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ABSTRACT: In this study, we utilize scattering-type scanning
near-field optical microscopy combined with a tunable infrared
quantum cascade laser to achieve nanoscale imaging of vibrational _ Be H(J
modes within colloidal nanocrystal films under ambient conditions.
We focus on the characterization of the bending mode of water and
the stretching modes of carboxylates in films composed of gold 3
nanocrystals (AuNCs) coated with trisodium citrate (Na;Cit) E Far-field
ligands. Our approach enables the spatial resolution of vibrational P

spectra, revealing a line width for the water bending mode of less ARG |

than 3 cm™', a value notably consistent with that found in gas-
phase spectra. Intriguingly, our detailed analysis of the near-field  E==2s ' I16[32' ' '16|361 ' 16|40 '
spectra discriminates among three overlapping domains: the film— M'Rb.s%]ge Wavenumber (cm™)
air interface, the internal layers of the film, and the film—substrate

boundary. Further investigation into the citrate stretching modes elucidates three structural domains differentiated by their spatial
relation to the AuNCs and the film’s thickness. Our results challenge previous understandings by demonstrating that a particular
vibrational band, formerly attributed to surface-bound carboxylates, is in fact a signature of higher-order structures in dense Na;Cit
aggregates. Complementary surface-enhanced Raman spectroscopy measurements indicate that citrate’s interaction with the
nanocrystal surface is intricately modulated by sodium ions and water molecules. These experimental observations are further
supported and explained by theoretical insights from density functional theory calculations. Collectively, our findings not only
present a more nuanced view of the interactions within these complex nanoscale systems but also pave the way for a deeper
understanding of surface chemistry and interfacial phenomena at the molecular level.
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1. INTRODUCTION predominant solvent in the colloidal synthesis of metal
As the most important solvent and medium in both chemistry nanocrystals (NCs). Its presence and behavior in solid films
and biology, water has long been the subject of vibrational carry significant implications for various applications, including
spectroscopic ana1y51s aimed at understanding its intermolec- heterogeneous catalysis and surface-enhanced spectroscopy.
ular interactions." ® A water molecule exhibits three vibra- This study focuses on the real-space mapping of vibrational
tional modes—symmetric stretch, antisymmetric stretch, and modes of water molecules and surface ligands within a solid
bend—whose peak frequencies and spectral line widths are film of colloidal gold nanocrystals (AuNCs).

sensitive to the extent of these interactions and environ- Surface ligands play an indispensable role in the formation
ments.” " For the most extensively studied stretching mode, and stabilization of colloidal inorganic NCs.'”"> They are
the peak frequency decreases due to hydrogen bonding, and essential during crystal growth in solution and are necessary for
the line width of the vibrational band narrows from about 80 maintaining post-synthetic NC stability. Beyond these founda-
em™" in bulk water” to approxxmately 10 cm™" at the water tional roles, surface ligands also serve as active modulators of
surface’ and gas phase cluster’ and further to 3 cm™ in NCs’ physicochemical properties,'*~*’ thereby expanding their

rotationally resolved gas-phase spectra.'’ For the bending
mode, the frequency appearing at 1595 cm™" in the gas phase
shifts upward in bulk water, indicating an effect of hydrogen
bonding olpposue to that observed for the stretching mode
frequency.© While existing studies provide a foundational
understanding of hydrogen bonding, the systematic exploration
of water molecules’ vibrational behaviors in thin films remains
incomplete. Water molecules are believed to be omnipresent
on surfaces and within solid films derived from the solvent
evaporation of aqueous solutions. Notably, water serves as the

applicability across diverse fields such as heterogeneous
catalysis,”* biomedical imaging,”® and surface-enhanced spec-
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troscopy.”® While it has long been believed that surface ligands
might impede catalytic activities, recent studies have upended
this view by showing that these ligands can actually boost
catalytic efficiencies and enhance product selectivity,'*'®
particularly in plasmon-enhanced photocatalysis.”” >

