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This paper analyzes the structures of organic layers that are obtained on metals or carbon by
electrochemical reduction of diazonium salts or by simple dipping of the substrate in a diazonium solution.
There is a general agreement in the literature on the polyphenylene structure of these layers. But, previous
results based on XPS data have indicated the possible presence of azo groups in these layers. IR and
TOF-SIMS experiments demonstrate the existence of these azo groups included in the polyphenylene
chains. A mechanism is presented that accounts both for the growth of polyphenylene chains and the
inclusion of azo bonds in these chains.

Introduction Scheme 1
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carbon, metal¢ or semiconductor electrodes leads to the | © . it
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the surface. The formation of similar layers can also be i RO
obtained without electrochemistry by simple dipping of
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the reduction of diazonium salts is the observation of a 400

eV peak in the XPS spectra. This peak has been observed

on carbon during the reduction of the 4-nitrobenzene
diazonium on carbo#,*® on platinum!* and on coppel®
But, the 4-nitrobenzene diazonium is not a very good surface

modifier to demonstrate the presence of azo groups; the nitro  "giazonium

group (observed at 406 eV) can be reduced electrochemically
in particular, if the potential is swept to very negative
potentials {-2.9V/Ag/Ag+ in ref 14). The electrochemical
reduction of the nitro groups leads to hydroxylamino or
amino groups?® the XPS signals of which are close to 400
eV. In addition, it has been demonstrated that nitro groups
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Table 1. IR (ATR) Spectra of Polyphenylene Layers

position of the

sample preparation band (cm™1)
Azobenzene neat 1456 (s)
4-aminoazobenzene neat 1461 (m)
4-phenylazobenzeneneat 1458 (w)

,CUN=NC¢Hs electrochemical reduction (ACR)) 1458
FeH1c12b electrochemical reduction (ACR)) 1449
CuH; electrochemical reduction (ACR) 1450
CuH2-4° chemical grafting 1456-1457
CuBr electrochemical reduction (ACR)) 1457
Aul electrochemical reduction (ACR) not detected

a\We have checked that these bands do not appear in the corresponding
diazonium salt and therefore that they pertain specifically to the polyphe-

can be reduced under the XPS beam to produce signals akyiene layer® See Experimental SectiohCuH.: Bare Cu, dipping in the

400 eV71718The results obtained from diazonium salts not
substituted by nitro groups are more convincing. The 400

eV XPS peaks have been observed from the electrochemica

reduction of 4-carboxybenzene diazonium on catband
iron,'? of 4-perfluorohexylbenzene diazonium on ir§rand

of 4-iodobenzene diazonium on gdfiThis 400 eV signal
has also been observed by spontaneous grafting or electro
grafting of 4-bromobenzene diazonium on ifBrihe peaks
were of similar intensity with both procedures. After
spontaneous grafting (without electrochemistry) of the
benzene diazonium on coppérthe presence of the 400 eV

diazonium solution (ACN), o€uH3: native Cu, dipping in the diazonium
solution (ACN), orCuH4: native Cu, dipping in the diazonium solution
fO.l N H:SOy).

evidence for the-N=N— bond in the polyphenylene. Two
spectroscopic techniques have been used: FTIR-ATR (Fou-
rier transform infrared attenuated total reflection) and TOF-
SIMS (time-of-flight secondary ion mass spectroscopy). The
samples were prepared to limit the thickness (typically a few
tenths of a nanometer) of the organic layers so that the IR
beam probed the total thickness of the layer. Conversely,
the ionic beam (At ions) of the TOF-SIMS only analyzed

peak was observed both on bare (deoxidized) Cu and on theyg extreme surface of the layer. Therefore, the two methods

native oxide Cu surface. Assigning the presence of the 400
eV peak to the azo groups, it was deduced that the film on
bare Cu contained one azo group for the 5.9 phenyl ring,
while the film on the native oxide Cu contained one azo
group for every 17.4 phenyl ring. Very recently; IBeger

and Toupid® examined the XPS spectra of polyphenylene
grafted carbon black by an in situ generated benzenediazo

nium salt. In this case, a 400 eV N1s signal was not detected

on the untreated substrate, but a small signal was observe

after the surface had been modified. This signal was observedti

up to 300°C, indicating a strong covalent boAtl.The
attached polyphenylene layers will be referred to, for
example, aseCF; by the symbol of the substrate and the
substituent of the diazonium salt.

