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Abstract The oxidative and reductive electrochemistry
of the three isomeric nitroanilines has been studied in
neutral (0.1 mol L™' KCIOy4) and acidic (0.1 mol L™!
HCIO,) aqueous electrolyte solutions by cyclic voltam-
metry and surface enhanced Raman spectroscopy
(SERS). The cyclic voltammograms recorded for o- and
p-nitroanilines with a gold electrode in acidic solution,
scanning toward negative potentials, revealed formation
of phenylenediamine not observed in neutral solution.
Similar behavior of nitroanilines and phenylenediamines
was observed on gold and platinum electrodes. An
oxygen—gold adsorbate stretching mode was detected
between 400 and 430 cm ™' in the SER-spectra of the
three isomeric nitroanilines in both electrolyte solutions
at positive electrode potentials, implying perpendicular
adsorption via the nitro group.

Keywords Spectroelectrochemistry - Nitroanilines -
Phenylenediamines - Electroreduction

Introduction

During recent years much attention has been paid to
electrochemical investigations of monosubstituted
benzenes and substituted anilines by both electro-
chemical and spectroelectrochemical techniques. The
reduction and oxidation potentials of a molecule can be
derived from cyclic voltammetry, and this may enable
calculation of thermodynamically significant values of
Ey, if the electrode process is reversible. When the
overall electrode process is not reversible other
phenomena, in particular chemical reaction, e.g.
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polymerization or dehydrogenation, may occur in
addition to the charge-transfer process. In many
investigations of molecular adsorption preceding the
charge transfer and the subsequent charge transfer it-
self electrochemical methods (e.g. cyclic voltammetry,
polarography, chronoamperometry) are used together
with spectroscopic methods to obtain more information
about adsorbate orientation relative to the electrode
surface.

p-Nitroaniline as a particularly prominent member
of the family of isomeric nitroanilines has attracted
attention because of the specific effects of an electron-
withdrawing nitro group and an electron-donating
amino group being in the para position of an aromatic
ring system [1]. This results in low-energy electronic
transitions with charge migration within the mole-
cule [2] and greater nonlinear susceptibility [3, 4, 5]
making this molecule interesting as material for non-
linear optics [6, 7, 8, 9, 10]. Its use as an end-group in
thiol-based self-assembled monolayers has been
reported [11]. Pre-resonance and resonance Raman
spectra for nitroanilines have been investigated
[12, 13].

Phenylenediamines, which are of considerable prac-
tical interest because of their use in various technological
applications, can be prepared by reduction by chemical
and electrochemical routes from the corresponding
nitroanilines. Consequently, all the nitroanilines have
attracted interest.

The adsorption of p-nitroaniline on a platinum elec-
trode has been studied with modulation reflectance
spectroscopy [14] (MRS, a variation of electroreflec-
tance spectroscopy, see also [15]) and the adsorption of
monosubstituted benzenes at a gold electrode has been
studied using surface-enhanced Raman spectroscopy
(SERS) [16, 17]. SERS with these molecules has
attracted great attention in a variety of research fields,
for example surface science, analytical chemistry [18, 19,
20, 21], and nanotechnology.

We selected o-, m-, and p-nitroanilines (0-NA, m-NA,
p-NA) as suitable molecular systems for a comparative



study of electrosorption behavior, because they have at
least three different anchoring sites (the nitro, the amino
function, and the aromatic ring system). In addition
these results shall serve as a point of reference for studies
of the spectroelectrochemistry of nitroaniline-substi-
tuted polyvinylamines [22].

In this study electrochemical measurements were
performed under conditions selected as being particular
suitable for in-situ spectroscopy with surface-enhanced
Raman spectroscopy SERS, they served as a basis for
selection of experimental conditions. Relevant results of
previously published extensive investigations of the
electrochemistry of these compounds are quoted below.
Cyclic voltammograms (CV) were recorded for o-NA,
m-NA, and p-NA and their respective amino com-
pounds o-, m-, and p-phenylenediamine (0o-PDA, m-
PDA, p-PDA) in neutral (KClO4) and acidic (HCIOy)
aqueous electrolyte solutions at gold and platinum
electrodes. The CV of phenylenediamine was recorded
to aid interpretation of the reduction process of nitro-
anilines in terms of products and intermediates. The
electrolyte was chosen because of the rather weak
adsorption of the perchlorate anion compared with
most organic molecules. An early polarographic study
suggested that ortho and para-substituted aromatic ni-
tro compounds were reduced to the corresponding
amines via a six-electron process [23], whereas more
recently o-NA and m-NA were reduced to the respective
PDA in acidic solution at Ti/ceramic TiO, elec-
trodes [24]. Similar results were reported for m-NA and
p-NA reduced at a copper electrode [25] and for m-NA
in the presence of the Ti’'/Ti*" redox system [26].
SERS data of 0-NA, m-NA, and p-NA adsorbed on a
gold electrode in neutral and acidic perchlorate elec-
trolyte solutions at different electrode potentials are
reported; additional information obtained from UV-
visible spectroscopy as far as was necessary to interpret
the SER spectra is included.

