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ABSTRACT

Surface-enhanced Raman scattering spectroscopy (SERS) was combined with the
diamond anvil cell technique to study molecular monolayers and single molecules under high
pressure. Vibrational spectra up to 8 GPa were obtained for self-assembled monolayers (SAMs)
of the energetic material simulant 4-nitrobenzenethiol (NBT). A large pressure-broadening NO-
symmetrical stretch was found in the SAMs but not in solid NBT. Single-molecule Raman
spectra were studied at high pressures (1-4 GPa). The molecules were two isotopologues of the
dye rhodamine 6G (R6G and ds-R6G), adsorbed on colloidal Ag particles immobilized in
polyvinyl alcohol (PVA). The distributions of pressure-induced blueshifts and linewidths of
individual molecules were obtained at different pressures. The linewidth of the single-molecule
Raman spectra increased little with pressure, but the variations in blueshifts increased
significantly and accounted for most of the pressure-broadening found in the ensemble Raman
spectra. To study the pressure effect on plasmon-based electromagnetic enhancement, localized
surface plasmon resonance (LSPR) spectra of a photonic substrate and Raman scattering spectra
of bezenethiol (BT) monolayers adsorbed upon were measured simultaneously under high
pressure. The LSPR split into two peaks under initial compression, and both peaks redshifted
with further-increased pressure. The shifts in LSPR was correlated to the Raman intensity
variations found in BT Raman spectra. These results suggest that both deformation in the
nanoparticles and changes in the dielectric functions with pressure should be taken into account

when designing SERS substrates intended for working at high pressures.
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CHAPTER 1: INTRODUCTION

1.1 Motivations

With the advent of advanced experimental techniques and theories, the field of high-
pressure research has witnessed rapid growth since the early 20" century. One major objective of
high-pressure research is to measure the structure and property of materials under high pressure,
generating valuable data for many disciplines of science and engineering. In addition, because
high pressure is capable of inducing structural transformations, predicting and producing high-
pressure phases and novel materials comprises another research focus [1-5].

High pressure can be generated via dynamics or statics compression. Dynamics
compression techniques include light-gas gun, laser-driven shock, flyer plate, and ramp
compression [6], whereas static pressure generation involves usage of devices such as the
diamond-anvil cell [7] and multi-anvil apparatus [8].

The diamond anvil cell (DAC) is the most widely used device for generating static high
pressure. It produces the highest static pressure due to the unrivaled hardness of diamond. Gem-
quality diamonds can be transparent to x-ray, ultraviolet, visible and infrared radiation (except in
the range of 2 to 7 um) [9]. DAC can thus be integrated with many spectroscopic techniques. The
major drawback of DAC is the small sample volume, which can be overcome by using brighter
radiation sources and more sensitive detectors.

Raman scattering spectroscopy utilizes the frequency shifts of photons that occur when
they encounter molecular vibrations. It has been applied to study materials under high pressure
since the advent of DAC [7], and it is particularly useful in identifying pressure-induced phase

transitions [10-13].



Raman spectra under high pressure generally exhibit blueshifts and broadenings [14-19].
The blueshifts occur as a consequence of reduced inter-atomic spacing and anharmonicity in the
interaction potentials [18]. Broadening originates from many sources, however, and is often
described as homogeneous or inhomogeneous. Homogeneous broadening of vibrational
transitions in solids arises primarily from “pure dephasing” caused by faster modulations of the
vibrational frequency by the surroundings [20-24], whereas inhomogeneous broadening results
from each molecule in the ensemble having different interactions with the surroundings.

Raman scattering was once difficult to measure due to weak signals. Its utility was
restricted until the advent of lasers, better detectors, and band-rejection filters. The subsequent
discovery of the surface enhancement effect significantly elevated the sensitivity of Raman
scattering spectroscopy [25]. The enhancement mainly comes from collected -electron
oscillations on metal surfaces, so-called localized surface plasmon resonance (LSPR) [26].
Excitation of LSPR with lasers amplifies the electromagnetic fields near the metal surfaces and
thus enhances the Raman scattering signal of affected molecules by 10* to 10%° [27-29]. With
such large enhancement, single-molecule detection using Raman scattering became possible
[30,31].

Applying surface-enhanced Raman scattering spectroscopy (SERS) to high-pressure
research opens a handful of opportunities. The number of molecules required to make detectable
signal is reduced accordingly, allowing Raman studies that range from molecular monolayers to
single molecules. By definition, single-molecule Raman spectra should be purely
homogeneously broadened [32,33]. Therefore, single-molecule Raman spectroscopy permits the
responses of the individual molecules that constitute inhomogeneous pressure-broadening to be

resolved.



1.2 Organization

This thesis focuses on the study of high-pressure SERS spectra of molecules adsorbed on
metal surfaces, with three objectives to achieve: to compare the compressed state of surface
molecules to their crystalline counterparts; to observe single-molecule Raman scattering under
high pressure; and to examine the pressure response of localized surface plasmon resonance
(LSPR).

Chapter 2 gives a brief overview of surface-enhanced Raman scattering (SERS)
spectroscopy.

Chapter 3 documents the experimental apparatus and operating procedure of DAC.

Chapter 4 includes work that examines the vibrational response of 4-nitrobenzenethiol
(NBT) self-assembled monolayers (SAM) and solids under high pressure. It was found that the
blueshifts of monolayer and solid were similar except for the anchoring C-S group, confirming
previous findings in studies of benzenethiol and methyl-benzenethiol. The similarity was
attributed to the mobility of surface molecules, which causes the monolayer to compress along
three dimensions rather than one dimension if the molecules were stationary. A significant
pressure broadening was found in the NO2 symmetrical stretch in SAM but not in the solid. The
broadening was attributed to the rearrangement that had randomized nitro group orientations.

Chapter 5 covers a high-pressure single-molecule SERS study of Rhodamine 6G
adsorbed on Ag colloidal nanoparticles that were immobilized in a poly-vinyl alcohol film. A
dramatic loss of Raman intensity was found when the samples were first put under pressure. This
intensity loss was not caused by pressure tuning of the R6G absorption spectrum but by pressure

reduction of plasmonic enhancement of the SERS-active hotspots. Analysis of datasets in which



single-molecule spectra dominated showed that the single-molecule Raman linewidths increased
very little due to increasing pressure, but the variations in the pressure-induced single-molecule
blueshifts increased significantly with pressure. Therefore, individual single molecules can have
quite different pressure-shifting behavior, and the variations in blueshifts among single R6G
molecules explained the pressure-induced broadening.

Chapter 6 includes work that examined the pressure response of the LSPR of a photonic
substrate, namely Ag film over nanospheres (AgFON). The nanosphere array LSPR was centered
at ~620 nm at ambient pressure. When it was placed under moderate pressure, however, it split
into two resonances, centering at ~500 nm and ~750 nm, respectively; this was presumably
caused by deformations of the polymer nanoparticles. Both resonances redshifted with increasing
pressure. In accordance to the LSPR splitting and shifting, SERS intensity increased by twofold
at 2 GPa but decreased gradually from 2 to 10 GPa. These results suggest that both deformation
in the nanoparticles and changes in the dielectric functions with pressure should be taken into

account when designing SERS substrates intended for working at high pressures.
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CHAPTER 2: SURFACE ENHANCED RAMAN SCATTERING
SPECTROSCOPY

2.1 History

Surface enhanced Raman scattering was discovered in 1974, when unexpectedly large
Raman scattering signal from pyridine adsorbed on roughened silver electrode was reported [1-3].
Debate over the origin of the enhancement lasted a few years till 1978. Moskovits firstly
proposed that the enhancement arose from collected electron oscillations at the metal/dielectric
boundary, later named localized surface plasmon resonance (LSPR) [4]. He modeled the rough
electrode surface as layers of metal microspheres atop a flat metal substrate and calculated the
corresponding absorption maxima Ar based on this model. Using Ar as the resonant frequency, he
successfully reproduced the wavelength-dependency of the SERS intensity obtained from
experiments.

A second enhancement mechanism is the “chemical enhancement”, which result from
amplified molecular polarization due to charge transfer between molecules and metal surfaces
[5]. However, the chemical enhancement is small (~10%) compared to the electromagnetic
enhancement (10* ~10%°), and the consensus is that the electromagnetic enhancement based on
LSPR gives most important contribution to SERS.

As the origin of the enhancement was identified, fundamental studies and applications of
SERS took off in the next three decades. LSPR can be calculated numerically on given
nanoparticles’ geometries [6]. Optimal surface enhancement was found when frequency of LSPR
resided between the frequency of the excitation photon and the frequency of the scattered photon
[7,8]. The magnitude of the SERS enhancement resulted from EM enhancement has been

quantified as between 10 to 10° [9,10]. Sites with exceptionally high enhancement were named
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“SERS hotspot” and located at the junction between nanoparticles [11]. On the application side,
various types of the SERS active substrate were developed, and SERS is increasingly used in
chemical sensing and biological imaging [12-14].

A modified version of SERS, tip-enhanced Raman scattering (TERS) utilizes the highly
confined and enhanced electromagnetic field at the apex of a STM tip. TERS demonstrated ~0.5
nm spatial resolution [15]. It is one of the most promising avenues being pursued currently to

realize real-time imaging of chemical reactions [16].

2.2 Single-molecule surface enhanced Raman scattering (SMSERS)

In 1997, two groups reported observation of surface enhanced Raman scattering signal
from a single molecule [17,18]. As pointed out by one of the reports, single molecule SERS was
only possible if the SERS enhancement could bridge the gap between the Raman scattering
cross-section (10%° cm) and fluorescence cross-section (1071° cm). The authors believed that
10'* Raman enhancement existed at specific sites (SERS hotspots) [18].

However, the Raman enhancement of R6G on Ag nanoparticles is not solely from the
metal surface, because R6G molecules absorb strongly at 532nm and therefore induces resonant
Raman enhancement. The resonance Raman scattering cross-section of R6G was measured to be
2.3 x10%2 ¢m2 using femto-second stimulated Raman scattering [19], and surface contribution
was estimated to be 10’ to 10® [19]. On the other hand, AFM imaging of SM-SERS active
particles suggested that the hotspots located at the junctions between two aggregated particles
[11]. The EM enhancement of small (a few nm) gaps in between silver or gold nano-sphere
dimers was theoretically investigated by Schatz and coworkers [20]. Their studies demonstrated

EM enhancement as high as 10'° at the junctions. Nevertheless, structures such as triangles were



found to provide EM enhancement of similar magnitude. SM-SERS without utilizing gap
junctions was demonstrated lately [21].

