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Abstract
We describe direct analysis of self-assembled monolayers (SAMs) on copper surfaces by
low temperature plasma (LTP) mass spectroscopy (MS). Two kinds of SAMs formed from
n-dodecylmercaptan (NDM) and l-phenyl-5-mercaptotetrazole (PMTA) were prepared on
copper by spontaneous chemisorption. With the LTP probe, desorption and ionization of the SAMs
was easily achieved, and the ions produced were introduced into MS for analysis. Characteristic
fragment ions from NDM SAMs, mainly [M + M – H]+ (M is the NDM molecule) and from PMTA
SAMs, mainly [M + H – S]+ (M is the PMTA molecule), were both absent in the MS spectra of neat
NDM and PMTA samples. This provided evidence of the formation of SAMs on copper. As a
supplementarymethod, LTP-MS is helpful in obtaining information on the barrier properties of SAMs
on copper, such as inhibitor efficiency (IE) and the surface adsorption concentration of corrosive
electrolyte (Γ*) surrounding copper. Aiming for an evaluation of the reliability of LTP-MS, a
comparative study of our method and the traditional method of cyclic voltammetry (CV) showed a
correlation coefficient higher than 0.97. In addition, a rough, simple procedure for imaging of the
distribution of the molecules adsorbed on copper surface was presented. The study supplied a rapid
and simple method for direct investigation of SAMs on copper.
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Cyclic voltammetry

Introduction

Self-assembled monolayers (SAMs) are commonly used
as corrosion inhibitors for copper, which may replace

expensive gold in many fields such as small integration
circuit assemblies [1, 2]. The characterizations of SAMs on
copper, such as surface morphology, defects in the film,
adhesion, wettability, and molecular identification [1–4], are
very important. Many complementary methods have been

utilized for the characterization of SAMs on copper,
including (but are not limited to) reflectance infrared
spectroscopy (IR) [3, 5], X-ray photoelectron spectroscopy
(XPS) [6, 7], scanning electronic microscopy (SEM) [8, 9],
ellipsometry, contact angles (CA) [3, 9], as well as
electrochemical analysis, including cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
[10–13]. IR and XPS identified specific functional groups
and oxidation states. SEM supplied the information about
surface topography. Ellipsometry and CA measured surface
hydrophobicity and molecular angle relative to the surface.
Among these techniques, electrochemical analysis method is
the most widely used, which is efficient for evaluating the
barrier properties of SAMs on copper. For example, it can
evaluate the defects in the film that allow electrons to penetrate
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through SAM to copper [3], via inhibitor efficiency (IE) [14,
15] and the surface adsorption concentration of corrosive
electrolyte (Γ*) [16] and so on. Nevertheless, it is less
powerful in qualitative analysis such as chemical specificity
of the SAMs on copper. In addition, none of these methods
mentioned above can provide definitive structure informa-
tion about the SAMs on copper.

Several mass spectroscopy (MS) techniques are used to
provide direct molecular identification of SAMs on metal,
such as secondary ion mass spectrometry (SIMS) [17], laser
desorption/ionization mass spectrometry (LDI-MS) [18],
matrix assisted laser desorption/ionization and time of flight
mass spectrometry (MALDI-TOF MS) [19, 20], and direct
analysis in real time (DART) mass spectrometry [4].
However, each of them possesses certain limitations; for
example, they may need energetic ion beams, laser irradia-
tion, vacuum, higher temperatures, complicated chambers,
or high-speed airflow. The LTP source utilizes a dielectric
barrier discharge to produce plasma, with helium as
discharge gas, which is capable of desorbing and ionizing
samples at ambient conditions [21–24]. The simple config-
uration and small size of LTP source makes it convenient
enough to analyze samples on various substrates and simple
to use. LTP-MS has many advantages such as low
temperature, easy to operate, in-situ analysis in real time
and ambient conditions without any sample preparation [25–
27]. These may make LTP-MS appropriate for the detection
of the SAMs on copper.

