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ABSTRACT: Sum frequency generation (SFG) microscopy was used to investigate -0

the structure and orientation of multidentate alkanethiolate monolayers on gold
surfaces. Adsorbate molecules in which one, two, or three sulfur atoms coordinated to
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the surface of gold afforded self-assembled monolayers (SAMs) with controlled

spacing between the alkyl chains. SFG imaging was used to determine the orientation
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of the molecules on the surface and to visualize spatial variations across the surface. _
. . . . . . . IREI 1:1 telescope
Using SFG imaging, the average orientation of the terminal methyl group is measured

as well as the standard deviation. Further, the presence of film defects is measured by the CH,/CHj intensity ratio and the
distribution quantified through the standard deviation. The results demonstrate that the tridentate adsorbate forms a monolayer in
which the alkyl chains are highly disordered on the surface when compared to SAMs derived from normal alkanethiols (i.e.,
monodentate adsorbates). The results are consistent with a model in which the tridentate alkanethiols generate SAMs with lower
alkyl chain density. SFG microscopy provides a detailed view of the origin of the monolayer disorder by statistical spectroscopic

analysis of the surface.

B INTRODUCTION

Self-assembled monolayers (SAMs) offer well-controlled and
structurally ordered surfaces that can be used in a variety of
studies and applications, including adhesion, wetting, corrosion
inhibition, and lubrication." SAMs have also been widely
investigated and used in biological systems, optical systems,
nanoelectronics, information storage, and the fabrication of
biosensors.' > To determine the chemical and physical proper-
ties of SAMs (e.g, thickness, roughness, molecular structure, and
chemical composition), the monolayers have been characterized
by a variety of techniques, such as ellipsometry, contact angle
goniometry, spectroscopy (electronic and vibrational), and
imaging.

One of the more revealing techniques used to characterize
SAMs is sum frequency generation imaging microscopy
(SEGIM).*"'° This technique can be used to provide the
chemical identification and distribution of the adsorbed mole-
cules on the substrates. This paper examines the chemical
properties of multidentate alkanethiolate SAMs in terms of
packing density, distribution, and conformational order using
mapping analysis with SEGIM.

Three types of alkanethiolate SAMs with different alkyl-to-
sulfur atomic ratios (Figure 1) were analyzed to explore the
influence of the degree of chelation on monolayer structure.

Self-assembled monolayers (SAMs) consist of ordered mo-
lecular assemblies by chemisorption of molecule on a substrate.""
To vary the properties of SAMs, the substrate can be changed
and/or the adsorbate molecules can be chemically modified for a
desired application or study. For the latter, one can vary the
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nature of the headgroup and/or tailgroup of the molecule before
deposition. Moreover, one can also study the reaction or
response of the monolayers by exposing the chemisorbed
monolayers to selected reagents or reaction conditions.'> The
preparation conditions can also be modified by changing the
temperature, solvent, and duration of deposition.

Recently, nonlinear optical imaging has become a useful
technique in the analysis of SAMs. In particular, second-harmo-
nic generation (SHG) has been effectively used in studies of
biological molecules.”>"* SHG microscopy is a far field imaging
method and a second-order nonlinear spectroscopy, which
makes it a surface-sensitive technique; however, it provides
electronic structure information on the interface, which is not
always easy to interpret without specific labeling or any initially
surface-active system. Coherent anti-Stokes Raman spectroscopy
(CARS)*** s also useful in providing spatially resolved vibra-
tional spectra of the system, but being a third-order nonlinear
process, CARS is not an interface-specific technique. More
recently, sum frequency generation imaging microscopy
(SFGIM) has been developed and used for imaging solution-
deposited and patterned SAMs. This technique is advantageous
because it is a vibrational spectroscopy, where external labeling is
not required to achieve sensitivity, and it is inherently surface
specific.s 102529
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Figure 1. Structures of the chelating alkanethiols: (A) n-octadecanethiol
(monodentate), (B) 2-monohexadecylpropane-1,3-dithiol (bidentate), and
(C) 1,1,1-tris(mercaptomethyl)hexadecane (tridentate).