In various applications, such as surface-enhanced Raman
scattering (SERS) spectroscopy and heterogeneous catalysis,
NCs are commonly assembled onto solid surfaces. It is often
assumed that excess surface ligands must be removed for
optimal performance. However, entirely removing these
ligands is impractical; doing so compromises the stability of
the NCs beyond a certain concentration threshold. Con-
sequently, the resulting solid films typically comprise not just
the NCs but also the aggregates of excess surface ligands and
trapped solvent molecules, such as water. To investigate the
role and properties of surface ligands, multiple analytical
techniques have been utilized, including attenuated total
reflectance infrared (ATR-IR) spectroscopy,”’ sum-frequency
generation,””*° X-ray photoelectron spectroscopy,”””® and
solid-state nuclear magnetic resonance.””>® These methods,
however, are limited in their spatial resolution, which hampers
our ability to distinguish whether the observed signals emanate
from molecules directly adsorbed onto the NC surface or from
distant aggregates. While SERS shows promise in detecting
molecules in close proximity to the NC surface,””*’ it cannot
offer a complete characterization of heterogeneous films that
might contain both NC aggregates and excess ligands. As a
result, real-space mapping of surface ligands and water
molecules trapped in a heterogeneous film of colloidal NCs
has not been reported.

In this work, we employ scattering-type scanning near-field
optical microscopy (s-SNOM) coupled with a tunable IR
quantum cascade laser (QCL) to image both the water
bending and carboxylate stretching modes in real space. In
previous research, s-SNOM has been employed to map a range
of excitations including plasmons,“_47 polaritons,48_51 vibra-
tional modes,”> >’ and aging effects.”® Recently, vibrational
imaging utilizing s-SNOM has been applied for visualizing the
growth of water films from water vapor on hydrophilic mineral
nanoparticles”” as well as probing the bending mode of water
in the solution phase through the SiN membrane.”” The
findings presented here demonstrate the applicability of the s-
SNOM vibrational imaging of water molecules and surface
ligands in solid thin films. These observations are made within
thin films composed of colloidal AuNCs coated with trisodium
citrate (Na;Cit) surface ligands. Our spatiospectral imaging
reveals that the line width of the water bending mode is less
than 3 cm™, surprisingly in agreement with the values seen in
rotationally resolved gas-phase vibrational spectra.'’ Close
observation of the near-field spectra for the bending mode also
identifies three partially resolved domains, which can be
attributed to the film—air interface, the inner layer, and the
film—substrate interface. While probing the citrate stretching
mode, we discovered three distinct structural domains that
vary based on their proximity to the AuNCs and the thickness
of the Na,Cit film. Contrary to previous assignments, we find
that a vibrational band, initially thought to be related to
surface-bound carboxylates, actually originates from higher-
order structures in relatively thick Na;Cit aggregates. Vibra-
tional resonances due to surface and subsurface structures are
identified. Utilizing SERS, we ascertain that the interaction of
citrate with the nanocrystal surface is mediated by sodium
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cations and water molecules. These spectral assignments are
corroborated by density functional theory (DFT) calculations.

2. EXPERIMENTAL METHODS

2.1. Preparation of Thin Films of Trisodium Citrate-
Capped AuNCs. A 500 pL aliquot of an aqueous solution of
trisodium citrate-capped gold nanocrystals (AuNCs/Na;Cit,
~40 nm diameter, Nanopartz, Inc.) was diluted to 2 mL in
deionized water and centrifuged at 7000 rpm for S min. The
supernatant solution was carefully removed using a pipet,
leaving the AuNCs/Na;Cit precipitate, which was then diluted
to 200 uL in deionized water. Twenty uL of this solution was
drop-cast on a silicon substrate that had been cleaned by
consecutive sonication for 5 min each in acetone, 2-propanol,
and deionized water.

2.2. Far-Field Spectroscopy Measurments. ATR-IR
spectra of the solid AuNCs/Na;Cit film were recorded using a
Bruker Alpha-P total-reflectance IR (diamond ATR) spec-
trometer. The spectra were collected in the 4000—500 cm ™
window with a resolution of 4 cm™. SERS spectroscopy was
carried out at 633 nm excitation using a modified Olympus
inverted microscope with a dark-field objective of 0.9 NA and
100X magnification. The spectra were obtained by directing
the signal to the IsoPlane Spectrograph of Princeton
Instruments, equipped with a thermoelectrically cooled (—75
°C) charge-coupled device camera. About 90% of the light
collected from the sample by the objective was sent to the
spectrometer, while the remaining signal was directed to an
Olympus UC30 camera attached to the microscope.