Experimental

Cyclic voltammograms were recorded with gold and
platinum sheet working electrodes using neutral
(0.1 mol L' KClO,, pH=4.90, unbuffered) and acidic
(0.1 mol L™' HCIO,, pH=1.2) aqueous solutions as
supporting electrolyte and a custom built potentiostat
interfaced with a standard PC via an ADDA-converter
card operated with custom-developed software. A satu-
rated calomel electrode and a gold or platinum sheet
were used as reference and counter electrodes, respec-
tively, in H-cell compartments separated by glass frits.
All potentials are quoted relative to the saturated calo-
mel electrode (Escg).

UV-visible spectra of solutions were recorded with
1 mm cuvets on a Shimadzu UV-2101PC spectrometer.

Raman spectra were recorded on a ISA T64000
spectrometer connected to a Spectraview 2D CCD
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detection system. Normal Raman spectra of solid
nitroanilines (capillary sampling technique) and SER
spectra were recorded using 488 nm and 647.1 nm
exciting laser light provided by Coherent Innova 70
Series ion lasers, the laser power was measured at the
laser head with a Coherent 200 power meter.
Roughening of the gold electrode (polycrystalline
99.99%, polished down to 0.3 um Al,O3), used
to confer SERS activity, was performed in a separate
cell with an aqueous solution of 0.1 mol L™' KCI by

cycling the electrode potential between Egcg=
—800 mV and Escg=1650 mV for approximately
10 min [27].

Electrolyte solutions were prepared from 18 MOhm
water (Seralpur Pro 90 ¢), o-, m-, and p-nitroaniline
(Fluka), perchloric acid (Acros) and potassium per-
chlorate (Merck, G.R.) were used as received. Recrys-
tallization of m-phenylenediamine (Aldrich, 99+ %),
o-phenylenediamine, and p-phenylenediamine (Merck,
p.A.) from diethyl ether was performed under a nitrogen
atmosphere The concentration of the supporting elec-
trolytes was 0.1 mol L', Saturated solutions of the
nitroanilines (approximately 4 mmol L™' p-NA, 8 mmol
L' 0-NA, 6.5mmol L~' m-NA) were used in all
electrochemical and SERS experiments. For recording
CV of phenylenediamines 2.7 mmol L~' solution was
used. All solutions were freshly prepared, purged with
nitrogen (99.999%), and all experiments were performed
at room temperature (20°C).

Results and discussion

Cyclic voltammograms recorded with a gold electrode
in a 0.1 mol L™! HCIO, electrolyte solution saturated
with p-NA scanned toward negative potentials starting
at Escg= +700 mV show a wave at E_gcg=—126 mV,
which is caused by reduction of the p-nitro-group
(Fig. 1a). A redox wave with E, scg= +536 mV and
E.scg= 1+436 mV is observed in the second and sub-
sequent cycles. Assignment of this redox wave to
reversible oxidation of the amino-group of p-NA, as
mentioned in previous work [28], is unlikely; the oxi-
dation potential of the p-NA amino-group was ob-
served at much higher electrode potentials as discussed
below. Actually the redox wave observed in the second
cycle of the reduction of p-NA corresponds to revers-
ible oxidation of amino groups of the p-PDA. This
conclusion is based on comparison of this redox wave
after p-NA reduction with the redox wave obtained
when scanning toward positive potentials with p-PDA
(Fig. 1b). Formation of p-PDA by electrochemical
reduction of p-NA has been discussed in detail in
previous work in which reverse-pulse polarography was
used [29], and the six-electron reduction process was
described in terms of the following ECE (electron
transfer, chemical reaction, electron transfer) mecha-
nism [30, 31, 32, 33, 34].
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The first reaction intermediate, the radical anion (not
shown in this scheme), has frequently been reported
on the basis of electron spin resonance spectroscopy
[35, 36].

