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Abstract
A rapid surface modification technique for the formation of self-assembled monolayers (SAMs) of
alkanethiols on gold thin films using microwave heating in less than 10 min is reported. In this
regard, SAMs of two model alkanethiols, 11-mercaptoundecanoic acid (11-MUDA, to generate a
hydrophilic surface) and undecanethiol (UDET, a hydrophobic surface), were successfully formed
on gold thin films using selective microwave heating in 1) a semi-continuous and 2) a continuous
fashion and at room temperature (24 hours, control experiment, no microwave heating). The
formation of SAMs of 11-MUDA and UDET were confirmed by contact angle measurements,
Fourier–transform infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy (XPS).
The contact angles for water on SAMs formed by the selective microwave heating and
conventional room temperature incubation technique (24 hours) were measured to be similar for
11-MUDA and UDET. FT-IR spectroscopy results confirmed that the internal structure of SAMs
prepared using both microwave heating and at room temperature were similar. XPS results
revealed that the organic and sulfate contaminants found on bare gold thin films were replaced by
SAMs after the surface modification process was carried out using both microwave heating and at
room temperature.
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INTRODUCTION
Plasmonic materials have gained world-wide attention of researchers due to their ability to
manipulate and transport electromagnetic energy at the nanoscale. Our ever increasing
knowledge of the nature of plasmonic materials led to several commercially viable
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technologies, such as, Surface Plasmon Resonance (SPR) 1, 2, 3, 4, Surface Enhanced Raman
Scattering (SERS) 5, 6, 7 and Surface Plasmon Fluorescence Spectroscopy (SPFS). 8, 9, 10

The interest in plasmonic materials is also due to their ability to directly interact with
biological materials and report the changes in the environment of the biomolecules
themselves. Plasmonic materials exist in many forms including as nanoparticles of different
sizes,11 shapes12, 13 and types14, 15, 16 in solution and planar thin films deposited onto solid
surfaces through thermal evaporation, etc. In the technologies mentioned above, the
synthesis and/or construction of the plasmonic materials is followed by surface modification
procedures. 17, 18

There are numerous reported techniques for the surface modification of plasmonic materials
in literature, which include layer-by-layer assembly 17, 19, SAMs 17, 20, covalent
attachment 17, 21, 22, 23 and sol-gels 24. One of the most commonly used surface modification
techniques is the formation of SAMs of alkanethiols on plasmonic materials. The attachment
of alkanethiols onto plasmonic materials is carried out via covalent attachment of the thiol
group of the alkanethiols, where the tail end features another functional group. The
functional groups in alkanethiols are: carboxylic acid (-COOH), hydroxyl and its derivatives
(-OH), amine group and its derivatives (-NH2), which afford for further chemical
modification and non-functional groups such as methyl (-CH3), just to name a few. The
formation of SAMs on planar plasmonic thin films25, 26, 27, 28, 29 takes up to 24 hours due to
the diffusion limited chemisorption of alkanethiols from an organic solvent onto plasmonic
materials deposited onto a solid substrate. In order to overcome the long preparation times,
Whitesides group developed a technique called microcontact printing,30 which affords for
the transfer of SAMs of alkanethiols onto gold surfaces within a few minutes. However, the
microcontact printing technique employs polymer stamps,31, 32 which requires a relatively
tedious process and has inherent performance issues. Consequently, there is still a need to
minimize the duration of the surface modification of plasmonic thin films on solid substrates
with alkanethiols without the need of any additional tools.

Plasmonic gold thin films were previously used in conjunction with microwave heating for
fast and sensitive bioassays for proteins33 and DNA hybridization. 34 In these reports, gold
thin films were deposited onto standard glass microscope slides and then cut into pieces of
1.2×1.2 cm2. The use of smaller pieces of gold thin films prevented the destruction of gold
thin films due to accumulation of electric on the surface (since the size of gold thin films are
less than 1/10th of the wavelength of microwaves at 2.45 GHz, which is 12.2 cm).33, 34

These results were also corroborated via Finite-Difference Time-Domain calculations,
which showed that the temperature of the gold thin films surface was not increased during
microwave heating. 33 In addition, thermal images of the gold thin films during microwave
heating showed that there is a microwave-induced temperature gradient between the bulk
and the gold thin films. 33 These results provided us with the preliminary proof that
plasmonic gold thin films can be used in a microwave-accelerated surface modification
process.

