behavior.[14] What is

of high interest then is that these materials are not as highly
porous as is the case for the pure, individual polymers (both
PVK and PFC).

2.3. Photoluminescence

Figure 5 shows the photoluminescence spectra of the four
films excited at 380 nm. The well-resolved peaks near 425 and
450 nm result from the emission properties of the polyfluorene
backbone, with the (0–0) transition at 425 nm the dominant
one.[23] In addition to these two peaks, the excimers had the
typical yellow/green color at 550 nm (no Au nanoparticles).[24]

This excimer peak is an energy trap that results from aggrega-
tion in PF polymer films and is not typically observed in solu-
tions as the degree of intermolecular interactions increases in
going from solution to solid state.[23a] It has also been attributed
to the formation of fluorenone species in the backbone.[23b]
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Figure 2. a) Transmission electron image of CBZ-S-Au and b) the corre-
sponding size distribution histogram. The average diameter is 8.2 nm
with a standard deviation r = 0.7 nm.
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Figure 3. Cyclic voltammetry studies of a) PFCVK and b) PFCVK–Au-S-CBZ
composite films with the same working electrode area. The positions of
the oxidation and reduction peaks for both systems are shown.
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The introduction of the carbazole group enhanced aggregation
of the polymer, leading to a much stronger peak relative to
pure PF. By intermixing Au nanoparticles in a blend with
PFCVK/CBZ-S-Au with ratios of 10:1, 2:1, and 1:2, an evident
decrease of this peak before electrochemistry is observed, as
shown in Figure 5a, consistent with the energy transfer of the
excitonic peak to the surface plasmon absorption band of the
nanoparticles.[17] This decrease is proportional to the Au nano-
particle content. However, the peak intensity decreases even
more significantly upon electrochemical crosslinking. The re-
sulting composite films show that the photoluminescence was
quenched by about half in the cases of PFCVK/CBZ-S-Au for
both 10:1 and 2:1 ratios after crosslinking. On the other hand,
complete quenching was observed when the ratio was as 1:2, as
shown in Figure 5b. With this approach, the yellow/green hue
of the photoluminescence can be quenched, leading to a purer
blue light-emitting material.[24,25]

The quenching efficiency can be expressed quantitatively by
the ratio of green/blue emission after all the blue peaks at
426 nm were normalized. The ratio of green/blue emission is
1.93:1, 1.69:1, 1.31:1, and 1.12:1 before crosslinking, as well as
1.69:1, 0.92:1, 0.88:1, and 0.15:1, respectively, after cyclic vol-
tammetry, for films with increasing Au NP concentrations. The
dominant quenching process can have a completely different
nature in the presence of gold nanoparticles. Energy transfer
requires a good overlap between the absorption of the acceptor
and the light-harvesting chromophore (donor). In this case, the
Au nanoparticles serve as efficient quenchers of the conjugat-
ed-polymer excitonic fluorescence (excimer peak), presumably
through long-range resonance energy transfer. Heeger and co-
workers demonstrated that long-range energy transfer offers a
significant contribution to quenching relative to two other fac-
tors: internal energy or electron transfer and the electrostatic
interaction between the polymer and the gold nanoparticles.[26]
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Figure 4. Cyclic voltammetry studies of PFCVK–Au-S-CBZ: a) PFCVK at
various scan rates and b) I versus v plot with inset showing I versus v1/2.
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Au-S-CBZ composite films a) before and b) after crosslinking.
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In related work done by Gu et al.[21] where gold nanoparticles
were simply mixed with emissive fluorenyl groups, a strong
fluorescence emission quenching was observed. However, in
the present work the electrochemically crosslinked composite
films provide more carbazole groups to connect together and
form a continuous phase in a conjugated network, allowing
phase mixing and more interaction for a favorable energy
transfer.[16] The crosslinking procedure should also decrease
the distance between the Au NP and PFCVK polymer chains.
Because the metal nanoparticle resonance has an excitation
lifetime of only a few picoseconds,[17] the donor–acceptor inter-
action changes brought upon by electrochemical crosslinking
quenches the long-lived triplet state of PFCVK more effec-
tively. The distance-dependent quenching should be somewhat
similar to that observed in other chromophore-functionalized
Au nanoparticles.[27] Energy transfer between two point dipoles
in solutions (Förster type) is known[28] to vary with the sixth
power of the separation distance, whereas energy transfer
between a point dipole and a metal surface varies as the third
power of the intervening distance. If the energy-transfer
distance dependence is as an nth power, then the relation be-
tween energy-transfer efficiency and distance can be expressed
by:

�ET � 1

1 � �Q�R0
�n �1�

where R is the distance [Å] between the donor and the accep-
tor, and R0 is the critical distance at which ��� is 50 %. From
this equation, it is clear that this energy-transfer efficiency
increases with decreasing distance, R, between the PFCVK
polymer and the Au NP as a result of crosslinking.