Sum frequency generation (SFG) is a vibrational spectroscopy
involving a second-order nonlinear process; therefore, it is a
surface-sensitive and viable technique for the characterization of
monolayer films.>*" The technique involves the overlapping of
two pulsed laser beams at the surface—a fixed visible beam and a
tunable infrared beam. The overlap creates a third beam with a
frequency that is the sum of the two input frequencies. When the
IR beam matches a resonance of a specific vibrational mode of an
interfacial molecule, the SFG intensity, Iszg, is enhanced.”> As
shown in eq 1,

2
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the intensity of the SFG su{,nal is related to the second-order
nonlinear susceptibility, " ~, and the amplitude of the incident
beams, E; (a)IR) and Ei(wy;). The susceptibility x ) is a third
rank tensor that contains information regarding interfacial prop-
erties (eq 2).
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The tensor is the summatlon of resonant (XR( ) ) and nonreso-
nant susceptlblhtles (}(NR 2% ). The nonresonant susceptibility
(XNR ) arises from the substrate (in this study, gold), while the
resonant susceptibility (XR( ) contains vibrational information
of the interfacial molecules (the SAMs).*°

In eq 2, wig is the corresponding IR frequency, w, is the
vibrational resonant frequencies of the gth vibrational mode, and
I' is the damping factor. The A, term contains information
regarding the infrared and Raman transition moments.

= N(B®) (3)

Thus, ¥ is proportlonal to the number of molecules (N) and
the orientational averaged hyperpolarizability (5 2)), which is the
product of infrared and Raman transition moments.*”*"**3* The
average, (), is often assumed to be a delta-function or Gaussian
function of various widths. The vibrational spectrum of the
surface molecules is derived by plotting the SFG intensity as a
function of IR wavelength.

The efficient collection of the SFG photon signals is expected
because SFG is directional due to its unique phase-matching
conditions. To achieve an efficient phase matching condition, the
proper phase relationship between the interacting waves for
optimum nonlinear conversion must be maintained along the
propagation direction. In relation to imaging, this condition is
also responsible for lateral resolution, since the SFG beam, which
contains all the details of a surface, is directional; therefore, a
differentiation between the features on the surface can be
spatially resolved.>> ™%’

The SFG microscope is capable of characterizing an interface
of a specific sample such as a SAM on gold by determining the
chemical composition, contrast/phase transition, and resolution.
It is able to determine both the spatial and chemical nature of the
molecules on the surface and thus represents an excellent
technique for the chemical imaging of surfaces, where averaging
the signal of the whole sample is not sufﬁc1ent to reveal detailed
structural and orientational properties.”

A major goal of this study is to establish a quantitative link
between the statistical image analysis of SFG microscopy and the
classical average interpretation of the SAMs by techniques such
as contact angle. Here a correspondence is made between the
standard deviation of the measured distributions and the disorder
on the film as established by previous ensemble average methods.

B EXPERIMENTAL SECTION

Materials. n-Octadecanethiol (monodentate) was purchased from
Sigma-Aldrich and used as received. The 2-monohexadecylpropane-
1,3-dithiol (bidentate) and 1,1,1-tris(mercaptomethyl)heptadecane
(tridentate) adsorbates were synthesized by known methods; the
experimental details and complete characterization of the molecules
can be found elsewhere.*®** Gold shot was obtained from Americana
Precious Metals (99.99%). The solvent used to prepare SAMs from
the monodentate and bidentate alkanethiols was absolute ethanol from
Aaper, while dimethyl sulfoxide (DMSO) from Sigma-Aldrich was
used to prepare the tridentate SAM.*

Gold Film Preparation. Si(100) wafers were precleaned with
absolute ethanol prior to coating with a 10-nm chromium
adhesion layer. A 100 nm gold film was then evaporated onto
the substrate.

Growth SAMs on Gold. The gold substrates were immersed
in a 1-mM solution of the indicated adsorbate molecule for the
formation of the monolayers. After equilibration for 18 h, the
SAM-coated substrate was washed with ethanol to remove any
physisorbed molecules and impurities. The sample was blown
dry with a stream of N, gas before characterization.

