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Self-assembled monolayers of 1,12-diaminododecane were prepared on an ITO surface and characterized
by cyclic voltammetry, imine formation, secondary ion mass spectroscopy, and Rutherford backscattering
spectroscopy (RBS). The surface concentration of 1,12-diaminododecane was measured to be a maximum of
9� 10�10 mol cm�2 using RBS. Utilizing the surface amine functional group on the self-assembled monolayers
of 1,12-diaminododecane, secondary layers of phosphomolybdic acid were prepared and monitored by cyclic
voltammetry. The self-assembled monolayers of 1,12-diaminododecane were stable both physically and
chemically, and even survived after exposure to air for 4 months

1. Introduction

Indium-tin oxide (ITO) is a typical oxide material with good
transparency and conductivity characteristics for flat-panel
displays1 and solar cells.2 The formation of self-assembled
monolayers (SAMs) on an ITO surface is one of the best ways
to control the surface chemistry. However, due to the rough
surface area, there are reservations as to the nature of the coor-
dination mode of the functional groups on ITO. ITO films are
prepared by RTE,3 RF, DC sputtering,4 electron beam eva-
poration,5 and spray pyrolysis.6 Due to preparation methods
used, ITO films have a very high surface roughness. Such a
rough morphology has been thought to be an obstacle to the
formation of self-assembled monolayers and their in-depth
understanding. Despite the extensive practical and potential
uses of ITO, only a few studies have focused on the surface
chemistry of ITO. Understanding the interactions of organic
molecules on an ITO surface is challenging from the viewpoint
of both fundamental and technological applications.
Moreover, the formation of self-assembled monolayers on

gold surfaces has attracted a great deal of attention since the
mid-80s.7 A gold surface provides a well-defined uniform sur-
face and can be easily investigated using conventional analyti-
cal methods. The formation of SAMs on a gold surface can
easily provide control of surface properties such as the wetting
angle,8 adhesion,9 lubrication,10 corrosion,11 as well as electri-
cal properties.12 The rich accumulation of information on
SAMs has made it possible to derive many applications:
sensors,13 lithography,14 surface passivation,15 and surface
property control.16

Nevertheless, the formation of self-assembled monolayers
on other surfaces, in particular oxide surfaces, is poorly under-
stood. There are few reports on the adsorption of organic or
organometallic compounds on an ITO surface.17 The chlorosi-
lane derivatives reacted with the hydroxyl groups on the glass
surface to form self-assembled monolayers attached by a
silanol group.18 The use of alkyl silanol is one of the major
methodologies to prepare self-assembled monolayers on oxide

surfaces. However, it is rather difficult to form dense
monolayers with a good reproducibility. Carboxylic acids
and phosphoric acids have also been used as adsorbents as
an alternative approach to prepare self-assembled monolayers
on oxide surfaces, but the adsorption can be weak.19

A few years ago we reported in a short communication the
formation of densely packed self-assembled monolayers on
an ITO surface with diamine-functionalized alkane molecules
(1,12-diaminododecane).20 The formation of self-assembled
monolayers of 1,12-diaminododecane on an ITO surface effec-
tively controlled the surface properties and allowed the pre-
paration of secondary layers of organic or inorganic
compounds on it by a reaction with its surface amine function-
ality. The self-assembled monolayers of 1,12-diaminododecane
on ITO were further used to prepare fullerene-multilayered
architectures, which showed exceptional electrochemical beha-
vior, acting as ion selective electrodes,21 rectifiers,22 and
electron acceptors.23

The surface modification of ITO is a first step for designing
surface architectures. The formation of multilayer architec-
tures on an ITO surface is one of the key issues for the
development of light-induced molecular electronics. For a
comprehensive understanding of self-assembled monolayers
on an ITO surface, we report here systematic investigations
on the structure and properties of self-assembled 1,12-diami-
nododecane monolayers on an ITO surface.