According to this ECE mechanism, formation of
0-PDA was also observed as a product of the electro-
chemical reduction of 0-NA under the same conditions
as used for p-NA. The cathodic wave observed with
0-NA at E;scg=—342 mV corresponds to an anodic
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Fig. 1 Cyclic voltammograms obtained with a gold-sheet electrode
in a solution of 0.1 mol L™! HCIO, saturated with nitroanilines
(scanning toward negative potentials) and 2.7 mmol L~' concen-
tration of phenylenediamines (scanning toward positive potentials);
dE/dr=0.1 V s, room temperature, nitrogen purged

wave at E, gcg= +546 mV in the return scan and the
second cycle (Fig. 1¢); no reduction wave is observed in
this scan. The same shape and position of this anodic
wave is obtained when scanning 0o-PDA toward positive
potentials (Fig. 1d). Obviously the -electrooxidation
products formed from the electrochemically generated o-
PDA when scanning toward positive potentials are
consumed very rapidly by a nonelectrochemical reac-
tion; according to results discussed below electropoly-
merization may occur.

In contrast with our observations with both o-NA
and p-NA, obviously no m-PDA as a product of elec-
trochemical reduction of m-NA is formed when scan-
ning toward negative potentials limited only by
hydrogen evolution (Fig. 1e), on the basis of comparison
with the behavior of m-PDA (Fig. 1f). However, some
reduction of product of m-NA causing a redox wave
with E,scg= +351 mV and E.gcg= +222 mV ob-
served in the backward scan and subsequent potential
cycles must have been formed (Fig. 1e). This redox wave
is significantly different from the poorly defined anodic
wave observed at E, scg= 1+870 mV for electrooxida-
tion of m-PDA when scanning toward positive poten-
tials (Fig. 1f).

Early polarographic studies of nitroanilines in abso-
lute ethanol and in ethanol-water and tetrahydrofuran—
water mixtures [37, 38, 39] suggested, that o-NA and
p-NA underwent six-electron reduction processes
whereas m-NA gave four-electron waves only at low
pH [40]. In later studies of reduction of the isomers
complicated ECE mechanisms have been reported [41]
and the substantial effect of the electrolyte solution,
including pH, has been pointed out [42, 43]. Further-
more, for 0-NA and p-NA the possibility of formation
of quinone-like species would facilitate reduction to the
respective amine whereas for m-NA the reduction might
yield intermediates subject to subsequent rearrangement
and condensation.

In scans toward negative potentials of solutions satu-
rated with nitroanilines in acidic electrolyte all the
CV recorded with a platinum electrode showed only
hydrogen evolution.

Special behavior of m-NA was also observed in CV
recorded with a gold electrode when scanning toward
positive potentials, starting at Escg=0 mV, in acidic
electrolyte solution. Oxidation of the amino group
causes an anodic wave at E,gscg= 11045 mV, sub-
stantially lower than the anodic waves obtained with
p-NA at E,scg= 1123 mV and with o-NA at
E,sce=+1150 mV (Fig. 2a). The same order of



oxidation waves of the nitroanilines with approximately
the same positions was observed when using a platinum
electrode (Fig. 2b); this is in perfect agreement with the
order previously observed with a platinum electrode in
an acetonitrile-based nonaqueous electrolyte solu-
tion [44]. It is evident that the radical intermediate
formed during electrochemical oxidation of the amino
group of aniline is destabilized when the strong electron-
withdrawing NO, group is located in the ortho or para
positions, as illustrated in the following resonance
structures of the aniline radical cation [45].
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Fig. 2 Cyclic voltammograms obtained from gold and platinum-
sheet electrodes in a solution of 0.1 mol L™ HCIO,4 saturated
with  nitroanilines, scanning toward positive potentials;
dE/dr=0.1 V 57!, room temperature, nitrogen purged
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In electrooxidation of the isomeric phenylenediam-
ines at a gold electrode the CV of p-PDA implies sta-
bility of the oxidized species at least sufficient to enable
detection of the corresponding current wave assigned
to reduction of this intermediate (Fig. 1b), this reduc-
tion current is not observed for o-PDA (Fig. 1d) and
m-PDA (Fig. 1f). It is known from previous work that
polymerization of m-PDA and o-PDA occurs during
electrochemical oxidation [46, 47, 48, 49]. For p-PDA
this polymerization is inhibited by the blocking of the
para position of the benzene ring, which is, in most
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Fig. 3 Cyclic voltammograms obtained from a platinum-sheet
electrode in a solution of 0.1 mol L™' HCIO, containing 2.7 mmol
L~! phenylenediamines, scanning toward positive potentials;
dE/dr=0.1 V 57!, room temperature, nitrogen purged
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polyanilines, the preferred coupling position. The same
features were observed for phenylenediamines in CV
with a platinum electrode in acidic electrolyte solution
(Fig. 3). The slow growth of the cathodic wave at
E.sce= 1251 mV assigned to reduction of an
electrochemically redox-active polymer was observed
clearly in the second and third cycles of CV with
p-PDA combined with the slowly disappearing redox
waves (E,scg= 1+570 mV, E;scg= +420 mV) corre-
sponding to oxidation of monomeric p-PDA and
reduction of the reaction intermediate (presumably
the radical cation) (Fig. 3a). The cathodic signal of the
growing polymer formed electrochemically was not
discussed further in earlier investigations [50, 51, 52,
53, 54]. The CVs recorded for m-PDA and o-PDA at a
platinum electrode reveal polymerization is faster than
for p-PDA. The poorly defined anodic wave assigned
to oxidation of m-PDA disappeared in the second
and third cycle, indicating inhibition of further
monomer oxidation, whereas the cathodic wave at
E.sce= +426 mV indicated redox activity of the
formed polymer (Fig. 3c). A similar rapid decrease, but
not disappearance, of the oxidation wave was observed
for o-PDA (Fig. 3b). In this case no significant redox
activity of a conceivable polymer was observed.

