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ABSTRACT: Sum frequency generation imaging microscopy (SFG-IM) is a unique surface-
specific technique that can detect the spatial distributions of differing monolayer species based
on chemical contrast. Here SFG images of microcontact-patterned multicomponent self-
assembled monolayers derived by the adsorption of alkanethiols on gold were analyzed by
factor analysis (FA) utilizing a library consisting of SFG alkanethiol spectra to determine the
chemical identity and spatial distribution of the patterned monolayers across the images. By
utilizing the spectral library as a target test for factor analysis, we correctly identified the
monolayer species, and their spatial distributions were mapped. The chemical identity and
spatial distribution of a random-pattern multicomponent alkanethiol sample were determined
and mapped. Furthermore, utilizing the alkanethiol library, factor analysis was able to identify
an unknown monolayer region, the vibrational spectra of which were not present in the target
library. The results demonstrate the capability of FA combined with the spectral library to
determine the chemical composition and spatial distribution of organic molecules on the

surface of multicomponent complex chemical systems acquired by SFG-IM.

B INTRODUCTION

The ability to detect the spatial distribution of distinct
molecular species on the surface is essential for gaining a
fundamental understanding of complex chemical systems.
While there are many different optical imaging systems, the
majority lack surface sensitivity, and many rely on fluorescent
or vibrational probes or other secondary methods to generate
image contrast. Sum frequency generation imaging microscopy
(SFG-IM) is a unique surface-specific technique for obtaining
the spatial distribution of molecules with label-free chemical
contrast on surfaces.' > The capability of submonolayer
sensitivity allows investigation of spatially inhomogeneous
systems to map chemical surface distribution, molecular
arrangement, orientation, and domain formation.*”” The
technique provides information regarding the interfacial
structure of a surface, such as molecular coverage, molecular
orientation, chemical reactions, and molecular adsorp-
tion.”"""’ Sum frequency generation microscopy has been
used to study a range of systems such as monolayers on metals,
nonlinear materials, and biological systems.3’7’14_17 However,
these systems typically contain at most two species that are
assumed to be homogeneously distributed.

Vibrational spectroscopic imaging techniques including
Fourier-transform infrared, Raman, coherent anti-Stokes
Raman, and stimulated Raman scattering can provide spatial
structures and chemical information about the molecules
present on the surface.'®"* The limitation of these techniques,
as surface microscopy tools, is that they lack interface
specificity and cannot distinguish the surface from the bulk
signal. The advantage of SFG is its intrinsic sensitivity to
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molecules in a noncentrosymmetric environment, where
inversion symmetry is broken;”*”** this feature makes analysis
by the SFG process highly surface specific.

Detailed information about the surface molecular spatial
distribution, molecular arrangement, orientation, and domain
formation obtained by SFG-IM have been acquired through
spectral fitting.””'*'>*°~%> However, SFG has been mainly
limited to binary chemical systems, since at any single
wavelength only two chemical species can be distinguished,
and spectral fitting is limited to the spectral resolution of
chemical species, signal-to-noise ratio, and spectral conges-
tion.¥*”?% 7 A few SFG studies have utilized spectral
decomposition to generate chemical maps.””*’

Chemometrics and analytical techniques, such as partial
least-squares, principal component analysis, multivariate
analysis, and factor analysis, have been utilized in spectral
and image analysis in many spectroscopic techniques.”_47
Factor analysis (FA) is a statistical method that uses
mathematical procedures to investigate whether some
observed variables are linearly related to some smaller number
of unobservable factors. The application of FA in chemistry has
been pioneered by Malinowski in the 1980s.*” The FA method
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Figure 1. Respective MeOHT, ODT, PhPDT, -FODT, and M1CT alkanethiol structures.
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Figure 2. Schematic diagram of the preparation procedure: (a) five-component patterned sample and (b) randomly formed pattern sample.

has been applied in Raman spectroscopy, infrared spectrosco-
py, nuclear magnetic resonance, mass spectrometry, and so on
to determine reaction mechanics, kinetics, and the number and
identities of components in a series of related multicomponent
mixtures, 39434855

Previous results of factor analysis (FA) applied to SFG
images demonstrated that it is successful as an alternative
method to spectral fitting in generating chemical maps of
binary systems.”® The chemical systems consisted of two
different self-assembled monolayers (SAMs) that possessed
either very similar or distinctly different vibrational spectra. In
addition, FA was successfully applied to data obtained with
shorter acquisition times (i.e., weaker signals).