2. Results and discussion

2.1 Rutherford backscattering spectroscopy of self-assembled
monolayers of 1,12-diaminododecane on an ITO surface

The concentration of 1,12-diaminododecane on the ITO sur-
face was measured by Rutherford backscattering spectroscopy
(RBS). RBS is a sensitive method for analyzing heavy nuclei.
Light elements such as C, N, and O show weak signals. How-
ever, C gives a higher response than N and O due to the 12
carbons in 1,12-diaminododecane. As shown in Fig. 1, indium
and tin showed strong signals due to their high surfacey Supported by the Brain Korea 21 Project in 2003
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concentrations, while silicone and calcium signals appeared as
minor impurities on the ITO surface.
For this study we performed a series of cleaning experiments

and measured the residual carbon content on the ITO surface
by RBS: a piranha solution (10 s), methanol sonication (2 min,
two times), acetone–methanol sonication (15 min each),
methanol washing. The carbon concentrations on the ITO
surface after the cleaning procedures ranged from 0.65� 1016

atom cm�2 to 0.83� 1016 atom cm�2. Among the several
cleaning processes used, the methanol sonication method gave
the lowest carbon content on the ITO surface. The cleaned
ITO sample was immersed in a methanol solution with out
1,12-diaminododecane for 2 days, after which the RBS experi-
ment was performed. The carbon atom concentration re-
mained the same (0.65� 1016 atom cm�2), thus ruling out the
possibility of carbon contamination during the immersion step.
The number of carbon atoms on the SAMs/ITO after the

formation of the self-assembled monolayers of 1,12-diamino-
dodecane was 1.3� 1016 atoms cm�2. In order to obtain the
actual number of carbon atoms from 1,12-diaminododecane
on the ITO surface, the number of background carbon atoms
of the bare ITO needs to be subtracted because there is surface
contamination even after the ITO cleaning process. The back-
ground number of carbon atoms was 0.65� 1016 atoms cm�2,
which was attributed to advantageous carbon embedded in the
bulk of ITO during the sputtering process of the ITO plate.
The surface concentration of 1,12-diaminododecane was calcu-
lated to be 9� 10�10 mol cm�2 using the following equation:

ð1:3� 1016 � 0:65� 1016Þ=½12ðdodecaneÞ � 6:02� 1023

� ðAvogadro’s constantÞ� ¼ 9� 10�10 mol cm�2

This is one of the highest numbers ever reported. The quanti-
tative measurement of the surface concentration of 1,12-diami-
nododecane by RBS demonstrates that this technique is a new
and convenient analytical method for characterizing self-
assembled monolayers.24

2.2. Utilization of the amine functional group generated by
the formation of SAMs of 1,12-diaminododecane/ITO

The surface amine functional group is a base as well as a
nucleophile. With aldehyde, the amine functional group forms
an imine group when in a dry ethanol solution at 50 �C under
an Ar atmosphere for 3 h.20 The diaminododecane does not
adsorb on a glass surface, as monitored by the adsorption of
copper phthalocyaninetetrasulfonic acid on SAMs of diamino-
dodecane. Also, we have performed control experiments
with a blank ITO surface (no diaminododecane SAM). We

could not observe any adsorption of p-nitrobenzaldehyde on
the ITO surface within the detection limits of UV spectro-
scopy. The amine functional group has the same nucleo-
philicity as a free amine. The formation of imine was used
to determine the amine concentration on ITO by hydrolysis
and UV measurement of the released p-nitrobenzaldehyde.
The 1,12-diaminododecane concentration adsorbed on the
ITO surface was measured to be 6� 10�10 mol cm�2. Com-
pared to the 9� 10�10 mol cm�2 value obtained from the
RBS experiment, the value of 6� 10�10 mol cm�2 is a mini-
mum because all of the amine functional groups may not react
with the aldehyde to form an imine.
The amine-functionalized surface can interact with phos-

phomolybdic acid (heteropolyacid, HPA, H3[PMo12O40]
�3)

via an acid-base complex to form further layers.20 Phosphomo-
lybdic acid is a strong Brønsted acid having multiple protons.25

In addition to its strong acidity, phosphomolybdic acid has
good redox properties in aqueous media and its electrochemi-
cal behavior has been investigated.26 Phosphomolybdic acid
(H3PMo12O40) undergoes multiple electron transfers in solu-
tion [Fig. 2(a)]. All the electrochemical measurements showed
good reproducibility within the error range of 10%. When
phosphomolybdic acid was adsorbed on an ITO surface, the
following three distinctive two-electron reversible reductions
took place [Fig. 2(b)]:25b