In  neutral unbuffered electrolyte  solution
(0.1 mol L' KClOy) results for all the nitroanilines, at
both gold and platinum electrodes, were different from
those obtained in scans toward negative potentials in
acidic electrolyte solutions. The cathodic waves observed
for nitroaniline reduction (p-NA at E;gcg=—821 mV
(Fig. 4a), 0-NA at E; scg=—766 mV (Fig. 4c), m-NA at
E.sce=-764 mV (Fig. 4e)) at a gold electrode are
associated with two poorly defined anodic waves and one
cathodic wave for p-NA (E,; sce=—100 mV, E,» sce=
—10 mV, EC,SCE: —173 mV) and o-NA (Eal,SCE:
+30 mV, Eppsce= +195 mV, E.scg=—88 mV), and a
redox wave for m-NA (E,sce=-288 mV, E scg=
—358 mV).

Previous investigations of p-NA with normal and
reverse-pulse polarography at high pH suggested three
electroactive products of p-NA reduction [29]. The
authors suggested that the two anodic waves reflect
the oxidation of p-amino-N-phenylhydroxylamine and
p-PDA and the cathodic wave corresponds to reduction
of p-nitroaniline which is formed during a homogeneous

reaction as follows:
NH NH,
+ ‘
NH NH,

NHOH

NH,

Our results imply the formation of p-amino-
N-phenylhydroxylamine, which is oxidized when scan-
ning toward positive potentials, and p-nitroaniline,
which is subsequently reduced. Formation of p-PDA is
unlikely because its oxidation was observed at higher
potentials only (see CV recorded under the same con-

a T T T
0 i
<
E % b p-PDA
~ .10 Z .
< of =
00 02 04 06
-20- EnlV
0.0 0.5
c T T T
d o-PDA

I/mA

00 02 04 06
E_/V

SCE
T

0.0 0.5

I/ mA

-104

Fig. 4 Cyclic voltammograms obtained from a gold-sheet electrode
in a solution of 0.1 mol L™' KClO, saturated with nitroanilines
(scanning toward negative potentials starting at Escg=0.3 V) and
2.7mmol L~!' phenylenediamines (scanning toward positive
potentials starting at Escp=0 V); dE/dr=0.1 V s', room temper-
ature, nitrogen purged
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Fig. 5 Cyclic voltammograms obtained from a platinum-sheet
electrode in 0.1 mol L~' KClO, saturated with nitroanilines,
scanning toward negative potentials starting at Escg=0.3V;
dE/dr=0.1 V 57!, room temperature, nitrogen purged
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Fig. 6 Cyclic voltammograms obtained from gold and platinum-
sheet electrodes in 0.1 mol L' KCIlO, saturated with nitroanilines,
scanning toward positive potentials; dE/dt=0.1 Vs~!, room
temperature, nitrogen purged
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ditions (Fig. 4b)). Assignment of the poorly resolved
double peak in the anodic scan to two different reduc-
tion intermediates or further products is currently
impossible. Stocesova, on the other hand, proved that in
acidic medium nitrobenzene is reduced to aniline via a
phenylhydroxylamine intermediate whereas in alkaline
medium (pH>5) phenylhydroxylamine is the final
product and no further reduction occurs [55].