2.3. Vibrational Imaging Using s-SNOM. s-SNOM
vibrational imaging is carried out utilizing an atomic force
microscope (AFM)/near-field platform (Neaspec, part of
attocube systems) with broadly tunable IR as excitation
source, as described in earlier publications*>> (see schematics
of the setup in Figure S1). A QCL (MIRcat-QT-Z-2400 of
Daylight Solutions) is used to generate linearly polarized IR
radiation with a tunable frequency and about ~0.1 cm™
resolution. The AFM operates in noncontact tapping mode,
employing a metal-coated probe (Arrow NCPt) with a
resonance frequency Q ~ 270 kHz. The vertically polarized
output of the QCL is focused at the tip—sample junction using
a parabolic mirror (NA ~ 0.46) at a 30° angle of incidence
with respect to the sample plane. Laser power is maintained at
3 mW across all QCL frequencies through the use of dual
polarizers. Photons scattered from the nanoscale region of tip—
sample near-field interaction are detected using HgCdTe
photodiodes cooled with liquid nitrogen. The far-field
background signal is removed using pseudoheterodyne
interferometric detection®’ and signal demodulation at a
frequency of 4 €. This detection scheme simultaneously
captures both the scattering amplitude and the phase, which
are related to the real and imaginary parts of the dielectric
function of materials. It is important to note that for any solid
and liquid, the real and imaginary parts of the dielectric
function are related through the Kramers—Kuronig relations at
all frequencies.”” However, they have different dependencies
on excitation light frequencies. Using a simple dipole oscillator
model, it can be shown that, at resonance frequency, the real
part shows a derivative-like shape, while the imaginary part
peaks at the resonance frequency.®” In our recent publication,
we have verified that the IR near-field phase signal has very
similar frequency dependence as that of the Fourier transform
infrared vibrational peaks with sub-wavenumber agreement of

https://doi.org/10.1021/acs.jpcc.3c07693
J. Phys. Chem. C 2024, 128, 2052—-2061


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c07693/suppl_file/jp3c07693_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c07693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

1642 cm-!

W ¢4 (degree)
400

Position number

—e—Avg (IIV)
—=— VI(77)
—a— VI (81)
—+— VI (84)

Ag, (degree)
ATR-IR absorbance

1633 1636 1630 1642

Wavenumber (cm")

1630

Figure 1. Vibrational nanoimaging of the water bending mode in a thin film. (a) Topographic image of an AuNC/Na,Cit film deposited by drop-
casting a colloidal aqueous solution. The inset on the right shows the structure of Na;Cit dihydrate, which may serve as a fundamental unit in
forming the film’s structure. The scale bar is 200 nm. (b) IR s-SNOM vibrational images of the water bending mode at different QCL frequencies.
The scale bar in the images is 200 nm. (c) Arrays of S pixels X S pixels in five rows (I-V) and a 2 pixel X 2 pixel (VI) area were selected for
extracting the phase signal and evaluating the dependence of near-field spectra on nanoscale environments (one pixel is 10 nm). The white boxes
on the left end are used as reference points in calculating the phase difference (A¢g) as described in the text. (d) Waterfall plot of the spectra
extracted from the selected spots in (c), where each row represents the spectra of a spot. (e) Average near-field spectrum (black circles) and
representative individual spectra extracted from the 2 pixel X 2 pixel spot (red squares, green triangles, and blue stars).

peak values.”” As a result, the phase signal is used to track the
vibrational resonance IR absorption in solid thin films. To
evaluate the laser-frequency-dependent phase signal, a silicon
wafer not coated by the sample is used as a reference. Thus, the
phase difference is calculated as A@y = @y ample = Prer

3. RESULTS AND DISCUSSION

Evaporation-induced self-assembly of colloidal NCs results in a
highly heterogeneous film characterized by significant
variations in nanocrystal packing and excess ligand distribution
from the center to the pinning point of the drop-cast solution.
This heterogeneity offers advantages for studying the depend-
ence of intermolecular interactions on various nanoscale
environments. The far-field ATR-IR spectrum of the AuNC/
Na,Cit film is shown in Figure S2. In addition to the significant
peak at 1558 cm™ (attributed to the antisymmetric stretching
mode of the carboxylate group of citrate), the presence of a
peak at 1636.8 cm™' is notable, corresponding to the water
bending mode. Park et al. have previously reported the peak
due to the water bending mode in citrate-capped AuNC films,
demonstrating a decrease in peak intensity upon solvent
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evaporation.”’ Similarly, we have observed in the ATR-IR
spectra of both Na,;Cit and sodium acetate films, measured
before and after the completion of solvent (water) evaporation,
that the peak at 1636.8 cm™ is attributable to the water
bending mode resonance (Figure S3).