In this assay, LTP-MS has been utilized for the analysis of
two typical kinds of SAMs on copper formed from n-
dodecylmercaptan (NDM) and l-phenyl-5-mercaptotetrazole
(PMTA). Through the characteristic ions of SAMs on copper
surfaces, the molecular structure information was achieved.
According to the relative MS intensities, the variation trend of
characteristic ions with immersed time of copper in NDM was
acquired, which was in accordance with that of electrochemical
parameters (IE versus time and Γ* versus time). A coarse MS
imaging of the SAMs on copper by LTP-MS was also
presented. Compared with the traditional methods, the feasi-
bility of LTP-MS for the characterization of SAMs on copper
has been confirmed. The LTP-MS method will have a great
potential in the field of self-assembly monolayers research.

Experimental
Materials

All the reagents used were of analytical grade. Copper foil
(99.9999%, 1 cm × 1 cm), l-phenyl-5-mercaptotetrazole
(PMTA) and n-dodecylmercaptan (NDM) were purchased
from Alfa Aesar, a Johnson Matthey Company (Ward Hill,
MA, USA). Nitric acid (HNO3), sodium hydroxide (NaOH),
absolute alcohol, and acetone were bought from Beijing
Chemical Works. Nitrogen (N2, 99.999%) and helium (He,
99.999%) were bought from Beijing Millennium Gas
Marketing Center. Doubly deionized water was used

throughout the experiments and was obtained by passing
house-distilled water through a Millipore Simplicity 185
water purification system (Millipore, Bedford, MA, USA).

Apparatus

The commercial CTP-2000K discharge power source was
purchased from Tianjin Ganze Industry and Trade Co. Ltd.
(Tianjin, China). 3D automatic moving stage was purchased
from Beijing Winner Optics Instruments Co., Ltd. Thermo
LTQ linear ion trap mass spectrometer was from Thermo
Fisher Scientific, San José, CA, USA. Cyclic voltammetric
experiments were performed on a CHI650 electrochemical
workstation (CH Instrument Inc., Shanghai, China).

Scanning electron microscope (SEM) was bought from
Hitachi high-technologies Co., Ltd. Japan (Hitachi S-4800).
SEM was performed with a scanning electron microscope
with an acceleration voltage of 10 kV. Before SEM imaging,
a thin layer of Pt was sprayed on copper surface by an ion
sputter (Hitachi E-1045, Hitachi high-technologies Co., Ltd.
Japan) at current 10 mA for 120 s.

Preparation of NDM and PMTA SAMs on Copper

Copper foil (1 cm × 1 cm) was sonicated in water, absolute
alcohol, and acetone for 15 min, in that order. Then the cleaned
copper was dried with nitrogen gas for 2 min. The copper
surface was sonicated in diluted nitric acid (1.6 M) for 1 min to
remove the oxide films and the top layer of copper atoms,
whichmay have adsorbed contaminants, then rinsed with water
and dried by a stream of dry nitrogen gas. NDM SAMs on
copper was synthesized by immersing copper in an alcohol
solution of NDM (4.09 M, room temperature) for a set period
of time. The copper was last rinsed by alcohol and dried by
nitrogen gas. PMTA SAMs on copper was synthesized by
immersing copper in an aqueous solution of PMTA (0.5 gL–1,
50 °C) [28] for 1 h. The copper was finally rinsed by distilled
water and dried by nitrogen gas. The modified copper was
stored in desiccators at room temperature.

Cyclic Voltammetry (CV)

The electrochemical measurements were carried out in a
single-compartment three-electrode glass cell with copper
modified by SAMs as the working electrode, Ag/AgCl as the
reference electrode and a Pt-wire as the counter electrode.
NaOH (0.1 M) serves as electrolyte at a potential scan rate of
0.1 v/s.

Inhibitor efficiency (IE) and surface adsorption concen-
tration of the electrolyte (Γ*) surrounding copper can be
calculated by equation (1) [14, 15] and equation (2) [16],
respectively.