Since EM enhancement is site-dependent, and positioning one molecule precisely at a
hotspot is so far technically unrealistic, an observed Raman spectra can either originate from a
single molecule adsorbed at a hotspot or many molecules on sites with less enhancement. Isotope
edited bi-analyte method (BiAS) was thus devised to identify single molecule events in SM-
SERS studies [22,23]. It is implemented as the following. The analyte molecule is deuterated so
that one at least one vibrational mode shifts in frequency and is separated from the undeuterated
one. The purpose of deuteration is to maximally retain resonant Raman cross section and
interactions with the surface between the two species. Equal amount of the two analytes are
added to the nanoparticle suspension to freely associate with the particles. In a captured Raman
spectrum, if both transitions appears, the spectrum cannot originate from a single-molecule.
However, if the spectrum contains only one of the two transitions, it is likely to be a single

molecule spectra.

2.3 The surface chemistry of Lee-Meisel Ag colloids

The surfaces of Lee-Miesel Ag colloidal particles carry negative surface charges due to
adsorbed citrate anions. Changes in the surface charges affect the stability and SERS
enhancement of the colloids [24]. The colloidal solution is stabilized by strong coulomb
repulsions between negatively charged particles, and this coulomb repulsion can be screened by
adding an electrolyte. Based on this principle, salt (KCl or NaCl) solution (~10 mM) induces

mild aggregations of the nanoparticle, a pre-requisite for SMSERS [25]. However, small clusters



of particles are formed, but further aggregation is prevented by coulomb blocking, leading to
meta-stable colloidal solutions [26].

On the other hand, R6G, a cationic dye, adsorbs onto the negatively charged Ag colloids
via electrostatic interactions. The interaction was found to be so strong that free dye molecules
were quickly depleted by surrounding colloidal particles before they can diffuse far [27].

The surface chemistry must be taken into account in sample preparation. Dye solution
need to be prepared at least in the same volume as the colloidal solution, so that when the two
solutions are mixed, dye molecules will be uniformly distributed among the particles and not
induce particle aggregations [27,28]. Secondly, when the surface coverage of citrate ions are
sufficiently high, their Raman signal become observable [29]. Therefore, the Ag colloid need to
be treated with low concentration (~1mM) salt solution, so that the citrate adlayer is substituted

by CI" adlayer, which maintains the surface charge but is Raman-inactive.

2.4 High pressure surface enhanced Raman spectroscopy: previous studies

Kathryn Brown, a former group member, was the first to combined diamond anvil
technique with surface enhancement Raman scattering and obtained Raman scattering spectra of
self-assembled molecular monolayers (SAMSs) under high pressure [30]. The SAMs she studied
were benzenethiol (BT) and benzenemethylthiol (BMT), and the SERS-active substrates utilized
were Ag coated nano-sphere arrays (AgFON). She found that the pressure-induced vibrational
blue shifts are remarkably similar between SAMs and solids.

Lately high pressure SERS has attracted some attention from the high pressure
community for its potential in amplifying weak optical signals under high pressure. A group at

Jilin University studied the localized surface plasmon resonance of gold nanoparticles in a
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diamond anvil cell up to 1.2 GPa [31]. Within this pressure range, the size, shape and
permittivity of gold nanparticles (40 and 80nm) changed insignificantly. They found a
continuous redshifts with pressure in gold nano-particle LSPR. The redshifts were correlated to
the increased refractive index of water, which is used as the pressure transmission medium.
Similar study has not been conducted on silver nanoparticles. However, there are x-ray
characterizations of bulk and nanoparticles of silver under high pressure. At ambient pressure,
silver adopts face-centered-cubic (fcc) structure. Bulk silver retains fcc structure up to 120 GPa
[32] without any identified phase transition. However, silver nanoparticles behave differently.
Nanoparticles between 5 to 10 nm were found to be primarily multiply twinned icosahedral
particles. Unlike cubic structure that has isotropic compressibility, at the twin boundaries, the
compressibility were found to be different along different axis, leading to a reversible

rhombohedral distortion [33].
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CHAPTER 3: EXPERIMENTAL

3.1 Homebuilt Raman apparatus

Figure 3.1 shows the layout of our homebuilt Raman apparatus. The laser was a 30 mW,
532nm doubled Nd:YVOs. Laser output power was attenuated to 1 mW for Raman scattering
measurements and focused down to ~30 um spot. Ruby chips in the DAC were excited by the
same laser. Raman and fluorescence spectra were detected by a Shamrock 303i spectrograph
(Andor) with a PIXIS 256 CCD camera (Princeton instruments). The spectral resolution was 10
cm. The reflectance spectra of the nano-sphere arrays and the extinction spectra of the Ag
nanoaggregates were used to determine the LSPR spectra. The samples were illuminated by a
Tungsten-Halogen lamp (Ocean optics, HL-2000), and the LSPR spectra were acquired by a
miniature spectrometer (Ocean Optics USB4000). The sample inside DAC is imaged using a

video camera (National Instrument) to facilitate the experiment.

3.2 Confocal Raman microscope

For SMSERS studies, two types of instrumentations exist. In one of them, laser
illuminates an area that is larger than the field of view of the objective. Raman active spots can
be identified in the field of view as diffraction-limited spots. Each individual diffraction-limited
spot is centered on the entrance slit of the spectrograph to collect Raman spectra [1,2]. The
advantage of this instrumentation is that SERS active spot is selected before its spectra is taken,
ensuring the successful capture of SMSERS spectra. However, such instrumentation is highly
customized for carrying out SMSERS studies, and only exists as home-built versions.

The second type of instrumentation utilizes confocal Raman imaging microscope [3], and

is adopted in this study. Compared to the conventional Raman spectrometer, confocal Raman
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microscope blocks off-focus scattering by positioning in front of the detector a pinhole that is
confocal with the illumination spot, an;d therefore improves the spatial resolution. To put it in
another way, the scattering volume from which the Raman signal is collected is much more
restricted in a confocal Raman microscope than in a conventional Raman spectrometer. The
advantage is easy implementation, because confocal Raman microscope is commercially
available. Yet the spectra acquisition process is blind and inefficient: Raman spectra are taken
point-by-point without knowing whether the laser illumination or the pinhole is optimally
aligned with a given SERS active spot.

The confocal Raman microscope used is a Horiba LabRAM HR confocal Raman imaging
microscope. The objective was a Nikon long-working distance 50X objective with N.A. = 0.5.
The laser power was attenuated to 0.1 mW at 532 nm and 0.6 mW at 633nm for Raman
scattering measurement. The confocal pinhole diagonal was 300 um, and the spectrograph slit
width was 200 um. The diffraction grating was 1800 g/mm, blazed at 500 nm.

A slab of high refractive index material such as a diamond anvil between the objective
and specimen can introduce aberrations and enlarge the observed scattering volume [4,5]. To
characterize the effects of our 2.5 mm thick diamond anvil, we measured the scattering volume
with and without the diamond anvil using a method [6] from the literature. The measured
scattering volume in air was 30 pm?® and with the diamond anvil the scattering volume was
enlarged to 81 um3. However the samples were only 20 pm thick, which limited the actual axial
detection depth to the sample thickness. In that situation, we estimated the scattering volume to

be 25 um®. Parameters used to calculate the scattering volume are listed in Table 3.1.
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3.3 Diamond anvil cell

Diamond anvil cell (DAC) is a convenient device to subject small specimen (0.01 mm?)
to high pressures (GPa to TPa). Since diamonds are transparent from UV to far infrared
(moderate absorptions between 2 to 7 microns), DAC can be easily adapted to laser Raman
spectroscopy. The Raman active lattice mode of diamond appears at 1332 cm™. It comes from
the vibrations of the two interpenetrating cubic sublattices of the diamond against one another [7].
Nitro symmetrical stretching mode, a transition of interest to us (1345 cm™) overlaps with the
diamond lattice mode. In that case, SiC anvils were used.

By bring two opposing anvils to close contact and applying moderate force on the tables,
high pressure are generated at the culet (tip). Various design of DAC were proposed to
implement this simple idea, emphasizing on either adapting the DAC to a certain analytical
technique or achieving higher pressure. The DAC used in this study was a Merril-Basset type
cell [8].

A metal (BeCu or stainless steel) gasket in between the two opposing anvils encloses the
specimen, the pressure transmission medium and ruby chips for pressure determination. The
diameter of the sample hole was chosen to be between % to % of the culet diameter. Before
drilling the hole, the gaskets must be pre-indented to a thickness between 50 to 100 um [9].

The pressure transmission medium transforms uniaxal compression to hydrostatic
compression. Choices include rare gases, organic liquids and salt. Ar was used in this study. It
was cryogenically loaded into a DAC according to the following procedures. The assembled
DAC was placed into a brass chamber. The chamber was purged with dry Ar and then placed
into a liquid nitrogen bath. When chamber reached equilibrium, Ar gas was slowly flowed into

the chamber, condensed on the wall and flew into the DAC. Once the liquid Ar was above the
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top surface of DAC, the three DAC screws were tightened to slightly beyond pre-draw marker to
trap the Ar in the sample chamber.

The pressure in a diamond anvil cell is determined by ruby R1 line shifts. When a Cr3*
ion replaces an AI** ion in a-Al,Osz lattice, the Cr3* ion is under the influence of an octahedral
ligand field formed six surrounding O ions that breaks the degeneration of the five d orbitals.
Ruby R1 (694.25 nm) and Rz (692.68nm) line are emissions from two 2E levels [10]. Hydrostatic
pressure isotropically deforms Al,Os lattice. The crystal field splitting scales reversely with the
forth power of metal-ligand bond length. Changes in the field splitting lead to the shifts of the
Ruby R1 and R2 lines that are proportional to pressure [11]. The center frequency of R1 line is

converted to pressure using calibration equation provided in reference [12].