The topographic image presented in Figure 1a reveals layers
of Na,Cit film, with four AuNCs visible in the topography and
a fifth one becoming apparent in the phase images (Figure 1b).
The same sample region depicted in Figure la is scanned at
multiple QCL excitation frequencies ranging from 1630 to
1642 cm™ with 0.5 and 1 cm™ increments. The near-field IR
phase images, obtained at the fourth harmonic of demodu-
lation (¢,), are displayed in Figure 1b.

The phase signal relative to the substrate (close to the left
end) is weak at 1632 and 1633 cm™', becomes pronounced
between 1634 and 1637 cm™!, remains significant at 1638 and
1639 cm™, and returns to background levels at 1642 cm™.
This signal attests to the presence of water molecules
coordinated within the Na;Cit film. The series of images
suggests that absorption due to the water bending mode has a
very narrow spectral window. It is important to note that while

https://doi.org/10.1021/acs.jpcc.3c07693
J. Phys. Chem. C 2024, 128, 2052—-2061
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Figure 2. Vibrational nanoimaging of the antisymmetric stretching mode of citrate. (a) IR s-SNOM vibrational images at different QCL
frequencies. The scale bar is 200 nm. (b) Corresponding topographic image. The three dashed lines show the rows from which near-field spectra
are extracted using arrays of S pixel X S pixel area. (c) Waterfall plot showing the spectra extracted from the near-field images. Each row represents
a spectrum extracted from one 5 pixel X 5 pixel area, and the left-to-right displacement in the topography corresponds to vertical ordering in the
waterfall plot. (d) Individual spectra extracted from row III that crosses on the AuNC. The plots shown by black squares, red circles, and blue
triangles are close to the edge of the thin film and show one major peak. With further crossing to a thicker region, a different peak grows at 1570
cm™". The inset plot shows the phase signal at 1600 cm™" with respect to the displacement from the center of the AuNC. (e) Average near-field

spectrum (red circles) compared with the far-field AIR-IR spectrum.

absorption from ambient water molecules at the solid—air
interface is always possible at the ambient condition, this effect
is not expected to generate phase contrast between the
substrate and the Na;Cit film. For more quantitative spectral
analysis, we extracted a series of spectra from a 5 pixel X 5 pixel
area to gain insights into how the water bending frequency is
sensitive to nanoscale environments. To achieve this, arrays of
spots in five rows, marked in Figure 1c, were selected with the
white box close to the left end serving as a reference. In this
analysis, the nanoparticles are used as the origin of coordinates,
enabling extraction of the phase signal from the same area in
images from different scans at the range of QCL frequencies.
In addition to the arrays of S pixels X S pixels in the five rows, a
sixth row of 2 pixels X 2 pixels (labeled VI in Figure 1c) was
included to observe the averaging effect. Individual spectra
obtained following these procedures are presented in Figure
S4, while a waterfall plot containing all the spectra is shown in
Figure 1d. Here, each row represents the spectrum of a spot
marked in Figure lc. Overall, the peak position fluctuates
between 1635 and 1637 cm™!, with an average peak at 1636
cm™'. The representative near-field spectra, indicated by red
squares, green triangles, and blue stars in Figure le, are from
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row VL The trend illustrates the evolution of the peak position
from 1635 cm™" (for thin film regions) to 1637 cm™", which is
close to but not at the center of the AuNC. We observe that at
the center of the AuNC, the phase contrast decreases at nearly
all QCL frequencies (see Figure 1b). This is due to the
competition between tip-particle and tip-image dipole
interactions.>>**%°

