Chem. Mater2006,18, 4755-4763 4755

Direct Modification of a Gold Electrode with Aminophenyl Groups
by Electrochemical Reduction of in Situ Generated Aminophenyl
Monodiazonium Cations
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Aminophenyl groups were electrochemically grafted at the surface of a gold electrode by reduction of
in situ generated aminophenyl monodiazonium cations. The in situ aminophenyl monodiazonium cations
were generated by reaction of 1 equivmphenylenediamine with 1 equiv of sodium nitrite in 0.5 M
HCI, and their formation was confirmed by gas chromatograghgss spectrometry. The presence of
aminophenyl groups at the surface of the gold electrode was demonstrated by electrochemistry and infrared
and X-ray photoelectron spectroscopies. The formation of an inhomogeneous multilayered film was also
evidenced by atomic force microscopy. Furthermore, grafted aminophenyl groups present at the gold
electrode surface reacted with trifluoroacetic acid anhydride in dry tetrahydrofuran with a reaction yield
of about 75% for the trifluoroacetylation of the amine groups.

Introduction such as alkyl, nitro, cyanide, carboxylic, ester, alcohol, thiol,
and halogenated grouiis various surfaces (carbdmetal$
including gold®-° semiconductor® and silicod®) through

the generation of an aryl radical which then covalently binds
to the electrode. Aminophenyl groups are extremely useful
for the applications mentioned above. Unfortunately, their
formation on conductive surfaces requires an initial grafting
and a subsequent chemical step and can be performed via
the electrochemical reduction of already grafted nitrophenyl

* To whom correspondence should be addressed. E-mail : belanger.daniel@gmupS or the hydrOIyS|S of grafted 4'acetam|d0pheny|

The modification of surfaces with specific chemical func-
tionalities can result in potential application in chemical
sensing, microelectronicg,protection against corrosicrand
biosensind.Since the past decade, the electrochemical reduc-
tion of aryldiazonium salts on conductive surfaces has been
widely investigated. 12 This technique allows the covalent
attachment of aryl groups bearing a terminal functionality

u?f)m(-c?-LFaﬁ (514?]985-4%54f T'gl.: L(51fTI) 987-E300h§|), ext. S,S\J/IOQ.S - groupst*? Also, the second step of the modification proce-

a) Lyskawa, J.; Le Derl, F.; Levillain, E.; Mazarl, ., o4dllel.; H H H

Dubois, L.; Viel, P.; Bureau, C.; Palacin, $.Am. Chem. So2004 P'Ufe- that is, conversion into NHhas been proven _tO be
126, 12194. (b) Morita, K.; Yamaguchi, A.; Teramae, N Electroa- incomplete®*? As a result of the numerous potential ap-

nal. Chem2004 563 249. (c) Corgier, B. P.; Marquette, C. A.; Blum, inati i i
L. 3.3, Am. Chem. So@00% 127, 18328, (4) Rdiger, O.. Abad. J. plications of such grafted aminophenyl grodp$a simpler

M.; Hatchikian, E. C.; Fernandez, V. M.; De Lacey, A. lL. Am. grafting process would be much welcomed.

Chem. Soc2005 127, 16008. In this work, we show that the direct modification of a
(2) McCreery, R. L.; Dieringer, J.; Solak, A. O.; Snyder, B.; Novak, A. . . .

M.; McGovern, W. R.; Duvall, SJ. Am. Chem. So2004 126 6200.  90ld electrode with aminophenyl groups can be accomplished

(3) (a) Combellas, C.; Delamar, M.; Kanoufi, F.; Pinson, J.; Podvorica, in one step by electrochemical reduction of in situ gener-

F. 1. Chem. Mater2005 17, 3968. (b) Chausse, A.; Chehimi, M. M.; ; ; ; ; 3
Karsi, N.; Pinson, J.; Podvorica, F.; Vautrin-Ul, Chem. Mater2002 ated aminophenyl diazonium catiolfs;* generated from

14, 392. (c) Viel, P.; Bureau, C.; Deniau, G.; Zalczer, G.; Lecayon, P-phenylenediamine. This work is significant because the

G. J. Electroanal Chemi999 470, 14. lective diazotization of one amine gr henylene-
(4) Bath, B. D.; Martin, H. B.; Wightman, R. M.; Anderson, M. R. S.e ec_ e.d a 0. of one e.g OUpI.I-)Iﬁ yie e
Langmuir2001, 17, 7032. diamine is achieved, and the resulting aminophenyl diazo-

(5) Pinson, J.; Podvorica, Ehem. Soc. Re2003 34, 429 and references  njum cations are directly used to graft aminophenyl groups