In this work, we report the findings of our approach to rapid surface modification of gold
thin films with alkanethiols using selective microwave heating. Our results revealed that the
formation of SAMs of 11-MUDA and UDET using selective microwave heating were
comparable to those SAMs formed at room temperature. FT-IR results confirmed the
formation of well-ordered SAMs of 11-MUDA on gold thin films. Quantitative analysis of
the SAMs were carried by XPS, which revealed that the organic and sulfate contaminants
present on the bare gold thin films were replaced by SAMs of 11-MUDA or UDET after the
surface modification process at both conditions. The results presented here prove the utility
of our surface modification technique, which affords for the reduction of time for surface
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modification of gold thin films with SAMs from 24 hours (conventional technique) to less
than 10 minutes without the use of any additional tools.

EXPERIMENTAL SECTION
Materials

3-Triethoxysilylpropylamine (APTES)-modified glass slides, 200-proof ethanol, 1-
undecanethiol (UDET), 11-mercaptoundecanoic acid (11-MUDA), 30 wt% hydrogen
peroxide, and sulfuric acid were obtained from Sigma-Aldrich. All chemicals were used
without further purification.

Preparation of solutions
0.5 mM solutions of UDET and MUDA were prepared by dissolving appropriate amounts of
either chemical in 200-proof ethanol. Solutions were stored in clean glass bottles at room
temperature.

Preparation of gold thin films
A continuous gold thin film of 15 nm was applied to silanized slides using a sputter coater
(EMS, model No: 150R S). Slides were then cut into pieces of 2.0×1.5 cm2 using a diamond
tip glass cutter. Individual pieces were checked for an initial contact angle with water of
~66° before use.

Surface modification procedure
A 250 mL beaker was cleaned with piranha solution (3:7 30% hydrogen peroxide/
concentrated sulfuric acid: CAUTION! piranha solution reacts violently with most organic
materials and should be handled with extreme care) and filled with ~100 mL of either
UDET or 11-MUDA solution. Six gold thin films were then arranged in the solution (Figure
S1 and S3, Supporting Information) and the air-tight sealed beaker was left undisturbed for
24 hours at room temperature, or heated in a conventional microwave oven (900 Watts, 0.9
ft3, Frigidaire Model No. FCM09Z03KB, Figure S1, Supporting Information). Gold thin
films were microwave heated for either 1–30 minutes in a semi-continuous fashion or
continuously for 10 minutes at power level 1 (duty cycle: 3 seconds, Figure S2, Supporting
Information). During semi-continuous heating, microwave heating is turned OFF and ON at
the indicated times in Figure S4 (Supporting Information). Readers are referred to one of our
previously published papers35 for detailed description of the duty cycle of the microwave
oven used in this study. It is important to note that the evaporation of solvent was minimal
under our experimental conditions, based on the observations made for the solution before
and after microwave heating (Figure S3, Supporting Information). Upon completing the
allotted time period, gold thin films modified with UDET were washed with deionized water
twice (further rinse attempts resulted in the removal of the gold film from the glass surface);
gold thin films modified with 11-MUDA were sequentially rinsed by deionized water-
ethanol-deionized water.

Temperature measurements inside the microwave cavity
All temperature measurements reported in this study were carried out a using a UMI4
Universal Multi channel instrument from FISO Technologies, Inc. (Canada). A 1-mm thick
fiber optic sensor (model no: FOT-L-SD-C1-F1-M2-R1-ST) was placed through the <5 mm
hole created on top of the microwave cavity into the ethanolic solution of alkanethiols
(Figure S1, Supporting Information). The temperature measurements were carried out
according to the following configuration: 1) the solution when the fiber optic sensor was
placed ~5 cm above the gold thin films for the temperature of solution and 2) directly onto
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the gold thin films for the temperature of gold thin films (Figure S2, Supporting
Information).