In this study, SFG images of monolayers patterned by
microcontact printing using five distinct alkanethiols on gold
were acquired by SFG-IM and then analyzed by FA. Utilizing a
library consisting of SFG alkanethiol spectra, we determined
the chemical components, and their spatial distributions were
mapped on the surface. Furthermore, utilizing the alkanethiol
library, we used FA to determine the chemical identities and

produce chemical maps of a randomly patterned multi-
component alkanethiol SAM. The results demonstrate the
capability of FA combined with the spectral library to
determine the chemical composition and spatial distribution
of organic monolayer species on the surface of multi-
component complex chemical systems analyzed by SFG-IM.
Also, FA revealed an unknown surface species, the spectra of
which were not contained in the library. Currently, this
technique has been applied to a system consisting of five
distinct molecules, but it can be extended to larger sample
varieties and more complex chemical systems consisting of a
larger numbers of species by using a wider spectral range.
Isotope labels can also be successfully used due to the ability of
FA to5 6resolve spectra at the SFG spectra resolution limit of §
cm™

B THEORETICAL BACKGROUND

Sum Frequency Generation (SFG). The theoretical
background of SFG and its application has been described
previously in detail.®*®*” The SEG process here is achieved
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when two coherent laser beams, a fixed wavelength of 1064 nm
(@1064nm) 2nd a tunable wavelength infrared (wg), are spatially
and temporally overlapped on a surface to induce a second-
order nonlinear polarization. The induced polarization
generates the coherent sum frequency beam at the sum of
the two input beam frequencies (Wgp = ®;064nm + @1r)- When
the IR frequency is at a resonance frequency of one of the
vibrational modes, a change in the SFG signal is observed.

Factor Analysis. The theoretical background and applica-
tion of factor analysis (FA) are discussed in detail by
Malinowski.” A short description of the main steps is
presented in the Supporting Information. Factor analysis is a
mathematical technique for studying matrices of data. It is a
useful method for furnishing the number of components,
concentrations, and spectral information via a purely
mathematical route.”” Factor analysis includes principal factor
analysis (PFA), which is also known as principal component
analysis (PCA), and target factor analysis (TFA). It is
performed by taking a data set of interest and obtaining a
mathematical solution by decomposition. Each data point of
the data set, after decomposition, is expressed as a linear sum
of product terms. Because the factor analytical solution is
purely mathematical, having no physical or chemical meaning,
the resulting matrices are termed “abstract” factors. To acquire
chemically recognizable factors, a transformation of the
abstract factors is required. Target factor analysis uses target
testing as a unique transformation method to test potential
factors and to transform the abstract factors into real factors.
Target testing serves as a mathematical bridge between
abstract and real factors.

B EXPERIMENTAL SECTION

Materials and Sample Preparation. The thiol adsorbates
used to generate the SAMs were octadecanethiol (ODT), 16-
methoxyhexadecane-1-thiol (MeOHT),”® 16,16-difluoro-
octadecane-1-thiol (B-FODT), 15-phenylpentadecane-1-thiol
(PhPDT),” and carborane-1-thiol (M1CT) as illustrated in
Figure 1. All reagents used for SAM formation were either
purchased and used as received or synthesized in-house (see
the Supporting Information for details, including Figures S1
and S2).