The line width of the far-field ATR-IR spectrum (indicated
by the gray line in Figure le) is about 7 cm™. This is
comparable to the line width found in gas-phase spectra of
water clusters® and is significantly narrower than the line width
(~37 cm™") observed in sum-frequency-generation spectra of
bulk water surfaces.”® If we consider the average near-field
spectra (shown by the black solid circles in Figure le) as
constituting a single peak, the line width is approximately 4
cm™'. Upon closer examination of both the average and
individual spectra, it becomes apparent that there are minor
peaks on both the lower and higher energy sides of the major
peak. While the number of near-field data points may be
insufficient for determining the precise positions of these
minor peaks, their existence is noteworthy. Considering that
the bending mode frequency increases with hydrogen

https://doi.org/10.1021/acs.jpcc.3c07693
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Figure 3. Identification of multiple structural domains through vibrational nanoimaging. (a) Topographic image showing a highly heterogeneous
area and (b) corresponding IR s-SNOM phase images obtained at incremental laser frequencies. Scale bar 500 nm. (c) Near-field spectra from
different locations labeled as 1, 2, 3, 4, and S on the topographic image (a). (d) IR phase (left axis) and topographic height (right axis) line profiles
along the white dashed lines in (a). (e) Average phase signal plotted as a function of the average sample thickness at 1558 cm™" (orange square)
and 1570 cm™ (blue circles). The solid lines are quadratic functions fit to the data to show the trend of the phase contrast as the sample thickness
increases initially. The inset images show the region from which the line profiles are extracted to calculate the average values. The pink line in the
inset images shows a bare substrate—film boundary, and at 1570 cm™', a negative phase contrast is observed before the film is sufficiently thick. The

scale bar on the inset image is 200 nm.

bonding,'' the lower-energy minor peak could be attributed to
water molecules near the film—air interface. Conversely, the
higher-energy peak could be due to water molecules at the
substrate—film interface. The major band, likely arising from
the inner layer of the film, has a line width narrower than 3
cm™". This is in surprising agreement with the line width of the
rotationally resolved stretching mode of a water molecule in a
Li*(H,O)Ar complex,'® although gas-phase data for the
bending mode is not available. The line width observed in
this experiment is much narrower than that typically expected
for the condensed phase, considering reported values such as
approximately 37 cm™ for surface molecules of bulk water,*®
60—83 cm™! for liquid water depending on the experimental
conditions,””®” and around 50 cm™' for water molecules
adsorbed on a gold electrode at an applied reduction
potential.®® The narrow line width in our study may be
explained by the well-defined coordination in the Na,Cit film,
a structure likely influenced by the presence of the AuNCs.
This hypothesis aligns with the recent observation of line width
narrowing in the water-bending mode resonance in liquid
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water upon the addition of glycerol.” In the solid film,
rotational degrees of freedom can be discounted, suggesting
that the narrow line width may indicate a minimal effect of
inhomogeneous broadening.

We now turn our attention to the sensitivity of the citrate
carbonyl antisymmetric stretching mode to the nanoscale
variations in intermolecular interactions that determine the
structural heterogeneity of the film. In the far-field ATR-IR
spectrum, the antisymmetric stretching mode has a major peak
at 1558 cm™', and the corresponding near-field vibrational
images are displayed in Figure 2a. At 1540 cm™, the phase
signal in the thinner portion of the film is indistinguishable
from that of the substrate, which exhibits a slightly higher
phase signal compared to that of the thicker portion of the film.
At 1550 cm™, all regions of the film (except for the areas with
negative contrast due to the AuNCs) show a phase signal
higher than that of the substrate. Furthermore, the thinner
section continues to have a slightly higher phase signal than
that of the thicker section. This observation hints a thickness-
dependent structural variation that results in different vibra-

https://doi.org/10.1021/acs.jpcc.3c07693
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tional resonances. From 1555 to 1565 cm™', the film
consistently shows a much higher phase signal compared
with that of the substrate. Between 1570 and 1600 cm™},
spatial variations in the phase signal are observed, which
depend on the specific locations. Notably, a higher phase signal
is observed at the boundary between the thin and thick layers,
as well as around the AuNCs when the QCL frequency
increases. At 1610 and 1620 cm™’, the overall phase signal
from the film is slightly lower than that of the substrate, except
in the notably brighter regions surrounding the AuNC.