3.4 Sample preparation: Ag film over nanospheres (AgFON)

The nano-array substrate was a 15 pm Mylar® film whose surface was made hydrophilic
with a sputtered coating of 25 nm of SiO2. A drop of aqueous suspension of 320 nm polystyrene
spheres (Thermo Scientific) was evaporated on the surface to form a close-packed nanosphere
lattice, and 200 nm of Ag were sputtered onto the nanospheres. The sphere diameter and Ag
thickness were those that optimize the array for 532 nm laser Raman scattering. The SAM was
deposited by soaking the array in a 1mM solution of thiol (benzenthiol or 4-nitrobenzenthiol,
Sigma-Aldrich) in ethanol for several hours. A scalpel was used to slice a tiny piece of the array

that fit into the anvil.
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3.5 Sample preparation: dye treated Ag nanoparticle immobilized in polymer film

The citrate-reduced Ag colloid samples were prepared according to Lee and Meisel’s
method [13]. The colloid solution (20 mL) was mixed with an equal quantity of aqueous solution
of R6G [14]. The R6G was rhodamine 590 chloride (Exciton), and the d4-R6G was provided to
us by Prof. Van Duyne of Northwestern University. By trial and error, we found the best R6G
concentrations were 30 nM of each isotopologue for the lower-pressure studies. At higher
pressures where the number of hot spots was smaller, we used 60 nM. Combined citrate and
R6G solutions were vortexed for 30 s. Then 40 mL of 20 mM NaCl solution were added,
followed by another 30 s of vortexing to assist nanoparticle aggregation. The suspensions were
incubated for 1.5 hour. To remove R6G in solution, the suspension was centrifuged at 10,000
rpm for 15 minutes. The precipitate was mixed with 20 mL 0.5mM NaCl and dispersed by
vortexing. This process was repeated until the R6G concentration in the supernatant dropped
below 1nM, as assessed by fluorescence. The precipitate collected from the final centrifugation
was mixed with 1.6 g of 5% poly vinyl alcohol (PVA) (J. T. Baker, MW 77,000-79,000) in water.
This mixture was drop-coated onto a 2”x2” glass plate cleaned by Piranha solution (H>SOs:
H>0; = 3:1), and then air-dried to form a greenish-yellow film ~20 pum thick. The film on glass
was inserted into the SERS spectrometer, and regions were located that produced the strongest
SERS signals. Using a scalpel and a microscope, sample chips approximately 200 x 200 x 20

um? were cut from those regions.
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Figure 3.1

Layout of the homebuilt Raman apparatus.
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(a) Self-assembled monolayers (b) Rhodamine 6G on
(SAM) Ag nanoparticles

T 7T
Ag Ag Ag
Ag film
coated
nanosphere
arrays

Figure 3.2

Schematics of two SERS active samples that had been studied in DAC under high pressure. (a)
Self-assembled monolayer on a photonic substrate consisting of an Ag-coated nano-sphere array.
(b) R6G dye (red dots) adsorbed on Ag nanoparticle aggregates (grey) immoblized in a PVA

matrix (green).
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Figure 3.3

Scanning electron microscope image of the nano-sphere arrays.
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configuration o (pm) Hefr (um) Vst (um®)
in air 0.9 24 30
through the 0.9 64 81
diamond window
on the film sample 0.9 20* 25

* The thickness of the film sample

Table 3.1

Parameters for calculating the scattering volume
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CHAPTER 4: VIBRATIONAL SPECTROSCOPY OF NITROAROMATIC
SELF-ASSEMBLED MONOLAYERS UNDER EXTREME CONDITIONS®

4.1 Introduction

Nitro groups are a key functionality of most high-performance energetic materials (EM),
and vibrational spectroscopy of nitro groups under dynamic shock compression [1-5] can be an
important method for understanding fundamental mechanisms of EM initiation. Interpreting
vibrational spectra under shock conditions can pose several problems. For example the net
shock-induced frequency shift may result from opposing pressure blueshift and temperature
redshift [6]. In this study we investigate the vibrational spectra of nitro groups of the EM
simulant 4-nitro-benzenethiol (NBT) under static high-pressure (to 8 GPa) and high-temperature
(to ~600°C). The NBT simulant was studied in both the crystalline form (‘solid’) and as a self-
assembled monolayer (‘SAM’) on polycrystalline Au or Ag (111) surfaces (Fig. 4.1a). The
relevance of SAMs for ultrafast shock compression measurements stems from the fact that shock
velocities in EM are a few nanometers per picosecond. The time resolution of shock compression
measurements is limited by the shock front transit time across the sample layer being probed, so
monolayers will yield the highest possible time resolution [7].

One difficulty in monolayer studies arises from the small quantity of molecules being
probed. We have overcome this in flash-heating and shock compression experiments using a
nonlinear coherent vibrational spectroscopy termed broadband multiplex sum-frequency

generation (SFG) [7,8]. In static high-pressure experiments we have developed a photonic chip

* Materials in this chapter have been previously published in following article: Fu, Yuanxi;
Friedman, Elizabeth A.; Brown, Kathryn E.; Dlott, Dana D. Chem. Phys. Lett, 2011, 501, 369-

374. Copyright © Elsevier, reprint with permission.
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that can be placed in a diamond-anvil cell (DAC), to amplify the Raman signal of a SAM by
about one million using the surface-enhanced Raman scattering (SERS) effect (Fig. 4.1b) [9].

A pertinent difficulty in studying EM at high temperatures stems from the fast
thermochemical reactivity. We have overcome this difficulty by femtosecond laser flash-heating,
where the SAM's metallic substrate is heated by many hundreds of K. Due to the thin film
geometry, the T-jump decays by thermal conduction on the nanosecond time scale. The
nanosecond duration of the heat pulse applied to the SAM effectively suppresses chemical
decomposition [8,10].

There have been a few vibrational spectroscopy studies of nitrated EM under shock
compression [1-5] and quite a few studies with static high pressure (e.g. [11,12]). Some of these
studies involved poly-nitro EM such as TATB (1,3,5-triamino-2,4,6 trinitrobenzene) [13], which
featured a number of complications such as inter- and intra-molecular interactions among
multiple nitro groups, extensive hydrogen bonding and solid-solid phase transitions, which will
not be discussed here. The mono-nitro compounds nitromethane (NM) [14-20] and nitrobenzene
(NB) [21-24] have been studied by Raman under static and dynamic compression. These
materials have a symmetric nitro stretch transition v NO2 prominent in the Raman spectrum near
1400 cm™ (NM) or 1345 cm™ (NB). In NM, which decomposes under pressure at ~150°C [15],
v* NO3 has been studied in a DAC up to 35 GPa at 20° and 80°C [17,18]. The pressure dependent
blueshift is ~2 cm™ GPa, although there are breaks in slope due to phase transitions [17,18].
Unfortunately, Raman spectroscopy of shocked NM did not tell us much about v¢ NO:
specifically, because the measurements did not resolve v NO, from nearby v* CHs transitions
[19]. Shock compression measurements of NB showed that the v NO> transition had the smallest

blueshift of any of the more intense Raman transitions and this smaller blueshift was ~1.2 cm™
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GPal. The small blueshift was explained as resulting from an offsetting redshift due to pressure-
induced changes in the intermolecular interactions [21].

In comparing shock to static spectroscopy measurements it is useful to keep in mind that
a shock is more than just high pressure and high temperature. Shocks launched by tabletop
femtosecond lasers are typically quasi-1D with rise-times of a few picoseconds and durations of
10-100 ps [25,26]. As depicted in Fig. 4.2a, with such shocks molecules initially are subjected to
uniaxial stress, which creates a longitudinal strain (i.e. along the shock propagation axis) and a
shear stress [27]. If the shear stress ¢ exceeds a critical value ocr, which depends on material
strength, then a subsequent shear relaxation [28,29] will occur. The shear relaxation causes the
uniaxial strain to decay as the transverse expansion occurs, leading to a final state of hydrostatic
compression. The shear relaxation may not be complete, however, and the final state may not be
quite hydrostatic, if the shocked material possesses residual strength characterized by a nonzero
value of o¢r [27].

A femtosecond laser-driven shock front also excites molecules via multi-phonon up-
pumping [30-32]. In up-pumping, the front creates an initial non-equilibrium vibrational
population dominated by doorway-mode excitations. Doorway modes are lower-frequency
larger-amplitude vibrations that have larger mode-Griineisen parameters. The Grineisen
parameter characterizes the rate of increase of vibrational energy with volume compression. The
initial doorway-rich vibrational population causes a vibrational redistribution process that excites
the other vibrations, leading to a thermalized state at an elevated temperature on the 10-100 ps
time scale [30,31]. Following shear and vibrational relaxation processes, the shocked molecules
will be approximately (to the extent that ocr~ 0) in an equilibrium state of elevated pressure and

temperature.
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Thus to better interpret shock vibrational spectroscopy experiments, it would be useful to
have independent measurements of molecular spectra under conditions of hydrostatic
compression and high temperature. For EM, nitro-group spectra are particularly important. But
in addition it would be useful to have measurements with uniaxial compression only and with

non-equilibrium vibrational populations. In this study we report progress toward those goal.

4.2 Experimental

NBT was obtained from Aldrich Chemical Company and used without further
purification. The static high-pressure Raman measurements used the scheme described in
Chapter 2. We used Moissanite (SiC) rather than diamond anvils, because the diamond Raman
transition overlaps the v"NO, symmetric stretching transition near 1345 cm™. Raman spectra
were obtained with both increasing and decreasing pressures but no hysteresis was observed.

The flash-heating apparatus with nonresonant suppression was also described in detail
previously [10]. A Cr-Au thin film on glass with adsorbed NBT SAM was flash-heated to a high
temperature in the 600°C range by femtosecond pulses [10]. A femtosecond IR pulse centered
near 1345 cm™ and a picosecond 800 nm pulse were used to obtain SFG spectra as a function of

time delay after flash-heating. The spectroscopic resolution was 11 cm™.

4.3 Results

Figure 4.1c shows Raman spectra of the NBT SAM and solid at a lower pressure of 0.2
GPa, with some selected peak assignments. Four transitions were studied in detail, selected
because they were not spectrally congested and had sufficient Raman intensities. These were the

CS-stretch vCS, the CN-stretch vCN, the symmetric nitro stretch v NO2, and the totally-
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symmetric in-plane ring stretch v8a. Figure 4.3 compares SERS and solid-state spectra up to 7
GPa. Figure 4.4 shows the pressure-dependent blueshifts. Except for vCS, the shifting behavior
was almost identical for SAM and solid, which was also the case in a previous study of
benzenethiol [9].