Characterization of surface modified gold thin films
The contact angle of modified gold thin films was observed using a Kruss drop shape
analysis system. A 20 ML drop of double distilled water was applied to the gold thin films
and the contact angle with the slide was measured.

FT-IR spectroscopy measurements were carried out using a Cary 630 FT-IR with ATR
accessory. Gold thin films with and without SAMs were placed on the ATR accessory and
256 scans at 2 cm−1 resolution were collected under atmospheric pressure. The raw was
saved in. ascii format ans re-plotted using Sigmaplot without any modification.

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a Kratos
AXIS 165 spectrometer at the Surface Analysis Center at University of Maryland, College
Park. Peak constraints for peak fit were: 2 pair of spin-orbit split components (area ratio
3/2 / 1/2 -> 2:1, spin orbit splitting fixed at 1.18 eV), all peaks restricted to have the same
full width at height maximum. Quantification was done after application of a Shirley
Background. All peaks were calibrated to the hydrocarbon at 284.8 eV. Only one peak in C
region consistent with alkanes was present.

RESULTS AND DISCUSSION
It is important to discuss the crux of the rapid surface modification methodology (depicted
in Scheme 1) before the presentation of the experimental data. We hypothesize that in step 1,
a thermal gradient is generated by microwave heating between the alkanethiol solution in
ethanol and the gold thin film surface due to ~4 orders-of-magnitude difference in the
thermal conductivity of ethanol and gold thin films (i.e., selective microwave heating. The
thermal gradient results in the mass transfer of alkanethiols from the warmer solution to the
cooler gold thin films.34 After the mass transfer process, alkanethiols molecules are
chemisorbed onto the gold thin films (step 2). Finally, it is thought that the SAMs are
formed in an ordered fashion as it would occur using the room temperature incubation of
alkanethiol solution on gold thin films. The microwave-induced thermal gradients in our
system are shown in Figure S4 (supporting Information). When the alkanethiol and the gold
thin films are continuously heated the temperature gradient between these two components
continuously increase up to ~30°C in 10 min. On the other hand, the heating of these two
components in a semi-continuous fashion results in a temperature gradient of ~3°C in 10
min.

Table 1 shows the contact angle measurements for water placed on gold thin films before
and after the application of the surface modification procedure at room temperature and
using selective microwave heating. It is important to note the following experimental
conditions for the surface modification procedures carried out here: 1) in the procedure
involving selective microwave heating, to investigate the effect of microwave heating time,
microwave heating was paused for 10 sec (i.e., semi-continuous heating) at the designated
times given in Table 1 and a sample was removed each time from the beaker containing gold
thin films and the alkanethiol solution, 2) in the surface modification procedure carried out
at room temperature, the gold thin films were immersed in the identical solution
continuously for 24 hours. In this study, to demonstrate the proof-of-principle of our rapid
surface modification technique, two model alkanethiols that convert moderately
hydrophobic bare gold thin films to a hydrophilic (11-MUDA) and a hydrophobic (UDET)
surface were selected. The initial contact angle for water on bare gold thin films before the
surface modification process (t = 0 min) was 66 ± 2°, which was deceased to 39 ± 1° after
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the formation of SAM of 11-MUDA at room temperature for 24 hours (i.e., no microwave
heating, a control sample). The water contact angle on gold thin films modified with 11-
MUDA using selective microwave heating showed a quantitative decrease as the time of
microwave heating was increased up to 10 min. The continuation of microwave heating
beyond 10 min resulted in the cracks on the gold thin films, and subsequently the contact
angle measurements were deemed unusable, as corroborated by the real-color photographs
(bottom of the table) and black and white photographs (right side of the table) obtained
using the video camera of the Kruss drop shape analysis system. The contact angle for water
on gold thin films modified with 11-MUDA using selective microwave heating for 10 min
was 39 ± 1°, identical to that measured from 11-MUDA modified gold thin films prepared at
room temperature. This implies that both the surface modification procedures (microwave
heating and room temperature) produce identical results and the required time for the
formation of SAMs of 11-MUDA was significantly reduced using selective microwave
heating.