The waterfall plot in Figure 2c shows the near-field phase
spectra extracted from arrays of 5 pixels X 5 pixels across the
three dashed lines in Figure 2b. The corresponding individual
spectra extracted from each spot and row are plotted in Figure
SS. The spectra in Figures 2¢ and SS show variation of the
near-field spectra and the relative signal strength transitioning
from the thin to the thick region of the film. The near-field
plots (black squares, red circles, and blue triangles in Figure
2d) show one major peak at ~1560 cm™', which is in
reasonable agreement with the peak position (~1558 cm™)
observed in the ATR-IR spectra. Proceeding further into the
thick film region, another peak develops at ~1570 cm™’,
indicating the formation of a different structural domain as the
film thickness increases. The IR phase signal at around 1600
cm™! is generally weak but becomes relatively stronger near the
AuNCs. The inset plot in Figure 2d illustrates that the IR
phase signal at 1600 cm™' decreases with distance from the
edge of the AuNC. Overall, depending on the nanoscale
environment, three resonances characteristic of the antisym-
metric stretching vibrations of citrate are identified from
spatiospectral analysis.

To gain further insight into the origin of the three
resonances of the COO™ antisymmetric stretch, vibrational
images of a more heterogeneous region (Figure 3a) are
recorded at different QCL frequencies, and the results are
displayed in Figure 3b. Five spots are selected to represent the
variation within this scan region. From 1 to 3, the sample
thickness increases significantly. Spot 4 represents an island of
Na;Cit film close to an AuNC. Spot 5 represents AuNC
aggregates covered with Na;Cit film. Close observation of the
series of phase images in Figure 3b shows that the signal at the
five spots has different dependencies on the excitation
frequencies. For example, spot 1 (thinner than 2 and 3) has
the strongest phase signal at 1558 cm™, and it decreases
rapidly with the excitation frequency increasing further as
shown by the red squares in Figure 3c. In spots 2 and 3, the
phase signal has a maximum at 1570 cm™" (blue squares and
green triangles in Figure 3c), and spot 3 appears to show an
additional peak at 1600 cm™". In spots 4 and S, the phase signal
increases as the QCL frequency increases to 1600 and 1611
cm™! (purple sphere and violet diamond, respectively, in
Figure 3c). Overall, the three stretching vibrational resonances
of citrate observed in Figure 2 are reproduced in Figure 3.

The line profiles in Figure 3d (across the dashed line on the
topographic image in Figure 3a) show the dependence of the
vibrational resonance at 1600/1611 cm™" on the proximity to
the AuNCs as well as on thickness in comparison with the
trend at 1558 cm™'. In the region where the AuNCs are
discernible in the topographic image (around spot S, blue
shade), the 1611 cm™ phase signal is about 32° above the
1558 cm™ signal, which is at the background level. In contrast,
in the thin film region without the AuNC (Figure 3d, green
shade), the 1558 cm™ phase signal is about 32° higher than
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the 1611 cm™ signal, which is below the background signal of
the substrate, in contrast to the observation at spot 5. This
spatially resolved chemical mapping establishes unambiguously
that the Na;Cit aggregate in the proximity of the AuNCs has
an intermolecular interaction that results in a significant blue-
shift of the COO™ antisymmetric vibrational frequency.
However, the phase contrast at 1600/1611 cm™ cannot be
attributed to surface-bound COO™ as claimed in the past’
because the molecular aggregate is clearly thicker than a
monolayer. This is confirmed by analyzing the IR phase image
of the island close to a single AuNC (spot 4, see also Figure
S6). The size of the island in the proximity of the AuNC is
over 20 nm, yet its IR phase signal is stronger at 1611 cm™"
than at 1558 cm™ as shown by the solid purple sphere in
Figure 3c. Clearly, the vibrational resonance around 1611 cm™
should be attributed to surface-templated higher-order
structure in Na,Cit film as opposed to surface-bound COO~.*"

To confirm the existence of a distinct band around 1570
cm™, the average phase signals at 1558 and 1570 cm™" are
plotted as a function of topographic height (Z), considering a
region free of AuNC (see inset images in Figure 3e). At 1558
cm™!, the phase signal increases linearly with the initial
increase of Z as shown by the orange square in Figure 3e and
the corresponding linear fit (red line) to the data. On the other
hand, at 1570 cm™', the phase signal has a quadratic trend that
appears to decrease with Z initially below the background level
before it increases rapidly. The lower-than-substrate phase
signal for the ultrathin film at 1570 cm™" is also observed in the
inset phase image (Figure 3e) on the right side of the dashed
pink line. With increasing Z, the 1570 cm™' phase signal
overtakes that of 1558 cm™' (Figure 3e). Assuming a
comparable oscillator strength of the vibrational modes, the
higher phase signal at 1570 cm™ for the thick sample may
indicate a higher proportion of the corresponding structural
domain. This observation may suggest that the vibrational
resonance around 1570 cm™ may be due to a subsurface
structure that does not form until the film is sufficiently thick.