©) t:féﬁghe P.. Delamar, M.. Desbat, B.; Fagebaume, O.; Hitmi, ., At the surface of a gold electrode, thus avoiding a chemical
Pinson, J.; Saant J. M. J. Am. Chem. S0d.997, 119, 201. step such as that required when grafted nitrophenyl groups
(7) For example: (a) Downard, A. Electroanalysi200Q 12, 1085. (b) i i ati
Lit, Y -C.: McCreery. R. LJ. Am. Chem. $0995 117 11254, (0 are reduc_ed to ar_n_lnophenyl groups. A characterlgatlon of
Saby, C.; Ortiz, B.; Champagne, G. Y.:IBeger, D.Langmuir1997 the resulting modified surfaces was performed by infrared

13, 6805. (d) Bahr, J. L.; Tour, J. MChem. Mater2001, 32, 3823. reflection—absorption spectroscopy (IRRAS), X-ray photo-
(8) Forexample: (a) Adenier, A.; Cabet-Deliry, E.; Chausse, A.; Griveau,
S.; Mercier, F.; Pinson, J.; Vautrin-Ul, @hem. Mater.2005 17,

491. (b) Hurley, B. L.; McCreery, R. LJ. Electrochem. SoQ004 (10) Stewart, M. P.; Maya, F.; Kosynkin, D. V.; Dirk, S. M.; Stapleton, J.
151, 252. (c) Bernard, M. C.; Chausse, A.; Cabet-Deliry, E.; Chehimi, J.; McGuiness, C. L.; Allara, D. L.; Tour, J. M. Am. Chem. Soc.
M. M.; Pinson, J.; Podvorica, F.; Vautrin-Ul, Chem. Mater2003 2004 126, 370.
3450. (d) Delamar, M.; Dmarmot, D.; Fagebaume, O.; Hitmi, R.;  (11) Allongue, P.; de Villeneuve, C. H.; Cherouvier, G.; Csrte.; Bernard,
Pinson, J.; Samt, J.-M.Carbon 1997, 35, 801. M.-C. J. Electroanal. Chem2003 500, 161.

(9) (a) Laforgue, A.; Addou, T.; Banger, D.Langmuir2005 21, 6855. (12) Delamar, M.; Desarmot, G.; Fagebaume, O.; Hitmi, R.; Pinson, J.;
(b) Liu, G.; Liu, J.; Bocking, T.; Eggers, P. K.; Gooding, JChem. Savant, J. M.Carbon 1997, 35, 801.
Phys.2005 319 136. (13) Baranton, S.; Banger, D.J. Phys. Chem. B005 109, 24401.

10.1021/cm060752d CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/09/2006



4756 Chem. Mater., Vol. 18, No. 20, 2006 Lyskawa ariteBger

5 0.5 eq. l'ﬁlﬂ!'sIOz \ 5]
0-
04 3 eycle
5
- <10 < 5
3 g s 2" eycle
= .15 -
1eq. NaNO,
104
.20 4
' T cycle
254 1.5 6q. NaNO, 45
.03 -02 01 00 01 02 03 04 05 06 e PRI
3 -0 - - : 03 -02 01 00 01 02 03 04 05 06
E (V) vs Ag/ AgCI E (V) vs Ag / AgCl
a b

Figure 1. CVs obtained (a) as a function of the number equivalent of NaN@®oduced into the cell, (b) after addition of 1 equiv of Najdrst and
subsequent scans. Conditions: 5 mpMphenylenediamine], 0.5 M HCI, scan rate100 mV/s, Au ¢ = 1 mm).

Scheme 1. Electrochemical Reduction of in Situ Generated Aminophenyl Diazonium Cations on Gold

Au

H2NONH2 +1eq. NaNO; —— Au _Q_NHz
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electron spectroscopy (XPS), atomic force microscopy equiv of NaNQ is added which suggests a diazotation of
(AFM), and electrochemical techniques, which enable us to the starting diamine with higher yield.
propose a chemical structure for the grafted layers. The The corresponding CV (see also Figure 1b, 1st cycle)
chemical reactivity of aminophenyl surface groups, with a exhibits a well-defined reduction peak assigned to the
specific reactant for amine functionalities, is also described fgrmation of the aryl radical, which then attaches to the
to further confirm their presence at the electrode surface andsurface (Scheme 1) This electrochemical response is analo-
their usefulness as reactive sites for further functionalization. gous to the ones obtained for the electrochemical reduction
of substituted aryl diazonium catioA3.he second and third
Results and Discussion cycles of a set of consecutive CVs (Figure 1b) exhibit a slight
shift of the cathodic peak to more negative potentials and
lower currents, consistent with the passivation of the gold
electrode due to the formation of a grafted layer. A similar
behavior has been previously reported for the electrochemical
reduction of several diazonium salts at both carbon and gold
electrode$ 1112 When more than 1 equiv of NaNQs
added to the mixture, the open circuit potential is shifted to
0.70 V and the CV shows a broad cathodic peak that is more
intense and shifted to more negative potential (Figure 1a).
The larger peak current in the presence of 1.5 or 2 equiv of
sodium nitrite might be indicative of a smaller grafting
efficiency as was recently shown for the grafting of various
aryl groups on glassy carbon electrddéndeed, it will be
shown below that the amount of grafted aminophenyl groups