½PMo12
viO40�3� þ 2e� ! ½PMo10

viMo2
vO40�5� ðIÞ

½PMo10
viMo2

vO40�5� þ 2e� ! ½PMo8
viMo4

vO40�7� ðIIÞ

½PMo8
viMoMo2

vO40�7� þ 2e� ! ½PMo6
viMo6

vO40�9�

ðIIIÞ

The surface concentration of phosphomolybdic acid was
measured by integrating the reduction current. A CV of the
bare ITO in 0.1 M HCl was obtained as a blank test, which
was subtracted from the CV of the phosphomolybdic acid
modified ITO electrode, and integrated the reduction peaks.
The surface concentration of the phosphomolybdic acid on
the ITO surface without SAMS was calculated as 2.0� 10�11

mol cm�2 by integrating the current of the cyclic voltammo-
gram (Table 1). In the presence of the self-assembled
monolayers of 1,12-diaminododecane, the surface concentra-
tion of the phosphomolybdic acid increased by an order of
magnitude to 2.0� 10�10 mol cm�2 (Table 1). The size of the

Fig. 2 Cyclic voltammograms of (a) 5� 10�10 mol cm�2 phospho-
molybdic acid in a 0.1 M HCl aqueous solution and (b) adsorbed phos-
phomolybdic acid on ITO (HPA/ITO; I, 1st 2e redox peak; II, 2nd 2e
redox peak; III, 3rd 2e redox peak). Scan rate 0.2 V s�1; supporting
electrolyte 0.1 M HCl.

Fig. 1 Rutherford backscattering spectrum of the self-assembled
monolayers of 1,12-diaminododecane on the ITO surface. The inset
is a magnified carbon peak from 1,12-diaminododecane/ITO.
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spherical phosphomolybdic acid of the Keggin structure is
approximately 10–12 Å.27 The theoretical concentration of a
monolayer coverage of phosphomolybdic acid on a flat surface
is 1.7� 10�10 mol cm�2.28 The roughness factor of the ITO
plate was measured by reported methods in two different elec-
trolytes in order to estimate the surface coverage.29 The rough-
ness factor of the ITO surface was close to 1 (0.95 in 0.1 M
K2SO4 and 0.91 in 0.1 M HClO4 solution). The conductivity
of ITO originates from the formation of reduced indium sites
in ITO. The conductivity of ITO is controlled by changing the
atmospheric conditions during the ITO sputtering process.
Also, the SIMS data in Fig. 5 (below) showed the amine
adsorption to be at the metallic indium site. Considering the
physical roughness of the ITO surface, a roughness close to
1 suggests that all the surface is not providing adsorption sites,
and the total area for the amine adsorption is close to the
apparent ITO area. Considering the surface roughness, the
surface concentration of 2.0� 10�10 mol cm�2 indicates com-
plete monolayer coverage of phosphomolybdic acid on the
1,12-diaminododecane self-assembled monolayers.
The surface concentration of the amine was 6.0� 10�10 mol

cm�2 from the imine formation experiment as a minimum
value and 9.0� 10�10 mol cm�2 from the RBS experiment as
a maximum value. The phosphomolybdic acid concentration
measured by cyclic voltammetry was 2.0� 10�10 mol cm�2.
The theoretical surface concentration of 1,12-diaminodo-
decane should be three times higher than that of phospho-
molybdic acid with three protons. However, not all the 1,
12-diaminododecane will form an acid-base complex with
phosphomolybdic acid due to the ITO surface morphology,
and the ratio of 1,12-diaminododecane and the heteropolyacid
should be 3 or more than 3. The experimental ratio is a
minimum 3:1 to a maximum of 4.5:1, which coincides with
the stoichiometric considerations.
Phosphomolybdic acid adsorption on the self-assembled

monolayer of 1,12-diaminododecane was confirmed by chan-
ging the scan rate of the cyclic voltammetry. If the electro-
active molecules are dissolved in solution, the peak currents
of the cyclic voltammogram will be linear with the square root

of the scan rate (n1/2).30 A plot of the peak current of the first
redox wave showed good linearity with the scan rate, which
means that phosphomolybdic acid was adsorbed on the elec-
trode surface (Fig. 3).30 The self-assembled monolayer of
1,12-diaminododecane and the second layer of phosphomolyb-
dic acid are stable even under such strong acidic conditions
(0.1 M HCl solution) and survived repeated cyclic voltammetry
scans.