m-NA is reduced more easily (at less negative poten-
tials) than both o-NA and p-NA. This reflects the posi-
tion effect of the substituent. Substituents increasing the
electron density at the nitro group make the reduction
more difficult, as is observed for o-NA and
p-NA, whereas the opposite is true for m-NA in which
the nitro group is in a position which reduces the electron
density at the nitro group, as discussed in detail in a
previous study [37]. The same order of reduction
potentials was also observed in CV recorded with a
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I/ mA

-2 T T T T T T T T T T T

Fig. 7 Cyclic voltammograms obtained from a platinum-sheet
electrode in 0.1 mol L™' KCIO, containing 2.7 mmol L~' pheny-
lenediamines, scanning toward positive potentials starting at
Escg=0V; dE/dr=0.1 V 57!, room temperature, nitrogen purged
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Fig. 8 UV-visible spectra obtained from saturated with aqueous
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Fig. 9 (a) Normal Raman
spectrum of solid p-NA,
capillary sampling technique,
488 nm laser light; (b) and (c)
SER spectra of p-NA adsorbed
on a gold electrode at the
electrode potentials indicated in
neutral and acidic perchlorate
solution, respectively, 647.1 nm
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and

platinum electrode in the neutral electrolyte solution
(p-NA at EC,SCE =-923 mV, o-NA at EC,SCE =—882 mV,
m-NA at E. scg=—875 mV, Fig. 5).

In a scan toward positive potentials starting at
Esce=0 mV in neutral electrolyte solution saturated
with nitroaniline the CV recorded with gold show
waves at E, scg= +1164 mV, E, scg= +1013 mV, and
E,sce= 11120 mV for o0-NA, m-NA, and p-NA
respectively (Fig. 6a), nearly the same positions as these
waves observed with a platinum electrode under the
same conditions (Fig. 6b). The close agreement of the
sequence of these waves with those obtained and dis-
cussed with an acidic electrolyte is obvious. The CV
obtained from p-NA with both electrodes also contain a
poorly defined cathodic wave at E.scg= + 1054 mV. It
is usually assumed that the radical cation formed during
electrochemical oxidation of aniline and substituted
anilines [56, 57] undergoes rapid head-to-tail coupling
[58, 59, 60]. Copolymers of aniline and nitroaniline have
been prepared chemically [60]. For the p-NA isomer it
was initially suggested that this coupling was obstructed
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Table 1 Spectral data for p-nitroaniline (p-NA) as a solid and adsorbed on a gold electrode at different electrode potentials and in

different electrolyte solutions

Mode Wilson mode #  p-NA solid (Fig. 9a) 0.1 mol L~'KClO, (Fig. 9b) 0.1 mol L~'HCIO, (Fig. 9¢)
ESCE =200 mV ESCE =—-100 mV ESCE =400 mV ESCE =—100 mV
C-N-torsion  — 149 - - - 144
n.a. - - 284 284 - 283
o(ring) 6a 365 371 - 368 -
y(ring) 16a 404 - 400 - -
VAu-O - - 411 - 415 -
n.a. - - - 451 - 451
y(ring) 16b 492 493 494 - -
Pas(NO») - 536 528 534 532 -
o(ring) 6b 634 649 647 646 646
1sNO» - - 750 740 743 -
»(CH) 10a 811 811 818 800 805
SsNO, - 865 861 863 857 864
y(CH) 17a 965 - - - -
o(CH) 18b 1110 1114 1111 1112 1113
o(CH) 9a 1181 1168 1151 1153 1159
o(CH) 3 1277 1252 1251 1250 1251
v(ring) 14 1317 1316 1315 - -
vsNO, - 1339 1334 - 1335 1337
vC-NH, - 1396 1385 1383 1383 1391
v(ring) 19b 1453 - - - -
v(ring) 19a 1508 1497 1496 1501 1497
v(ring) 8a 1595 1594 1595 1598 1607
PsNH; - 1632 1626 - 1634 -

0, in-plane deformation; y, out-of-plane deformation; v, stretching; vs, symmetric stretching; f,,, rocking; y,, wagging; f, scissoring

201 at E;, =400 mV, in 01.M HCIO]
-------- at E., =200 mV, in 01.M KCIO,

-1

Raman intensity / s

———r
100 200 300 400 500
o -1

Raman shift / cm

Fig. 10 SER spectra of adsorbed perchlorate anions on a gold
electrode, 647.1 nm

by the presence of the nitro group in the para position; a
study of the respective polymers prepared by chemical
polymerization showed this to be incorrect [59]. Never-
theless the, presumably, slower subsequent polymeri-
zation leaves some radical cations available for
electroreduction.