SAMs on gold substrate patterning were achieved by
utilizing microcontact printing (#CP). The process of stamp
manufacturing for pCP using PDMS has been described
previously.”® The preparation procedure of the five compo-
nents and the random pattern sample is shown in Figures 2a
and 2b, respectively, and is only briefly outlined here. Pure
solutions of 20 mM ODT, MeOHT, S-FODT, PhPDT, and
MICT in ethanol were prepared. Pure alkanethiol SAMs
samples for target testing library by TFA were prepared by
solution deposition for 15 min of the respective alkanethiol
solution on evaporated gold silicon wafers. For the preparation
of the five-component monolayer sample, a pattern from the
PDMS stamp was selected and cut into four pieces. Each piece
of the PDMS stamp was inked with a different alkanethiol
solution by placing a drop of the respective alkanethiol solution
on top of the PDMS stamp and then dried by nitrogen gas.
The four PDMS pieces were brought together and carefully
placed on the surface of evaporated gold on a silicon wafer.
Light pressure was applied to the PDMS stamp and left on the
surface for 15 min. After the stamp was removed, the sample
was placed into the alkanethiol solution that was not used for
stamping to backfill bare gold regions. After 15 min solution

deposition, the sample was taken out and rinsed with ethanol
and dried with nitrogen.

The random pattern sample was prepared from the same
alkanethiol solutions as the five-component and target-test
library samples. First, ODT was solution deposited onto a
piece of evaporated gold substrate for 15 min, after which it
was taken out of solution, rinsed with ethanol, and dried with
nitrogen. By use of a hand-held Tesla coil to generate local
plasma, a straight line was drawn across the sample while the
Tesla coil tip was held at about 1 cm above the sample. After
the plasma treatment, the sample was placed into the MeOHT
solution for 15 min, after which it was taken out of solution,
rinsed with ethanol, and dried with nitrogen. The sample was
again treated with plasma in the same manner, but with a
straight line drawn perpendicular to the previous plasma
treatment. The sample was then placed into the S-FODT
solution. After 15 min, it was taken out of solution, rinsed with
ethanol, and dried with nitrogen. All samples were rinsed with
ethanol solvent and dried with nitrogen gas before taking
images.

Sum Frequency Generation Imaging Microscope
(SFG-IM). The SFG-IM microscope has been described
previously in detail elsewhere.'**® Briefly, a picosecond pulsed
Nd:YAG laser, with a 20 Hz repetition rate, was used to
generate a 1064 nm beam, part of which was used to pump the
optical parametric generator/amplifier (OPG/OPA) to
produce the tunable mid-IR beam. The incident angles of
the 1064 nm and tunable mid-IR beams were set at 60° and
70° from the surface normal, respectively, and generated the
SFG beam around 800 nm with an approximate angle of 62.1°
from the surface normal. The average energies of the two
beams on the surface were about 100 mJ/cm? for the 1064 nm
beam and 50 mJ/cm? for the IR beam. The SFG signal was
collected by using an intensified charge-coupled device
(ICCD) detector (Roper Scientific) with a 1024 x 1024
pixel chip.

SFG Image Data Processing with Target Factor
Analysis. During the SFG imaging, the ICCD detector
acquired 71 SFG images sequentially, while the mid-IR
frequencies were continuously scanned from 2747 to 3102
cm™' at 1000 laser shots per image. Each SFG image is an
integration of a S cm™" interval. No processing of the presented
SFG images was performed except for background correction.
Once the set of images was acquired by using Image]J software,
the images were staked according to decreasing IR wave-
number. The image stack was divided into a square region of
interests (ROIs) of S by S pixels, which corresponds to 6.5 by
6.5 pm, and the vibrational spectra were extracted from each
ROI By use of MATLAB, the extracted spectra were
normalized and compiled into a data matrix in a specified
sequence, where each ROI spectrum is a column of the data
matrix, on which FA was performed. The SFG image stacks of
pure solution deposited alkanethiol samples were not divided
into ROIs, but the SFG spectra from the whole image were
exacted and compiled into a library matrix in MATLAB,
containing pure component spectra for TFA.

To determine the number of significant abstract factors
necessary to reconstruct the data, the data matrix was
decomposed via PFA and analyzed by the factor (empirical)
indicator function (IND) (see the Supporting Information for
details on IND). To produce transformed real factors and their
corresponding chemical maps, the data matrix was then
analyzed by TFA. The test (target) spectra from the spectra
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matrix library were used to produce the transformation matrix
by converting significant abstract factors into physically
significant factors. To confirm that the test spectra is a real
factor in the chemical system, a SPOIL function was used to
evaluate all the target spectra in the library used (see the
Supporting Information for details on SPOIL).”” The row
matrix obtained from the target transformation contained the
transformed (predicted) real factors, and the column matrix
contained the component weights of the corresponding
transformed real factors. The component weights of each
real factor were used to produce the reconstructed chemical
maps. The chemical maps were normalized and constrained to
positive values only, with no other constraints or processing.
The MATLAB codes used were modified PFA and TFA codes
provided by Malinowski.*”