2.3. Electrochemical characterization of self-assembled
monolayers of 1,12-diaminododecane with
phosphomolybdic acid layers

Electron transfer between the ITO surface and phosphomolyb-
dic acid was monitored by cyclic voltammetry. Without the
self-assembled monolayers of 1,12-diaminododecane, there
would be no electron transfer barrier. Fig. 4(a) shows there
was little change in the peak potential separation of the reduc-
tion and oxidation waves on the ITO surface. The differences
in the peak-to-peak separation (DE ¼ Eanode�Ecathode) were
50, 30, and 30 mV on the ITO surface, which increased to
90, 50, and 50 mV in the presence of the self-assembled mono-
layers of 1,12-diaminododecane on the surface (Table 1). As
the scan rate was increased, the peak-to-peak separation also
increased, indicating the occurrence of charge transfer retarda-
tion as a result of the long alkyl chains (Table 2). The electron
transfer retardation took place for all of the three two-electron
transfer processes. In the first two-electron transfer waves, DE
increased from 50 to 60 mV as the scan rate was increased
from 200 to 1000 mV s�1 on the bare ITO. In contrast, in
the presence of the self-assembled 1,12-diaminododecane
monolayers, electron transfer retardation increased from 90
to 130 mV as the scan rate was increased from 200 to 1000
mV s�1. At 1000 mV s�1, the difference of DE(I)b�DE (I)a/
mV doubled that obtained at 200 mV s�1.
Another characteristic of the phosphomolybdic acid layers

on the 1,12-diaminododecane self-assembled monolayers
is the negative shift in the formal potentials [E1/2 ¼
(EcathodeþEanode/2)]. The formal potentials of phosphomo-
lybdic acid on the self-assembled monolayers shifted in the
negative direction by 10, 10, and 30 mV, respectively (Table
1). The negative shift can be attributed to the formation of
an electrostatic charge complex of the anionic PMo12O40

�3

compound with the surface amine functional groups.

2.4. Identification of amine adsorption sites on the ITO
surface by SIMS

Structural information about the surface was collected by sec-
ondary ion mass spectroscopy (SIMS). The ITO surface, which
was prepared using a sputtering method, consists of indium

Fig. 3 Plots of the peak current versus the scan rate from the cyclic voltammograms of (a) phosphomolybdic acid/ITO and (b) phosphomolybdic
acid/1,12-diaminododecane/ITO in Fig. 4 (I, 1st redox peak; II, 2nd redox peak; III, 3rd redox peak).

Table 1 Characteristics of the cyclic voltammograms (200 mV S�1

scan rate) of phosphomolybdic acid on ITO

HPA/ITO HPA/DD/ITO

Peak I Peak II Peak III Peak I Peak II Peak III

E1/2/mV 330 165 �63 321 157 �95

DE/mV 51 30 28 87 52 51

Coverage/

mol cm�2

2� 10�11 2� 10�10

T h i s j o u r n a l i s Q T h e R o y a l S o c i e t y o f C h e m i s t r y a n d t h e
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oxide and tin oxide in a 9:1 ratio. Due to the heterogeneity of
the ITO surface, several coordination modes of 1,12-diamino-
dodecane on the ITO surface are possible. These are coordina-
tion to indium metal, indium oxide, tin metal, and tin oxide.
Mass fragments containing indium and tin were collected
and analyzed by the SIMS experiments. A comparison of the
mass intensities of the bare ITO and the 1,12-diaminodode-
cane/ITO made it possible to understand the surface coordina-
tion sites. As shown in Fig. 5(a,b), the carbon, nitrogen and
oxygen peaks from 1,12-diaminododecane on ITO were com-
pared with those of the bare ITO. The signal intensities from
the surface oxygen and hydroxyl groups are almost similar
for both surfaces. The chlorine signals also did not alter after
the formation of the self-assembled 1,12-diaminododecane
monolayers. The oxygen signal intensity were used as the stan-
dard value for calculating the intensity ratio between the bare
ITO and the 1,12-diaminododecane/ITO. Due to the high sig-
nal-to-noise ratio of SIMS, the background showed intrinsic
impurities of carbon and nitrogen too.
In the presence of the 1,12-diaminododecane SAMs, the mol-