Laser System and SFG Microscope Setup. The laser used
was a picosecond pulsed Nd:YAG laser (Ekspla) with a 20 Hz
repetition rate.* It generates a fundamental 1064 nm beam that
pumps an optical parametric generator/amplifier (OPG/OPA)
manufactured by LaserVision. This parametric system can gen-
erate a tunable infrared (IR) beam from 2000 to 4000 cm™ . The
fundamental 1064 nm and tunable IR beams were used to
generate the SFG signal from the surface. The schematic diagram
of the microscope is shown in Figure 2, where the incident angles
of the tunable IR and the 1064 nm beams were 70.0° and 60.0°
from the surface normal, respectively. Both beams were over-
lapped at the same time and spaced to generate the SFG signal.
The SFG signal was calculated and detected at 62 1°. Both of the
incident beams were set at p-polarization.*>® The current
microscope design has a spatial resolution of 2 ym.

Data Collection, Processing, and Mapping Analysis. The
data were collected by continuously scanning the IR at a fixed
scan rate and averaging the SFG signal over a range of 5 cm™ '
interval with 5000 shots per data point (wavelength). At a certain
region-of-interest (ROI) and specific wavelength, the pixels were
averaged to acquire spectral data, and Origin 7.0 was used to plot
and fit the peaks of the spectra. Spectra were curve-fitted using
the Lorentzian peak function for the analysis of peak amplitude,
wavenumber, and width, according to eq 2.
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In the mapping analysis, a local ROI of 25 x 25 ym” pixel area
over 825 X 825 um” pixel entire image area was used. The SFG
data points in each of the 25 x 25 um” pixel area were extracted
using a macro program plug-in with Image] software.*' Each
spectrum was plotted and fitted to a Lorentzian fit function. Each
spectrum is normalized to the 2980 cm ™' wavelenth, as this is the
position of highest intensity. This is important since the laser
beam has a Gaussian intensity profile which makes the center of
the image approximately 30% higher in intensity than the edges.

Since only peak ratios are used in the spectral analysis, this
method allows for comparison between the various ROL The
intensity ratios of the CH; asymmetric (asym)/CH; symmetric
(sym) vibrational stretches were used for the tilt angle
analysis**** and the ratios of CH,(sym)/CHj;(sym) were used
for the gauche defect analysis.’”**** These values were re-
mapped onto the surface to provide two-dimensional contour
plots that show the spatial distribution of the intensity ratios.
Also, the ratio values were plotted to provide a histogram of

1064 nm beam

tunable IR beam

sample surface

Figure 2. SFG imaging microscope setup showing the angles of incident of IR and 1064 nm beam and the angle of SFG signal generated. The following
are the corresponding microscope parts: (A) 1:1 telescope, (B) diffraction grating, (C) microscope system, and (D) CCD camera detector.
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Figure 3. Spectra of stack images of 25 x 25 um® pixel area at different portions of the 825 x 825 um® pixel area image: A—E shows the spectra at
different area. The average spectrum is also shown in Avg. This is the image obtained from monodentate alkanethiol SAM.
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distribution analysis, which reveals the number of counts/
occurrences or population of the specific intensity ratio.

B RESULTS AND DISCUSSION

Figure 3 shows a representative 825 x 825 um” pixel area
image of the monodentate SAM, which was divided into a 25 X
25 yum” pixel area (1 pixel = 1 um), giving a total of 1089 regions.
From Figure 3b—f, the spectra vary from region to region and
also show a difference from the spatially averaged spectrum, as
shown in Figure 3a.

The vibrational peaks observed for all of the SAMs at 2875,
2938, and 2967 cm " correspond to the terminal methyl (CH,)
symmetric stretch, Fermi resonance, and CHj; asymmetric
stretch, respectively. For the methylene group (CH,), the
symmetric stretching and Fermi resonance [or CH,(asym) since
the assignment is not firmly assigned] stretching peaks are
positioned at 2850 and ~2915 cm ', respectively, as shown in
the spectrum (Figure 4). These vibrational stretches are assumed
to arise from gauche defects in the alkyl chains.* An additional
peak at 2904 cm™ ! is also assigned to the Fermi resonance of the
CH, symmetric stretch.*>* ™

Increasing the number of terminal sulfur atoms per alkyl chain
of the adsorbate molecules in SAMs is expected to result in the
formation of SAMs with lower packing density on the gold
surface. The lower chain density corresponds to a larger inter-
chain spacing, decreasing the van der Waals interactions, giving
rise to films with diminished conformational order. Further, the
increased space between the chains permits greater degrees of
freedom for the alkyl chain conformation and tilt angles.