B RESULTS AND DISCUSSION

The SFG spectra of pure solution deposited alkanethiols
monolayers on a gold substrate that formed the SFG spectra

2750

(a)
—=—ODT
—e— MeOHT
[—+—B-FODT
—v—M1CT
PhPDT
—<«—Bare Au

2800 2850 2900

T T T

3000 3050

3100

2950
T

1.0

0.8

06

-~ 04
p=l
s
>
202
[ =
2
<

00 1 1 1 1 1 1
O]
% 1.0 L(b) 4
- —»— Average spectra IS i»' »
N W
8 f, »;»»\[
£ »
o

o8t [ 1
4 ,K

4 »
m »»»,
L » |
R Y
b’ ;!» >
. . . . . .
2750 2800 2850 2900 2950 3000 3050 3100

Infrared Wavenumber (cm™)

Figure 3. (a) SFG spectra of octadecanethiol (ODT), 16-methoxy-
hexadecane-1-thiol (MeOHT), 16,16-difluorooctadecane-1-thiol (/-
FODT), 15-phenylpentadecane-1-thiol (PhPDT), m-1-carboranethiol
(M1CT), and bare Au compared to (b) averaged SFG signal.

“thiol library” were ODT, MeOHT, -FODT, PhPDT, MI1CT,
and bare gold, shown in Figure 3a. These alkanethiol spectra
exhibit some distinct vibrational resonances in the C—H
stretching region, 2750—3100 cm™), that can be used to
distinguish the alkanethiols, except for M1CT which has no
distinct vibrational bands in the 2750—3100 cm™ region.
MeOHT contains a distinct vibrational symmetric stretch of
the terminal methoxy (—OCH,) group as a doublet at 2805/
2825 cm™!, ODT has a CH; symmetric at 2870 cm™’, and
PhPDT has aromatic ring stretching resonances between 3030
and 3060 cm™" that do not overlap with any other presented
vibrational bands. The resonant vibrational stretches of the
alkanethiols in the 2880—3000 cm™" range contain a significant
amount of peak overlap. In the SFG images contrast is
observed when there is an observable SFG signal intensity

16911

g

104 —e—0DT 3
R —o—TFA 00T F\. ouog
308 S, v g
2{07 067;
Jor j . i
o 08 s 3 0504
"7’01- to cst= sty H!\' §
%os \ y oau%
E“ i 0|u§

27‘50 2800 2850 2900 2950 3000 3050 310C
Infrared Wavenumber (cm') Pocel
09

{ =@ MeOHT
084 ——TFA MeOHT

So7d
s |
2064
$

§05:
£

014

00 "
2750 2800 2850 2900 2950 3000 3050 3100

Infrared Wavenumber (cm)
(©)
09
—e— [LFODT

os
_ ——TFA B-FODT 3 .
3 o1 (i\r-ﬁ.-.-
:

z
g 06
£

Normalkzed MeOHT component scores (a.u.)

g
S 05
o
“;;04
3 W
]

Eo: Y
02
01 \
2750 2800 2850 2900 2950 3000 3050 3100 0
Infrared wavenumber (cm)
09

—e—PhPDT
== TFA PhPOT

Normalized H2FODT component scores (a.u.)

°
@

~

A

\
t
_

Normalized SFG Intensity (au.)
© © © © © ©
@

2
o
Normalized PhHDT component scores (a.u.)

01 180
2750 2800 2850 2900 2950 3000 3050 3100

Infrared wavenumber (cm'’)
(e)

—a—MICT

081 _ - TFAMICT

=y
) rf\’ o

°

°
*

°
>

°
=

-

Normaiized SFG Intensity (a.u.)

Normalized M1CT component scores (a.u.)