It is useful to know the mode Griineisen parameter y for each transition, where v is the

relative change in wavenumber v with respect to the relative change in volume V,

alnv
Y= alnv (1)

Unfortunately the quantity we determine is the relative rate of energy change with pressure, d Inv
/ dP , and to convert this quantity to y would require a knowledge of the isothermal
compressibility k = -(dInV/dP)t for the SAM, which we do not know. In any case the values in
Table 4.1 for a single substance should be indicative of the relative magnitudes of the mode
Grineisen parameters. For the vCS determination we used the lower-pressure (< 3 GPa) slope of
the SERS data in Fig. 4.4a. The important conclusion is that d Inv / dP is about the same for
vNO2, v* NO2 and v8a, but it is about ten times larger for vCS. A comparison to other SAMs is
also possible. The v8a transition was studied in BT and benzene-methyl-thiol SAMs [9], and its
pressure-dependent blueshift was almost identical to the NBT results in Fig. 4.4d. As seen in Fig.
4.1c, the Raman linewidths are narrower in the solid. Figure 4.5 compares the pressure-
dependent Raman linewidths of v* NO. and v8a. The v8a linewidth does not change appreciably
with pressure in the solid or the SAM. The v* NO linewidth increases significantly in both solid
and SAM, but the pressure dependences are quite different. In the SAM the linewidth increases
by about a factor of five up to 3 GPa and then levels off. In the solid the linewidth does not
increase much until ~4 GPa. Figure 4.6 compares the v° NO> transition of the NBT SAM with

hydrostatic compression and with flash-heating. The ambient spectra were obtained with both
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SERS and SFG. In the SFG spectra the non-resonant signal from the Au substrate was
suppressed using time-gating [33,34]. The NBT flash-heating data are in good agreement with a
previous study surveying many SAM structures [10]. Although SFG and Raman are quite
different techniques, the v* NO> spectra are similar. The peak locations are close but the Raman
has a ~15% greater width. The SFG spectrum is narrower because the SFG cross-section is the
product of the IR and Raman cross-sections [33], in the dipole approximation with non-resonant
susceptibility suppressed.

Figure 4.6 shows that flash-heating to 600°C causes a small redshift of ~1 cm™ and
negligible broadening. This is true at shorter (2 ps) time delay when non-equilibrium vibrational
populations are present [10], and at longer (80 ps) time delay when NBT and the substrate are in
equilibrium at 600°C. High pressure causes a significant blueshift of ~15 cm™ and a FWHM

increase from 20 cm™ to 70 cm™™.

4.4 Discussions
4.4.1 Pressure-dependent spectra

Besides the usual pressure-dependent blueshifts, there are three features in Figs. 4.3-5
worth additional remarks. The first is the similarity between the pressure shift of SAM and solid
for vCN, v* NO2 and v8a (Figs. 4.4b-d). The second is the unusual behavior of vCS in Fig. 4.4a.
In the SAM, vCS blueshifts up to 3 GPa and then stops, whereas in the solid there is almost no
shift at all. Since the CS linkage is part of the SAM anchor to its substrate, the pressure shift is
suggestive of an ad-layer structural relaxation in the 0-3 GPa range not present in the solid. The
third is the behavior of the solid NBT v8a ring stretch mode in Fig. 4.3. A relatively sharp

(FWHM 14 cm™) band at lower pressures, at ~5 GPa a weaker broader (FWHM ~100 cm™)
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feature appears on its red edge. With increasing pressure this broader feature blueshifts on top of
the v8a peak, stealing its intensity. We suggest the broader feature is the asymmetric nitro stretch
transition v* NO2 which would be expected to be weak in the Raman spectrum. In this view,
pressure tuning creates a Fermi resonance with v8a, leading to intensity redistribution and

broadening.

4.4.2 Structural relaxation

The similarities of the pressure shift data for NBT SAM and solid can be viewed as
surprising, since the SAM is anchored to a metal substrate. The same result was obtained in an
earlier comparison of BT SAM and solid at high pressure [9]. This pressure shift result can be
explained as follows.

Solid NBT in the Ar pressure medium would be expected to undergo a hydrostatic but
somewhat anisotropic compression, based on static compression measurements of the closely
related solid, NB [22]. At the higher pressures used here (e.g. 6 GPa), NB solid undergoes
volume compression of ~25% [22]. According to x-ray data, NB crystals at 6.1 GPa compress by
14%, 4% and 10% along the a, b and c-axes respectively [22].

NBT SAMs consist of molecules adsorbed on a comparatively incompressible metal
substrate. With sudden ~6 GPa hydrostatic compression, a SAM would first be compressed only
along the surface normal [9], as depicted in Fig. 4.2b. (With dynamic diamond anvil technology,
sample could be loaded to 6 GPa in 10 ms [35].) This uniaxial response could, in principle,
occur on a molecular time scale (picoseconds) [7], and the uniaxial strain would be ~25% at 6

GPa. Because molecular force constant tensors are highly anisotropic, the Raman spectrum of a
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SAM with a solely uniaxial compression SAM would be quite different from an isotropically
compressed solid.

However organic thiolates on noble metal surfaces are known to have a sluggish surface
mobility, which is necessary for them to form highly-ordered monolayers [36]. Thiolate SAMs
can also be pushed around a metal surface by an AFM tip [37]. Thus we propose that the initial
uniaxial strain undergoes a gradual shear relaxation when the shear stress overcomes the SAM
adhesion to the substrate. The adhesion determines ocr. As illustrated in Fig. 4.2b, the shear
relaxation resulting from hydrostatic compression would be a compression process, as opposed
to the shear expansion (Fig. 4.2a) that would result from shock compression. We do not see the
proposed uniaxial state or the shear relaxation because the relaxation apparently occurs faster
than the several minutes needed for us to compress the sample and obtain spectra. It might be
observable in the future using dynamically-actuated [35] DACs.

The CS-stretching transition vCS should be especially sensitive to the nature of SAM
packing on surface. The vCS shift is minimal in the solid (Fig. 4.4a), but in the SAM there is a
blueshift of ~7 cm-1GPa-1 up to ~3 GPa. Thus the shift data is suggestive of a shear-induced
rearrangement on the surface up to ~3 GPa. Above 3 GPa the SAM becomes practically

incompressible for stress parallel to the surface plane.

4.4.3 Doorway modes

A steep shock front preferentially pumps energy into molecular vibrations at a rate
proportional to the mode Griineisen parameter [31]. Looking at the data in Table 4.1, in the SAM
the CS-stretch transition vCS would be expected to be shock-excited an order of magnitude more

efficiently than the nitro stretch or ring vibrations. Thus the vCS vibration can be considered a
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doorway mode for shock-to-molecule energy transfer in the SAM. However this is apparently

not true for solid NBT, where the CS-linkage does not serve as a molecular support.

4.4.4 Nitro SAM spectra at high pressure and temperature

Figure 4.6 shows that flash-heating results in small thermal redshifts and broadening of
the SAM v* NO> transition. In condensed media, the thermal redshift and broadening are
frequently dominated by thermal expansion [38], but these flash-heating measurements are faster
than thermal expansion. Another likely mechanism involves quartic anharmonic coupling
between a higher-frequency vibration being observed, such as v* NO, and unobserved lower-
frequency vibrations near kT [39]. Energy exchange between the lower-frequency vibrations and
the bath cause a fluctuating anharmonic shift of the observed vibration that results in a redshift
and broadening having identical temperature dependences proportional to the thermal occupation
number of the lower-frequency mode [39].

Figure 4.5 also shows that static high pressure causes the SAM v* NO: transition to
blueshift, and this blueshift is about the same as in the solid. Thus it is reasonable to associate the
v* NO2 pressure blueshift with intramolecular anharmonicity. Increasing strain causes the v* NO-
ground-state v = 0 to move up in energy, but the excited-state v = 1 energy moves up to an even
greater extent.

The SAM v* NO- transition broadens significantly in a pressure range (0-3GPa) where
the solid NBT linewidth is insensitive to pressure. At the same time the SAM phenyl v8a
transition hardly broadens at all. These observations lead us to associate the broadening with the
nitro group location at the interface between the SAM and the Ar pressure medium. A likely

hypothesis, supported by the similarity between the vCS pressure blueshift (Fig. 4.4a) and the v°
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NO: broadening (Fig. 4.5a), involves the proposed shear relaxation process described in Fig.
4.1b.

During shear relaxation the SAM molecules move in the plane to become more tightly
packed, which requires the surface nitro groups to be dragged through the Ar pressure medium.
This rearrangement creates a distribution of nitro group orientations. The disordered nitro groups
create static inhomogeneous broadening. Another possibility, suggested by the observation that
vacuum deposition of metal films on top of SAMs can lead to metal atoms being embedded
within the SAM [40,41], is that the inhomogeneous broadening is caused by Ar atoms in the
SAM lattice. However we regard this as less likely [9] because SAMs because, although there
are strong interactions between organic molecules and metal atoms, organic molecules such as

benzene are totally immiscible in Ar.

4.4.5 Relationships between static and dynamic shock-compression spectra

The flash-heating results show that the v* NO- transition of the SAM, on shorter time
scales relevant to shock compression, is insensitive to high temperatures up to 600°C and
additionally insensitive to the non-equilibrium vibrational distributions created at the earlier
stages of flash-heating. Thus we would expect the static and shock blueshifts to be similar at a
given pressure, since the shock pressure blueshift will not be appreciably offset by a temperature
redshift. This could potentially be a useful simplification, since the shock pressure could then be
determined in situ with reference to static high-pressure calibration measurements.

According to our hypothesis for the origin of the pressure broadening for v* NO of the
SAM, the broadening is associated with the shear relaxation process. This could be another

potentially useful simplification where the initial uniaxial compression would be associated with
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a sudden blueshift with minimal broadening and the subsequent shear relaxation by a subsequent

gradual broadening.

4.5 Conclusions

Vibrational spectra up to 8 GPa and 600 °C were obtained for self-assembled monolayers
(SAMs) on noble metal surfaces of the energetic material simulant 4-nitrobenzenethiol (NBT).
The high-pressure measurements used a surface-enhanced Raman sensor. The high-temperature
measurements used femtosecond laser flash-heating and nonlinear coherent vibrational
spectroscopy. The SAM nitro stretching transition (v NOy) is insensitive to flash-heating where
there is no time for chemical reactivity or thermal expansion. A large pressure broadening in v*
NO: of the SAM but not in solid NBT was associated with surface ad-layer rearrangement. The
implications for time-resolved measurements of shock-compressed energetic materials are

discussed.