Polymerization of phenylenediamines during electro-
chemical oxidation at gold and platinum electrodes was
also observed in neutral electrolyte. The anodic wave
obtained with 0-PDA at E, scg = +454 mV (Fig. 7b) and
the poorly defined wave obtained with m-PDA at
E,sce= 1750 mV (Fig. 7c) disappeared rapidly during
the second and third cycles, implying the formation of a
product on the electrode surface inhibiting further
electrooxidation. For p-PDA the amplitude of the cur-
rent of the two anodic waves at E,; scg= 1+212 mV
and E,sce= t413mV and the cathodic wave at
E¢i sce= 1139 mV decreased only slowly; at the same
time another cathodic wave at E,scp= +340 mV
(Fig. 7a) appeared. It is highly probable the growing
cathodic wave corresponds to the polymer slowly grow-
ing on the electrode surface as discussed for the acidic
solution; the other three waves correspond to redox
processes of p-PDA.

We recorded UV-Vis spectra of saturated nitroani-
lines in 0.1 mol L™!' KClO, and HCIO,, a set of spectra
is shown in Fig. 8. The major band attributed to the
n — 7 transition is found at 428 nm, 375 nm, and
395 nm for o-NA, m-NA, and p-NA, respectively, for
aqueous solutions in 0.1 mol L™' KClO,. In HCIO,4
these bands were observed for 0-NA and p-NA only—
for m-NA the band is very poor, possibly because of a
protonation effect. Because the excitation wavelength of
647.1 nm used in SERS measurements is far from
absorption bands for all nitroanilines SERS spectra were
measured under off-resonance conditions.
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Band positions from a Raman spectrum of solid
p-NA (Fig. 9a) and from SER-spectra of p-NA
adsorbed from neutral (Fig. 9b) and acidic (Fig. 9c)
electrolyte solutions are listed in Table 1; assignment of
the observed lines is based on literature data [28, 61, 62,
63]. The SER-spectra of p-NA and its isomers were
initially recorded only within a potential window
between oxidation and reduction potentials to avoid
contributions from reduction/oxidation products. In the
SER spectrum of adsorbed p-NA intensities of several
in-plane modes were increased relative to those of the
out-of-plane modes in both electrolyte solutions over
the whole range of electrode potentials investigated.
This implies perpendicular orientation of the adsorbed
molecule; a similar conclusion has been reported
for, e.g., benzene and selected monosubstituted benz-
enes adsorbed on gold [64]. This orientation has also
been deduced from limited experimental studies com-
bined with DFT calculations for p-NA adsorbed on
silver colloids [65] and from SER-studies with a silver
electrode [66].

1 T
1500 1000 500

Raman shift / cm”

In the low-wave-number region an additional band
not seen with solid p-NA is found at 411 and 415 cm™!
in neutral and acidic electrolyte solutions, respectively.
This mode cannot be caused by the gold—oxygen mode
of the adsorbed perchlorate, which was found at
approximately 270 cm ™' in a previous study [27] and at
262 and 251 cm™ ! in acidic and neutral electrolytes,
respectively, in this study (Fig. 10). Thus this band must
be caused by interaction between the adsorbed p-NA
and the gold surface. A variety of modes of interaction
between adsorbed p-nitroaniline and the electrode sur-
face are conceivable and may involve the aromatic
electron system of benzene ring, hydrogen atoms on the
ring, or substituent groups. Perpendicular orientation of
adsorbed p-NA as mentioned above, and the coordi-
nating capability of the substituent, makes interaction
with the electrode surface via the oxygen atoms of the
nitro group or the free electron pair of the amino group
likely. It has been reported that the gold—oxygen
stretching mode occurs in the range 400 to 500 cm ™
(e.g. approximately 412 cm ™! in Ref. [28]), whereas the
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Table 2 Spectral data for o-nitroaniline (0-NA) as a solid and adsorbed on a gold electrode at different electrode potentials and in

different electrolyte solutions

Mode Wilson 0-NA solid 0.1 mol L~'KClO, (Fig. 11b) 0.1 mol L™"HCIO, (Fig. 11¢)

mode # (Fig. 11a)