Thus, the films that were not subjected to crosslinking, but
were physically blended, did not quench as effectively. More-
over, nanocomposites are prone to thermal and long-term in-
stability because of phase separation. It is conceivable that
crosslinking not only helps in efficient excimer quenching but
also provides robust films.[16] In principle, further fine tuning is
possible with respect to quenching efficiency by a phase-dia-
gram optimization (quenching efficiency versus PFCVK:CBZ-
S-Au) of the composition.

2.4. Morphology Studies

It is possible to study the crosslinking of polymers on solid
substrates by atomic force microscopy (AFM).[26] The mor-
phology of spin-coated PFCVK (PFC/PVK = 4:1 ) films (with-
out gold nanoparticles) before and after electrochemical cross-
linking on ITO substrates was examined (10 lm × 10 lm)
under magnetic AC (MAC) mode. As seen from Figure 6 a
and b, the topographic and phase images before cyclic voltam-
metry present a roughness of ca. ∼6.28 nm. The ellipsoidal do-
mains are most likely attributed to aggregation of PFC–PVK
polymers possibly because of nonoptimized spin-coating condi-
tions for this blend composition and the inherent aggregation
tendencies of polyfluorene. On the other hand, the complete
coverage of the underlying ITO substrate with the polymer

suggests a good conducting contact for the electrochemical
measurements. Note that the surface of the ITO is very differ-
ent (not shown) and has a roughness of the order of ca.
∼9.0 nm. The total film thickness of the spin-coated film is
about ∼134 nm, by AFM profilometry. After the CV measure-
ments, it is clear that the underlying film became smoother and
the domains became larger (compare Fig. 5a and b). The ag-
gregates of PFCVK after CV grew simultaneously with the for-
mation of a more homogeneous and smooth surface on the
whole substrate, consistent with the crosslinking process. This
morphology should be related to the electrochemical behavior
observed by CV. Further optimization of morphology control
by using different blend compositions and substrate-wetting
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Figure 6. AFM images for PFCVK films. Topographical features of the film
a) before and b) after crosslinking.
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conditions are also underway for the PFCVK–nanoparticle
composites.

3. Conclusions

A nanocomposite film was investigated by using a blue-emit-
ting PFCVK copolymer and 11-(9H-carbazol-9-yl) undecane-1-
thiol-capped Au nanoparticles. These materials were success-
fully synthesized, blended, and crosslinked. Ultrathin films of
PFCVK with and without CBZ-S-Au were spin-coated and
then electrochemically crosslinked. The films were character-
ized using CV, UV-vis and photoluminescence spectroscopies,
and AFM. Electrochemical crosslinking was achieved by CV
methods and formed thin nanocomposite films. The large dif-
ferences in photoluminescence properties of the CBZ-S-Au
nanoparticle/PFCVK crosslinked copolymer composite films
compared to the PFCVK polymer alone was the result of an
efficient energy-transfer system, in which the excimer peak was
almost totally quenched. Quantitatively, the blue/green emis-
sion was changed from 1.93:1 to 1.69:1 for the PFCVK film,
and from 1.12:1 to 0.15:1 for the film with PFCVK/CBZ-S-
Au = 1:2. This indicated a compatible match between the
absorbance of the Au plasmons and the emission of the exci-
mer energy trap from PF polymers caused by aggregation.
Electrochemical crosslinking further enhanced this match by
both shifting the absorbance to greater overlap and decreasing
the distance between the Au NP and the PFCVK polymer
chains. Further work will be done in the future to investigate
PLED device characteristics.