Results and Discussion

We have analyzed the layers obtained from different
diazonium salts (excluding 4-nitro for the reasons given
previously) on different substrates in search of spectroscopic
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2003 19, 6333.
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Chehimi, M. M.; Karsi, N.; Pinson, J.; Podvorica, F.; Vautrin-Ul, C.
Chem. Mater2002 14, 392.

(21) (a) See Figure 6a in ref 21b: this small peak indicates the presence
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Pinson, J.; Podvorica, F.; Vautrin-Ul, Chem. Mater2003 15, 3450.
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Chem. Mater2005 17, 3968.

(23) Toupin, M.; Béanger, D.J. Phys. Chem. @007, 111, 5394.

are complementary. To explore the depth of the layer by
TOF-SIMS, the intensity of the characteristic fragments was
recorded while a beam of €sons etched the layer.

We have examined samples both electrografted and
chemically grafted. Cu samples were prepared with and
without previous deoxidation of the surface and both in ACN

(acetonitrile) and in dilute sulfuric acid to test whether the
reparation of the surface had any influence on the formation
f azo groups (see Experimental Procedures for the prepara-
on of the surfaces).

Table 1 reports the position of the IR azo bands observed
on different substrates altogether with the spectfuai
azobenzene, of its 4-amino derivative, of 4-phenylazo
benzenediazonium, and that of 4-phenylazo phenyl groups
attached to a copper surface. Figures-S8 in the Support-
ing Information present the spectra of azobenzene, 4-ami-
noazobenzen& uN=NCgHs, CuH,, andCuBr.

We also examined different samples by TOF-SIMS. After
a careful mass calibration of the spectrum, it is possible to
obtain an exact mass for the different peaks that are observed.
This permits an unambiguous assignment of the fragments.
We have included in Table 2 the fragments observed on the
TOF-SIMS spectrum of 4-phenylazo polyphenylene layers
as a reference (obtained by electrochemical reduction of the
4-phenylazo benzenediazoniuBNCeH,—N=N—C¢Hs). A
more detailed table (Table S3 in the Supporting Information)
gathers all the significant fragments and the area of the peaks.
Figure 1 presents an example of the fragments (obtained from
a very thin layer on carbon).

We have also measured the relative intensities of the
fragmentCeHsN=N" in the spectra ofCuH prepared in

(24) Socrates, Glnfrared Characteristic Group Frequenciegnd ed.;
Wiley: New York, 1994.
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Table 2. TOF-SIMS Spectra of Polyphenylene Layers Intensity
2
sample fragment structure of the fragments 210
CuN=NCeHs? AandB fragment Am/z = 105.045 Cull
FeHa Aand B CeHs—N=N"* wHe /
CuH .2 Aand B fragment Biv'z = 182.084 /
CUH2—4b A CeHs_N=N_c6H5+ v
CH2 Aand B 0 __lemarppnertforge o
CCOOH? A
CuBra CandD fragments C and Byz= 182.956, 184.954 CuHs
BI'_Cf;H4_N=N+ h
FeCF3? EandF fragment Bz = 173.032
CFs—CeH4—N=N" 0 **"’} =t

fragment Fn/z= 251.079

CFa—CeHa—N—=N—CeHs" Reference
Aul? GandH fragment Gvz = 216.939

ICeH4N™
Fragment H, m/z= 231.950 0 s At I it
IC gHsNo+ 179.8 180.3

aPrepared by electrochemical reduction in ACNPrepared as follows:
CuH2: bare Cu, dipping in the diazonium solution (ACN),@uH3: native

m/z

Figure 2. FragmentCeH4N=NCgH4* from a thin (5.4 nmCuHs) and a
thick (80 nm,CuHg) CuH layer (see text) obtained by electrochemical

Cu, dipping in the diazonium solution (ACN), GuH,: native Cu, dipping
in the diazonium solution (0.1 N43$0Qy). ¢ Corresponds to the two isotopes
of bromine.

reduction of bezenediazonium on copper.

