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Odd-Even Pattern Observed in Polyaniline/(Auy — Aug) Composites
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Theoretically predicted effect of odd-even pattern of electron pairing on behavior of gold clusters in polyaniline/Auy (N = 0 to 8)
has been confirmed experimentally. In these composites the atomic Au clusters with even number of atoms exhibit higher catalytic
activity for electrochemical oxidation of n-propanol in 1 M NaOH than the odd-number atoms clusters. Also, infrared spectroscopy
shows that even numbered PANI/Auyn composites affect the N-H stretching vibration more strongly than the corresponding odd
numbered ones. This behavior matches the theoretically predicted variations of HOMO-LUMO gap energy and the stability of the
atomic Au clusters. It also agrees with the earlier experimental work in which the UPS spectra of isolated, mass-selected Au clusters

have been reported.
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Nano-sized gold has been extensively investigated because phys-
ical and chemical properties of gold clusters are known to change
with their size.'~> Both bulk gold and gold nanoclusters have catalytic
properties for oxidation of alcohols in alkaline medium,*'° and for
carbon monoxide.'""'> There are several reports of gold clusters con-
taining only a few atoms being catalytically active.'>'# It has been
predicted that the stability of atomic gold clusters of Auy where N
= 1-10 would depend on binding energy, dissociation energy, second
order difference in total energy, and HOMO-LUMO energy gap.'>™"7
These theoretical studies shown that neutral (ground state) gold clus-
ters exhibit an odd-even oscillation of their properties due to electron-
pairing effect for the second order difference in total energy and in
the HOMO-LUMO energy gap. Gold clusters made of 2 and 6 atoms
have the largest HOMO-LUMO gap and dissociation energy, while
the second order difference in total energy is the lowest for these
two, which confirms their high stability.'>"!” The even numbered gold
clusters are more stable than the odd numbered clusters. Moreover
the Au, and Aug clusters have two dimensional structures.'®!® The
odd-even pattern of electronic properties of gold and other coinage
metals, has been confirmed in the experiment in which the UPS spec-
tra of mass-selected metal clusters have been measured.?’ In those
experiments the oscillating pattern seizes at N >20 (for gold) and the
electron affinity assumes the value corresponding to bulk metal.

It is known that catalytic performances of gold clusters depend
on their preparation methods, support matrix, and their size.'*?!-2
In this study we use as the support matrix polyaniline (PANI) de-
posited on a Pt electrode. It has been demonstrated that both, PANI
containing metal precipitates and PANI modified electrodes, show
electrocatalytic oxidation of primary alcohols in alkaline and acidic
medium,?’=! but the catalytic effect is higher in the alkaline medium.
Polyaniline is highly stable and easy to prepare, and its properties
have been extensively studied.’>-34

Here we report on the properties of PANI/Auy composites made
with N = 0 to 8 numbers of gold atoms. The composite has been
prepared by a cyclic insertion of atom-by-atom of gold into PANI, by
continuously controlling the oxidation potential of PANI and the ex-
change of the precursor medium throughout the gold insertion cycle.?
Maintaining the PANI in high oxidation state was necessary in order
to avoid spontaneous reduction of AuCl,~ to gold by the emeraldine
form of PANI.3%37

To show that the gold atoms deposited are not just many single
atoms, but clusters of Auy for N = 0 to 8, in this work we use the
oxidation of n-propanol (n-PrOH) on gold as a marker to confirm
the odd-even behavior of the clusters. The atomic gold clusters are
assumed to reside it the vicinity of nitrogen sites in the PANI chain
and should affect the N-H stretching frequencies in the IR spectrum
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according to their size. The FTIR spectra obtained in this study further
confirm the theoretically predicted odd-even pattern of behavior of
these materials.

The oxidation of n-propanol in alkaline medium show very low ac-
tivity on Pt electrode.?® In contrast, gold shows high oxidation activity
in alkaline solution because it is relatively immune to surface poison-
ing caused by side products of the primary alcohol oxidation.*'°
Furthermore, it has been shown that bulk Au as well as gold clus-
ters of 2 to 5 nm supported on inorganic oxides or active carbon
are highly active, selective, and recyclable catalyst for the oxidation
of alcohols into aldehydes and ketones using oxygen at atmospheric
pressure as the oxidant in the absence of solvent and base.’**’ Un-
usual electrocatalytic activity was observed for oxidation of methanol
on gold nanoparticles in alkaline media synthesized in water-in-oil
microemulsions using a rotating disk electrode.’