Table 1 also shows that the water contact angle on gold thin films modified with UDET
using selective microwave heating showed a quantitative increase from an initial value of 66
± 2° up to 128 ± 6°, as the time of microwave heating was increased up to ~ 8 min. As
observed during the surface modification of gold thin films with 11-MUDA, the prolonged
microwave heating of the gold thin films in a UDET solution (>10 min) resulted in the
destruction of the gold thin films as shown in the real-color images below Table 1.
Subsequently, the water contact angle measurements on gold thin films heated longer than
10 min was unusable. The contact angle for water on gold thin films modified with UDET at
room temperature was 126 ± 6°, which is similar to that measured on gold thin films
modified with UDET using selective microwave heating for 8 min. These observations
imply that while both the surface modification procedures produce identical results, the
required time for the formation of SAMs of UDET was significantly reduced from 24 hours
to ~ 8 min. These observations also imply that the order of SAMs formed on gold thin films
by selective microwave heating were comparable with the SAMs formed by room
temperature incubation of alkanethiols.

Although contact measurements are a useful tool in the characterization of SAMs, it is
important to employ a more definitive characterization technique for SAMs of alkanethiols
produced by selective microwave heating in order to make an appropriate comparison with
those produced by room temperature incubation (i.e. conventional technique). In this regard,
XPS analysis of SAMs of 11-MUDA and UDET on gold thin films and bare gold thin films
(a control sample) was carried also out and the results are given in Figures 1–2 and Tables
2–3. Figure 1 shows the comparison of the XPS results for bare gold thin films and gold thin
films modified with 11-MUDA and UDET using selective microwave heating (MW) and at
room temperature (RT). One can observe that the most relevant peaks for 11-MUDA (Au 4f,
S 2p, C 1s and O 1s) and for UDET (Au 4f, S 2p and C 1s) detected from both surfaces
prepared by selective microwave heating and at room temperature appears to be identical.
The same qualitative observation can be made for all other relevant signals as depicted in
Figure 1. One can also see from Figure 1 that the strong XPS peak relevant to sodium (Na
1s) present in bare gold thin films was completely disappeared after the formation of SAMs
of UDET both using selective microwave heating and at room temperature. This observation
can be attributed to the displacement of sodium (sulfate) ions by the SAMs of UDET. In
addition, the lack of sodium ions on the surface can also be attributed to the presence of
unreactive –CH3 functional groups on UDET. On the other hand, reduced XPS peaks
relevant to sodium were observable on SAMs of 11-MUDA on gold thin films as shown in
Figure 1, which can be attributed to the presence of the –COOH functionality of 11-MUDA
and the interactions of sodium ions with –COOH groups.
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In order to demonstrate the presence of 11-MUDA and UDET on the surface modified gold
thin films using selective microwave heating and at room temperature, C 1s and S 2p peaks
relevant to 11_MUDA (–(CH2)9, –CH2-S, –COOH, S-Au, -SH and –SO4) and UDET (–
(CH2)9, –CH2-S, S-Au and –SH) were plotted and shown in Figure 2. The data shown in
Figure 2 is discussed below in conjunction with the tabulated quantitative data (Table 2 and
3). Table 2 shows the atomic percentage composition for SAMs of 11-MUDA and UDET on
gold thin films as compared to those measured from bare gold thin films. Since it is difficult
to determine the surface coverage accurately from the XPS signals of each component of the
SAMs, the calculation and comparison of the atomic percentage composition for SAMs on
gold thin films and bare gold thin films can be considered as an appropriate approach. For
example, the atomic percentage for C 1s can be miscalculated due to the possible surface
contamination of organic chemicals during the transfer of bare gold thin films to the vacuum
chamber in a laboratory setting. In this regard, Buck et. al. reported that the initial
contamination of carbon species can be as high as 40% of that saturated SAMs on gold
surface,36 which is comparable to our observation on bare gold thin films as shown in Table
2. Typical XPS peaks of C 1s can be attributed to carbon species both in SAMs and surface
contamination by organic chemicals while XPS peaks of O 1s are mainly due to oxygen
species in the surface contamination by organic chemicals. As shown in Table 2, the atomic
percentage of C 1s on the bare gold thin films are approximately 43.5 ± 2.6%. The atomic
percentage of C 1s in the 11-MUDA and UDET modified gold thin films were increased to
56.4 ± 1.6% and 49.4 ± 0.3% when selective microwave heating was used, respectively,
which is due to the attachment of 11-MUDA and UDET onto the gold surface.
Subsequently, the ratio of atomic percentage of C 1s to Au 4f is increased from 1.8 for bare
gold to 2.2 and 2.5 for 11-MUDA-modified gold surface. The C 1s / Au 4f ratio for UDET-
modified gold surfaces is close to 1 to 1.3, since no O 1s peak was detected as a result of the
formation of SAMs of UDET on gold surfaces for both using selective microwave heating
and at room temperature. Figure 2 shows that C 1s peaks exactly match those peaks relevant
to 11_MUDA (–(CH2)9, –CH2-S and –COOH,) and UDET (–(CH2)9 and –CH2-S) on gold
thin films prepared by selective microwave heating and at room temperature. Similar
observations have also been made for SAMs of 11-MUDA and UDET on gold surfaces
prepared at room temperature and for SAMs on gold thin films previously by other
researchers.36