34



(a) 'I’O_ 1, (b) photonic

T (7 i /9 ruby /.~ substrate
fiad )
, i
H Ag S
©) A;"bressure
l] "SNOZ medium
f{ l
) | ‘
g v | ‘I i‘ |||\Ga
£ ff T . M w\/ W't SAM
9:3 Ves /| v’t.,_-h W
€ ’. . \‘ NO2
v, ’ \ Vga i
oo Myl L LA S0l
500 1000 1500 2000

wavenumber (cm-')

Figure 4.1

a) Approximate configuration of 4-nitrobenzenethiol (NBT) molecule and self-assembled
monolayer (SAM). (b) Schematic of SiC anvil high-pressure cell with ruby pressure sensors and
photonic substrate for surface-enhanced Raman scattering from SAMs. (c) Raman spectra of
NBT in the solid and as a SAM, at a lower pressure of ~0.2 GPa, with assignments of four

prominent transitions. The * denote transitions of the SiC anvils.
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Schematic of the response of NBT SAM to (a) sudden shock and (b) sudden hydrostatic

compression. Quasi 1D shock compression produces an initial state of uniaxial compression

parallel to the surface normal. A subsequent shear relaxation can occur, caused by molecules

moving outward parallel to the metal surface, converting part of the uniaxial strain to a

transverse strain. Because the metal substrate is largely incompressible, a sudden hydrostatic

compression also induced an initial uniaxial strain. A subsequent shear relaxation could result

from molecules moving inward.
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Figure 4.4

Pressure blueshifts of NBT SAM and solid for the four transitions indicated in Figure 4.1c. The

line in a is a visual guide.
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Vibrational tranistion Ambient (cm™) dv/dP (cm'GPa?l) dlnv/dP (GPal)
vCS? 538 7.0 0.013
vCN 856 2.0 0.0023
v’ NO2 1331 2.1 0.0016
v8a 1574 34 0.0021
Table 4.1

Rate of pressure blueshift for nitrobenzenethiol SAM on Ag(1 1 1).
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Figure 4.5

Pressure-dependent line broadening (FWHM) of the View the MathML source and v8a

transitions of NBT SAM and solid.
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Spectra of View the MathML source transition of NBT SAM. Ambient spectra were obtained
with both Raman and sum-frequency generation (SFG). With flash-heating a nonequilibrium
population was observed at 2 ps. By 80 ps the SAM and surface are in equilibrium at 600 °C.
The T-jump spectra, which are too fast for thermal decomposition or thermal expansion, show
minimal redshift and broadening. At a high pressure of 7 GPa, the SAM shows a pressure

blueshift and pressure broadening.
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CHAPTER 5: SINGLE MOLECULE UNDER HIGH PRESSURE”"

5.1 Introduction

Molecular vibrations under high pressure generally exhibit blueshifts and broadenings [1].
The blueshifts arise from anharmonic coupling between intramolecular vibrations and the
environment [1,2]. Broadening originates from many sources, and although it is a substantial
simplification, it is often satisfactory to describe broadening as homogeneous or inhomogeneous
[3,4]. At ambient temperature, homogeneous broadening of vibrational transitions in solids
arises primarily from “pure dephasing” caused by faster modulations of the vibrational frequency
by the surroundings [3-7]. Inhomogeneous broadening results from each molecule in the
ensemble having different slower interactions with the surroundings, i.e. each molecule
possesses a unique slowly-changing or static structural environment [3]. By definition, single
molecule Raman spectra should be homogeneously broadened [8,9]. In the present study, we
used single-molecule surface-enhanced Raman scattering (SMSERS) [10-12] in a diamond-anvil
cell (DAC) to investigate how these blueshifting and broadening processes are affected by
increasing pressures up to 4 GPa, where volume compression is ~25%. We show that individual
molecules have different pressure shifts, and these differential pressure shifts are the primary
cause of the ensemble-averaged pressure-induced line broadening.

In these experiments, we used a well-studied system for SMSERS consisting of citrate-
reduced colloidal Ag particles dosed with a probe dye molecule, Rhodamine 6G (R6G). The
samples were in the form of ~200 x 200 x 20 um?® chips in the DAC, consisting of the dosed

colloid suspended in a polymer matrix. The chips in the DAC were surrounded by supercritical

* Adapted with permission from Journal of Physical Chemistry C. Copyright 2015 American

Chemical Society.
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Ar. This pressure medium produces hydrostatic compression up to 10 GPa [13]. The DAC was
inserted either in a 532-nm Raman spectrometer for surface-enhanced Raman (SERS) ensemble
studies, or a 532-nm scanning Raman confocal microscope for SMSERS.

A technique that helps assure that SMSERS measurements are truly probing single
molecules uses two isotopologues, R6G (natural abundance R6G) and ds-R6G, where the phenyl
group attached to the xanthene moiety is deuterated [14]. R6G has a vibrational transition near
610 cm™, which we shall term the “isotope-sensitive” transition, and it represents a ring
deformation of the phenyl group. The isotope-sensitive transition has a noticeable shift between
the two isotopologues, 610 cm™ in R6G and 602 cm™ in ds-R6G at ambient pressure. If a
proposed-SMSERS spectrum shows both isotopologues, it clearly does not originate from a
single molecule. But if it is a “single-isotope” spectrum, it most likely originates from a single
molecule.

It turns out that the isotope-sensitive transition has only a minimal pressure shift, so to
study pressure-blueshifting in R6G, we focused on a transition near 1650 cm™, nominally an in-
plane stretching mode of the xanthene moiety, which had a prominent pressure shift of ~5 cm
GPal. We will call this the “pressure-sensitive” transition. And we will show that Raman
spectra and pressure-induced blueshifts of this transition were nearly identical for the two R6G
isotopologues. In a 2014 conference proceeding [15], we reported a significant and partially
permanent reduction of R6G SERS intensities in a DAC, whenever pressure was increased above
ambient. We also reported the ensemble-averaged shift of the pressure-sensitive transition in
R6G, and the near pressure-insensitivity of the isotope-sensitive transition from 0 to 6 GPa.

Although Raman scattering of materials at high pressures in a DAC have become commonplace
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[16], here we provide what are, to our knowledge, the first SMSERS measurements in a DAC,
along with additional ensemble SERS data needed to support the SMSERS measurements.

Performing SMSERS measurements in a DAC in the GPa pressure range caused
difficulties that forced us to modify some of the conventional methods usually employed in
SMSERS experiments [10,14]. We immobilized the R6G-dosed Ag colloidal nanoparticles in a
polymer film, poly vinyl alcohol (PVA), chosen for its water solubility and compatibility. A
chip of PVA could then be inserted into the small (400 um diameter x 75 um) sample chamber of
the DAC and surrounded by the Ar pressure medium. Only a small fraction of SERS-active
hotspots survive GPa pressures, so it was necessary to employ higher particle densities and dye
doses than are typically used [14].

Because the DAC had to be removed from the spectrometer or Raman microscope for
pressure adjustments, the position registration was lost as the pressure was tuned. As a result, we
were unable to track the evolution of a specific hot spot under increasing pressure. In order to
resolve isotope splitting and pressure-induced blueshifting, we utilized the highest resolution
grating available, which provides a spectral resolution of 2-3 cm™. However, the bandwidth at
this resolution (440-500 cm™) did not cover both the isotope-sensitive and pressure-sensitive
transitions. Thus, the spectrograph had to be tuned between the pressure- and isotope-sensitive
regions, which created a time delay (10 s) and required mechanical movement of the optics.
These two problems created the potential loss of spatial correspondence between spectra in the
isotope-sensitive region and spectra in the pressure-sensitive region. Thus we collected separate
scans of spectra from the isotope-sensitive region and the pressure sensitive region. When the
majority of the isotope-sensitive transitions were single-molecule at a certain pressure, we

assumed that was true as well for the pressure-sensitive transition.
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5.2 Experimental

5.2.1 Sample preparation

Sample preparation procedure was described in chapter 2.

5.2.2. Diamond anvil cell

The diamond anvil cell and operation procedures have been described in Chapter 3. The
sample chips were loaded into the DAC along with 4-8 ruby chips surrounding the sample, as
seen in Fig. 5.1a, in order to obtain a precise measurement of the pressure and to monitor
possible pressure gradients. From 0 to 4 GPa, the maximum experimental errors and variances of
the pressures within the cell, based on the fluorescence from the 4-8 individual ruby chips, were

0.1 GPa.

5.2.3. Raman apparatus

The Raman apparatus was described in Chapter 3. The excitation laser was 1 mW at 532
nm, focused to ~30 um diameter. The spectral resolution, determined by the response to atomic
emission lines, was 10 cm™* FWHM. This apparatus was also used for absorption and extinction
measurements in the DAC, using a fiber-coupled tungsten-halogen white light source and a fiber-
coupled spectrograph (Ocean Optics). The focused spot size of the white light was small enough
that all the white light passed through the PVA chip.

The Horiba LabRAM HR confocal Raman imaging microscope has been described in
Chapter 3. We estimated the scattering volume to be 25 pm®. Assuming a mean particle size of
35-50 nm [14,17] and knowing the Ag content of the sample, we estimated the number of
colloidal particles in the scattering volume to be, on average, 200-600.
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During data acquisition, the DAC was scanned in the xy plane with a step size of 4 pum.
The data collection time was 10 s per spectrum. Each scan yielded about 2500 spectra. In the
350 cm™ to 850 cm™ range used to study the isotope-sensitive transition, the spectral resolution
was 3 cm™. In the 1350 cm™ to 1790 cm™ range used to study the pressure-sensitive transition,
the spectral resolution was 2 cm™,

The software used to control the confocal Raman microscope output a .txt file containing
the wavenumber, the digitized brightness level of each pixel, and the xy coordinates. All spectra
were screened by a Peakfinder [18] routine to discard those without recognizable Raman
transitions. Spectra containing identified peaks were fitted to a Lorentzian to extract the Raman
wavenumber, intensity and linewidth using a custom Matlab (MathWorks) script (Appendix A).
The use of a Lorentzian is not intended to indicate any a priori knowledge of the lineshape; it

was simply an artifice to determine reliable peak locations and FWHM.