And yet, the most unambiguous and vivid evidence for the
existence of a structural domain with vibrational resonance at
~1570 cm™! is obtained from a real-space mapping of adjacent
sample planes (Figure 4a) with Z > 15 nm (region 1) and Z <
S nm (region 2). At 1558 cm™', the phase signals at the two
planes are comparable (Figure 4b), while the phase contrast in
the Z < S nm region is completely absent at 1570 cm™" (Figure
4c). The line profiles in Figure 4d show the thickness-
dependent IR phase contrast at the two QCL frequencies more
quantitatively. Clearly, the 1570 cm™" signal appears when the
sample is sufficiently thick, confirming the vibrational
resonance of a subsurface structure. Additional results
(obtained on different samples) that show the reproducibility
of the identified resonances are available in the Supporting
Information (see Figures S7 and S8).

Vibrational signatures of molecular species on the AuNC are
obtained from SERS spectroscopy, which has inherent
sensitivity to molecules directly adsorbed on the surface.””
With the exception of the Raman inactive modes at 1558 and
1366 cm ™', the Na,Cit vibrational peaks observed in the SERS
spectra are in agreement with the peak positions in the ATR-IR
spectra within a wavenumber (Figure Sa,b). Considering that
the ATR-IR spectrum is characteristic of the bulk phase, the
close agreement between the corresponding IR and SERS peak
positions indicates a weak interaction of citrate with the gold
surface. The SERS peaks are narrower than the corresponding
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Figure 4. ON and OFF IR phase signals depending on sample
thickness. (a) Topographic image of AuNCs/Na; Cit film showing
regions of varying thickness—thick (labeled 1) and thin (labeled 2).
(b) Phase signals in these two regions are comparable at an excitation
frequency of 1558 cm™. (c) Phase signal from the thinner region
(region 2) is completely absent at an excitation of 1570 cm™". (d)
Linepprofiles along the white dashed line in (a) indicate that for
lateral positions ranging from 450—700 nm, the sample thickness is
just under S nm (right axis, dashed red and blue lines), and the phase
signal at 1570 cm™" is at the background level (blue line), in contrast
to the pronounced phase signal at 1558 cm™. A scale bar of 200 nm
applies to all images.

ATR-IR peaks, indicating the sensitivity of SERS to surface
species. The SERS peak at 1631 cm™' is close to the water
bending resonance observed in the ATR-IR spectrum with
about 6 cm™ downshift, which may indicate water molecules
bound to the surface through the O atom. The more significant
frequency shift of the water bending resonance compared to
any of the citrate peaks also suggests that water molecules
mediate the interaction of citrate with the surface. The Raman
peak at 302 cm™' (Figure Sc) further confirms Au—O
interaction in agreement with the reported results.”” The
low-frequency peaks in the 72—123 cm™ region in Figure Sc
may indicate a metal cluster of surface Au atom and Na* cation
stabilized by water, suggesting that citrate interacts with the
surface through the Na*(H,0), group.

In our discussion thus far, we have observed multiple
vibrational resonance frequencies, each stemming from the
antisymmetric citrate carbonyl stretching mode, attributed to
variations in nanoscale environments. To gain a molecular-
level understanding and propose the origin of these observed
resonances, we performed DFT calculations. These calcu-
lations were conducted at the B3LYP/aug-cc-pVDZ level using
Gaussian 16, with the aim of elucidating the detailed molecular
interactions at play. Comparing the vibrational spectra of
citrate and Na;Cit shows that the ionic interaction results in a
blue shift of over SO cm™ in both the symmetric and
antisymmetric stretching mode frequencies (Figure S9). For
further analysis of the intermolecular interaction, including
hydrogen-bonding, sodium acetate is used as a surrogate model
system to simplify the calculation, considering the similarity of
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Figure S. Identifying surface-bound chemical species. (a) ATR-IR
spectrum of an AuNC/Na;Cit film deposited on a silicon wafer. (b)
SERS spectrum of the same sample. Vertical dashed lines are drawn at
the ATR-IR peak positions and align with the corresponding peaks in
the SERS spectrum, except for the peak at 1636.8 cm™' (water
bending mode), which is downshifted by approximately 6 cm™. (c)
SERS spectrum in the low-frequency spectral window showing the
Au—O interaction at 302 cm™". The multiple peaks around 97 cm™!
may be due to a metal cluster that involves hydrated Na* and surface
Au atom.