As shown in Table 2, the atomic percentage of O 1s on the bare gold thin films are
approximately 23.3 ± 2.1%, which was significantly reduced to 14.5 to 15% after the
formation of SAMs on 11-MUDA on gold thin films using selective microwave heating and
at room temperature. Most noticeably, no XPS peak for O 1s was detectable on UDET
modified gold thin films prepared using selective microwave heating and at room
temperature, which provides additional evidence for the formation of SAMs alkanethiols on
gold thin films.

In order to confirm that a chemical bond was formed between gold thin films and
alkanethiols by replacing sulfate on the gold surface, we further investigated the XPS peaks
observed between 160–172 eV, as depicted in Figure 2. Figure 2 shows that the binding
energy of S 2p peak for SAMs at 161.5–161.9 eV on 11-MUDA and UDET modified gold
thin films was clearly different from that observed on bare gold thin films at 169.2 eV,
which is a characteristic peak for sulfate. However, the atomic percentage of S 2p on bare
gold thin films (~7.5%, from sulfate) was significantly larger than those measured from 11-
MUDA and UDET modified gold thin films (~2.6%). We attribute this observation to the
deposition of sulfate (sodium) during the preparation of gold thin films while using our
thermal evaporator. These peaks are clearly shown in Figure 2: sulfate peak observed on
bare gold thin films were replaced by a small peak was observed clearly around 161.5 eV.
The peak observed at 161.5 eV can be assigned to As–S bonding on the gold thin films after
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the surface modification by 11-MUDA and UDET using selective microwave heating and at
room temperature.

Table 3 and Figure 2 also summarize the XPS results for sulfate, bound thiol and unbound
thiol measured on bare gold thin films and gold thin films modified with 11-MUDA and
UDET using selective microwave heating and at room temperature. As indicated earlier in
the text, the observed peak in Figure 2 (S 2p) at 168.2 eV on bare gold films is consistent
with sulfate, while the observed peaks between 161.3–163.1 eV and 163.5–164.6 eV are
consistent with bound and unbound thiols, respectively. Bare gold thin films did not display
any peaks for bound or unbound thiols but only for sulfate (Table 3). Table 3 also shows that
the area under the peak assigned to bound thiols was measured to be identical for gold thin
films modified with 11-MUDA using selective microwave heating and at room temperature.
We also observed the presence of sulfate on 11-MUDA modified gold thin films using
selective microwave heating and at room temperature, which was attributed to the to the
presence of sodium and the –COOH functionality of 11-MUDA and the interactions of
sodium ions with the –COOH groups and sulfates. The presence of unbound thiols on gold
thin films are reported by others37 and can be attributed to the occupation of gold surfaces
by other atoms/molecules present.