5.3 Results

Figure 5.2 shows SERS (ensemble) spectra of R6G at ambient and elevated pressures,
with the isotope-sensitive and pressure-sensitive transitions indicated by arrows. The data in Fig.
5.2a were reproduced from reference [15]. The reduction of SERS intensities with high pressure
can be seen by comparison to the approximately constant intensity of the diamond transition near
1332 cm™.  After a cycle of increasing the pressure to 6.2 GPa and then decreasing it back to
ambient, the SERS intensity recovered significantly, but a nonrecoverable permanent intensity
loss of approximately a factor of two was seen [15].

The extinction spectra, which arise mainly from the plasmon resonances of the Ag colloid,

are shown in Fig. 5.2b. Compressing the sample causes the extinction intensity (i.e. the
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attenuation of white light) to decrease. Releasing the compression causes some but not all of the
intensity to recover. There is no significant pressure-induced frequency shift of the extinction
spectrum.

The SERS results for the pressure shifts, intensities and linewidths (expressed as full-
width half maxima, FWHM) for the pressure-sensitive transition are shown in Fig. 5.3. These
results are in good agreement with our previously published study [15]. The shifts and intensities
of the isotope-sensitive transition are shown in Fig. 5.4. The SERS intensities dropped
precipitously after the minimum measureable pressure (0.1-0.2 GPa) was applied. The pressure-
sensitive transition (Fig. 5.3) blueshifted by about 30 cm™, and its linewidth approximately
doubled, from 17 to 30 cm™, as pressure was increased from ambient to 6.2 GPa. In the same
pressure range, the isotope-sensitive transition blueshifted hardly at all, by only ~3 cm™ (Fig.
5.4a).

Figures 5.1b-f show Raman images of a sample in the DAC at ambient pressure (Fig.
5.1b), at ambient pressure after loading to 4.1 GPa (Fig. 5.1f) and at a few high pressures (Figs.
5.1c-1e). The intensities of the bright spots are proportional to the intensities of the pressure-
sensitive transition. Pressure caused the number of SERS-active hotspots to decrease markedly.
But the remaining hot spots gave SMSERS spectra that were similar in intensity to the ambient
SMSERS spectra. High pressure destroyed most of the hot spots, but those that survived had
about the same enhancement factor as before.

Figure 5.5 shows some single-molecule spectra of the isotope-sensitive transition of R6G
and d4-R6G mixtures at 1GPa (30 nM of each isotopologue) and 2 GPa (60 nM of each). These

spectra demonstrate that we can resolve the two isotopologues at higher pressures, so we can
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clearly discern single-isotope hotspots, corresponding to likely single-molecule hotspots, in the
DAC at GPa pressures.

In Fig. 5.6, we plot histograms of the frequency of observations of single-isotope and
multiple-isotope spectra at different pressures, from spectra obtained using 30 nM and 60 nM of
each isotopologue. With the 30 nM sample, close to ambient pressure (0.2 GPa) we observed
758 single-isotope spectra and 199 multiple-isotope spectra. Thus in the 0.2 GPa spectra, 79% of
the spectra were single-isotope. At 1.0 GPa with the 30 nM dose, the number of spectra observed
fell dramatically, from 957 to 59, but 85% of the observed spectra were single-isotope. With the
60 nM spectra, at 1 atm the multiple-isotope spectra dominated, with 90% of the spectra showing
both isotopologues. At 1.0 GPa, the fraction of multiple-isotope spectra decreased to 59%. At
2.0 GPa and above, single isotope spectra predominated. For example, at 2.0 GPa, 67% of the
spectra were single-isotope, and the percentage of single-isotope spectra increased even further
at higher pressures. In future discussions, we will use results from 30 nM samples in the 0-1
GPa range and the 60 nM samples in the 2-4 GPa range.

The results in Figs. 5.1 and 6 show that going to higher pressure reduces the number of
hot spots, but that we can partially overcome that by increasing the dye concentration. In order
to better understand the origin of the SERS intensity reduction, we investigated the pressure
redshift of the dye electronic absorption spectrum and its relation to the laser excitation
wavelength that determines the extent of resonant Raman enhancement. Direct measurements of
the absorption redshift of dye adsorbed on Ag colloid in a DAC were impossible due to the small
number density. In this case, our best means of quantifying the absorption shift was to measure

the absorption of a uniform solution of R6G in PVA where the peak absorbance was about unity.
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Figure 5.7a shows that the peak frequency of the R6G So—S; transition redshifted by 20 nm
from 1 atm to 4 GPa.

Figures 5.7b,c show the frequency of observing SMSERS spectra at different pressures
using either the usual 532 nm laser or a 633 nm laser. With both excitation lines, the frequency
decreased significantly when pressure was applied. This was despite the fact that pressure
caused the absorption maximum to shift away from the 532 nm line and toward the 633 nm line
(Fig. 5.7a).

The linewidths of the pressure-sensitive transition did not depend on whether the sample
consisted of R6G alone or whether it was a mixture of R6G and ds-R6G, presumably because the
pressure-sensitive transition has little amplitude on the deuterated phenyl group. This result is
illustrated in Fig. 5.8, where we plotted the ensemble-average spectra of the pressure-sensitive
transition from 0-3 GPa. These spectra were obtained by averaging typically 20-200 SMSERS
spectra. The linewidths in Fig. 5.8 were a bit narrower than in the SERS data in Fig. 5.2,
because the SMSERS spectrometer had higher resolution (3 cm™) than the SERS spectrometer
(10 cm™). This result indicates that we can combine linewidth and shift results from both pure
R6G and R6G + ds-R6G in our single-molecule studies of pressure tuning.

Figure 5.9 shows some examples of the narrowest SMSERS spectra of the pressure-
sensitive transition at 2.0 GPa and 4.1 GPa. These narrower linewidths, in the 5.9 to 9.9 cm™
FWHM, were dramatically smaller than the SERS (ensemble) linewidths of 18 cm™* FWHM at
2.0 GPa and 21 cm™ FWHM at 4.1 GPa (seen in Fig. 5.3b). Each spectrum in Fig. 5.9 has more
than 67% likelihood of being single-isotope, and are thereby statistically likely to be
predominantly single-molecule. That conclusion is further reinforced by the linewidths being so

much narrower than the ensemble measurements. When we computed the ensemble average of
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the SMSERS spectra, shown at the top of Fig. 5.9, the resulting linewidths were close to the
ensemble SERS results. The SMSERS linewidths were usually 2-3 cm™ narrower than the SERS
linewidths due to the higher resolution of the SMSERS spectrograph.

We can determine the statistical distribution of SMSERS linewidths in the 1.0 - 4.1 GPa
range for the pressure-sensitive transition, as shown in Fig. 5.10. There is hardly any or possibly
no pressure broadening of these primarily single-molecule spectra. The statistically averaged
linewidths were about the same at all pressures. In the 2.0, 2.8 and 4.1 GPa spectra, where we
used the higher 60 nM R6G doses, there were a few lines that were quite a bit broader (25-30 cm’
1y than the ensemble average. We believe these broader transitions might indicate multiple-
molecule sites.

Figure 5.9 suggests that different single-molecule spectra have different pressure-induced
blueshifts. In order to quantify the distribution of the SMSERS blueshifts for the pressure-
sensitive transition, in Fig. 5.11 we have plotted these statistical distributions for pressures in the
1-4 GPa range and fit them to Gaussian distributions. Figure 5.11 shows that higher pressure
caused a blueshift and an increase in the variance of the distribution of SMSERS vibrational

frequencies.

5.4 Discussion

5.4.1 SERS and SMSERS intensities under pressure

The SERS intensity dropped precipitously when the DAC was put under pressure (Figs.
5.3 and 5.4). As may be seen in Figs. 5.1b-e, SMSERS measurements tell us that the intensity
loss is caused by a decrease in the number of SERS-active hot spots. The hot spots that

remained at high pressures gave about the same SMSERS intensities as ambient-pressure hot
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spots. The pressure-induced decrease in the number of hot spots could be partially overcome by
boosting the R6G dose, but the higher doses cannot be used at lower pressures because too many
of the spectra would not be single-molecule.

It is known that field enhancement via surface plasmon resonances and the resonance
Raman effect both contribute to the huge Raman cross-sections of R6G needed for SMSERS
[11,19,20]. Figure 5.2b shows that the extinction spectrum attributed to the Ag colloid plasmon
resonances decreases by about a factor of four at high pressures, but the extinction spectral peak
does not shift. Figure 5.7 shows the pressure-induced redshift of the dye absorption maximum is
uncorrelated with the number of hot spots observed. If the dye absorption redshift had a
significant effect on SMSERS intensities, the redshifting of the absorption spectrum would cause
the frequency of observing SMSERS spectra to increase with increasing pressure when 633 nm
excitation was used, which was not observed (Fig. 5.7¢c). These observations indicate that the
pressure-induced destruction of SMSERS hot spots results primarily from a process that reduces
the SERS enhancements at most, but not all, hot spots.

In the absence of other plausible mechanisms, we believe pressure destroys hot spots and
causes the extinction spectral intensities to decrease via configurational changes in the PVA-
supported Ag colloid. We do not have compressibility data for PVA, but the compressibility
ought to be similar to poly-methyl methacrylate (PMMA). Pressurizing PMMA to 0.2 GPa
causes ~2.5% decrease in volume [21]. At 4 GPa the volume decrease is ~25%. Polymers such
as PVA become permanently densified by high pressure, so part of the Ag colloid configurational
changes would be permanent, which agrees with our observations that the number of hot spots is

permanently decreased after a cycle of compression and decompression.
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The hot spots in the Ag colloid are believed to result from Ag nanoparticle aggregates,
especially dimers or trimers [22] having nanoscopic gaps [23] where R6G resides. The gap has
to be very precise to provide the large enhancements needed for SMSERS [23], so it is easy to
see how the strains introduced in a DAC could destroy hot spots. But it is not as easy to
understand why compression did not create new hot spots to replace the ones it destroyed, for
instance by compressing dimers having gaps a bit too big. On this question, we can only
speculate. Perhaps the hot spots that were not destroyed under pressure have some PVA in the
gaps that helps stabilize the gap spacing. The particles having too-large gaps might have enough

PVA in the gap that pressure cannot create the needed gap spacing.

5.4.2 Blueshift and line broadening

Now we examine the mechanism of pressure-induced broadening and the closely-related
issue of whether different single molecules have different blueshifts. Keep in mind that our
multiple measurements of ruby fluorescence within the DAC preclude the existence of sizeable
pressure gradients on the sample.