ecular peaks from CN and CNO increased in concentration,

indicating the presence of amine functional groups on the
ITO surface. The nitrogen containing peaks were divided by
the area of the reference oxygen peak, yielding a ratio of
1:4.4 of the nitrogen containing peaks between the bare
ITO and 1,12-diaminododecane/ITO. As we will see below,
the ratio of 1:4.4 is a key reference number for deducing the
surface coordination position of 1,12-diaminododecane.
The molecular peak of m/z ¼ 129 was monitored as an indi-

cation of the presence of In115N14 [Fig. 5(c,d)]. There is a
95.7% natural abundance of In115 with the rest being In113.
The signal at m/z ¼ 129 signals the presence of an In–N
bond, indicating coordination of 1,12-diaminododecane on
the metallic indium site. The signal at m/z ¼ 129 from 1,12-
diaminododecane/ITO increased more strongly than that from
the bare ITO. The peak area integrated from the bare ITO and
1,12-diaminododecane/ITO was normalized to the areas of the
oxygen reference peaks. The ratio of the signal at m/z ¼ 129
for the bare ITO and 1,12-diaminododecane/ITO was 1:3.9,
which was close to that of CN (1:4.4). The increase in the CN
intensity indicates an increase in the 1,12-diaminododecane
molecule concentration on the ITO surface while the strong
signal increment at m/z ¼ 129 suggests the coordination of
the nitrogen of 1,12-diaminododecane to the metallic indium.

Fig. 5 Secondary ion mass spectra of (a) 1,12-diaminododecane/ITO
and (b) bare ITO; m/z ¼ 129 corresponding to In115N14 from (c) 1,12-
diaminododecane/ITO and (d) bare ITO; m/z ¼ 134 corresponding to
Sn120N14 from (e) 1,12-diaminododecane/ITO and (f) bare ITO.

Fig. 4 Cyclic voltammograms of phosphomolybdic acid adsorbed on
(a) bare ITO and (b) 1,12-diaminododecane/ITO in 0.1 M HCl/H2O
at different scan rates (200, 400, 600, 800, 1000 mV s�1). The diagrams
on the right side of the cyclic voltammograms represent the idealized
surface structures of phosphomolybdic acid/ITO and phosphomolyb-
dic acid/1,12-diaminododecane/ITO.

Table 2 Peak-to-peak separation in Fig. 4 of the 1st redox peak versus
the scan rate

System

Scan rate/mV s�1

200 400 600 800 1000

DE(I)/mV HPA/ITOa 51 59 57 60 62

HPA/DD/ITOb 87 97 109 120 126

DE(I)b �DE (I)a /mV — 36 38 52 61 64

a Phosphomolybdic acid/ITO. b Phosphomolybdic acid/1,12-diami-

nododecane/ITO.
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The possibility of tin coordinating with the amine was also
monitored at m/z ¼ 134, corresponding to Sn120N14 [Fig.
5(e,f)]. The signal areas were divided by the reference oxygen
signals and the ratio between the bare ITO and 1,12-diamino-
dodecane/ITO was 1:1.1. Basically, there was little change in
the signal intensity at m/z ¼ 134, essentially ruling out the
coordination of 1,12-diaminododecane to metallic tin.
Another possibility was the coordination of the amine to the
metal oxide or metal hydroxide. The peaks at m/z ¼ 145
(In115O16N14) and m/z ¼ 150 (Sn120O16N14) were monitored
and compared to each other. The signal ratios between the
bare ITO and the 1,12-diaminododecane/ITO were 1:1.8 and
1:1.2 in the InON and SnON, respectively. The slight increase
in the ratios indicates a minor contribution of 1,12-diaminodo-
decane coordination to the metal oxides through hydrogen
bonding, particularly in indium oxide.