It is also important to note that in surface modification procedure involving alkane thiols,
due to the high concentration of alkane thiols (~mM) in solution and comparatively small
surface area on the plasmonic gold thin films, only a small fraction of the alkane thiols in
solution can be adsorbed to the gold surface. Subsequently, some of the alkane thiols are
associated in to the SAMs as “unbound thiols” due to the imperfections of the SAMs and
one has to account for the unbound thiols. Table 3 also shows that the area under the peak
assigned to sulfate was negligible after the surface modification of gold thin films with
UDET in all conditions. In addition, the extent of area under the peaks for bound and
unbound thiols showed an increase for gold thin films modified with UDET, which is
consistent with the replacement of sulfate by thiols and the lack of interactions of sulfate
with the SAMs of UDET. The comparison of the extent of bound and unbound thiols on
gold thin films modified with UDET at room temperature and selective microwave heating
reveals that the extent of bound thiols on SAMs prepared using microwave heating are
significantly larger than those measured on SAMs prepared at room temperature. Although
we do not have the full explanation for such an observation at this time, it can be partially
attributed to our hypothesis that microwave heating accelerates the formation of chemical
bonds between the gold thin films and alkanethiols and the organization of SAMs, such that,
the extent of unbound thiols on the samples are reduced by shifting the equilibrium in favor
of thiol adsorption. At room temperature, since the formation of SAMs require longer
incubation times (24 hours), the equilibrium between the unbound and bound thiols are
maintained at a higher value than that observed from microwaved heated samples. It is
important to note that due to the proof-of-principle nature of this work, the comparison of
the contact angle measurements and XPS results obtained using our rapid surface
modification technique directly with those obtained using a well-established surface
modification technique carried out at room temperature provides sufficient evidence for the
validity of our technique.

In addition to contact angle measurements and XPS data, we have evaluated the SAMs using
FT-IR spectroscopy (Figure S5, Supporting Information). FT-IR spectrum of the gold thin
films modified with 11- MUDA showed a spectrum fundamentally similar to the absorbance
spectrum of 11- MUDA in its isotropic sample; it showed C-H stretches in asymmetric and
symmetric modes at 2920 cm−1 and 2850 cm−1, respectively. The comparison of these IR
bands to those of a crystalline polymethylene chain (2920 cm−1 and 2850 cm−1) or in the
liquid state (2928 cm−1 and 2856 cm−1) reveals that the 11-MUDA monolayers on our gold
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thin films are “solid-like” in nature. The C=O stretch at 1734 cm−1 associated with
asymmetric (1647 cm−1) and symmetric (1542 cm−1) COO- stretches is characteristic of an
organic carboxylic acid compound. The additional IR peaks at 1455 cm−1 and 1257 cm−1

can be attributed to C-H deformation and C-O stretch, respectively. The FTIR spectrum for
UDET on gold thin films shows that there are three major vibrational modes around 2885,
2922–2925, and 2975 cm−1. They are assigned to the, -CH3 symmetric stretch, -CH2
asymmetric stretch, and -CH3 asymmetric stretch modes, respectively. The peak measured at
2922–2925 cm−1 (-CH2 asymmetric stretch) for SAMs of UDET on gold thin films indicates
that the alkyl monolayer are as ordered and closely packed as those observed for SAMs of
11-MUDA on gold thin films. This observation is line with the variation in our contact angle
measurements for SAMs prepared at room temperature and using microwave heating and
can be attributed to lower surface coverage of SAMs of UDET on our gold thin films.

Based on the successful demonstration of rapid surface modification of gold thin films with
alkanethiols using selective microwave heating applied in a semi-continuous manner, we
subsequently investigated whether continuous microwave heating can also be utilized for
rapid surface modification procedure. Table 4 shows the contact angle measurements for
water on five different gold thin films modified with alkanethiols using continuous selective
microwave heating. In these experiments, the microwave heating of 11-MUDA and UDET
solutions containing gold thin films were carried out continuously for 10 and 8 min,
respectively. The contact angle for water on gold thin films modified with 11-MUDA using
continuous microwave heating was 33 ± 7°, which is similar to that observed using semi-
continuous microwave heating (38 ± 2° at 10 min) and at room temperature (39 ± 5°). The
real-color photographs of the gold thin films taken after continuous microwave heating show
that gold thin films were not affected by the microwave heating (i.e., no visible cracks).
These observation imply that one can both employ semi-continuous and continuous
microwave heating for the rapid surface modification of gold thin films with 11-MUDA.