For the isotope-sensitive transition the answer is clear. The SERS data (Fig. 5.4a) show
the isotope-sensitive transition has a small pressure-induced blueshift, less than 5 cm™ in 6 GPa.
So for the isotope-sensitive transition, it is not possible to have much variation in the blueshift
among individual single molecules.

For the pressure-sensitive transition, the SERS data in Fig. 5.3a shows a much larger
blueshift, more than 30 cm™ over 6 GPa, and also a significant linebroadening. In the 0-6 GPa
pressure range, the linewidth almost doubles. Now we look to the SMSERS results to

understand the mechanisms. Figure 5.10 shows that the single-molecule linewidths do not
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increase appreciably with pressure, so the homogeneous broadening, which is due to fast
fluctuations of the vibrational frequencies, is not much affected by pressure [3-7]. In Fig. 5.12,
we plot the ensemble linewidth from SERS measurements and the computed ensemble-average
from multiple SMSERS measurements. These linewidths are about the same, although the SERS
linewidths are systemically 2-3 cm™ larger due to the worse resolution of the SERS spectrograph.
A linear fit to the pressure-induced linewidth increase gives 2.4 cm™/GPa. Also in Fig. 5.12 we
have plotted the FWHM of the SMSERS distribution of vibrational frequencies. A linear fit to
the pressure-induced linewidth increase gives a slope of 2.1 cm?®/GPa. The close
correspondence between these two slopes indicates that most (or possibly all) of the pressure-
induced line broadening of the pressure-sensitive transition was due to variations of the

individual molecular blueshifts.

5.5 Summary and conclusions

We studied SERS and SMSERS spectra of R6G on colloidal Ag particles immobilized in
PVA matrix in the 0-6 GPa range, in a DAC. The SMSERS measurement were obtained under
conditions where most spectra arise from single molecules, and by combining many SMSERS
spectra we could compute ensemble-averaged spectra to compare to ensemble measurements
using SERS.

There was a dramatic loss of SERS intensity when the samples were first put under
pressure. The SMSERS results show this intensity loss resulted from pressure-induced
destruction of most—but not all--of the SMSERS-active hot spots. Those hot spots that survived
gave about the same single-molecule Raman intensities as the ambient-pressure hot spots. The

Raman enhancement needed for SMSERS arises from plasmonic and resonance Raman
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enhancements of the laser and Stokes Raman fields [11,20] Hot spot destruction was not caused
by pressure tuning of the R6G absorption spectrum, so the process involves pressure reduction of
the plasmonic enhancements of most (but not all) hot spots. Though we were not able to
determine the precise mechanism, we attribute pressure-induced hot spot destruction to
mechanical distortions of the gap junction induced by pressure-induced strain.

We studied two Raman transitions of mixed R6G-ds-R6G samples, one near 610 cm™
termed the “isotope-sensitive” transition, and one near 1650 cm™ termed the “pressure-sensitive”
transition. We used the isotope-sensitive transition to determine if SMSERS spectra were mostly
single-isotope and therefore mostly single-molecule. The SMSERS spectra we observed were
primarily single-molecule.

Analysis of the single-molecule spectra of the pressure-sensitive transition showed that
the single-molecule Raman linewidths increased little with increasing pressure. The variations in
the pressure-induced single-molecule blueshifts increased significantly with pressure. Thus for
the pressure-sensitive transition, individual single molecules can have quite different pressure-
shifting behavior, and the variations in blueshift among single molecules explain the pressure-

induced broadening.
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(f)

Figure 5.1
(a) Photo of a 200 x 200 x 20 um?’ chip for SMSERS in DAC with Ar hydrostatic pressure

medium. The eight surrounding spots are rubies for pressure calibration. (b)-(f) Raman
microscope scans of the pressure-sensitive ~1650 cm™ R6G transition. The brightness of each
pixel is proportional to the transition intensity. (b) Ambient pressure before loading Argon
pressure medium. (c)-(e) With the DAC at the indicated pressures. (f) After 4 GPa pressure was

applied and then released.
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Figure 5.2

SERS spectra of R6G in a DAC. Note by comparison to the diamond transition how the SERS
intensity decreased upon compression. The arrows indicate the locations of the isotope-sensitive
(~610 cm™) and pressure-sensitive (~1650 cm™) transitions. (b) Extinction spectra (visible light

attenuation) of the sample in a DAC. The extinction results mainly from plasmon resonances of

(a) SERS spectra

(b) extinction spectra

pre-compression

s

pre-compression

1.4 GPa 1.6 GPa
3.2GPa 3.2 GPa

post-compression

A

L
post-compression

600 900 1200 1500 1800
wavenumber {cm-1)

the Ag nanoparticles. Reproduced from ref.15.
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Figure 5.3
Pressure-induced blueshifts, broadening and intensities of the pressure-sensitive Raman
transition of R6G from SERS (ensemble) measurements. Solid circles were obtained as the

sample was compressed to ~6 GPa, and open circles as the sample was decompressed back to

ambient.
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Figure 5.4

Pressure-induced blueshifts and intensities of the isotope-sensitive Raman transition of R6G
from SERS (ensemble) measurements. Solid circles were obtained as the sample was

compressed to ~6 GPa, and open circles as the sample was decompressed back to ambient.
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Figure 5.5
Some examples of SMSERS single-isotope spectra obtained at (a) 1 GPa (both isotopologues 30

nM ) and (b) 2 GPa (both isotopologues 60 nM). I'y and I'; are, respectively, the FWHM of the
R6G and d4-R6G isotope-sensitive transitions. The top spectrum in each panel is the computed

ensemble average of many SMSERS spectra.
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Figure 5.6
Histograms of the frequency of single-isotope spectra in SMSERS of isotopically-mixed R6G

samples. The number of SMSERS spectra decreased when the samples were pressurized. The
30 nM (R6G + d4-R6G) samples were predominantly single-isotope at 0.2 GPa (79% single-
isotope) and 1.0 GPa (85% single-isotope). With 60 nM spectra, at 1 atm there were only 10%

single-isotope spectra, but at 2 GPa and above, spectra were >67% single-isotope.
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Figure 5.7
(a) Pressure tuned absorption spectra of R6G in PVA chip with 532 nm and 633 nm laser

excitation lines indicated. (b) Frequency of observation of SMSERS spectra at different
pressures using 532 nm excitation. (c¢) Frequency of observation of SMSERS spectra at

different pressures using 633 nm excitation.
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Figure 5.8

Ensemble averages of many SMSERS spectra for the pressure-sensitive transition (a) with R6G
and (b) with R6G + d4-R6G. For this transition, there were no significant differences in the peak

locations or FWHM 7" between R6G alone or R6G isotopic mixtures.
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Figure 5.9
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Some of the narrower SMSERS spectra of the pressure-sensitive transition at (a) 2.0 GPa and (b)
4.1 GPa. T is the FWHM. The uppermost spectra are computed ensemble averages. There are
pressure-dependent variations in the SMSERS blueshifts of this transition that underlie the

pressure broadening of the ensemble average.
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Figure 5.10
Histograms of the FWHM of SMSERS spectra of the pressure-dependent transition at 1.2 GPa

(30 nM of each R6G isotopologue) and 2.0 to 4.1 GPa (60 nM of each). The single-molecule

linewidths did not increase appreciably at higher pressures.
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Figure 5.11

Histograms of the center frequencies of SMSERS spectra of the pressure-dependent transition at
1.2 GPa (30 nM R6G + 30 nM d4-R6G) and 2.0 to 4.1 GPa (60 nM R6G + 60 nM ds-R6G) . The
blueshift variations (expressed as FWHM I of the distribution) increased with increasing

pressure, showing that different single molecules have different pressure blueshifts.
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Figure 5.12

FWHM versus pressure of the pressure-sensitive transition from SERS measurements of the
ensemble FWHM (open blue circles) and the computed ensemble average from SMSERS
measurements. The SMSERS measurements were 2-3 cm™' narrower due to better spectroscopic
resolution for the SERS spectrograph. The red circles are the FWHM of the frequency
distribution obtained using single molecules. The rate of increase of the frequency distribution
width matches the linewidth increase showing that different single molecules have different
pressure-induced blueshifts and the variation of these blueshifts largely determines the pressure-

induced line broadening.
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CHAPTER 6: PRESSURE-TUNED LOCALIZED SURFACE PLASMON
RESONANCE"

6.1 Introduction

Results obtained from single-molecule SERS study suggested that external pressure
destroys the LSPR-based electromagnetic enhancement. Yet the mechanism remained uncertain.
One way to characterize LSPR is by measuring the optical reflectance or extinction spectra of the
substrate [1-5]. However, the extinction spectra of Lee-Meisel colloids are broad due to the
heterogeneity in particle sizes and shapes, and limited information could be deduced from the
measurement. In this chapter, we studied the pressure response of a photonic substrate consisting
of Ag coated nano-sphere arrays (Fig 3.3). This photonic substrate has been used in previous
studies to amplify Raman signal from self-assembled monolayers. Resonance frequency of the
photonic substrate can be tuned by varying sphere size and Ag film thickness [3,6]. On the other
hands, it is possible to simulate LSPR spectra based on size and shape of the nanostructure and
the dielectric constants of the metal and surroundings [7-9]. Such capacity will help us to explain
the pressure effect on LSPR. Measurements of the reflectance and Raman scattering were
performed simultaneously at high pressure in a diamond anvil cell. The reflectance spectra
reported changes in LSPR whereas the Raman scattering spectra of benzenethiol (BT) self-

assembled monolayers reported the surface enhancement.

*

Part of the materials presented in this chapter has been previously published in following
article: Y. Fu, J.M. Christensen, D.D. Dlott, J. Phys.: Conf. Ser. 500 (2014) 122004. Published

under license in Journal of Physics: Conference Series by 10P Publishing Ltd.
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6.2 Experimental
Raman scattering and optical reflectance measurements were performed on a home-built
Raman spectrometer. Details of the experiment apparatus and sample preparation procedure have

been described in chapter 3.

