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The results of imagingµCP printed monolayers using sum frequency generation vibrational spectroscopy are
presented, where the image contrast is based on the orientation of the terminal methyl groups. The printed
regions contain thiols with 16 carbon atoms (even), and the backfilled regions contain 17 carbon atoms (odd).
In the odd/even effect, the terminal group alternates its orientation as the number methylene group changes
from even to odd. On the basis of this result, SFG imaging microscopy (SFGIM) is used to image the C16
and C17 regions where the difference is based on the orientation of the terminal methyl group. Furthermore,
we compared the patterns formed by C16/C17n-alkanethiols and C16/C17 aliphatic dithiocarboxylic acids.
We find that the dithiocarboxylic acids form much-better patterns where the degree of mixing between the
stamped and backfilled regions is reduced compared to then-alkanethiols. Furthermore, this results shows
that SFGIM is a useful technique to visualize monolayers based not only on the chemical functionality but
also on the surface orientation of the adsorbates.

Introduction

Patterned surfaces are used for a myriad of applications in
the fields of electronics, sensing, and medical diagnostics.1,2

Microcontact printing (µCP) is a particularly convenient and
versatile technique for creating patterned surfaces with selected
terminal group functionality.1,3-5 With µCP, the resolution of
the pattern depends on several factors, including the precise
nature of the molecules used in the stamping and backfilling
steps.

Several methods have been developed that are able to image
patterned surfaces based on chemical composition. In recent
years, microspectroscopy with X-rays and atomic force micros-
copy have gained popularity in this area, particularly with regard
to the imaging of electronic materials.6-9 Molecular electronics
that use organic thin films and monolayers that are spatially
positioned in a device must be evaluated locally to gauge their
performance at the molecular level. In particular, the density,
orientation, and conformation of the molecules in the films may
influence the conductivity, capacitance, rectification, and po-
larization of the device.10 Therefore, experimental methods that
have the capacity to investigate the integrity of the film at the
molecular level with spatial resolution are very useful.

Often, self-assembled monolayers (SAMs) with various
terminal functionalities are used to control the parameters of
the film, such as the alignment of the molecules in a certain
orientation or in a liquid crystalline phase. Field-effect transistors
that depend onπ-conjugation represent a particularly relevant
example of this type of system.7 Sum frequency generation,
SFG, spectroscopy has the advantage of providing molecular
specificity and surface sensitivity and is able to deduce
orientation of molecules on the surface.11,12 As an imaging
technique, it is capable of providing spatial resolution on the
order of 1µm.13,14

This study demonstrates a new approach to the imaging of
micropatterned surfaces by utilizing SFG spectroscopy to detect
contrast arising solely from the different orientation of the
terminal methyl group of patterned SAMs on gold having odd
versus even chain lengths. The systematic variation in terminal-
group orientation of SAMs is well-known15 and is commonly
referred to as the “odd-even” effect.16 Previous research found
that the odd-even effect for SAMs on gold derived from
aliphatic dithiocarboxylic acids (i.e., CH3(CH2)nCS2H) is dra-
matically greater than that found for analogous films derived
from simple n-alkanethiols (i.e., CH3(CH2)nSH). The SFG-
derived images in Figure 1 support this conclusion by showing
dramatically enhanced contrast for the surfaces patterned with
dithiocarboxylic acids, where the chains vary only by the length
of a single methylene group.

Background

Sum Frequency Generation Spectroscopy.Sum frequency
generation is a nonlinear vibrational spectroscopic technique
that is used to detect molecules at the surface of a material.
The technique involves overlapping two pulsed laser beams at
the surface: one visible beam and one frequency tunable infrared
beam, generating a third beam with a frequency that is the sum
of the two input frequencies. When the infrared light is resonant
with a surface vibrational mode, there is an increase in the
nonlinear susceptibility,â(2), which is related to the SFG
intensity,ISF:

whereøI JK
(2) is the second-order nonlinear surface susceptibility

and theE(ω) terms are light field amplitudes. The tensor,øI JK
(2) ,

contains the information related to the interfacial structure. The* Corresponding authors. E-mail: trlee@uh.edu; sbaldelli@uh.edu.
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resonant portion contains the vibrational information of the
molecules,øR

(2), whereas the nonresonant susceptibility is due
primarily to the metal substrate,øNR

(2) :

whereωIR andωq are the infrared frequency and the resonant
frequency of theqth vibrational mode, respectively. The
damping factor of the vibration isΓ. TheAq term, line strength,
contains information on the infrared and Raman transition
moments:

whereN is the number of molecules generating signal, and〈â〉
is the orientational averaged hyperpolarizability, which is the
product of the infrared and Raman transition moments.