4. Experimental

4.1. Chemicals

Poly(9-vinylcarbazole) [number-average molecular weight, Mn =
55 500], tetrabutylammonium borohydride (TBAB, 98 %) and didode-
cyldimethylammonium bromide (DDAB, 98 %) were purchased from
Aldrich. Carbazole (Aldrich, 96 %) and 2,2′-azobisisobutyronitrile
(AIBN, Aldrich, 98 %) were recrystallized twice from ethanol. 11-Bro-
moundec-1-ene (Alfa Aesar, 96 %), AuCl3 (Alfa Aesar, packed under
argon), and thiolacetic acid (Acros, 98 %) were used as received. All
solvents were dried by conventional procedures and distilled before
use. The synthesis of polyfluorene derivatives with carbazole pendant
groups (PFC = polyfluorene copolymer) had been previously reported
by our group [15c].

4.2. Instrumentation

NMR was carried out by using a General Electric QE 300 spectrom-
eter (1H 300 MHz). UV-vis spectra were recorded using an Agilent
8453 spectrometer. The average size of the gold nanoparticles was de-
termined using a Hitachi transmission electron microscope (H-7000).
Fluorescence spectra were obtained on a Perkin–Elmer LS-45 lumines-
cence spectrometer. Cyclic voltammetry was performed on an Amel
2049 potentiostat and power lab/4SP system with a three-electrode cell.
AFM imaging was performed under ambient conditions with a
PicoSPM II (PicoPlus, Molecular Imaging) in the magnetic AC mode
(MAC mode). MAC mode uses a magnetic field to drive a magnetically

coated cantilever in the top-down configuration. Type II MAC cantile-
vers with a spring constant of 2.8 nN m–1 and a 10 nm radius tip were
used for all scans. The scanning probe imaging processor (SPIP, version
4.0.6.0, Image Metrology Company) was used to analyze the roughness
of all AFM images and obtain other information.

4.3. Spin-Coating and Electrochemical Studies

For electrochemical studies, ITO glass substrates were first washed
by hand with Alconox detergent, and then rinsed with ultra-pure water
(Millipore, 18.2 MX cm, with 0.22 lm filter). They were then sonicated
in isopropyl alcohol, hexane, and toluene for 10 min in each, followed
by treatment with RCA recipe (H2O/H2O2/NH3 = 10:2:0.6, 55–60 °C,
75 min) and argon/oxygen plasma cleaning. PFC and PVK were then
spin-cast onto the ITO substrates from their chloroform solutions with
different CBZ-S-Au amounts at 2000 rpm for 2 min to form transpar-
ent films. The concentration of PFC and PVK was fixed at 0.067 wt%
(1 mg mL–1, PFC/PVK = 4:1) and weight ratios of PFC-PVK/CBZ-S-
Au were 10:1, 2:1, and 1:2. After the substrate was dried under nitro-
gen, it was used as the working electrode for the electrochemical exper-
iment. CV was performed in a three-electrode cell containing 0.1 m tet-
rabutylammonium hexafluorophosphate (TBAH) acetonitrile solution
with platinum as the counter electrode and a Ag/Ag+ (0.1 m TBAH
and 0.01 m AgNO3 in acetonitrile) reference electrode, with a potential
range from 0 to 800 mV versus the Ag/Ag+ reference electrode. After
several cycles, the polymer-coated substrate was taken out and rinsed
vigorously with methylene chloride, chloroform, and finally with etha-
nol to remove all the soluble impurities. The substrate was then dried
under nitrogen before further characterization.

4.4. Synthesis

4.4.1. Synthesis of 9-(Undec-10-enyl)-9H-carbazole

To a stirred solution of carbazole (6.00 g, 35.9 mmol) in dimethyl-
formamide (DMF, 15 mL), NaH (0.950 g, 39.6 mmol) was added in
portions and after complete addition, the mixture was heated to 60 °C
for 2 h. After the mixture was cooled, a solution of 11-bromoundec-1-
ene (9.40 g, 40.5 mmol) in DMF (5 mL) was added dropwise to the
reaction mixture and was stirred for 48 h at room temperature. The
reaction mixture was then poured in water and was extracted using
methylene chloride and dried over Na2SO4. After evaporating the sol-
vent, the crude product was purified by column chromatography using
hexane as an eluent. This yielded 9.50 g (82.6 %) of the product.
1H NMR (CDCl3) d: 8.14 (d, 2H), 7.53–7.42 (m, 4H), 7.27 (t, 2H),
5.80 (m, 1H), 4.95 (t, 2H), 4.29 (t, 2H), 2.02 (p, 2H), 1.86 (p, 2H), 1.35–
1.22 ppm (m, 12H). 13C NMR d: 140.6, 139.3, 125.7, 123.1, 120.3, 118.9,
114.3, 109.9, 43.4, 34.2, 29.8, 29.7, 29.4, 29.3, 29.2, 27.7 ppm.