Grafting. It has been recently suggested that the high
instability of the monodiazonium salt pfphenylenediamine
prevents its synthesfé However, this contradicts an earlier
report that indicated that the diazotation of one amine group
of p-phenylenediamine can be achieVédlo clarify this
situation and because of our interest in preparing an amino-
phenyl modified electrode surface in one step, the diazotation
of p-phenylenediamine was investigated. The formation of
such a modified electrode would involve the electrochemical
reduction of aminophenyl diazonium generated in situ from
the corresponding diaminé {n Scheme 1) in acidic media.
For this studyp-phenylenediaminé (5 mM) was solubilized
in aqueous HCI (0.5 M), and adequate amounts of sodium
nitrite were added to generate the mono-aryldiazonium saltis smaller when more than 1 equiv of sodium nitrite is used
in the electrochemical cell (in situ). The influence of the . : ) _ o
number of equivalents of NaN@dded to the electrochemi-  1he formation of the aminophenyl monodiazonium cations
cal cell containing the diamine solution was first investigated N Slution upon addition of 1 equiv of sodium nitrite was
by cyclic voltammetry (Figure 1). confirmed b)_/ gas chromatogr_aphmass spectromet.ry (GQ—

Upon addition of 0.5 equiv of NaNQo thep-phenylene- MS.)' For this purpose, a mixture of the r_nonod|azon|L_Jm
diamine solution, the open circuit potential of the Au elec- c_at|ons, gengrated frpm trpephepylenedlamlne qfter addi-
trode increases from 0.32 to 0.50 V. In this solution, the tion of 1 equiv of sodium nitriteri a 6 M HClsolution, and

. S an excess of potassium iodide was heated at°@@uring
cyclic voltammograms (CVs) of the Au electrode exhibits a 3 5 (Scheme 2). After cooling and extraction with dichloro-
well-defined cathodic peak at 0.25 V vs Ag/AgCl (Figure ' 9

1la). The intensity of the reduction peak is higher when 1

(15) Furniss, S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, AvBgel's
Textbook of Practical Organic Chemistigth ed.; Longman: London,
(14) Schoutissen, H. A. J. Am. Chem. S0d.933 55, 4545. 1989; p 929.
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Scheme 2. Reaction between the Monodiazonium Salt in Situ Generated fromPhenylenediamine and Potassium lodide
HCI 6M Kl
HzN@NHZ — Cl ;’H3N‘©‘N2% cr —_— HzN@l
A

1 eq. NaNO,

methane, the formation of 4-iodoaniline, 4-chloroaniline, and  The CV response of the gold modified electrode ina 0.5 M
1-chloro-4-iodobenzene were observed by GC-MS (note thatH,SO, solution does not exhibit any electroactivity between
1,4-diodobenzene was not detected) with a 90% yield for 0 and 0.8 V (Figure 2). Thus, one can rule out the formation
the mono-substituted compounds and 10% for the disubsti-of polyaniline or oligomers of polyaniline, which are electro-
tuted product considering peak surface areas (Figure Sl 1,active in this potential range and are usually generated by
Supporting Information). This clearly demonstrates the electrochemical oxidation of anilii€ However, an oxidation
preferential formation of the monodiazonium salt from the wave is observed at around 0.9 V, which could be assigned
p-phenylenediamine upon addition of 1 equiv of NaN@ to the irreversible oxidation of aminophenyl (e.g., aniline)
the solution rather than the bisdiazonium cations. Thus, thesegroups grafted at the gold electrode surface. This value is in
results suggest that the bisdiazonium species are generatedgreement with the ones obtained for oxidation of aniline to
in very low yield in the electrochemical cell. The formation its radical cation form during the polymerization process of
of the monodiazonium salt in these conditions (e.g., 1 equiv polyaniline in acidic medid’ However, the electrochemical
of both the diamine and NaNpwill be also confirmed by oxidation of the grafted aminophenyl groups does not appear
XPS (vide infra). to lead to the formation of a polyaniline layer presumably

The above results confirm the earlier claim concerning due to the fact that the electrochemically generated radicals
the possibility of forming the aminophenyl monodiazonium cannot efficiently recombine or react with another aniline
cations fromp-phenylenediamirféwhen a quantitative num-  unit because they are not close enough to each other. Inter-
ber of equivalents of the amine and NajN@re used to  estingly, the formation of surface confined aniline dimers
generate the monodiazonium. Presumably, the formation ofand polyaniline by electrochemical oxidation of the aniline
the bisdiazonium cations is more difficult for electrostatic terminated alkylthiol chain of a monolayer film was recently
reasons and also because the second amine group of theeported?® In this case, the orientation of the aniline monomer
aminophenyl monodiazonium will be less reactive toward at the end of the alkyl chain favored the coupling reaction

diazotation. between the aniline units.
When a gold electrode is modified potentiostatically at  Barrier Effect. The blocking behavior of the resulting
—0.4 V during 400 sn a 5 mMacidic solution ofl con- modified gold electrodes was investigated by electrochemical