2.5. Formation kinetics of the self-assembled monolayers

The easy formation of the second layers of the heteropolyacid
enabled the formation kinetics of the self-assembled mono-
layers to be monitored by electrochemistry. After the self-
assembled monolayers were formed over a certain time period
at 50 �C, the ITO plate was washed completely with dry metha-
nol and water, followed by the dipping in a 5� 10�4 M phos-
phomolybdic acid–0.1 M HCl aqueous solution. The
formation of the second layers of phosphomolybdic acid is a
fast process due to the acid-base complex formation reaction
and was completed in one minute. The concentration of
1,12-diaminododecane on the ITO surface is directly propor-
tional to that of the phosphomolybdic acid. After soaking
the ITO plate in the 1,12-diaminododecane solution, the cur-
rent density of the heteropoly acid on the ITO plate was mon-
itored by cyclic voltammetry. The surface concentrations were
calculated based on an integration of the redox current (Fig.
6). The initial rate for the adsorption of 1,12-diaminododecane
was quite fast and the coverage reached 56% after 5 h. The
maximum surface concentration of 2.4� 10�10 mol cm�2

phosphomolybdic acid was obtained in 48 h. After 48 h, the
surface was almost saturated with the self-assembled mono-
layers.
It is known that self-assembled monolayers of alkyl thiolate

on a gold surface attain as much as 70–80% of the maximum
coverage within 1 h.31 The formation of the 1,12-diaminodode-
cane self-assembled monolayers on the ITO surface is a
relatively slow process compared to that of alkyl thiolate on

a gold surface. However, the pattern of self-assembled mono-
layer formation on ITO is similar to that on a gold surface: the
fast adsorption of molecules onto the surface followed by a
rearrangement in the presence of lateral interactions such as
van der Waals interactions and hydrogen bonding.32

2.6. Effects of chain length on the formation of
self-assembled monolayers on ITO

The formation of the secondary layers of phosphomolybdic
acid enabled the effects of chain length to be investigated
and the kinetic effects on the formation of self-assembled
monolayers on the ITO surface to be monitored. The peak
area calculated by integrating the cyclic voltammogram of
phosphomolybdic acid represented the 1,12-diaminododecane
concentration on ITO.
Diaminemoleculeswithdifferent carbonnumbers [ethylenedi-

amine (C2), 1,6-hexamethylenediamine (C6), 1,8-diaminooctane
(C8), 1,10-diaminodecane (C10), and 1,12-diaminododecane
(C12)] were used in this investigation. Each sample was pre-
pared under identical conditions: 2 days in the diamino-
alkane solution followed by dipping in a 5� 10�4 M
phosphomolybdic acid–0.1 M HCl aqueous solution for 5
min. As shown in Fig. 7, no self-assembled monolayers were
formed when diamines having a carbon chain length of up
to and including 6 were used. The current densities from
the diamines with less than 8 carbons were almost identical
to the base line of the bare ITO. The current density
abruptly jumped when the carbon chain length was 8 (1,8-
diaminooctane). The formation of self-assembled monolayers
with diamines having a carbon chain length of 8 or more
exhibited a similar contribution from the van der Waals
interactions between the alkyl chains as observed in the case of
alkyl thiols on gold.18 The formation of SAMs with longer car-
bon chains also excludes the possibility of the diamine bonding
in a hairpin loop mode. If hairpin loop formation is the pre-
ferred bonding mode, diamines with longer chains will have
a greater tendency to form hairpin loops than those with
shorter chains. The experimental results showed that the
surface of the SAMs was functionalized by the amine group
and reacted with acidic phosphomolybdic acid.