N

2750 2000 2850 2000 2050 3000 3050 3100
Infrared Wavenumber (em™)

Figure 4. SFG spectra overlaid with the corresponding target
transformed spectra predicted by TFA: (a) ODT, (b) MeOHT, (c)
p-FODT, (d) PhPDT, and (e) M1CT. Corresponding reconstructed
TFA chemical images of (f) ODT, (g) MeOHT, (h) f-FODT, (i)
PhPDT, and (j) MICT. The lighter region indicates the target SAMs.
The scale bar is 200 ym.

difference between the different monolayers. At frequencies
where little or no relative signal difference exists, poor image
contrast is observed. In the average SFG signal of the five
alkanethiols, shown in Figure 3b, the majority of the resonant
peaks overlap and cannot be identified. To spectrally fit the
average alkanethiol spectra to the general SFG equation, the
spectral fitting would require at least 14 terms in the equation,
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which makes it practically impossible to obtain a good fit. Even
if the monolayers are spatially separated, the areas where the
different alkanethiols meet or overlap, spectral fitting is
complicated. For a more realistic sample with unknown spatial
distribution, the fitting must be more robust. Furthermore,
spectra from smaller ROI have much lower S/N (see Figure
S3), exasperating the spectral fitting approach.

Five-Component Patterned Sample. Analyzing the SFG
image data matrix of the five-component patterned sample
with PFA resulted in 71 abstract factors, due to 71 frequency
data points per spectrum. The IND function indicated seven
significant abstract factors that account for 97.7% of the data
variance. The rest of the abstract factors that account for 2.3%
were verified to contain only noise and discarded. Target
testing of the thiol library to the seven significant abstract
factors confirmed that all five of the tested alkanethiols were
real factors of the analyzed data with their corresponding
SPOIL values less than 20. This confirmed that an
independently prepared library is valid to test unknown
samples. Target-transformed real factors by TFA, shown in
Figure 4a—e, overlapped well with the corresponding SFG
spectra, indicating that TFA can successfully reconstruct
decomposed SFG spectra. The images in Figure 4f—j are the
TFA resulting in chemical maps showing the spatial
distribution of the real factors. The chemical maps were
constructed by mapping back the component weights (see
Supporting Information eq S7) of each target transformed real
factor in each of the 6.5-by-6.5 pm ROIs. The lighter shaded
region of each image in Figure 4f—j corresponds to the ODT,
MeOHT, p-FODT, PhPDT, and MICT region, respectively.
Upon comparison of the TFA chemical maps to the selected
single-wavelength SFG images (Figure Sb—f), the observed
image contrast in the SFG images is not specific to just one
SAM but contains some contrast of all SAMs.

The normalized SFG spectrum averaged from the five-
component image stack is shown in Figure Sa. From the
averaged SFG spectrum it is difficult to determine the number
of different SAMs on the surface or their identities. To
visualize the distribution of the alkanethiols, selected single-
wavelength SFG images of the five-component sample are
shown in Figure Sb—f. The observed contrast in the SFG
images (Figure Sc—f) is due to the vibrational contrast in the
SFG spectra, where the darker region of the images correlate to
the resonant peaks of the SAMs on the surface at the specified
frequency. A lack of unique image contrast is observed when
the imaged alkanethiols show little to no vibrational resonance
or very similar vibrational intensity at the specified frequency;
such an example is shown in Figure Sb. The image contrast
observed in the presented single-wavelength SFG images
(Figure Sb—f) is nonspecific or absent. The different contrast
intensities can be attributed to different monolayer coverage of
the same SAM or weaker (residual) signal from other SAMs. It
is not enough to rely just on single-wavelength images to
determine the spatial distribution of the monolayer due to the
nonspecific contrast. By utilizing the entire spectral range,
rather than a single wavelength, we determined the true
identity and spatial distribution of the SAMs.