taining 1 equiv of NaN@ one can visually observe the for-  measurements in the presence of ferri/ferrocyanide as an
mation of an orange film on the electrode. This observation glectroactive redox probe. Figure 3a shows CVs before and
suggests that the growth of multilayers occurred on the gold after the modification of gold electrode by the electrochemi-
surface. FOIIOWing mOdiﬁca.tion, the electrode was subse- cal reduction of in situ generated aminopheny| diazonium
quently ultrasonicated in water and acetone during 5 min to cations together with that recorded for a gold electrode modi-
remove any adsorbed and loosely attached species on theied by in situ generated 4-nitrophenyl diazonium catiéhs.
surface. During this cleaning procedure, the unprotonated One can note for the latter electrode that nitrophenyl groups

form of aminophenyl groups is regenerate(@uof soluble  could have been partially reduced to Nituiring the electro-
aniline= 4.63). Itis noteworthy that such films can withstand  chemical grafting step

longer ultrasonic treatment (1 h in water and acetone), which

. . ) . X The CV response of the bare electrode in the presence of
is consistent with the existence of a strong bond or inter-

. the ferri/ferrocyanide redox couple is significantly affected

actions between the metal and the aromatic species. This 'soy both grafted layers. When the same conditions are used
in agreement with previous observation for substituted phenyl for the modification, Figure 3a shows the more important

modified gold electrode. suppression of the electrochemical response of the [Fe-
20 (CN)e]>"* redox system in the case of the electrode modi-
fied by aminophenyl groups than for that modified by
nitrophenyl groups. These results were confirmed by elec-
trochemical impedance measurements (Figure 3b). Indeed,
the charge-transfer resistance, estimated from the diameter
of the semicircle of the Nyquist pld¢,is higher for the
aminophenyl modified electrode than for nitrophenyl, reveal-

15 Oxidation of gold

3 Oxidation of grafted
- aminophenyl groups™~__

(16) (a) Macinnes, D.; Funt, B. LSynth. Met1988 25, 235. (b) Huang,
L. M.; Wen, T. C.; Gopalan, ASynth. Met2002 130, 155. (c) Garcia,
B.; Fusalba, F.; Banger, D.Can. J. Chem1997, 75, 1536.
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E (V) vs Ag/ AgCl (29) Egeégnﬁrzi l\gé;sgl_tmh R.; Pinson, J.; Sam, J. M.J. Am. Chem. Soc.
Figure 2. Cyclic voltammetric response of a gold electrode modified by (20) Ortiz, B.; Saby, C.; Champagne, G. Y.:|&eger, D.J. Electroanal.
aminophenyl groups in 0.5 M 430, at a scan rate of 20 mV/s. Chem.1998 455, 75.
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Figure 3. (a) CVs at a scan rate of 50 mV/s and (b) Nyquist plots of gold electratlesl mm) modified by in situ generated X-phenyl diazonium cation
(X = NOz or NH) in 0.5 M HCI, Eappiied = —0.4 V vs Ag/AgCI during 400 SCreqyreqy = 5 MM, pH= 7.

The strong band at 1515 calso reveals the presence
a) of aromatic ring in the film (&C stretching) whereas the
@m, one at 1273 cmt corresponds to €N aromatic vibration.
All these characteristic bands are also observed in the aniline
spectrum, which unambiguously confirms the immobilization
of aminophenyl groups on the gold electrode. The broad band
Au —@"‘"ﬂ at 908 cm* and the single band at 837 cfrare assigned to
the out of plane vibration of aromatic€H. These bands
reveal the presence of 1,4 disubstituted and 1,2,4 trisubsti-
tuted phenyl moieties according to the growth of a phenyl
multilayer on the meta position during the electrochemical
proces$:#222|t should be noted that the characteristic bands
of polyaniline at 1578 and 1140 cth associated to the
quinone-ring stretchirfd and the band used by Chiang and
MacDiarmid® to estimate the polyaniline doping state,
respectively, are not observed in the spectrum, which again
_ o . g rules out the formation of such polymer on the gold electrode
e e o e o oo e QUring the grafting step. )
gold electrode after immersion in 0.5 M HCJ@olution. The spectrum of the aminophenyl modified electrode
(Figure 4a) exhibits three weak bands at 3440, 3385, and
ing a stronger barrier effect for the former. These results 3230 cnt? (not shown) which correspond to-NH bond
suggest that the aminophenyl layer is more compact thanelongation in agreement with the ones observed in the same
the one consisting of nitrophenyl groufisthus, the electro-  spectral region for aniline. Furthermore, the bands associated
chemical reduction of in situ generated aminophenyl diazo- with the C—H aromatic stretch are attenuated by the phenyl
nium cations leads to the formation of a strongly attached multilayers as demonstrated by Kariuki and McDernddtt.
surface film, which passivates the gold electrode. It is noteworthy that the band at 2230 chdue to the =N
IRRAS. Figure 4 shows the IRRAS spectrum of an amino-  stretch of the diazonium salt, is absent in the spectra shown
phenyl modified gold plate (Figure 4b) together with the in Figure 4b,c, which is consistent with the loss of the
spectrum of aniline (Figure 4a) for comparison. One can diazonium group during the reduction process and suggests
observe some difference between the two spectra, which givethe covalent attachment of aryl groups to gold.
important information about the nature of the deposited film.  An additional proof of the presence of the aminophenyl
The presence of aminophenyl groups on the metallic surfacefunctionality on the gold surface was obtained when the
is clearly confirmed by three bands at about 1600, 1500, modified electrode was immersed in a 0.5 M HGEIution
and 1250 cm'. The intense band at 1617 chis attributed  for 1 h to generate the ammonium perchlorate salt. After
to the angular deformation of-NH in NH; and to the &C rinsing with diluted HCIQ (1 mM) and treatment in an
bond stretch in aromatic rings. This band could also be the yltrasonic bath with acetone for 5 min, the IRRAS spectrum
result of the presence of phenyl multilayé#3? of the resulting modified electrode was characterized by a
strong band at 1120 crh (Figure 4c). This band, which is
not observed for the aminophenyl modified electrode could,