SFG spectra are used to estimate both the tilt orientation of the
terminal CH; group relative to the surface normal and the chain
conformation. The tilt angle of the methyl group is evaluated by
the relative intensity of the symmetric and asymmetric peaks. In
addition to the average tilt angle, the distribution of tilt angle can
be inferred from the SFG images. Likewise, the conformational
order of the SAMs can be evaluated using two criteria. First, the
presence and magnitude of gauche defects is reflected qualita-
tively by the appearance of the CH, modes. Second, the
magnitude of the disorder is reflected by the distribution width
of these modes, relative to the CH;(sym) peak, that is, the
standard deviation of the CH,/CHj ratio. Thus, a relationship
between the spectroscopic evaluation and the nonspectroscopic
methods such as ellipsometry and contact angle in the SAMs can
be made.*®*’

Methyl Group Peak Analysis. For the tilt angle analysis, the
ratio of the CH;(sym)/CH;(asym) was used. A calculated tilt
angle vs intensity ratio curve is presented in Figure S and was
calculated on the basis of the CHj; hyperpolarizability values and
the geometry of the SFG spectrometer.”** The curve assumes a
delta-function distribution for the tilt angles, where all of the
molecules on the surface possess the same tilt angle. In the
analysis presented here, each region of interest was assigned an
orientation based on this function; subsequently all the ROI were
analyzed to provide the distribution of orientations on the
surface. Figure 6a—c provides the contour plots and the corre-
sponding distribution of ratios, which are presented as histo-
grams (Figure 6d—f).

To visualize the lateral distribution of orientations of mole-
cules, the calculated ratios values were remapped onto the two-
dimensional contour plots shown in Figure 6a—c. Qualitatively,
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Figure 4. Average spectra acquired from bottom to top the mono-
dentate, bidentate (offset by 0.5 units), and tridentate (offset by 1.0
units) SAMs on gold substrates. Lines are curve fits to eq 2.
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Figure S. Orientation analysis of the average SFG using delta-function
analysis. The approximate tilt angle based on the ratio for mono-, bi-, and
tridentate SAMs are shown.

the monodentate SAM appears to be smoother, indicating a
more homogeneous monolayer.

The histograms in Figure 6d—f which show the number of
occurrences (counts) of the ratios were determined and fitted to
a Gaussian distribution function to approximate the average and
standard deviation (see Table 1). These values were used to
determine the average tilt angle of the methyl group from the
surface normal. From the histogram plots of mono-, bi-, and
tridentate monolayers in Figure 6d—f, the tilt angles of the
terminal methyl groups were obtained by relating the averages of
the CHj(sym/asym) ratios with the SFG theoretical curve
(Figure S). In the case of the monodentate SAM, the average
ratio was determined to be 0.85, which corresponds to the tilt
angle of ~38° from the surface normal. For the bidentate and
tridentate SAMs, their average ratios were determined to be 0.36
and 0.32, which correspond to the approximate tilt angles of
~60° and ~62°, respectively. For these latter SAMs, their
average tilt angles are almost indistinguishable. However, each
SAM shows distinct distributions of the tilt angle, as determined
by the width of the fitted Gaussian function. On the basis of the
data in Table 1, the system that possesses the highest standard
deviation and shows the greatest surface heterogeneity is the
tridentate SAM. Thus, on the basis of the analysis CH; groups,
the tridentate SAM has the greatest range of orientations, >30°.

Compared to the SAMs derived from the monodentate
adsorbate, the alkyl chains of the SAMs derived from the multi-
dentate adsorbates are expected to tilt more from the surface
normal due to the void space between the chains. On the basis of
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Figure 6. SFG imaging analysis of the three SAMs. Contour plots of CH;(sym/asym) ratio of (a) monodentate, (b) bidentate, and (c) tridentate SAMs

with their corresponding histogram plots (d, e, f, respectively) are shown.