Fig. 7 Cyclic voltammograms of phosphomolybdic acid adsorbed on
(a) bare ITO, ethylenediamine(C2)/ITO and hexamethylenediamine
(C6)/ITO, (b) 1,8-diaminooctane(C8)/ITO, (c) 1,10-diaminodeca-
ne(C10)/ITOand (d)1,12-diaminododecane(C12)/ITO. Scan rate, 0.2V
s�1; supporting electrolyte, 0.1 M HCl.

Fig. 6 Surface coverage of phosphomolybdic acid on 1,12-diamino-
dodecane/ITO as a function of the soaking time of 1,12-diaminodode-
cane/ITO in methanol at 50 �C (soaking times were 10 s, 1 min, 10 min,
1 h, 5 h, 24 h and 48 h in 1,12-diaminododecane–methanol solution;
soaking time in 5� 10�4 M phosphomolybdic acid–0.1 M HCl–H2O
was 1 min).
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2.7. Stability of 1,12-diaminododecane self-assembled
monolayers on ITO surface

One of the drawbacks for the practical application of alkyl
thiols on a gold surface is the poor stability of the sulfur
functional group, which is easily oxidized on the gold surface.
Sulfur compounds are susceptible to oxidation to sulfur oxide,
particularly on a metallic surface. The advantage of the
nitrogen functional groups is its chemical stability towards
oxidation and reduction.
The self-assembled monolayers of 1,12-diaminododecane on

ITO were extremely stable under the strongly acid conditions
of a 0.1 M HCl solution in water for 20 h. The results indicate
that the amine functional group of 1,12-diaminododecane has
a good affinity for the ITO surface. Moreover, it even survived
under sonication in water for 2 min and was not damaged by
exposure to air for 4 months. After 4 months exposure to air,
the self-assembled monolayers of 1,12-diaminododecane on
the ITO surface were dipped in a phosphomolybdic acid
solution, which recovered its original current density. Such
excellent physical and chemical stability is attributed to the
combination of van der Waals interactions of the alkyl chains,
amine adsorption on indium, and interactions between the
terminal amine functional groups.
The formation of self-assembled monolayers of 1,12-diami-

nododecane on ITO is a slow process, while the adsorption
of phosphomolybdic acid on 1,12-diaminododecane/ITO is
fast (<1 min). Phosphomolybdic acid adsorbed on 1,12-diami-
nododecane/ITO was slowly released in a 0.1 M HCl solution
and the current density decreased by 40% after 3 h. The adsor-
ption and desorption of the heteropolyacid on the self-
assembled monolayers is a reversible process and the reduced
current density is easily recovered by immersing the 1,12-diamino-
dodecane/ITO plate into a phosphomolybdic acid solution.

3. Conclusions

This study demonstrated the formation of stable self-
assembled monolayers of 1,12-diaminododecane on an ITO
surface, as well as the formation of secondary layers of phos-
phomolybdic acid and amine groups on 1,12-diaminodode-
cane/ITO. Quantitative measurements of the surface
concentration of 1,12-diaminododecane by RBS and the imine
formation reaction gave a minimum of 6� 10�10 mol cm�2 and
a maximum of 9� 10�10 mol cm�2. Further, the diamine con-
centration on the ITO surface was easily monitored by electro-
chemistry of the second layers of phosphomolybdic acid as a
probe molecule, which can be adsorbed on three amine func-
tional groups. The quick and easy characterization of the 1,12-
diaminododecane/ITO system by the electrochemistry of
phosphomolybdic acid enabled the monitoring of the electron
transfer retardation through the alkyl chains of 1,12-diamino-
dodecane, the formation kinetics, and its stability to be examined.
The formation of self-assembled monolayers on the ITO sur-

face and their characterization have long been a challenging tar-
get from the viewpoint of both fundamental and technological
applications. The results presented in this report are from a com-
prehensive study on the modification of an ITO surface with self-
assembledmonolayers. Themodification of the ITO surface with
amine functional groups is a key step to buildingmolecular archi-
tectures on the ITO surface. The formation of stable and dense
self-assembled monolayers on the ITO surface may open new
opportunities for the modification and utilization of ITO sur-
faces. Further studies in this direction are currently under way.