Transmittance (a.u.)

2200 2000 1800 1600 1400 1200 1000 800
Wavenumber (cm™)
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Table 1. Carbon/Nitrogen Atomic Ratio Evaluated by XPS of the
Film Generated at the Gold Electrode Surface as a Function of the
Number of Equivalents of NaNO, Added to the Deposition Solution

An NaNQ, (number of equivalents) C/N atomic ratio
izoo kCPS 0.5 95
1 9.5
1.5 24.1
2 26.2
Au —@—uu, 1 40 kCPS N _ _
addition, the peak at 399.4 eV is attributed to the presence

of an organic film containing nitrogen functionality at the
gold surface. Additional information about the nature of the
film can be deduced from the N 1s and C 1s core level
spectra (Figure 6).

The N 1s core level spectrum can be well-fitted with two
components located at 399.4 and 400.1 eV (Figure 6a). The
399.4 eV component is consistent with the presence of amino
groups at the electrode surfat®eA peak with a similar
binding energy has been reported for an aminophenyl film
obtained by the reduction of grafted nitrophenyl grotF83°
therefore, be attributed to the presence of perchlorate, theThe smaller component at 400.1 eV, often observed and
counterions, in the filn¥® Hence, the IRRAS data provide prone to debate, may be attributed to the formation of azo
compelling evidence for the grafting of aminophenyl groups bridge$2°2.28in the film. It is well-known that diazonium is
on the gold electrode by the electrochemical reduction of in prone to coupling resulting in the formation of an azobenzene
situ generated aminophenyl diazonium. derivative, which might be involved in the film growh.

XPS. The grafting of aminophenyl groups on the gold Furthermore, such azo bridges could be formed at the surface
surface was further characterized by XPS measurementsand within the film329The origin of this peak could also
Figure 5 shows the survey spectra of gold electrodes beforebe attributed to the formation of ammonium salt, but this
and after modification by aminophenyl groups. The spectrum hypothesis is unlikely because the counterionm J@as not
of the bare gold electrode presents the characteristic Ay 4f observed in the film by XPS (N 1s ammonium bicarbonate
and Au 4§, peaks at 84 and 88 eV, respectively. Small traces excluded because it is usually observed at 401.2)eVhe
of carbon are detected at 284.6 eV (C 1s) due to the nitrogen fraction involved in azo bridge could be estimated
adsorption of organic contaminants during and after the to be 13% relative to surface area of the two N 1s compo-
cleaning process. After electrochemical derivatization, the nents, that is, one azo group for every 12 phenyl rings. The
intensities of the Au peaks decreased significantly whereasabsence of characteristic peaks for the diazonium function
those of carbon, nitrogen, and oxygen increased dramatically.at 403.8 and 405.1 eV demonstrates that the diazonium cation
In addition, the presence of a grafted layer is confirmed by has undergone a chemical transformation during the electro-
the increase of the background, following modification, chemical proces¥.
which is due to the inelastic scattering of the photoelectrons The C 1s core level spectrum (Figure 6b) can be fitted
by the grafted layer. The thickness of the deposited layer with at least three components at 284.4, 284.9, and 285.5
was estimated to be about-2@5 nm from the attenuation  eV. The two first components are attributed to carbon of
of the Au 4f peak§? Oxygen traces may be explained by aromatic rings, and these two components were also observed
the formation of coadsorbates following the interactions in the case of gold electrode and carbon powder modified
between amino groups, atmospheric carbon dioxide, andby nitrophenyl groupg? The 285.5 eV peak is assigned to
water. Indeeda C lspeak appears at 288.2 eV, assigned to the carbon attached to the amino gro&p®ne can note that
HCOs~, when modified gold plates are exposed to?ain the intensity of this peak decreases and that the C/N ratio