the spectra for the two species (Figure S3). The antisymmetric
stretching frequency that appears at 1566 cm™' for the
monomer is blue-shifted to 1630 cm™" (Figure 6a,d). The 64
cm™' upshift is comparable to the difference between the
experimentally observed peak position at 1558 and 1611 cm™,
suggesting that an AuNC serves as a template to induce a
higher-order stacking structure in the Na;Cit aggregate.
Adding up to two water molecules results in red shifting in
both the monomer- (Figure 6a—c) and dimer- (Figure 6d—f)
based structures. In this regard, the structural domain that
gives rise to a vibrational peak at 1570 cm™! may have a similar
higher-order structure as the 1611 cm™! domain, where the
downshift indicates a higher extent of hydrogen bonding in the
subsurface.

The proposed weak interaction of the carboxylate functional
group with AuNCs, mediated by sodium cations and water
molecules, aligns with recent observations of methylene blue
(MB) SERS spectra adsorbed on gold nanoparticles with
cetyltrimethylammonium bromide (CTAB) and carboxylate
surface ligands.”” It was discovered that the MB SERS spectra
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Figure 6. Results of DFT calculations using sodium acetate as a
surrogate for Na,Cit. IR spectra of (a—c) a monomer and (d—f) a
dimer with an increasing number of water molecules forming
hydrogen bonding. The optimized structures are displayed as insets
in the panels that show the corresponding spectra.

from gold nanoparticles with carboxylate surface ligands are
similar to those obtained when MB is adsorbed on bare gold
nanoislands without surface ligands (prepared by electron-
beam evaporation). However, there is a significant difference
compared with the spectra of MB adsorbed on gold
nanoparticles with CTAB surface ligands. This observation
suggests that MB can replace carboxylate-based surface ligands,
indicating a weak ligand—surface interaction. Additionally, it
has been noted that plasmon-driven MB N-demethylation,
thought to involve singlet oxygen generation,”" ™ is inefficient
when gold nanoparticles with carboxylate surface ligands are
used. This implies the direct adsorption of MB onto the metal
surface, replacing the surface ligand and leading to efficient
molecular excitation energy transfer to the metal surface,
which, in turn, suppresses the generation of singlet oxygen.

4. CONCLUSIONS

In conclusion, the combination of s-SNOM with a tunable IR
QCL has provided a powerful method for imaging and
understanding molecular vibrations in complex nanostructured
materials. Through spatiospectral imaging of thin films of
colloidal AuNCs with Na;Cit ligands at ambient conditions, we
have demonstrated the ability to resolve the water bending
mode with a line width of less than 3 cm™, closely matching
gas-phase spectral values. Our analysis has also revealed the
presence of three partially resolved domains by examining the
water bending mode near-field spectra, elucidating variations at
the film—air interface, within the inner layer, and at the film—
substrate interface. These domains highlight the intricate
structure of the films and the complex interactions occurring at
different depths. Investigations into the citrate stretching mode
have yielded insights into three distinct structural domains
associated with proximity to AuNCs and Na;Cit film thickness.
These findings challenge previous spectral interpretations,
uncovering that certain vibrational bands originate not from
surface-bound carboxylates but rather from higher-order
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structures within the thick Na;Cit aggregates. Furthermore,
through SERS analysis, we have clarified the nature of binding
of citrate to NCs, which is facilitated by sodium ions and water
molecules, providing a more comprehensive understanding of
the interfacial chemistry at play. The experimental findings are
supported by DFT calculations, which confirm the spectral
assignments. This research contributes to the advancement of
structural elucidation in solid films, offering new perspectives
on the nanoscale variation of intermolecular interactions and
fostering the development of novel nanomaterials with
precisely engineered properties.
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