Intensity

Intensity 10 Organic _ Copper
2 10° Fim |

0 Time (s) 1200
Figure 3. Etching of the organic layer with Cdons. Profile through a 80
0 nm thick CuHe layer. Increasing etching time corresponds to the analysis
of a deeper and deeper position inside the organic layer. Polyphenylene
copper interface at the crossing of the two signals is attained -afiéd s
of etching. (a) FragmenEeHsN,t and (b) copper.

Reference

potential (0.26 V/SCE) to—1.10 V/SCE h a 1 mM
solution of benzenediazonium, the second ddeHs) was
obtained by chronoamperometry-1.10 V/SCE for 30 s)
from a 10 mM solution. The heightd) of the two layers
Figure 1. FragmenCeHsN=NCeH," from CH (prepared by electrochemi- ~ was measured by ellipsometrfCuHs: d = 5.4+ 0.9 nm
cal reduction of benzenediazonium on glassy carbon) (top) and untreatedandCuHe: d=80+ 1.6 nm. Figure 2 presents the fragment
glassy carbon as reference. . .
CeH4sN=NC¢H," observed on these layers. The intensity of
different ways (see Experimental Procedures). TOF-SIMS CuHgs is less than twice that of the same peak obtained from
is not a quantitative method, and the peak intensity dependsCuHs. A similar ratio is observed for the peaksHaN,™,
on the environment of the fragment that is extracted, but for CsHsN,", CeHiN2CsHs"™, and GHsN,CeHst (not shown).
very similar layers and under identical experimental condi-  The concentration of azo groups through @Hg layer
tions, the comparison of peak intensities gives a good ideawas also determined by etching the polymeric layer with a
of the relative concentration of azo groups in the organic Cs" ion beam. The intensity of ElsN,™ (Figure 3) was
layer. The intensity of the peak due to tRHsN=N* measured as a function of time during etching. Its intensity
fragment depends on whether the samples are preparedemains approximately constant through the layer, but a 10-
chemically or electrochemically and varies by a factor not fold increase is observed close to the outer surface of the
larger than 3. The relative concentration o=N groups layer. This is in agreement with the previous observation of
calculated from the IR spectra lies in a similar range. a somewhat larger signal for a thick layer as compared to a
Therefore, the amount of azo groups at the surface of thethin layer. This corresponds to an increased concentration
layer does not depend significantly on the sample preparationof azo groups at the outer surface of the layer, and we
whether by electrochemistry or by simple dipping in a speculate that it is related to steric effects. As we shall see
diazonium solution (in ACN or in agueous medium). The next, the structure of the layer becomes more and more
range of variations is the same as that observed by McCreerysterically crowded as the number of azo groups increases
and Hurley!® (structure9 in Scheme 6). As the thickness of the layer
We also tried to find whether the concentration of azo increases, it becomes rougher and roughand this would
groups varied within the layer. We therefore examined two favor the presence of a larger amount of azo groups.
layers of polyphenylene on copper; the first o@aifis) was We also tried to confirm the presence of azo bonds directly
obtained in a single scan (50 mV% from the open circuit on the surface of carbon (Scheme 2) as proposed anBer

0 BT ... VR
179.8 m/z 180.3
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Scheme 2
a; O ¢
+ N=N R —= ;
o OH
Scheme 3

oo

4@”\\
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Cu

i

et all323 For this purpose, we prepared a very thin layer
(CH) of polyphenylene on a carefully polished glassy carbon
by reduction 6 a 1 mM solution of benzenediazonium. A
single scan cyclic voltammogram was recorded fré2

to —0.2 V/ISCE at 50 mV s. Under similar conditions,
McCreery et aP® obtained a monolayer of biphenyl on an
atomically flat carbon (pyrolized photoresist). Under these
conditions, peaks were observed by TOF-SIMS that cor-
respond to GHsN>™ (A) and GHsN.CeHs™ (B) but also
C6H4N2+, CeH4N2C6H5+, C6H5N2+, and QH4NQCGH4+. Very
interestingly, a small peak can be assigne€(®@H)—C—
N=N—C¢Hs", and this fragment can be assigned to the
structure shown in Scheme 2. A large peak is also ob-
served that can be tentitatively assignedCid;—CisH 26—
CH(OH) —NH—NH,", and it would correspond to part of

Chem. Mater., Vol. 19, No. 18, 2BYB

Scheme 4

. H M,
i:i . H
- H i —
M + N N@ Q N=N-C,H,
sC

Carbon
Metal
Semi-conductor

reoxidation
—_—

= 0

Q N=N-C,H,

without electrochemical induction, and it is unlikely that an
electron donating inductive effect could be operative through
so many aryl groups (0.6 nma 1 monolayer). These authors
judge the presence of azo bonds directly bonded to the
surface of copper unlikely for two reasons: (i) copper is a
promoter of the dediazonation reaction (Sandmeyer and
Gatterman reactiof) and (i) a Cu—N=N—aryl structure
would give two signals in XPS.