' 1 v 1 N 1 N I N I
1200 1000 800 600 400 200
Binding Energy (eV)
Figure 5. XPS survey spectra of a gold electrode before and following
modification by aminophenyl groups.
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Figure 6. XPS core level spectra of gold electrodes modified by aminophenyl groups: (a) N 1s and (b) C 1s.
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Figure 7. AFM image of an aminophenyl modified gold electrode. The roughness profile corresponds to the line drawn with two arrows on the AFM image.
It should be noted that the bare gold electrode is relatively rough as well (see Figure Sl 3, Supporting Information).

increases (Table 1) for gold electrodes modified after addition Scheme 3. Reaction of Grafted Aminophenyl Groups with

of 1.5 and 2 equiv of NaN@into the electrochemical cell. TFAA

Finally, the C 1s core level spectrum could be also fitted j’\ j‘\

with an additional component at 284.1 eV (Figure Sl 2, F,C” "0” "CF,

Supporting Information) which is in agreement with the  Av ‘@NHz — | A @NHCOCF’

formation of a Au—C bond as it was recently claimed by dry THE

Pinson and co-workers for several metals modified by the the presence of 1.5 or 2 equiv of sodium nitrite, as evidenced
same approact3Nevertheless, it should be emphasized that by the weaker attenuation of the Au 4f peaks in the survey
a good fit can be also obtained without the presence of this spectra of these modified gold electrodes and as suggested
additional low binding energy component. by the observation of a larger anodic peak current for the
Concerning the peak surface area ratios compiled in CV recorded in this solution (vide supra, Figure l1a).
Table 1, one can observe a C/N ratio of 9.5 when 0.5 or AFM. Visual inspection of the grafted electrode points to
1 equiv of NaNQ is introduced in the cell. Although this the formation of multilayers (vide supra). To have more
ratio is higher than the one expected (carbon excess may banformation about the film morphology, AFM images of the
explained by the C@adsorption), these results are in accord- modified gold electrodes were recorded in the tapping mode
ance with the generation of the monodiazonium salt which (Figure 7). Modification of the gold plate by the in situ
then attaches to the surface when less than 1 equiv of sodiungenerated diazonium salt is clearly evidenced. AFM inves-
nitrite is added to the solution. tigations show the presence of a relatively inhomogenous
When more than 1 equiv of NaNQOs used, one can  and rough organic layer on the surface, as illustrated by the
observe that the C/N ratio increases dramatically in agree-roughness profile of Figure 7, which shows an average
ment with the generation of the bisdiazonium cations, which thickness variation of about 25 nm over the line scan. Theses
are unstable in our experimental conditions, at room tem- results indicate that the electrochemical process yields films
perature. Furthermore, the presence of chlorine in the XPSmuch thicker than one monolayer. The formation of cracks
survey spectra for gold electrodes modified by using 1.5 or could be explained by the hydrophilic properties of such film
2 equiv of sodium nitrite can be explained by the substitution induced by the presence of amino groups. Presumably, water
of the diazonium functionality by chlorine in the deposited is incorporated in the film during its growth, and these cracks
film. The latter will contribute to the increase of the C/N could be formed during drying of the deposited films when
ratio (Table 1). Finally, the amount of grafted aminophenyl water evaporates.
groups decreases substantially for the electrode modified in Reactivity of Grafted Aminophenyl Groups. The direct
grafting of aminophenyl groups can make possible further
(26) Nakanishi, K.; Solomon, P. HnfraRed Absorption Spectroscopy ~ chemical derivatization which is crucial for biosensing

Holden Day: San Francisco, 1977. inati 4 [
(27) George, 1.- Viel. P.: Bureau, C.. Suski, J.: LecayonSGrf. Interface applications* To further demoqstrate the_ presence of amino
Anal. 1996 24, 774. phenyl groups and the chemical reactivity of such grafted

(28) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, KHandbook functions, gold electrodes modified by electrochemical
of X-Ray Photoelectron Spectroscoferkin-Elmer Corp.: Eden . . . . . .
Prarie, MN, 1992 reduction of in situ generated aminophenyl diazonium cations

(29) Mendes, P.; Belloni, M.; Ashworth, M.; Hardy, C.; Nikitin, K.;  were immersed in a dry tetrahydrofuran THF solution of

Fitzmaurice, D.; Critchley, K.; Evans, S.; PreeceChemPhysChem trifluoroacetic acid anhydride (TFAA Scheme33).

2003 4, 884. . o
(30) Eck, W.; Stadler, V.; Geyer, W.; Zharnikov, M.; Golzhauser, A.; The IRRAS spectra of the aminophenyl modified electrode
Grunze, M.Adv. Mater. 200 12, 805. before and following reaction with TFAA are shown in
(31) Hurley, B. L.; McCreery, R. LJ. Electrochem. So2004 151, B252—
B259.
(32) Lyskawa, J.; Lamothe, C.; Grondein, A.;|Beger, D. Manuscript in (34) (a) Yang, W.; Baker, S. E.; Butler, J. E.; Lee, C. S.; Russell, J. N.,
preparation. Jr.; Shang, L.; Sun, B.; Hamers, R.Ghem. Mater2005 17, 938.
(33) Boukerma, K.; Chehimi, M. M.; Pinson, J.; Blomfield, Cangmuir (b) Berchmans, S.; Sathyajith, R.; Yegnaramariydter. Chem. Phys.
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Figure 8. IRRAS spectra of (a) the aminophenyl modified gold plate and
(b) aminophenyl modified gold plate after derivatization by TFAA.