IE ¼ 1� icorr
i 0
corr

� �
� 100% ð1Þ
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Where icorr refers to corrosion current of copper with
SAMs, i

0
corr refers to corrosion current of bare copper.

�� ¼ 4ipRT

n2F2nA
ð2Þ

Where ip is redox peak current, R is gas constant, T is
Kelvin temperature, n is the number of moles of the
electrons transferred, F is the Faraday constant, ν is scan
rate, A is the geometric area of copper.

Low-Temperature Plasma Mass Spectrometry
(LTP-MS)

LTP (Figure S-1, see Supplementary Information) consists
of a quartz tube (i.d. 3.91 mm and o.d. 5.60 mm) with
copper rod (1.10 mm o.d.) as an internal electrode centered
axially inside the quartz tube, and a piece of copper sheet
(10.5 × 21.3 mm) surrounding the outside of the quartz tube
is used as the counter electrode. The wall of quartz tube
serves as the dielectric barrier. A high-voltage alternating
current (AC) was applied to both electrodes. Helium gas was

Figure 1. SEM microscope of (A) bare copper; (B) SAM formed by the adsorption of NDM onto copper surface, and (C) SAM
formed by the adsorption of PMTA onto copper surface

Figure 2. Positive ion mode mass spectra of (A) NDM SAMs on copper surface and (B) neat NDM
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utilized as discharge gas. In this study, the LTP probe was
coupled to mass spectrometry and was applied in the
detection of SAMs on copper. The LTP probe was placed
with its end 1 cm away from the surface with an angle of
about 45° from the sample surface. For the detection of
SAMs on copper, the copper was placed on the 3D
automated moving stage under LTP probe.

Experiments were carried out on a Thermo LTQ linear
ion trap mass spectrometer (Thermo Fisher Scientific, San
José, CA, USA). Data acquisition was via the Xcalibur
software. Positive-ion detection was used for all the ink-jet
experiments and helium was used as the discharge gas at a
pressure of 0.6 MPa, excited by 10 kV. The main
experimental parameters used were as followed: m/z range
20–500; capillary temperature 150 °C; tube lens 65 V;
capillary voltage 15 V. Tandem mass spectrometry experi-
ments were performed with collision-induced dissociation
(CID) experiments.

Low resolution MS imaging was achieved by the scan of
the copper with NDM SAMs line by line at a speed of
700 μm/s; then the desorbed ions were introduced into mass
spectrometry for analysis. From the intensity of the
characteristic ion monitored in the obtained spectra, a
density image can be created. A self-written program was
used for providing bmp images of the rough MS imaging.

Results and Discussion
Morphologic Characterization of SAMs
on Copper

The microstructures of bare copper, NDM SAMs on copper
and PMTA SAMs on copper are observed by SEM (Fig. 1).
Figure 1A is the SEM micrograph of bare copper surface
after nitric acid treatment at room temperature for 1 min,
which shows uneven surface of copper. Figure 1B shows the
surface morphology of NDM SAMs on copper; it can be
seen that a layer of a regular cobblestone-shaped structure is
formed on the copper surface. A compact, club-shaped layer
is formed on the surface of copper by immersing treated
copper in PMTA solution (Fig. 1C), and the pits on the
copper surface are well covered. The SEM images demon-
strate that NDM and PMTA SAMs are well formed on
copper surface.

Detection of NDM SAMs on Copper and Neat
NDM by LTP-MS

Mass spectra obtained from NDM SAMs on copper and neat
NDM in the positive mode are shown in Fig. 2. Figure 2A
shows the spectra of NDM SAMs on the copper surface,
with the primary characteristic ions of [M – H]+ (m/z 201),
[M – H – H2]

+ (m/z 199), [M + M – H]+ (m/z 403), and some
oxidation products such as [M + O – H]+ (m/z 217) and [M +
M + O – H]+ (m/z 419), where M is the NDM molecule. Mass
spectra obtained from neat NDM (Fig. 2B) contains character-

istic ions of [M – H]+ (m/z 201), [M – H – H2]
+ (m/z 199) as

well as some oxidation products including [M + O – H]+

(m/z 217), [M + O – 3 H]+ (m/z 215), and [M + M + O –
H]+ (m/z 419). The observation of dimer ion [M+M – H]+