For the catalytic oxidation of n-propanol in alkaline solutions, the
mechanism has been explained by the OH™ anion adsorption onto
the gold. The oxidation of the alcohol then occurs through hydrogen
bridges formed between the hydroxyl group of the alcohol and the
adsorbed anions.® Although oxidation currents are much higher on
bulk electrodes, the voltammetric characteristics are similar in both
cases. Here we demonstrate that careful design of the atomic gold
nanoparticles may affect significantly the alcohol oxidation process.

Experimental

Chemicals.— Tetrafluoroboric acid (HBF,; Aldrich, 48 wt % solu-
tion in water), potassium tetrachloroaurate (KAuCly; Aldrich, 99.9%),
aniline (C¢HsNH,; Aldrich, 99.51%), perchloric acid (HC104; EMD,
67-71%), n-propanol (C;H;OH;Aldrich, 99.5%), sodium hydroxide
(NaOH;BDH), and hydrochloric acid (HCl; BDH, 38.0%) were all
used as received.

Electrochemical preparation of polyaniline gold composite
films.— The preparation of the PANI/Auy films, where N equals the
number of gold deposition cycles, was described previously.? Briefly,
the PANI was deposited on one side of a Pt (1000 A) coated on Ti
(100 A) 10 MHz polished quartz crystal (QC) (International Crystal
Manufacturing OKC, OK, USA) from a 0.1 M aniline/2 M HBF,
aqueous solution at a constant potential of +0.9 V for 200 seconds in
a flow through cell. The flow through cell housing the Electrochemi-
cal Quartz Crystal Microbalance (EQCM) arranged in a flow injection
analysis (FIA) format allows exchange of solutions while maintaining
the electrical contact to the PANI film throughout the preparation steps
of a deposition cycle. All potentials are referenced to the Ag/AgCl in
0.1 M KCI. The counter electrode was bare Pt deposited on quartz
crystal. The electrochemically active area (A = 0.236 cm?) on the
crystal was defined by the o-ring. Cyclic voltammograms (CV) were
recorded with an Omni 90 potentiostat (Cypress Systems Lawrence,
KS) and the changes of mass were obtained from the Sauerbrey
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equation, using a PLO-10i phase lock oscillator (Maxtek, Inc. Cy-
press, CA) and a model 53131 A Universal Counter (Hewlett Packard
Loveland, Co). All CVs were recorded with 20 mV/s scan rate. After
coating the Pt electrode with PANI, the cell was rinsed with 0.1 M
HCI, and the electrode was conditioned first by applying 10 CVs from
—0.2 Vto +0.7 V and then holding the potential at +0.8 V for 1 hour
in this electrolyte.*! The average thickness of the PANI film prepared
in this way was 4 wm, as determined by the contact profilometry,
and the average mass of the deposited PANI was 43 nmoles. After
the conditioning step the flow cell was rinsed with a 0.1 M HClOy,
and total of 10 CVs were completed from —0.2 V to 40.7 V. The
Au-cycle was initiated by holding the PANI at +0.7 V while exposing
it to solution of 10~* M KAuCl, in 0.1 M HCIlO, for 50 seconds.
Maintaining this high potential, keeps PANI in a fully oxidized state
and leads to formation of the PANI*AuCl,~ complex. The film was
then rinsed of the excess of AuCl,~ with 0.1 M HClOy, and the po-
tential was scanned to —0.2 V in order to reduce AuCl,~ to atomic
gold. The total holding time at +0.7 V during the exposure to the
chloroaurate solution and subsequent rinsing was 300 seconds. The
final step was to perform 5 more CVs from —0.2 V to +0.7 V in order
to bring the film to its defined final state. At this point, the material
was ready for the next gold deposition cycle. The cycle was repeated
N-times in order to form the PANI/Auy of the desired composition.
The N deposition cycles were varied from N = 0 to 8. CVs for the
electro-oxidation of n-PrOH were recorded in 1 M NaOH at a scan
rate of 20 mV/s from —0.6 V to +0.45 V using a Solartron SI1287
electrochemical interface. The reference electrode was a Ag/AgCl in
1 M KCl, and the counter electrode was a platinum foil.