Figure 8. The spectrum of the electrode after reaction with
TFAA shows an intense peak at 1730 ¢nthat can be
attributed to a carbonyl stretching vibration of the arfiel&
and a characteristic band of the {Zffoups at 1170 cni,232%0
which confirms that the reaction occurred. The electrode

Chem. Mater., Vol. 18, No. 20, 200861

Table 2. Carbon/Nitrogen and Fluorine/Nitrogen Atomic Ratios
Evaluated by XPS for the Aminophenyl Modified Gold Electrode
after Reaction with TFAA as a Function of the takeoff Angle

takeoff angle (deg) C/N atomic ratio F/N atomic ratio
0 11.2 2.32
45 12.5 2.32
60 11.3 1.84
75 14.0 231

Moreover, the N 1s core level spectrum was affected by
the chemical reaction. A comparison of the N 1s spectra
before (Figure 6b) and following reaction with TFAA (Fig-
ure 9¢) demonstrates the presence of a new component at
400.5 eV in addition to the amine peak at 399.4 eV. The
former is attributed to the amide nitrogen of the modified
electrode after the trifluoroacetylation of the amine gréfuis.
From the relative contribution of the two N 1s components
at 400.5 and 399.4 eV, the yield of the trifluoroacetylation
reaction could be estimated to 70%, if we assume that the
diazo bridges (contribution at 400.1 eV, vide supra) are not
affected by the reaction and still contribute to the peak at
400.5 eV. The reaction yield can be also confirmed by
considering the F 1s and N 1s peaks, which gives an F/N
ratio of 2.32 and consequently a yield of 77% for the
transformation.

surfaces were further characterized by XPS. The XPS survey Furthermore, this ratio, as well as the N/C ratio, remained

spectrum of the aminophenyl modified electrode after reac-
tion with TFAA (Figure 9a) exhibits a new peak around 690
eV, which is attributed to the presence of fluorine in the
film. The F 1s core level spectrum (Figure 9b) could be very
well fitted with a single component at 688.3 eV, which is
assigned to the trifluoromethyl groups present at the su#face.

[

a)

Au ! PhNHCOCF,

| A

I40KCPS

"]
T~ &
| g
Au/PhNH, HN‘LJ
1000 800 800 400 200 0
Binding Energy (eV)

2 2
£ g
406 404 402 400 38 3%
Binding energy(eV)

constant when the analysis was performed at takeoff angles
of 0, 45, 60, and 75(Table 2) which reveals that the chem-
ical derivatization occurred not only at the film surface but
also inside the film. These results suggest that TFAA diffuses
inside the film, and this contrasts with the blocking behavior
effect of the film to Fe(CNy*~ (vide supra). This difference
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Figure 9. XPS measurements after chemical reaction of grafted aminophenyl groups with TFAA: (a) XPS survey spectra before and after reaction,
(b) F 1s core level spectrum, (c) N 1s core level spectrum, and (d) C 1s core level spectrum of the grafted electrode after reaction.



4762 Chem. Mater., Vol. 18, No. 20, 2006 Lyskawa ariteBger

Scheme 4. Proposed Structure of the Film Obtained by the chemical measurements, which unambiguously show the

Electrochemical Reduction of in Situ Generated multilayered nature of the aminopheny! film obtained and
Aminopheny! Diazonium Cation its robust attachment to the gold surface. Also, further
K NH; / chemical derivatization of such film was demonstrated and
could presumably be extended to a reaction with the selected
Q NZN‘QNHZ chemical or biological species. Interestingly, a complemen-
' tary approach for the immobilization of proteins has been
recently reported by Corgier et al., and in their procedure,
—N=N O NH rabbit immunoglobulin was functionalized with 4-carboxy-
Au \ methylaniline, diazotated, and electrochemically deposited
NH; on electrodé® Finally, future experiments will examine the
K chemical modification of carbon powder by the aminophenyl
diazonium salt generated froth without electrochemical
Q N=N4@—NH2 induction?® and the results will be published in a forthcoming
, . paper.