(m/z 403) in the spectra of NDM SAMs, which was
absent in the spectra of neat NDM, can provide evidence
indicating the formation of SAMs on copper. Dimers from
NDM SAMs have also been found with other mass spectro-
metric methods such as direct analysis in real time (DART)
mass spectrometry [4] and two-laser mass spectrometry
(L2MS) [29].

Scheme S-1 (in Supplementary Information) shows the
proposed mechanism of the main produced ions based on
Penning mechanism [30–32]. The formation of [M – H]+

(m/z 201) from NDM SAMs and neat NDM is attributed
to charge transfer [30, 31], and the possible mechanism of
the formation of [M + M – H]+ (m/z 403) from NDM
SAMs is attributed to proton transfer and charge transfer
[30, 31]. More details can be seen in the Supplementary
Information. The generation of dimer requires that adjacent S
atoms must be within some minimum distance of each other
[29], which may explain why no dimer is observed in the
spectra of neat NDM.

Figure 3. Positive ion mode mass spectra of (A) PMTA
SAMs on copper surface and (B) neat PMTA. Insert in (A)
represents MS2 product ion spectra of the cation at m/z 147
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It is less likely that the dimers are from the disulfide
impurities of the excessive NDM. First, disulfide was
reported to be poor in the adsorption onto copper surface
because copper was easily oxidized in the air, whereas
disulfide had low affinity for oxidized copper and the
excessive disulfide could be rinsed off easily [2, 33].
Second, it was reported that disulfide actually adsorbed onto
the oxide-free copper surface as two separate alkanethiolate
species, indicating that there was no difference between the
bonding of thiols and disulfides onto copper [29]. Third,
hardly any dimer is observed in the spectra of neat NDM,
which provides evidence that the dimers are not generated
from the disulfide impurities of excessive NDM.

Detection of PMTA SAMs on Copper and Neat
PMTA by LTP-MS

Apart from NDM SAMs, the investigation of l-phenyl-5-
mercaptotetrazole (PMTA) SAMs on copper has been
carried out. Figure 3A shows the mass spectra of PMTA
SAMs on copper in positive mode. The primary character-
istic ions occur atm/z 147 and 119, corresponding to [M+H–S]+

(Fig. 3A, m/z 147) and [M+H–S–N2]
+ (Fig. 3A, m/z 119),

respectively, where M is the PMTA molecule. Figure 3B shows
the mass spectra of neat PMTA in positive mode. The primary
characteristic ion is m/z 149, corresponding to [M–HN2]

+

(Fig. 3B, m/z 149).
The difference of primary characteristic ions between

PMTA SAMs on copper and neat PMTA indicates the
formation of PMTA SAMs, rather than physical adsorbed
PMTA molecules. And the preferred elimination of S atom
from PMTA SAMs demonstrates that S atom plays an
important role in the coordination of PMTA with copper,
which is accordant with previous reports [34–37]. In neat

PMTA the elimination of S atom first is less likely because
breaking C=S is very difficult. The formation of [M + H – S]+

ion (m/z 147) is also attributed to proton transfer and charge
transfer [30, 31]; and then [M + H – S]+ can lose N2 to produce
[M + H – S – N2]

+ (m/z 119), which matches well with the
results of collision induced dissociation (CID) (the insert of
Fig. 3A).

Surface Properties Analysis of SAMs by LTP-MS
in Comparison with Electrochemical Analysis

As described above, LTP-MS can provide direct molecular
information about SAMs on copper. Moreover, in our
experiment, since the data from LTP-MS was in accordance
with that from inhibitor efficiency (IE) and surface adsorp-
tion concentration of corrosive electrolyte surrounding
copper (Γ*), LTP-MS can be a supplementary method for
electrochemical techniques. In this work, NDM SAMs on
copper were illustrated as an example.