The orientation of the molecules at the surface is determined
by a comparison of peak intensities of various vibrational
modes.17 For this analysis, molecular hyperpolarizibilities are
calculated using bond additivity models and Raman depolar-
ization ratios. Using eq 3, the molecular properties are related
to the macroscopic surface susceptibility,ø(2). The SFG experi-
ment measures an effective surface susceptibility. Once this
measurement is made, the experimental values are then related
to the calculated values, and the orientation is determined.18,19

This simple analysis assumes free rotation about theC3

symmetry axis for methyl groups, an isotropic surface plane,
and aδ-function distribution of tilt angles from the surface
normal.17,19-25

Experimental Section

SFG Imaging. The recently developed technique of sum
frequency generation imaging microscopy (SFGIM) provides
images of the surface, where the contrast is based on the inherent
vibrational spectrum of the adsorbed molecules.14,26 In this
experiment, SFG vibrational spectroscopy involves the spatial
and temporal overlap of a fixed 1064-nm beam and a frequency-
tunable IR beam that generates the SFG beam at a particular
wavelength. The generated SFG signal is imaged onto a CCD
camera.14 All experiments were performed with the two input
beams set to p polarization, where the output beam is necessarily
p-polarized.14 Images and spectra were obtained by continuously
scanning the infrared frequency at 0.02 cm-1/s and averaging
the SFG signal over a 5-cm-1 interval. Each image acquisition
was 5000 shots/image from 2800-3100 cm-1. Local spectra
were obtained by averaging a local region of the surface in the
pattern with an approximate area of 60× 60 µm2 area.
Vibrational spectra were acquired by extracting the signal
intensity from the images and plotting it as a function of the
infrared frequency using Origin software.14

Sample Preparation. The synthesis, characterization, and
purification of alkanethiols and alkyldithiocarboxylic acids have
been presented previously.27,28 The gold substrate was rinsed
with ethanol and dried with nitrogen gas. The PDMS stamp
was saturated with the C16 dithiol in solution for 30-60 s, dried
with nitrogen gas, and carefully placed onto the gold substrate
for about 15 min. After the printing, the stamp was removed,
and the substrate was rinsed with ethanol and dried with nitrogen
gas. Then, the substrate containing the stamp features was placed
into the C17 dithiol solution (backfilling) for 5 min, removed
from solution, and dried under flowing N2 gas.29,30 Solution-
deposited films prepared made by submerging gold films in 1
mM ethanolic solutions of the thiol for 18 h. After sample
preparation, theµCP gold films were aligned in the SFG
microscope for imaging/spectroscopy. All SFG experiments
were performed in air at room temperature, 23°C.

Results and Discussion

In a well-ordered alkanethiol monolayer on gold, the meth-
ylene chains typically adopt a predominantly all-trans conforma-
tion and are SFG-silent.31 This consistent methylene confor-
mation in the assembly does not give any SFG signal because
it is considered to have inversion symmetry. SFG signal is
generated only when molecules lack the inversion property
where the molecules are both IR- and Raman-active. As the
number of methylene groups in the alkyl chains alternates
between odd and even, the terminal group also alternates in its
orientation (i.e., tilt with respect to the surface normal).16 This
phenomenon is also accompanied by an alternation in surface
energy and various interfacial properties such as wettability,27,32

Figure 1. SFG image of C16/C17 printed/backfilledµCP-generated
films: (A) aliphatic dithiocarboxylic acids, (B)n-alkanethiols, and (C)
optical microscope image of PDMS stamp used in theµCP. Switching
the molecules used for printing and backfilling gave the same contrast.