Let us try to rationalize the formation mechanism of these
azo bonds. First of all, are there azo bonds directly on the
surface? The mechanism proposed BiaBger et al32?3on
carbon (Scheme 2) seems very likely. Oxygen functions are
present on the surface of carbons, they can be chemically
modifiec?® in many ways, and the reaction of diazonium salts
with, for example,S-naphtol is a classical method for the
qualitative detection of diazonium safsOur experiments
with a close to monolayer surface of polyphenylene on
carbon indicate the presence of several fragments that can
be assigned to the presence of an azo bond. In addition, the
existence of a fragmen€(OH)—C—N=N—C¢Hs" is in
good agreement with Scheme 2. On metals, the reaction of

the carbon of the electrode with a hydrazine group resulting diazonium salts with surface oxide is not known, and
from the hydrogenation of an azo group. This gives therefore, the reaction with the surface should be restricted

confidence in the existence of this structure proposed by to carbon. We can now discuss the mechanism responsible

Bélanger et al323 Altogether, with the XPS data reported
in the Introduction, the previous IR and TOF-SIMS data

indicate the presence of azo bonds in the polymeric layer

formed upon the reduction of aromatic diazonium salts on
carbon, copper iron, and gold.

What can be the mechanism leading to the formation of
these azo bonds? Bmger et al*>2%assigned their formation
to the reaction of diazonium salts with the phenoxy functions
located on the carbon surface as shown in Scheme 2. Thi
reaction is well-known and is used for the synthesis of many
coloring matterg® From the ratio of the N@(406 eV)/N
(400 eV peak), it was concluded that 75% of the aryl groups
was bonded to the carbon by=NN— bonds.

McCreery and Hurle}? proposed the formation of azo

bonds inside the layer as shown in Scheme 3. In this case

a diazonium ion would attack the outer aromatic ring. This
outer phenyl ring would be electron-rich, with copper acting

as an electron donor substituent. However, polyphenylene(27) Gali

for the formation of azo bonds in the middle or at the
extremity of polyphenylene chains.

The first reaction that could be considered is the reaction
of a diazenyl radical with an aromatic ring attached to the
surface as in Scheme 4.

This mechanism implies the existence of a diazenyl radical,
and it has been demonstrated that such radicals are not
intermediates in the electrochemical reduction of diazonium

Ssalt§’0 at a low driving force (i.e., at potentials that are not

very negative). These diazenyl radicals can, however, be
produced at a high driving forée(by pulse radiolysis) or at
very negative potentials. Very negative potentials<t.9
V/Ag/Ag™) were used by Bureau et &f.and in this case, it
may be that the 400 eV XPS peak is partly due to azo bonds,
but most of the signals should correspond to amino groups

‘obtained by the reduction of nitro groups. Another possibility

would imply the reaction of the diazonium cation itself with

C.Chem. Re. 1988 88, 765.

layers several nanometers thick can be obtained with and(28) (a) Poon, M.; McCreery, R.LAnal. Chem.1986 58, 2745 (b)

(25) (a) Anariba, F.; DuVall, S. H.; McCreery, R. Anal. Chem2003
75, 3837 (b) Anariba, F.; McCreery, R. LJ. Phys. Chem. R002
106, 10355.

(26) Smith, M. B.; March, JMarch’s Advanced Organic Chemistnbth
ed.; Wiley-Interscience: New York, 2001; p 928.

McCreery, R. L.Electroanal. Chem1991, 17, 221.

(29) Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, A. R.
Vogel's Textbook of Practical Organic Chemisthth ed.; Pearson
Prentice Hall: New York, 1989; p 920.

(30) Andrieux, C. P.; Pinson J. Am. Chem. So@003 125 14801.