Figure 4 shows the SEM images of NDM SAMs on
copper with different immersed time of copper in NDM: 1,
2, 3, 4, 6, and 8 h. It can be seen that when the immersed
time is lower that 3 h, the copper surface is apparently
uneven, indicating a low coverage rate of copper surface by
NDM. When the immersed time reaches 6 h, the rough
surface of copper was almost completely covered, demon-
strating a well-formed layer. It is clearly seen that the density
of NDM SAMs adsorbed on the copper surface gradually
increases as the immersed time increases. Thus, it is
hypothesized that the amount of NDM molecules adsorbed
on copper surface will also increase. The NDM SAMs on
copper with different immersed time (1 , 2, 3, 4, 6, and 8 h)
of copper in NDM were detected by LTP-MS in the
experiment. It is observed that the relative MS signal

Figure 4. SEM images of NDM SAMs on copper with copper immersed in NDM for (A) 1 h; (B) 2 h; (C) 3 h; (D) 4 h; (E) 6 h, and
(F) 8 h. The concentration of NDM is 4.09 M, room temperature
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intensities of characteristic ion [M + M – H]+ (m/z 403) from
copper surface (1 cm × 1 cm) gradually increases with the
increasing immersed time (Fig. 5A); which is consistent with
the inference mentioned above.

The variation trend of barrier properties of NDM SAMs
on copper, with different immersed time of copper in NDM,
was determined by cyclic voltammetry (CV) in NaOH
solution (0.1 M) with the scan rate at 0.1 Vs–1. As can be

seen in Fig. 5B, the CV peak currents decrease gradually
with the immersed time increasing from 0 to 8 h, indicating
an increase of the inhibiting capacity of NDM SAMs.
According to the equations given in Experimental Section,
IE of NDM SAMs and Γ* can be calculated; it is obtained
that with the decrease of the peak current, IE will increase
and Γ* will decrease. The relationship between the im-
mersed time and IE as well as that between the immersed
time and Γ* is shown in Fig. 5C. It can be seen that IE has a
positive correlation with the immersed time while Γ* has a
negative one with it.

The correlations between the relative MS intensities of
[M + M – H]+ and IE and that between the relative
intensities and Γ* are shown in Fig. 6. The correlation
coefficients are 0.97359 (relative intensities versus IE) and –
0.97358 (relative intensities versus Γ*), suggesting a good
correlation between two techniques. Hence, LTP-MS can be
an auxiliary tool for electrochemical method, providing
information on IE as well as Γ* indirectly. Although LTP-
MS cannot supply the value of IE and Γ*, and the analysis
of them by relative MS intensities can only be qualitative;
LTP-MS can indicate the variation trends of the two
parameters with time indirectly.

Figure 5. (A) The relationship of relative MS intensities of
ion [M+M – H]+ (m/z 403) and immersed time. (B) Cyclic
voltammograms of copper with NDM SAMs with different
immersed time, from a to g: 0 h, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h. (C)
Influence of immersed time on (a) IE and (b) Γ*

Figure 6. Correlation of relative MS intensities of ion [M +
M – H]+ (m/z 403) with (A) IE and (B) Γ*. The 95%
confidence limit is marked in the figure
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In addition, through the scan of the copper surface, LTP-
MS can also present us a simplified form of ion distribution
on the SAM with a self-written program, supplying
information about the distribution of the NDM molecules
adsorbed on copper (Supplementary Information).

Conclusions
The LTP-MS provides us with an efficient means of
molecular identification of SAMs on copper, complemented
for electrochemical analysis. At the same time, it can assist
electrochemical techniques in the detection of inhibitor
efficiency (IE) of SAMs on copper and surface adsorption
concentration of the corrosive electrolyte (Γ*) surrounding
copper. Moreover, it supplies the distribution information
about the molecules adsorbed on copper by a simple MS
imaging. LTP-MS will have a great potential in the
application of analytical chemistry.
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