Similar observations were made for gold thin films modified with UDET using continuous
microwave heating: the contact angle for water on gold thin films modified with UDET
using continuous microwave heating was 116 ± 3°, which is slightly lower than that
observed on UDET-modified gold thin films using semi-continuous microwave heating (126
± 2° at 8 min) and at room temperature (126 ± 6°). The real-color photographs of the gold
thin films modified with UDET taken after continuous microwave heating show the
presence of multiple cracks in most of the gold thin films, which partially explains the
slightly lower water contact angle observed on these surfaces. Based on these observations,
for the successful and rapid surface modification of gold thin films with UDET, the use of
microwave heating in a semi-continuous fashion is recommended. Our research laboratory is
currently working on the application of selective microwave heating to rapid surface
modification of other metal thin films using a wide range of alkanethiols. The results of
these studies will be reported in due course.

CONCLUSIONS
A rapid surface modification procedure, based on selective microwave heating of gold thin
films in the presence of alkanethiols solution, was demonstrated. SAMs of two model
alkanethiols, namely, 11-MUDA and UDET, on 15 nm thick gold thin films were prepared
within 10 min using selective microwave heating in a semi-continuous and continuous
fashion, and was compared to SAMs of these alkanethiols prepared using room the
conventional room temperature incubation technique, which took 24 hours to complete.
Contact angle measurements were employed for the characterization of SAMs of
alkanethiols prepared by our technique and the conventional technique. These experiments
showed that the water contact angle on gold thin films (2.0 × 1.5 cm2) had a similar value
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after the surface modification process using both our technique and the conventional
technique. More definite characterization techniques (i.e., FT-IR and XPS) were also
employed to gain more insights into our surface modification technique. FT-IR studies
revealed that SAMs of 11-MUDA on gold thin films were well ordered and closely packed,
while SAMs of UDET were concluded to be less ordered, based on the location of the –CH2
asymmetric stretch peak occurring closer to that measured from UDET in solution. XPS
results confirmed the presence of the chemical bond between gold and alkanethiols. The
extent of surface contamination of bare gold thin films by organic chemicals and sulfates
was observed to be similar to those previous reports found in the literature. One of these
major contaminants in our samples, i.e., sodium sulfate, was found to be completely
replaced by SAMs of UDET after the application of surface modification using selective
microwave heating and at room temperature. Sulfates were still detected after the formation
of SAMs of 11-MUDA using both surface modification techniques, which was attributed to
the interactions of sodium with carboxylic acid functionality of 11-MUDA and sulfates.
XPS peaks for bound and unbound thiols were clearly detected from 11-MUDA and UDET
modified gold thin films using our technique and the conventional technique. The data
presented in this work provides direct evidence for the utility of our surface modification
technique, which afforded for the significant reduction of time for surface modification of
gold thin films with SAMs from 24 hours (conventional technique) to less than 10 minutes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the XPS results for gold thin films modified with 11-MUDA and UDET
using selective microwave heating (MW) and at room temperature (RT) and bare gold thin
films.
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Figure 2.
Comparison of the selected regions (C 1s, S 2p) of the XPS results for gold thin films
modified with 11-MUDA and UDET using selective microwave heating (MW) and at room
temperature (RT).
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Scheme 1.
Schematic depiction of rapid surface modification of gold thin films with alkanethiols using
selective microwave heating.
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Table 1

Contact angle of a 20 μL water droplet on gold thin films modified with 11-MUDA and UDET using selective
microwave heating for up to 30 min. Microwave heating was paused at the indicated times and was continued
after the removal of one of the gold thin films. Contact of angle of water on gold thin films modified with the
identical alkane thiols at room temperature is also shown. RT-Room Temperature. *Surfaces were destroyed.
Sample number is 5 for each data point.
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