(31) (a) Daasbjerg, K.; Sehested, K.Phys. Chem. 2002 106, 11098.
(b) Daasbjerg, K.; Sehested, B. Phys. Chem. 2003 107, 4462.
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Scheme 5 In our opinion, the most likely mechanism for the
+ .t formation of azo bonds in the organic layer is summarized
R@ " NENOR - R@WNOR in Scheme 6 (for an unsubtituted benzene diazonium for sake
of simplicity). It is derived from the mechanism that has been
e previously published for the growth of polyphenylene
D RON:NOR layers!? ReactionR1 involves the monoelectronic reduction
of two diazonium salts to give two aryl radicals. One of these
an aromatic ring at the end of the chain, but such a reactiontwo radicals binds to the substrat@2), while the second
only occurs if the aromatic ring is activated by OH or NH one attacks the already grafted phenyl gré&ip give a
groups as discussed previoudly. cyclohexadienyl radica, through reactiofR3. At this point,

One could also consider the reaction of a diazonium salt two ways are opened: the first one (i) through reactigAs
with an aryl radical in solution, but such a reaction would andRS5 leads to a pure polyphenylene layerReactionR4
produce an azobenzene in solution after reduction of theis an electron exchange leading to the reoxidation of the
radical cation (Scheme 5). Diazendsr N=N—Ar’) are cyclohexadienyl radical and reduction of a benzenediazo-
indeed formed, as side products, during the dediazonationnium. These reactions have been previously discussed and
reaction in the presence of aromafiés# This dediazonation ~ supported by literature data.
reaction is realized in aqueous media in the presence of a The formation of azo bonds (path b) in the polymeric
base along the Gomberdgdachmann procedur@s and it chains begins by an attack of a diazonium on the cyclohexa-
produces aryl radicals in a solution containing diazonium dienyl radical3; this reaction is similar to that shown in
ions. This situation is not so different from that taking place Scheme 5, the aryl radical being replaced by a cyclohexa-
during electrografting. The reaction shown in Scheme 5 also dienyl radical. The addition of a cyclohexyl radical with a
has been confirmed by ESR(electronic spin resonance). diazonium salt previously has been obsefétto give a
But, if an azobenzene was obtained through this reaction, itdiazene. ReactiofR6 gives rise to a radial catiof that
would be formed in solution. If, for some reason, it were should be readily reduce®{) to give 7. This reduction can
entrapped in the organic layer, it would be rinsed away as take place through an electron exchange with the metal either
most of the groups working on the subject have carefully connected or not (electron transfer can occur through the
rinsed their samples, often under ultrasonication. Therefore,layer®). Alternatively, an electron exchange with an aryl
even if the formation of azobenzene could be possible in radical is possible. ReactidR8 involves the reoxidation of
solution, it should not be found in the organic layer under a cyclohexadiene; the driving force for this reaction being

the experimental conditions commonly used. the restoration of the aromaticity and of the conjugation of
Scheme 6
+ 2 *N,CgH, " @
- E] va )
e R2 =
R3
R1 1 2
S = sustrate

+ H*
e WY,
+N2
4

—-
= (CeHIn—CgHs
R5
5

Q H O reduction

[[=2]

N=N—(C;H,)m—C,H,

Q (CgH Jn—CH,

9
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Scheme 7
6+ CeHsN,” — 8+ CeHs" + N, + H°

the two substituants. Alternatively, if one considers the sum
of reactionsR7 + R8 leading from6 to 8, it amounts to the
addition of one electron and the loss of two hydrogen atoms.
This is equivalent to the reaction shown in Scheme 7 (i.e.,
to the reaction of a diazonium salt wigand to the formation
of 8, a phenyl radical, nitrogen, and a proton).

The aryl radicals formed in reactidR4 and possiblyR7
+ R8 could now attack the phenyl groups as in reactRh
leading to the growth of the chain through reacti&t +
R3 + R4 + R50or R2 + R3 + R6 + R7 + R8 + R9.
Reaction®R4 andR7 + R8 are responsible for the (at least)
partly catalytic mechanism. This explains the growth of
polyphenylene layers even without electrochemistry, but also
the presence of azo bonds in these layers.

Conclusion

The presence of azo bonds in the covalently bonded layers
obtained by reduction of diazonium salts has been previously
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of the incident beam was 7@&nd that of the analyzer was 2
model for polymers on copper was used.