ø(2) ) øR
(2) + øNR

(2) ) ∑
q

Aq

ωIR - ωq + iΓ
+ øNR

(2) (2)

øR ∝ N〈â〉 (3)
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friction,33 and reactivity.34 Furthermore, this effect is observed
in the vibrational spectroscopy of SAMs by virtue of the
“infrared dipole selection rule”. This rule states that, on a metal
surface, only the vibrational transitions with a normal mode
component along the surface normal appear in the infrared or
SFG spectra.35,36

The symmetric and asymmetric modes of the methyl groups
are orthogonal. Consequently, as theC3 axis of the CH3 group
tilts from 0° to 90° along the surface normal, the ratioICH3(sym)/
ICH3(asym), which is denoted asRCH3, also changes.

The peak assignments for all of the shown spectra are the
following: 2875, 2938, and 2965 cm-1, which corresponds to
the terminal methyl (CH3) symmetric stretch, Fermi resonance,

and the CH3 asymmetric stretch, respectively. The other weak
vibrational stretches present in the spectrum at 2850 and 2915
cm-1 are the methylene (CH2) symmetric and asymmetric
vibrational modes, presumably, due to gauche defects in the
alkyl chains.37-39

As the terminal group changes orientation due to the odd-
even effect, the dynamic dipole projection on the surface normal
also changes.35,40Thus, both IR and SFG spectroscopy are highly
effective probes of the odd-even effect on metal surfaces.15

There are three primary mechanisms for the contrast observed
in the SFG images shown in Figure 1: (1) the degree of
conformational order of the molecules in the monolayer, (2)
the tilt angle of the molecules, and (3) the limited exchange/

TABLE 1: Intensity Values of CH 3 Peaks in the SFG Spectrum of SAMs on Gold Derived by Curve Fitting to Eq 1a

n-alkanethiolate n-alkane dithiocarboxylate

solution C16 C17 C16/C17 C16 C17 C16/C17

ICH3(sym) 7.1 5.5 9.3 6.6
ICH3(asym) 6.8 11.6 7.1 16
RCH3) ICH3(sym)/CH3(asym) 1.0 (35°) 0.47(54°) 1.7 1.3(31°) 0.41(60°) 2.2
pattern
ICH3(sym) 17.9 10 5.6 1.9
ICH3(asym) 21.5 21.2 7.2 13.7
RCH3) ICH3(sym)

/ ICH3(sym) 0.83 (38°) 0.47(54°) 1.3 0.91(37°) 0.3(>65°) 3.0

a Values in parentheses are the estimated tilt angles from Figure 4.

Figure 2. SFG spectra of (a) solution-deposited C16/C17n-alkanethiol, (b) C16/C17 dithiocarboxylic acid, (c) C16/C17n-alkanethiol patterned/
backfilled, and (d) C16/C17 dithiocarboxylic acid patterned/backfilled. The SFG intensity scale is in arbitrary units without normalization. Black
curves are for C16 and blue are for C17.

Letters J. Phys. Chem. C, Vol. 111, No. 32, 200711753



diffusion of molecules between stamped and backfilled regions
on the surface during preparation.

In this experiment, the ratio between the symmetric and
asymmetric CH3 stretch (RCH3) alternates in magnitude as the
chain length alternates between even and odd numbers of carbon
atoms (C16/C17). The alternating magnitude ofRCH3 is one
reason for the contrast observed in the SFG image because the
bulk vibrational spectra are identical. Table 1 shows that the
magnitude ofRCH3

C16/RCH3
C17 for solution-deposited dithiocar-

boxylic acids (2.2) is greater than that for analogous normal
alkanethiols (1.7). We attribute this difference in magnitude to
a difference in orientation for these two classes of molecules27,28

because no mixing is possible for these independent solution-
deposited samples.

Figure 1A and B shows contrast based on orientation. These
two images were taken at 2965 cm-1 where there is a resonance
of the CH3 asymmetric stretch vibrational mode. The dark areas,
as seen, are from the backfilled region of the C17 molecules
on the gold surface, and the bright areas are the regions where
the C16 molecules are stamped.