4.4.2. Synthesis of 11-(9H-Carbazol-9-yl)undecyl ethanethioate
(CBZ-TA)

The synthesis of CBZ-TA was accomplished by a modified proce-
dure from Luk et.al. [29]. A solution of 9-(undec-10-enyl)-9H-carba-
zole (1.91 g, 5.98 mmol) in dry tetrahydrofuran (THF, 20 mL) contain-
ing thiolacetic acid (0.630 g, 8.29 mmol) and AIBN (56.0 mg,
0.341 mmol) was refluxed at 60 °C for 12 h. After cooling the reaction
flask, AIBN (20 mg) and thioacetic acid (30 mg) were added and
refluxed for another 4 h. Rotary evaporation of the solvent from the
reaction mixture followed by flash column chromatography (hexane/
CH2Cl2, 4:1) gave 2.10 g (88.6 %) of the product. 1H NMR (CDCl3)
d: 8.14 (d, 2H), 7.53–7.42 (m, 4H), 7.27 (t, 2H), 4.29 (t, 2H),
2.70 (t, 2H), 2.35 (s, 3H), 1.92–1.88 (m, 2H),1.74–1.69 (m, 2H), 1.38–
1.26 ppm (m, 14H). 13C NMR d: 196, 140.6, 125.7, 123.1, 120.3,118.6,
108.9, 43.0, 39.1, 35.1, 32.1, 30.5, 29.4, 29.3, 29.1, 28.9, 27.3 ppm.
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4.4.3. Synthesis of 11-(9H-Carbazol-9-yl)undecane-1-thiol
(CBZ-SH)

CBZ-TA (1.00 g, 2.53 mmol) was dissolved in methanol (10 mL) in
a 100 mL round-bottom flask. Methylene chloride was added dropwise
to make the suspension clear. To this solution, sodium hydroxide solu-
tion (1 mL, 50 wt%) was added under nitrogen and stirred overnight.
The reaction mixture was neutralized by adding acetic acid. The neu-
tralized solution was then poured into 25 mL of water and the organic
phase was extracted using methylene chloride. The organic phase was
then washed with brine and dried over Na2SO4. After filtering and con-
centrating under vacuum, the crude product was further washed with
hexane to give the pure product as 780 mg (87.6 %) of slightly yellow-
ish oil. 1H NMR (CDCl3) d: 8.14 (d, 2H), 7.53–7.42 (m, 4H),
7.27 (t, 2H), 4.29 (t, 2H), 2.68 (t, 2H), 1.92–1.88 (m, 2H), 1.74–1.69 (m,
2H), 1.38–1.26 ppm (m, 15H). 13C NMR d: 140.6, 125.7, 123.1, 120.3,
118.6, 108.9, 43.0, 39.1, 35.1, 32.1, 29.3, 29.1, 29.0, 28.9, 28.4, 27.3 ppm.

4.4.4. Synthesis of CBZ-S-Au

The synthesis of 11-(9H-carbazol-9-yl) undecane-1-thiol (CBZ-SH)-
capped Au nanoparticles was performed by first making the Au nano-
particles following the method reported by Peng and co-workers [30].
This was followed by a ligand-exchange process using CBZ-SH
(Scheme 2). Using their method for ligand exchange, the substitution
was made in the Au nanoparticle solution with a molar ratio of gold/
thiol at 1:1.5. The thiol was added to the Au nanoparticles solution in
toluene (2 mL) and the solution was further stirred for 30 min and then
refluxed for another 30 min. After cooling the solution, the toluene
was evaporated to reduce the volume by one third. Next, thiol-coated
nanoparticles were precipitated using a minimum amount of methanol.
After separating the precipitate from the supernatant, it was redis-
solved in toluene. The particle dispersion was subjected to precipita-
tion/redispersion to finally afford a black solid product. 1H NMR was
then used to measure the ratio of nonexchanged decanoic acid to
exchanged CBZ-SH ligands. This ratio was converted into a fraction of
exchanged ligands based on the average decanoic acid Au cluster com-
position. The exchange was found to be 72 % based on a 5 % NMR
confidence limit.
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