ESCE =200 mV ESCE =—100 mV ESCE =400 mV ESCE =0 mV

n.a. - 167 - - - -
n.a. - 298 - - 262 -
n.a. - 392 - - - -
VAuW-O - - 406 404 410 -
y(ring) 16b 419 - - - -
n.a. - - - - - 445
n.a. - - 472 478 - -
Pas(NO3) - 530 537 531 531 -
o(ring) 6a 560 569 564 561 569
v(ring) 1 670 668 667 662 670
y(CH) 11 780 744 744 747 -
o(ring) 12 817 821 816 816 -
y(CH) 17a 872 867 870 865 -
y(CH) 5 961 938 936 936 934
Jo(CH) 18b - 1031 1023 1027 1031
PasNH> - 1067 1076 1076 - -
v(CH) 13 1100 - - - -
o(CH) 9b - 1148 1137 1133 1144
o(CH) 9a 1176 - 1162 - 1176
v(CH) Ta 1247 - - 1231 1262
v(ring) 14 1288 1287 1283 1295 1290
v,NO, - 1353 1347 1349 1321 1348
n.a - 1370 - - 1365 1369
n.a - 1388 - - - -
v(ring) 19a 1446 1453 1455 - 1450
v(ring) 19b 1478 1494 1493 - —
VsNO» - 1509 1524 1528 - 1529
v(ring) 8a 1569 - - - -
v(ring) 8b 1601 1600 1606 1608 1601 broad
PsNH, - 1625 1626 - - -

0, in-plane deformation; y, out-of-plane deformation; v, stretching; vs, symmetric stretching; v,s, asymmetric stretching; f,s, rocking;

P, scissoring

gold—amino nitrogen stretching mode is found at
approximately 341 cm ™' [67] (on silver it is observed at
215 cm ™' [63]). In addition, the broadening and the
downshift of the rocking, scissoring, and symmetric
stretching modes of nitro group at Egcg=400 and
200 mV in acidic and neutral electrolyte, respectively,
support the assumed adsorption via the nitro group.
This adsorption mode was not observed at a more
negatively charged surface at Egcg=—100 mV. This is
attributed to electrosorption of the anilinium cation of
protonated p-NA in both acidic and neutral electrolytes
(0.1 mol L™' KClO,, pH=4.90, unbuffered and only
slightly acidic). Electrostatic adsorption of the anilinium
cation without any of the functional groups acting as
anchors is also evident from the disappearance of the
scissoring mode of the amino group on the negatively
charged surface. A new strong band in acidic solution
and a weak one in neutral solution was, moreover,
observed at 451 cm™' for negative surface charge, pre-
sumably as a result of electrosorption of the anilinium
cation.

Bands observed in a normal Raman spectrum
(Fig. 11a) and SER spectra of adsorbed o-NA for neu-
tral (Fig. 11b) and acidic (Fig. 11c¢) electrolyte solutions
are listed in Table 2; assignment of the observed lines is

based on literature data [61, 62]. As was observed for
p-NA, the 0-NA adsorbs in a perpendicular orientation
as deduced from the SER spectra, in which the in-plane
modes are enhanced compared with the out-of-plane
modes, which are relatively weak or absent. In a solution
of KCIOy4 the SER spectra show the oxygen—gold mode
at 406 cm~'. Appearance of this mode at lower electrode
potentials does not agree with our observations for
p-NA (vide supra); this might be because the degree of
protonation of the amino group of 0-NA is lower than
for p-NA. Protonation of 0-NA is more difficult because
of formation of intramolecular hydrogen bonds between
one oxygen of the nitro group and the amino group, as
reported in a study of the optimized structures of
substituted anilines by density function theory
(DFT) [68]. This interaction is also reflected in the
adsorption behavior of o-NA at a gold surface via one
oxygen atom only at a lower wavenumber compared
with adsorption via two oxygen atoms for p-NA. In
acidic electrolyte solution the oxygen—gold mode was
observed at 410 cm ™' at more positive electrode poten-
tial (Escg=400 mV). When we move in the direction
of negative potential (Escg=—100 mV) this mode dis-
appeared and was replaced by a new strong mode at
445 cm~!. This might be because of electrosorption of



370

Fig. 12 (a) Normal Raman

spectrum of solid m-NA, a Solid m-NA
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the anilinium cation of 0-NA as discussed above for
p-NA.