It was determined that the observed darker region in the
upper right quarter of the SFG image taken at 2805 cm™'
(Figure Sc) corresponds to the MeOHT covered surface,
which has a symmetric methoxy stretch at that frequency. The
darker region in the upper left quarter of the 2870 cm™' SFG
image (Figure Sd) corresponds to the ODT region of the
surface, which has a methyl symmetric stretch at that
frequency. The f-FODT SAM region is the darker area in
the bottom right quarter of the 2950 cm™" image (Figure Se).
The observed image contrast in the rest of the image is due to
the nonresonant SFG signal difference between the stamped
ODT and MeOHT regions and the backfilled MICT region,
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Figure 6. SFG spectra overlaid with the corresponding target
transformed spectra predicted by TFA: (a) ODT, (b) MeOHT, (c)
B-FODT, (d) PhPDT, and (e) MICT. The corresponding
reconstructed TFA chemical images of (f) ODT, (g) MeOHT, (h)
S-FODT, (i) PhPDT, and (j) MICT. The lighter region indicates the
target SAMs. The scale bar is 200 ym.

where M1CT has a higher nonresonant signal than ODT and
MeOHT. The darker region in the bottom left quarter of the
3060 cm™' images (Figure Sf) represents the PhPDT
monolayer region. Because M1CT does not contain any
strong resonant vibrational bends in the selected frequency
range, but mainly a nonresonant signal, it is observed as the
lightest region in Figure Se. The spatial positions of the

alkanethiols were verified by selecting the corresponding
regions and analyzing the extracted vibrational spectra.

The TFA chemical maps represent the distribution of the
respective monolayers as the lighter shaded region of the
image, which corresponds to the darker shaded regions of the
SFG images. The chemical map of ODT (Figure 4f), the
lighter color corresponding to the ODT distribution, shows
that ODT is present in the upper right corner of the image and
corresponds to the darker shaded upper left region of the
image in Figure S5d. Similarly, the TFA chemical maps of
MeOHT, B-FODT, PhPDT, and MICT in Figure 4g—j,
respectively, are in very good agreement with the SFG images
shown in Figure Sb—f, indicating the capability of FA to
deconvolute the spectra via SVD, predict the chemical
composition, and generate chemical maps via target testing.
Spectral decomposition with target testing allows the
possibility to use SFG imaging to analyze more complex
samples, containing multiple chemical species.

Random Pattern Three-Component Sample. To assess
the performs of TFA on a more natural system, where the
spatial distribution of the molecules is unknown, samples of
randomly formed ODT, MeOHT, and -FODT SAMs were
prepared. The SFG image stack was acquired and processed in
the same manner as the patterned five-component data.
Principal factor analysis indicated that six significant abstract
factors account for 98.4% of data variance. Target testing of the
alkanethiol library indicated that ODT, MeOHT, and -FODT
were real factors of the data analyzed, with corresponding
SPOIL values below 20, while M1CT, PhPDT, and bare Au
had SPOIL values above 30, indicating that they were not real
factors in the analyzed data. Target transformed real factors by
TFA are shown in Figure 6a—e, overlapped with the
corresponding SFG spectra. TFA predicted spectra were in
good agreement with the corresponding SFG spectra of ODT,
MeOHT, and -FODT as shown in Figure 6a—c, respectively.
The corresponding TFA chemical maps of ODT, MeOHT,
and B-FODT are shown in Figure 6f—h, respectively, where the
lighter region of each map represents the respective SAMs
coverage. TFA correctly identified that PhPDT was not a real
factor since PhPDT was not used in the preparation of the
sample. Aromatic ring stretching between 3030 and 3060 cm ™
was not present in any of the abstract factors, and no
combination of significant factors will reproduce spectra
resembling PhPDT. Figure 6d shows PhPDT SFG spectra
overlapped with the attempted TFA target transformation
using PhPDT as a target, with the corresponding chemical map
(Figure 6i) showing a very weak image contrast as expected.
Similarly, the SFG spectrum of M1CT did not overlap well
with the TFA predicted spectrum shown in Figure 6e. These
results indicate that TFA has the sensitivity to distinguish
spectral band changes and correctly (positively) determine true
chemical components.