4. Experimental

4.1 Materials and reagents

Solvents such as methanol and ethanol were used as purchased
(J. T. Baker; HPLC grade). High purity water (Milli-Q,

Millipore) was used for all experiments. For the fabrication
of the monolayers on an ITO surface, ethylenediamine
(H2NCH2CH2NH2 , Aldrich; 99%), hexamethylenediamine
[H2N(CH2)6NH2 , Aldrich; 98%], 1,8-diaminooctane [H2N-
(CH2)8NH2 , Aldrich; 98%], 1,10-diaminodecane [H2N(CH2)10-
NH2 , Aldrich;97%], 1,12-diaminododecane [H2N(CH2)12NH2 ,
Aldrich; 98%],p-nitrobenzaldehyde (Janssen Chimica; 99%),
phosphomolybdic acid hydrate (H3PMo12O40�xH2O, Aldrich;
A.C.S. reagent) were also used as received. The indium-tin oxide
(ITO) coated glass slides were purchased from Samsung Corning
Co. and HOYA Co.

4.2 Instrumentation

The electrochemical measurements were performed using a
M273A potentiostat (EG&G, PAR). A single compartment
with a standard three-electrode glass cell was used with Ag/
AgCl as a reference electrode (internal solution: saturated
KCl aqueous solution) and Pt wire as the counter electrode.
The area of the ITO electrode exposed to the solution was
maintained at a constant 1 cm2. The aqueous phase measure-
ments were conducted under nitrogen-deaerated conditions.
In order to calculate the surface concentration of phosphomo-
lybdic acid, cyclic voltammetry was performed using bare ITO
in a 0.1 M HCl solution to obtain a baseline as a blank test.
Subsequently, the CV of phosphomolybdic acid on the ITO
surface was aligned on the base line, and the concentration
of phosphomolybdic acid on ITO was obtained from integra-
tion of the second reduction peak.
The spectroscopic measurements were carried out using

Rutherford backscattering spectroscopy (RBS, which was per-
formed at the KIST–RBS facility with a 2 MeV He2þ ion
source), time-of-flight secondary ion mass spectroscopy (TOF-
SIMS; Perkin–Elmer; 8.0 keV Csþ ions were used for all data
reported in this paper) and UV spectroscopy (Varian,
CARY100 spectrophotometer).

4.3 Sample preparation and characterization

The ITO plates were cut into 0.5� 5 cm2 pieces and cleaned in
a sonication bath with acetone (15 min), followed by washing
with deionized water (15 min) and finally with absolute metha-
nol (15 min). The electrodes were stored in an absolute metha-
nol solution in a sealed container and dried in vacuum of 10�3

Torr prior to use. All the electrochemical measurements
showed good reproducibility with an error range of 10%.
The surface roughness was measured using the reported
method.24

The self-assembled monolayers were prepared by immersing
the ITO electrodes in 5 mM solution of 1,12-diaminododecane
in methanol at 20–50 �C under an Ar atmosphere for 48 h. The
self-assembled monolayers on the ITO surface were then rinsed
sequentially with copious amounts of methanol and water and
dried under vacuum. The self-assembled monolayers of 1,12-
diaminododecane on the ITO surface were investigated using
RBS and TOF-SIMS. Secondary layers of phosphomolybdic
acid were fabricated by dipping the SAMs/ITO electrodes in
5� 10�4 M phosphomolybdic acid in a 0.1 M HCl aqueous
solution for 5 min. The electrodes were then thoroughly
washed with a 0.1 M HCl aqueous solution with magnetic
stirring and dried under vacuum. The phosphomolybdic acid/
1,12-diaminododecane/ITO electrodes were examined using
cyclic voltammetry and AFM.20 The surface amine functional
group reacted with p-nitrobenzaldehyde to form secondary
imine layers.20,25 1,12-Diaminododecane/ITO was dipped into
an anhydrous ethanol solution of p-nitrobenzaldehyde at 50 �C
under an Ar atmosphere for 3 h. The substrate was then
washed and cleaned ultrasonically with absolute ethanol and
dried under vacuum. The imine compound thus formed was
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hydrolyzed at 30 �C for 1 h in water, and the hydrolyzed
p-nitrobenzaldehyde was quantified using UV spectroscopy.
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