Fourier Transform Infrared Spectroscopy (FTIR).— FTIR mea-
surements were performed with a BIO-RAD FTS-6000 with a BIO-
RAD UMA-500 IR microscope attachment in the range of 700—4000
wavenumbers. IR reflectance spectra were obtained using the rapid
scan mode at the mirror modulation frequency of 20 kHz, with the
aperture open, filter setting of 5, and resolution setting of 4 cm~!. An
average of 32 scans was used to produce each spectrum. The PANI
samples were analyzed while still on the Pt QCM. Background spec-
tra were obtained using the bare Pt surface on the QCM under the
same spectroscopic conditions as the samples. The background was
subtracted from the sample spectra using BIO-RAD WIN-IR PRO
software. Areas and peak assignments were obtained using the same
software.

Results

Electro-oxidation of n-propanol.— Before conducting the oxida-
tion of n-propanol using the PANI/Auy composites, the CVs of the
bare Pt electrode as well as of the PANI film deposited on Pt electrode
(PANI/Auy - o) was examined in 1 M NaOH, Figure 1A.

It can be seen that during the anodic sweep, the platinum surface
is oxidized that gives rise to a cathodic reduction peak on the reverse
scan. The surface oxide formation is shifting to more negative po-
tential for the PANI coated Pt electrode when compared to the bare
Pt electrode. Upon addition of 0.5 M n-PrOH to the 1 M NaOH,
the cyclic voltammograms at the bare Pt-electrode and at the PANI-
coated Pt electrode are changing, Figure 1B. At the Pt electrode a
small oxidation peak at —0.10 V is seen causing a slight enhancement
of the reduction peak when compared with voltammogram shown in
Figure 1A. A similar result was reported by others.*?

The voltammogram taken on the Pt/PANI shows two distinct oxi-
dation peaks, on the forward scan at —0.27 V and on the reverse scan
at —0.44 V. The enhanced magnitude of the peak current on Pt/PANI
indicates much higher catalytic activity to n-PrOH than at the bare Pt
electrode. The inset in Figure 1 shows the CV of the catalytic oxida-
tion of 0.5 M n-PrOH in 1 M NaOH on a bare polycrystalline gold
electrode. The oxidation peak in the forward scan occurs at +0.18 V,
and on the reverse scan at +0.08 V. The reduction current corresponds
to the reduction of surface gold oxide, and it increases with increasing
the positive potential limit.>
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Figure 1. CVs of bare Pt (—) and PANI on Pt (---) in (A) 1 M NaOH and
in (B) 0.5 M n-propanol in 1 M NaOH at 20 mV/s. Ten CVs were performed
in the absence of n-propanol and five CVs were performed with n-propanol.
Only the last CV for each is shown.

An overview of the effect of atomic gold in PANI on electrochem-
ical oxidation of n-PrOH in alkaline medium is given in Fig. 2.

In this figure the CVs have been normalized to the mass of PANI
deposited on the electrode in order to aid the visual comparison.
The mass information is again obtained from the change of frequency
of the EQCM during the deposition of the PANI, assuming the validity
of the Sauerbrey equation in solution. For PANI/Auy, there is an
oxidation peak in the forward scan around —0.27 V (peak I) and an
oxidation peak in the reverse scan at —0.44 V, as seen previously
in Fig. 1B, while voltammograms in the potential region above 0 V
are featureless. On the other hand, in the PANI/Auy.( composites, a
second oxidation peak (peak II) in the forward scan begins to emerge
around 40.12 V, which is due to the oxidation of n-PrOH on the
gold atomic clusters. It provides a strong indication that gold clusters
are present in the films and that the presence of PANI provides a
conducting network which facilitates the electrooxidation.

The peak II is shifted by —50 mV when compared with the oxi-
dation peak potential on a polycrystalline gold electrode (see Fig. 1,
Insert). It is important to point out that oxidation potential of peak (II)
does not vary much with the number of Au atoms in the gold clusters;
only the peak current is strongly affected. It suggests that the changes
in peak current mirror the changes in the catalytic activity of n-PrOH
oxidation (Figure 3).

It is observed, that by adding gold to the PANI films, the peak
() also shows some oscillatory changes of the PANI activity in the
presence of the alcohol, although less so than the peak (II) (Figure 3A).
The highest catalytic activity is noticeable at 2 and 6 gold deposition
cycles. The peak currents for the peak (II) in the forward scan are
shown at the bottom of Figure 3. There is a substantial increase in
peak current for PANI/Auy where N = 2, 4, and 6, with N = 6 having
the highest value. The fluctuation of the peak current density displays
an odd-even pattern with the even numbered clusters showing the
highest peak currents, with the exception of N = 8.
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Figure 2. Effect of added 0 to 8 Au atoms to PANI on oxidation of 0.5 M n-propanol in 1 M NaOH (—) taken at 20 mV/s. The CVs in 1 M NaOH (---) are also
shown. The CVs are normalized to the mass of PANI from the frequency changes during the deposition on Pt. Only the last CV of ten is shown in the absence of
n-propanol, and only the last CV of five with n-propanol is shown for simplicity. The peaks (I) and (II) shown in PANI/Aug panel are discussed in the text.