TOF-SIMS spectra were obtained with an ION-TOF IV with
Aut primary ions at 25 keV. The analyzed zone was 466, and
the acquisition time was 75 s. Blank samples were analyzed in the
same run as the modified samples. Etching of the polymeric layer
on a 500um? surface was obtained with a Con beam. Analysis
of the etched surface was performed in between the etching periods.
The peak intensity refers to the area of the peak normalized to the
total intensity of the spectrum.

The IR spectra are recorded on a Bruker Tensor 27 used in the
total infrared reflection mode. The spectrometer was equipped with
a Durascope accessory (from Sens IR Technology), where the
sample was pressed against a diamond window. This accessory is
a micro-ATR system that makes use of a diamond base sampling
platform. The same Au, Pt, Cu, and Fe plates are used for recording
the background and the spectra. In every sample, the absence of
the IR diazonium band was ascertained, indicating a proper rinsing
of the sample.

The potentiostat was a VPM from Princeton Applied research
with BioLogic software. The electrochemical cell was equipped
with a saturated calomel electrode (SCE) reference. A carbon
counter electrode and the sample to be electrografted were the

advocated. These previous investigations were based on th‘%vorking electrode, and the solutions were deoxygenated.

observation of hs 400 eV peaks. But, such XPS peaks may
as well correspond to amines or other nitrogen functions.

CuN=NCgHs, FeH, CuH;, CCOOH, CuBr, FeCF3;, andAul
were obtained by electrochemical reduction of a 10 mM solution

The present study brings a strong support to the existenceyf the corresponding diazonium in ACN- 0.1 M NBuwBF4.

of azo bonds. TOF-SIMS experiments clearly evidence
fragments such a&r —N=N or Ar —N=N—Ar, where Ar
is a substituted or unsubstituted aryl group. A mechanism is

Electrografting was achieved in the potentiostatic mode-atl
VISCE for 300 si20 After electrolysis, the sample was carefully
rinsed with acetone.

presented that rationalizes, at the same time, the formation Chemically grafted samples ofuH were obtained in the
of polyphenylene chains and the presence of azo bondsfollowing way: (i) CuH; bare Cu, dipped in the diazonium solution

included in these chains.

Experimental Procedures

The diazonium salts were prepatefiiom a cold (in ice) solution
of the corresponding amines (1 mM) in HBBY the slow addition
of NaNG, (1.1 mM) dissolved in the minimum amount of water.
The precipitate was filtered, washed with ether, and dried in
vacuum.

The iron substrate was a coupon of mild steel of 99% purity
polished with a polishing cloth (DP-Nap, Struers) using:h

(ACN). The sample was rinsed with acetone, dipped for 30 s in
2.5% citric acid, rinsed with deoxygenated acetone, dried under
nitrogen, and immediately immersed in a deoxygenated 10 mM
solution of benzene diazonium in ACN for 10 min and finally rinsed
with acetone. (ii)CuH3 native Cu was dipped in the diazonium
solution (ACN). The same procedure as stated previously without
deoxidation of the surface with citric acid was performed. QiiH,4
native Cu was dipped in the diazonium solution,®@, 0.1 N).

The same procedure as stated previously replacing ACN by H
SO, 0.1 N was performed. In this case, the surface was deoxidized

diamond paste. The copper substrate was a coupon of coppe®Y the solution itself.

deposited (by physical vapor depositiefRPVD) on Si wafers. The
gold substrate is deposited by PVD on a chromium layer on top of

In addition, samples were prepared to investigate the effect of
the thickness layer: (i\CuHs, was prepared on coppera 1 mM

glass. The carbon substrate is a piece of glassy carbon (Tokai)solution by a single scan (scan rate: 50 nm)srom the open

polished with 1um diamond paste. All the samples were rinsed in
acetone under sonication (10 min) before use.

circuit potential (-0.26 V/SCE) to 1.1 V/SCE to obtain thin layers.
(v) CuHg was prepared in the same way@sH; for comparison

Films thicknesses were measured by ellipsometry with a Soprawith CuHs. (vii) CH was prepared fim a 1 mM solution of
GESS spectroscopic analyzer equipped with a microspot. The anglebenzenediazonium by a single scan of the glassy carbon electrode
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from + 0.2 to —0.2 V/SCE at 50 mV s.
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