The averaged SFG spectrum and selected SFG images
representing the main vibrational frequency of ODT, MeOHT,
and B-FODT of the random sample are presented in Figure 7.
The image in Figure 7b—d was taken at the IR frequencies of
2808, 2870, and 2950 cm™', where the darker regions of each
image represent the MeOHT, ODT, and B-FODT region,
respectively. The SAMs pattern observed in the presented SFG
images was unexpected. Utilizing a hand-held Tesla coil creates
a unique, nonreproducible pattern since there is little control
over the intensity and distribution of the local plasma
generated. Comparison of the TFA generated ODT,
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Figure 8. (a) SFG spectrum extracted from the border region of the random pattern sample. (b) SFG image at 2850 cm™". (c) Border region SFG
spectra overlaid with the corresponding target transformed spectra predicted by TFA. (d) The corresponding chemical map.

MeOHT, and -FODT chemical maps (Figure 6f—h) with the
SFG images in Figure 7b—d showed good agreement. The
possibility of correctly identifying the real factors and
producing chemical images that correspond to the respective
SFG image chemical contrast make TFA an important tool for
SFG image analysis.

In the ODT, MeOHT, and -FODT TFA images (Figure
6f—h) there is an observable chemical contrast between the
ODT, MeOHT, and S-FODT regions as the darkest region of
the images. Surprisingly, the contrast is also apparent in Figure
6i as the darker region and Figure 6j as the lightest region. This

observed border region contained spectral features that were
not identified as one of the five alkanethiols used for target
testing. An SFG spectrum extracted from the border region is
shown in Figure 7a. A faint peak at 2810 cm™" and a relatively
large peak at 2850 cm™" are observed in the MeOHT spectrum
as the methoxy symmetric and CH, symmetric stretches,
respectively. The spectrum also contains peaks at 2895, 2950,
and 2980 cm™' which are observed in f-FODT spectrum as
the CH, symmetry, CH; symmetric, and CH; asymmetric
stretches, respectively.”’"** The ODT CHj resonant peaks at
2870 and 2960 cm™' are not observed in the border region,
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which could be the result that the ODT molecules were
altogether removed from the surface during the sample
preparation or were modified to some extent that effects the
CH; functional group. The spectrum shows a strong CH,
symmetric stretch at 2850 cm™', which is present as a minor
dip in most of the alkanethiol spectra (Figure 3a) and indicates
the possibility of gauche defects in the SAMs.*>*° Thus, the
border region possibly contains highly disorder MeOHT and
B-FODT molecules. Because the application of TFA in this
study was purely qualitative, the quantification of MeOHT and
B-FODT in the border region was not attempted. Utilizing a
calibration curve with correct targets, we can use TFA for
quantifying of monolayer mixing (see the Supporting
Information TFA Quantification of Monolayer Mixing). The
border region is faintly visible as the darker region in the SEG
image at 2850 cm™, shown in Figure 7b. The slightly larger
CH, symmetric stretch in the border region compared to the
other regions is responsible for the observed contrast in Figure
7b. This behavior of the SAMs is believed to be the result of
the random pattern generation method used to prepare the
sample. The observed changes need to be studied to determine
the changes that the alkanethiols undergo during the sample
preparation procedure. Target testing the extracted SFG
spectrum from the border region returned a SPOIL value
below 20, indicating that it was a real factor. The target
transformed spectra and the corresponding chemical map are
shown in Figures 8c and 8d, respectively, where the lighter
region of Figure 8d corresponds to the border region.

B CONCLUSIONS

The presented work has demonstrated that FA can be
successfully utilized with a spectral library to determine
monolayer identities and their spatial distribution. In this
study, the chemical systems analyzed were patterned five
components and a random pattern. By use of a spectral library
as a target test for TFA, the correct identification and spatial
distribution of the monolayers were made possible. Also, FA
was able to identify an unknown monolayer region, the
vibrational spectra of which were not present in the target
library.

Although the above observations demonstrate the potential
of this technique for chemical identification and chemical map
generation, it can be further extended in several ways. First, the
target test library can be expanded to include more variety of
vibrational spectra by using isotopic labels (**C, *H, '*0, etc.).
This can potentially double or triple the number of molecules
studied. Second, the infrared wavelength resolution can be
increased to obtain narrower vibrational bands, which will
allow the resolution of overlapping bands. Third, imaging
resolution can be improved to resolve finer features. Fourth, a
wider range of wavelengths can also be used. In addition, the
present analysis forms the basis for the analysis of complex
components in the SFG spectra, including phase and
amplitude of the various components.
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