The overall Raman scattering intensities of m-NA are
weaker than those of p-NA and o-NA as shown in the
normal Raman spectrum of solid m-NA and SER
spectra of adsorbed m-NA (Fig. 12, Table 3) [61, 62,
69]). The nitro group of m-NA cannot efficiently
accommodate the electron donated by the amino group,
which leads to lower electron density of the nitro-group
oxygen atoms. This is reflected in the shift of the
observed oxygen—gold mode to higher wavenumbers at
423 cm™' in the SER spectra of m-NA in neutral elec-
trolyte solution at Egcg=100 mV compared with the
position of this mode for p-NA and o-NA. The existence
of this band implies adsorption via the nitro function.
Comparison of the position of this band under other-
wise the same conditions provides some insight into the
effects of molecule—solvent interaction and simultaneous
electronic resonance effects. The effect of molecule—sol-
vent interaction [70] in the absence of any resonant

Raman shift / em™

charge redistribution results in m-NA having the
relatively highest negative charge density on the nitro
group and—in turn—the strongest interaction with the
gold surface, as is evident from the highest wavenumber
(423 cm™"). For p-NA this effect is much less pro-
nounced, the band is red-shifted to 411 ecm~!. With
o-NA the resonance charge transfer is practically absent;
in addition, one oxygen is interacting intramolecularly
with a hydrogen of the amino group (presumably only
one oxygen instead of two is interacting with the metal)
causing a further red-shift to 406 cm™ . At a less posi-
tive electrode potential of Egcg=—100 mV this band
disappeared completely; at the same time the asym-
metric stretching mode of NO, at 1533 cm™' and also
the symmetric stretching of this group appeared and
became more intense and sharp. The absence of the
oxygen—gold mode and these other changes seem to
indicate a mode of adsorption with the nitro function
not engaged as an anchoring group. The absence of any
other mode indicating an interaction via, e.g., the amino
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Table 3 Spectral data for m-nitroaniline (m-NA) as a solid and adsorbed on a gold electrode at different electrode potentials and in

different electrolytes

Mode Wilson m-NA solid 0.1 mol L™'KClO, (Fig. 12b) 0.1 mol L~'"HCIO, (Fig. 12¢)

mode # (Fig. 12a)

ESCE =100 mV ESCE =—100 mV ESCE =100 mV ESCE =—100 mV

n.a. - 178 - - - -
n.a. - 231 - - - -
o(ring) 6b 385 - - 332 -
VAu-O - - 423 - 424 —
n.a. - - - - - 469
o(ring) 6a 514 532 537 536 -
p(ring) 16a 555 - - - -
ysNH> - 616 - - - 612
y(ring) 4 677 673 673 674 -
1sNO» - 739 730 736 729 -
n.a. - 770 - - - —
y(CH) 11 791 - - - -
v(CH) 7b 817 809 809 810 814
y(CH) 17a 929 935 940 935 936
o(ring) 12 999 1000 999 1001 1001
o0(CH) 18b 1099 1095 1098 1096 -
o(CH) 9b 1164 1160 - 1160 -
v(CH) 13 1269 1243 1243 1242 1250
o0(CH) 3 1309 - - - -
v(ring) 14 1335 - - - -
vsNO, - 1350 1350 1341 1344 1363
v(ring) 19a 1407 - 1407 - -
v(ring) 19b 1483 - - 1464 1478
VasINO» - 1533 - 1533 - -
v(ring) 8a 1585 1593 1593 1596 1581
PsNH, - 1631 - - - -

0, in-plane deformation; y, out-of-plane deformation; v, stretching; vs, symmetric stretching; v,s, asymmetric stretching; y;, wagging;

Ps, scissoring

function leaves this suggestion unsubstantiated at the
moment.

In acidic electrolyte solution the oxygen-gold mode
at 424 cm™' was observed at positive electrode
potentials, it again disappeared at more negative
electrode potentials, whereas the wagging mode of
NH, at 612 cm™' was strongly enhanced. In acidic
electrolyte a poorly defined broad band at approxi-
mately 469 cm~' was observed for m-NA at less
positive electrode potentials than observed for o-NA
and p-NA.

Conclusions

The position of substituent groups and the pH of the
electrolyte have a substantial effect on oxidation and
reduction processes of the nitroanilines and phenylene-
diamines at surfaces. A variety of adsorption behavior
of the three nitroanilines at gold was observed; this
clearly depends on the applied electrode potential. The
amount of electronic interaction between the amino and
nitro groups in the nitroanilines also affects the position
of the vibrational bands.
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