The contrast is a result of a difference between the SFG
signals of the odd/even thiol molecules at 2965 cm-1. As the
SFG intensity difference between both molecules becomes
greater, the contrast observed in the images between the two
regions increases. This difference in SFG signal is shown in
Figure 2d.

The contrast depends on the orientation sensitivity of the
vibrational mode. For example, the SFG taken at 2875 cm-1,
shown in Figure 3B, does not illustrate a significant contrast
compared to the contrast shown by the SFG image taken at
2965 cm-1 in Figure 3A. Comparing these images with their
corresponding spectra (in Figure 2d), the resonance peak of the
CH3 symmetric stretch (2875 cm-1) is the same compared with
difference observed at 2965 cm-1. Thus, this change in contrast
is inferred to be based on the change in orientation of the
terminal methyl group of the chain (odd/even effect) as it affects
the variation in the SFG intensity.

Quantitative comparison of the intensity ratio (RCH3
C16/

RCH3
C17) for the solution-deposited monolayers relative to that

for the µCP monolayers can then be a useful measure of the
degree of mixing (during backfilling) between the C16/C17
molecules in the latter system. Table 1 shows that the magnitude
of RCH3

C16/RCH3
C17 for µCP monolayers of dithiocarboxylic acids

(3) is greater than then-alkanethiols (1.3). A ratio of 1.0 would
indicate complete mixing, and no contrast in the SFG image
would be observed. Thus, the ratios obtained here suggest that
the n-alkanethiolates are more labile than the aliphatic dithio-

carboxylates in microcontact-printed films during the backfilling
steps in solution.

The magnitude ofRCH3 can be used to estimate, qualitatively,
the orientation of methyl groups with respect to the surface
normal.19,22,35,36,41Likewise, the amplitude ratios were extracted
via peak-fitting of the SFG spectra in Figure 2. The value of
RCH3 for solution-deposited C16-dithiocarboxylic acid was 1.3,
which corresponds to a tilt orientation of 31° from surface
normal; similarly, for C17-dithiocarboxylic acid, it was found
to be 0.41 with a corresponding tilt angle of 60°. Estimation of
the orientations for the SAMs derived from C16 and C17
n-alkanethiols gave 35° and 54°, respectively.42,43 For the
patterned monolayers, these values are markedly different:
SAMs derived from the patterned C16/C17 dithiocarboxylic acid
gave apparent methyl group tilts of 37° and>65°, respectively,
whereas those derived from the patterned C16/C17n-alkanethiol
gave tilts of 39° and 54°, respectively. As noted above, the
difference between the solution-deposited and patterned samples
could be due to molecular mixing in the latter system.14 Thus,
as the degree of mixing betweenµCP and backfilled regions
increases, the contrast in the SFG image decreases.

Contrast in SFG images is due to (1) fundamental differences
in the SFG spectra of adsorbed molecules, (2) the degree of
coverage, (3) incomplete mixing between various molecules,
and (4) the conformational order and/or orientation of the
molecules on the surface. On the basis of previous work10 and
the SFG imaging data obtained here, we conclude that dithio-
carboxylic acids, when compared ton-alkanethiols, provide
domains with greater contrast and boundaries with better edge
resolution. The enhancements afforded by the dithiocarboxylic

Figure 3. These are the SFG images of the C16/C17 dithiocarboxylic acid microcontact printed SAMs on gold where (A) an image taken at 2965
cm-1 and (B) an SFG image taken at 2875 cm-1.

Figure 4. Plot of CH3(sym/asym) intensity ratio vs tilt angle from the
surface normal (θ). Shown is an example with a ratio of 0.8 that
corresponds to a tilt angle of 39°.
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acids likely arise from the chelating nature of the adsorbate,27,28

which limits molecular diffusion and/or exchange during the
backfilling process.3,14,44 Finally, these studies have demon-
strated a unique strategy for imaging micropatterned surfaces
that relies solely on differences in terminal group orientation.
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