Table 1. Summary of Distribution Data Obtain for Methyl
Peaks of SAMs on Gold

tilt angle (deg)

molecule average ratio SD average range
monodentate 0.85 0.26 38 ~7
bidentate 0.36 021 60 ~20
tridentate 0.32 0.30 62 =30

the ellipsometric data obtamed by Park et al,, on the identical
SAMs examined here,* loosely packed SAMs exhibited lower

thicknesses than the densely packed ones. The SFG results
reinforce this finding but are based on the direct statistical
analysis on the spectra of the terminal methyl groups.
Methylene Group Peak Analysis. The degree of film order
was resolved using SFGIM mapping analysis of the methylene
peaks and compared to the formation and quality of the normal
alkanethiolate SAM (i.e., the monodentate SAM), which known
to form a densely packed and well-ordered monolayer.*”** To
visualize the surface heterogeneity, the ratios of the CH,(sym)/
CH;(sym) were mapped as shown in Figure 7a—c, which
indicates that the surface heterogeneity increases as follows:
monodentate < bidentate < tridentate. Correspondingly, the
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Figure 7. SFG imaging analysis of the three chelating self-assembled monolayer. Contour plots of CH,/CH; symmetric stretch ratio for (a)
monodentate, (b) bidentate, and (c) tridentate with their corresponding histogram plots (d, e, f), respectively.

histograms in Figure 7d—f show that the bidentate and tridentate
SAMs possess greater gauche defects [as indicated by their larger
ratio of CH,(sym)/CHj;(sym) peaks] when compared to
the monodentate SAM. The CH,(sym)/CH;(sym) ratio was
also used to estimate the packing density of the alkyl chains on
the surface. If the alkyl chains are arranged in an all-trans

configuration, then the adsorbed molecules are assumed to be
highly ordered and densly packed.*' If, however, the chains
deviate from this configuration, then gauche defects would be
introduced to the monolayer; accordingly, CH, stretching
modes would appear in the SFG spectra due to the loss of
centrosymmetry between the CH, groups along the alkyl
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Table 2. Summary of Distribution Data for Methylene Peaks
Obtain for SAMs on Gold

molecule average ratio SD
monodentate 0.08 0.15
bidentate 0.16 0.32
tridentate 0.13 0.58

chain.***** Figure 7d—f shows the gauche defect analysis,
where the histogram plots of the CH,(sym)/CH;(sym) ratios
from each adsorbate are compared.

The data obtained from the measurements illustrated in Figure 7
are summarized in Table 2. The average ratio obtained from the
tridentate SAM deviates the most from zero (ie., highest standard
deviation: 0.58) followed by the bidentate and monodentate SAMs,
respectively. The larger deviation from a value of zero value
represents a greater abundance of conformational defects.

Previous studies have shown that the presence of CH, groups at an
interface causes the monolayer to be more wettable than the surface
containing interfacial CH; groups.® Densely packed and well-ordered
alkanethiolate SAMSs on gold expose predominantly methyl groups on
the surface, while SAMs that are less densely packed and less
conformationally ordered expose a higher percentage of methylene
groups on the surface.*”*>*® Park et al*® reported the trend of the
hexadecane contact angle and the conformational order of the SAMs
as follows: monodentate > bidentate > tridentate SAMs. This trend
suggests that the multidentate surface contains more CH, groups and
is thus less conformationally ordered than the monodentate surface.
The SFGIM mapping analysis is consistent with this interpretation,
where the distribution width of the terminal methyl group orientation
and the magnitude of the CH,(sym)/CH;(sym) ratio for the SAM
follow the trend tridentate > bidentate > monodentate.

Finally, SFG imaging analysis has an additional benefit; by only
considering the average SFG signal, the local regions on the
surface with lower order tend not to be counted in the average
values, due to their lower signals. The SFG imaging has the
capability of showing the detailed and important information of
the SAMs on local regions of the metal surface and can be more
properly accounted for in these surfaces with lower orientation
and conformational order. If only the average spectrum of the
entire image is considered, the well-oriented molecules in certain
regions dominate the signal and can lead to a misinterpretation of
the surface chemistry.

B CONCLUSIONS

This paper used SFG to examine the molecular conformation of
SAMs on gold derived from alkanethiols in which the alkyl—sulfur
ratio was varied systematically. Variations in adsorbate structure led
to defined differences in packing density and conformational order of
the SAMs. Statistical analysis of the SFG images allowed for the direct
evaluation of the quality of the SAMs based on distributions (i.e, the
range of angles and conformations adopted by the alkyl chains). The
studies indicate that the packing density and conformational order of
the SAMs as deduced by SFG imaging analysis decreased as
monodentate > bidentate > tridentate and is consistent with other
studies performed previously.
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