Experimental Section
could be explained by a difference in swelling in the two

solvents (THF and water) that are used in these two sets of Reagents. para-Phenylenediaminepara-nitroaniline, sodium
experiments nitrite, and trifluoroacetic acid anhydride, TFAA (Aldrich) were

Finally, one can observe two new components at 288 2used as received. Aniline (Aldrich) was distilled twice before

. infrared spectroscopic investigations.
and 292.5 eV on the C 1s core level spectrum (Figure 9d) . .
after the chemical modification. The 288.2 eV peak is Electrode Preparation. Polycrystalline gold plates (used for XPS

. d h bonvl of trifl i h h and IRRAS) from Arrandee (1k 11 mm) were cleaned before
assigned to the carbonyl of trifluoroacetamide whereas t €each experiment using the following procedure: annealing with a

component at 292.5 eV is due to the carbon of trifluoro- ptane flame, 1 min immersion in a 1:1,%$0/H,0, mixture, 5
methyl groupg?® Thus, IRRAS and XPS data provide com-  min of ultrasonic cleaning in nanopure,®, EtOH, and acetone,
pelling evidence of the reactivity of such grafted aminophenyl 50 cycles at 50 mV/s in 0.1 M $$0Q;, and 5 min of ultrasonic
groups, which opens the way to the covalent coupling of cleaning in Nanopure #, EtOH, and acetone. Gold electrodes
other specific functionalities which can be useful for various (¢ =1 mm) were cleaned by polishing with 0.8 alumina slurry.
applications such as for the immobilization of biomolecules. After each polishing, electrodes were washed by 5 min of con-

Electrochemical and spectroscopic investigations con- secutive ultrasonic treatment in NanopurgoHEtOH, and acetone.
firm the presence of aminophenyl groups and their strong Equipment. and Methqu. Electrochemical experiments were
attachment to the gold surface. Furthermore, the growth of perfqrmed using a potentiostat/galvanostat 263A (EG&G, Princeton
aminophenyl multilayers is clearly observed by AFM. The Applied Research) and a frequency response analyzer Solartron

o . . 1250 controlled by a computer with the Corrware and Zplot

contribution of the azo bridge to the film growth was also

ted by XPS. Theref hemical struct f th (Scribner Associates, version 2.6b) softwares. A one-compartment
suggested by : erefore, a chemical structure or theg o ochemical cell was used with a three-electrode configuration.

film obtained on the gold surface by the electrochemical The reference electrode was Ag/AgC! (saturated KCI), and the
reduction of in situ generated aminophenyl monodiazonium pjatinum gauze counter electrode was flame-cleaned before each
cations in acidic media can be proposed (Scheme 4). Itexperiment. The in situ diazonium reduction experiments were
involves three different subunits and processes. The first onecarried out h a 5 mMacidic solution (0.5 M HCI) ofl or para-

is the direct grafting of aminophenyl units. The N 1s data nitroaniline containing 1 equiv of sodium nitrite (unless otherwise
suggests the formation of-@N=N—C¢H,—NH, moieties stated) which was deaerated by bubbling with ultrapure nitrogen
at the surfac@ Finally, the formation of multilayers by ~ for 5 min prior to each experiment. The barrier properties of

reaction on already grafted grodps can be invoked to unmodified and modified gold electrodes were evaluated in a 5
explain the formation of thick films mM [Fe(CN)]3~/[Fe(CN)]*/0.1 M KCl agueous solution, adjusted

to pH 7 with 16 M NaOH. Electrochemical impedance spectroscopy
experiments were carried out between 65 kHz and 50 mHz using
a signal amplitude of 10 mV.

The electrochemical reduction of in situ generated amino-  For XPS, IRRAS, and AFM measurements, the Au electrode
phenyl monodiazonium cations (fromphenylenediaming) ~ was modified potentiostatically at0.4 V for 400 s in a 5 mM
on gold in acidic media enabled the simple and efficient acidic solution (0.5 M HCI) ofl containing 1 equiv of sodium
grafting of aminopheny! groups on the gold electrode surface nitrite (unless stated otherwise). XPS measurements were carried
in one step. The gold modified electrodes were characterizedOIJt with an Axis-165 from Kratos Analytical equipped with an Al

. anode (monochromatic & X-rays at 1486.6 eV). The data were
by several techniques such as XPS, IRRAS, and electro'collected at room temperature, and the operating pressure in the

analysis chamber was always below 0 orr. The core level

Conclusion

(35) McCoy, C. H.; Lorkovic, I. M.; Wrighton, M. SJ. Am. Chem. Soc.
1995 117, 6934.
(36) Cecchet, F.; Pilling, M.; Hevesi, L.; Schergna, S.; Wong, J. K. Y.; (38) (a) Adenier, A.; Cabet-Deliry, E.; Chausse, A.; Griveau, S.; Mercier,

Clarkson, G. J.; Leigh, D. A.; Rudolf, B. Phys.Chem. B003 107, F.; Pinson, J.; Vautrin-Ul, CChem. Mater2005 17, 491. (b) Cooke,
10863. J. M.; Galloway, C. P.; Bissell, M. A.; Adams, C. E.; Yu, M. C.;
(37) Ramanathan, T.; Fisher, F. T.; Ruoff, R. S.; Brinson, LCBem. Belmont, J. A.; Amici, R. M. U.S. Patent 6 1109994A, 2003 (to Cabot

Mater. 2005 17, 1290. Corp.).
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