Since catalysis only speeds up the rate of the reaction, the peak of the concentration dependence lines for peak (I) and peak (II) are
currents should increase linearly with of concentration of the n-PrOH. 5.4x107* mAcm~2 M~!, and 2.5x 107 mAcm~2 M~!, respectively.
The current densities for peaks (I) and peak (II) are plotted versus
the concentration of n-propanol for PANI/Aug in Figure 4. The slopes FTIR of Au atoms in PANL— 1t is expected that Au atoms will

remain close to or at the nitrogen sites of PANI as they are formed in the

polymer matrix. Consequently, the magnitude of the N-H stretching
1601 | vibration in the region of 3100-3500 cm~! should depend on the
size and stabilities of the atomic Au clusters in the PANI. The FTIR
s spectra were recorded after cycling in 0.1 M HCIO;. Figure SA shows
“E 120 the FTIR spectra for PANI/Auy after N = 0 to 8 atomic gold cycles.
o The presence of Au affects both the band position and the band
< a0 intensity of the N-H stretch. The dependence of the band areas and
: the shifts of the band position from the Figure 5A are plotted in
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Figure 3. Peak current densities (evaluated from Figure 2) from the oxidation .
of n-PrOH versus the number of inserted gold atoms for (I) the first oxidation Concentration PrOH (M)
peak and (II) the second oxidation peak. Peaks I and II are labeled for Aug in
Fig. 2. The concentration of n-PrOH was 0.5 M in 1 M NaOH. The dashed Figure 4. Linear dependence of peak current on n-PrOH concentration for
line represents calculated variation of the HOMO-LUMO gap energy'> 1 PANI/Aug for (B) the first oxidation peak and (A) second oxidation peak.
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Figure 5. (A) FTIR spectra of PANI/Auy for N = 0-8 from 3100-3500 cm™!
showing the N-H stretching vibration. The marks on lines in (A) define the
integration limits from which the peak areas were calculated. (B) FTIR peak
areas (—4&—) and peak shifts (---A---) of the peak for the N-H stretching
at 3300 cm~! for PANI/Auy for N = 0-8 showing an odd-even alternating
pattern.

Figure 5B together with the number of gold cycles used for their
accommodation in PANI. The band areas show an odd even pattern
with the even number of atoms, yielding increased band areas relative
to the odd number cluster of atoms. The band shifts also give an odd
even pattern with the even number of atoms having a larger shift from
the PANI/Au, than the odd number of atoms, with the exception of
PANI/Aug.

Conclusions

Electrooxidation of propanol in alkaline medium on Pt electrode
is known to be significantly different from electrooxidation on Au.
The difference is attributed to the presence of metal oxides. In this
study we have shown that in addition to this material difference there is
also a strong dependence on the number of gold atoms in atomic metal
clusters. They showed catalytic activity for the oxidation of n-propanol
which mirrors the theoretically predicted odd-even alternating pattern
with the even number of atoms giving higher catalytic activity than the
odd numbered atomic clusters. The most notable activity was obtained
for the even numbers of N =2, 4, and 6. It is expected that the oxidation
of n-propanol leads to n-propanal and then to n-propionic acid as the
final product.®

The band area and the band position for the N-H stretching vibra-
tion at 3300 cm~! in the PANI/Au composites are also perturbed by
the presence of Au atoms. The odd-even alternation is again observed
with the even numbered clusters affecting the N-H stretching vibration
more strongly than the odd numbered clusters.

The confirmation of the odd-even oscillations for these clusters
is significant in determining whether the Au atoms are deposited as
individual atoms at different nitrogen sites in PANI, or if the atoms
are deposited at the same site and form Auy clusters. The observed
odd-even oscillation pattern is a strong indication that these atoms are
indeed atomic clusters of Auy. However, this pattern breaks down for
N = 8. A possible explanation for this deviation is that the clusters
containing eight atoms of gold are so large that they do not fit into
the confines of the PANI matrix and begin to bridge the distance
between the neighboring clusters, allowing the clusters to aggregate.
This explanation woud be congruent with the model of Smalley?*® who
prepared spatially unrestricted clusters. This point will be resolved by
performing synchrotron radiation analysis of these materials.
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