6.3 Result and discussions

Some SERS spectra of BT SAM in the DAC are shown in Fig 6.1. We had previously
studied the pressure-induced shifting of Raman transitions of the BT and other SAMs in a DAC.
We found the adsorbate shifts were quite similar to molecules in a bulk solid and there was little
hysteresis in the shift with increasing and decreasing pressures [10]. Now we have studied
pressure effects on the LSPR spectra of the nano-sphere array, as shown in Fig 6.2. The LSPR
has a broad resonance in the 450-675 nm range, with a peak at 620 nm (Fig 6.2a). Upon
application of a small amount of pressure (0.7 GPa), dramatic changes in the LSPR spectra were
observed. The LSPR resonance split into two peaks, at 500 nm and 750 nm, and neither peak
had as much intensity as the original peak. Increasing the pressure to 6 GPa caused the two
peaks to redshift, but continued pressure increase up to 6.9 GPa had minimal effect on the LSPR.

Figure 6.3 plotted the frequencies of the two resonance bands with respect to pressure.
Both bands redshifted with increasing pressure. The higher-energy band shifted by
approximately 50 nm up to 4 GPa, and remained nearly constant at higher pressures (Fig 6.3a).
Since the silicon detector in the miniature spectrometer had poor efficiency beyond 900 nm, the
lower-energy band above 5 GPa could not be tracked. However, between 0.7 to 5 GPa, the

lower-energy band redshifted approximately 100 nm, twice of the higher-energy band (Fig 6.3b).
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The frequency of LSPR depends on the size and geometry of the nanoparticles and the
dielectric function of the metal and the surroundings. The LSPR will redshift if the nanoparticle
size is increased, and blueshift if the size is decreased [11]. The redshift has been attributed to
increased separation of image charges on opposite surfaces of the nanoparticles, which weakens
the restoring force from the charges and lowers the LSPR frequency. In our case, at moderate
pressure (0.7 GPa) where no phase transition exists, the dielectric function of metal (silver) and
dielectrics, such as benzenthiol monolayer, argon and polystyrene, should change insignificantly
[12-14] . A reasonable explanation to the abrupt change in LSPR spectra is that the forces
exerted by the pressure medium on the Ag-coated polymer spheres deforms the spheres
anisotropically, because only one-half of each sphere is in contact with the more incompressible
Ag. The anisotropic compression breaks the radial symmetry, inducing new bands that were
significantly shifted from the ambient pressure resonances.

The dielectric constant of dielectrics increase with density, and frequency of LSPR is
seen to redshift with increased dielectric constant due to the build-up of polarization charges on
the dielectric side, thus weakening the restoring force [15]. The red-shifts of both resonance
bands above 0.7 GPa is likely to originate from the increased dielectric function. However,
continuing structural deformation is another likely explanation.

The intensity evolution of four Raman active vibrational modes of benzenethiol were
plotted in Fig 6.4. The Raman intensity increased by two folds from ambient pressure to 2 GPa
but started to decrease gradually above 2 GPa. There were little hysteresis between 4 to 10 GPa,
but the intensity plunged right below 4 GPa.

The increasing in the Raman intensity is attributed to the higher-energy LSPR band,

which shifted from 620 to 500 nm and fortuitously remained in resonance with the laser and the
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Stokes photons. The gradually decreasing in Raman intensity above 4 GPa was likely due to the
monolayers, since the higher-energy band remained nearly constant above 4 GPa (Fig 3.3a). It is
also interesting to notice the hysteresis in the Raman intensity, which is absent in the LSPR
shifts. Either the change lead to plunging Raman intensity was associated with monolayer
organization, or it occurred in the substrates but eluded the reflectance spectra measured in far-

field.

6.4 Conclusions

We studied the effects of pressure the LSPR of a photonic substrate and the SERS spectra
of benzenethiol self-assembled monolayers adsorbed upon. The pressure vibrational blueshifts of
benzenethiol monolayers were unremarkable, but pressure effects on the LSPR spectra were
significant. The nano-sphere array LSPR spectrum split into two peaks, presumably due to
pressure-induced deformations of the polymer nanoparticles. Further redshifts of the two LSPR
bands with increasing pressure may arise from continuing deformation or increased dielectric
constant of the surrounding dielectric materials.

The pressure-tuned localized surface plasmon resonance has potential applications in
high pressure Raman and local dielectric constant measurement. Future works can pursue a few
directions. First is to carry out similar measurements on nano-spheres of different sizes.
Secondly, we would like to find an internal Raman standard to obtain more precise measurement
of the Raman intensity. The standard has to maintain constant Raman scattering intensity over a
sufficiently wide pressure range. Quartz will be an option. Thirdly, we would like to perform

electromagnetic calculations to explain the experimental results.
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Figure 6.1

The SERS spectra of benzenethiol self-assembled monolayers on Ag-coated nanosphere arrays

ina DAC.
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The LSPR spectra of Ag film coated nanosphere arrays. The green dashed line indicates the laser

wavelength.
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Figure 6.3

Pressure induced redshifts of the two localized surface plasmon resonances appeared upon initial
compression. (a) The higher-energy band that was blueshifted (500nm) from the ambient
pressure LSPR (620nm). (b) The lower-energy band that was redshifted (750nm) from the

ambient pressure LSPR.
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Figure 6.4

Normalized intensities of four Raman active vibrational modes of benzenthiol (BT) with respect

to the static pressure. The highest intensity measured was set to unity.
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Appendix A

Matlab code “isotope-sensitive” vibrational transition

Input file: spectral data and calibration file
Output: number of single-R6G (612 cm™) spectra, number of single-R6G-d (602 cm™) spectra,
number of both spectra

clear all

o\°

Set up the frequency axis

= 542.4466;

0.0293;

laser = 532.07;

x = 1:1:512;

wavelength = a + b.*x;

wavenumber = (1/flaser -1./wavelength).*10"7;
wavenumber = transpose (wavenumber) ;

save wavenumber.txt -ASCII wavenumber

a
b
£

clear all

sublb = 196;

subub = 296;

sublength = subub - sublb + 1;
spectralength = 512;

outputlength = spectralength + 3;

% calculate the subwavelength relation
a = 542.4466;
b

= 0.0293;
bsub = b;
asub = a + (sublb-1) *b;
%end
offsetlb = -200;
offsetub = 200;
offsetic = 10.0;

[

% parameters for the peak fitting routine
R2threshold = 0.65;

WidthThresh = 0.5;

réglb = 609;

régub = 619;

régdlb = 597;

régdub = 608;

% parameters for the peak finding routine
sel = 30;

thresh = 30;

ramanranges = [46 70];

r6gl = 58;

r6g2 = 69;
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rogdl = 47;
ro6gd?2 57;
%end

% all baseline fit settings
baserangel = [1 127];
baserange2 = [462 512];

% end of baseline fit settings

[

% file organization

xstart = -110.0;
xend = 110.0;
ystart = -114.0;
yend = 114.0;
xstep = 4.0;
ystep = 4.0;
send

% load the raw data, change name and location
load 141029S10.txt

% transfer data to variable 'data'

data = transpose (X141029S10);

kA hkh kA h kA rkh kA hkhkhkrkhkhkhrhkhkkxkrkhk*x*xk*x

o\°

o\°

do not modify anything bellow

AKAKAAKAKAAKAARAAAAA AR A A AKX XA A AKX XK,k Kk

oe

[

% count the number of hot sopts and errors

régcount = 0;
régdcount = 0;
bothcount = 0;
fitlabel = 0;
manualcountsl = 0;
manualcounts? 0;

xdim = fix ((xend-xstart)/xstep+l);
ydim = fix((yend-ystart)/xstep+1);

% number of datapoints for each file

datalength = xdim * ydim;

% output variables

bothfit = zeros(datalength,11);

régfit = zeros(datalength,11);

r6gdfit = zeros(datalength,11);

bothspectra = zeros(datalength,outputlength);
régspectra = zeros(datalength,outputlength);
régdspectra = zeros (datalength,outputlength);
manualspectral = zeros(datalength,outputlength);
manualspectra?2 = zeros(datalength,outputlength);

load wavenumber.txt
nwavenumber = wavenumber (sublb:subub,1);
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% spectra fitting
for i = l:datalength

spectra = data(sublb:subub,i);

% calculate the index
[vlabel,xlabel] = indexcal (i,xdim,ydim,xstart,ystart,xstep,ystep);

% subtract the baseline

basel = wavenumber (baserangel, :);
base2 = wavenumber (baserange2, :);
base3 = data(baserangel,i);

base4d data (baserange2, i) ;

baselineWN = vertcat (basel,base?2);
baselinel = vertcat (base3,based);

p = TiltedBaselineFit (baselineWN, baselinel);
base = p(1l,1)*(l:1:spectralength) '+p(2,1);

$create nspectra vector : the baseline subtracted data
nspectra = spectra-base(sublb:subub,1);

[peakloc, peakmag] = peakfinder (nspectra,sel,thresh,1,1);

if isempty(peakloc)

else
peakcounts = histc(peakloc, ramanranges) ;
numpeak = length (peakloc);
peakmemo = zeros(2,2);

if ge(peakcounts(l,1),3)

% handle those spectra manually

manualcountsl manualcountsl+l;
manualspectral (manualcountsl,1l) = 1i;

manualspectral (manualcountsl, 3) xlabel;
manualspectral (manualcountsl, 4:outputlength) =
transpose (data(:,1));

(

manualspectral (manualcountsl,2) = ylabel;
(
(

elseif eqg(peakcounts(l,1),2)

for ipeak = 1l:numpeak

if ge(peakloc (ipeak,1l),r6gdl) && le(peakloc(ipeak,1l),r6gd2)

peakmemo (2,1) = peakloc (ipeak,1);
peakmemo (2,2) = peakmag (ipeak,1);
end

if ge(peakloc (ipeak,1l),r6gl) && le(peakloc (ipeak,l),r6g2)
peakmemo (1,1) = peakloc(ipeak,1);
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end

end

$ fitting routine,

peakmemo (1,2) = peakmag (ipeak,1);

fit as one peak or two peaks

régloc = asub + bsub * peakmemo(1l,1);

regloc = (1/532.07-1/r6gloc)*10"7;

régdloc = asub + bsub * peakmemo (2,1);

rogdloc = (1/532.07-1/r6gdloc)*10"7;

rogmag = peakmemo (1l,2)*pi*5.0/2.0;

rogdmag = peakmemo (2,2) *pi*5.0/2.0;

bothlb = [0,r6glb,0,0,r6gdlb,0,0ffsetlb];

bothub = [inf, r6gub,20,inf, r6gdub,20,o0ffsetub];

bothic = [r6gmag,r6gloc,?2,rb6gdmag, régdloc,2,o0ffsetic];
coeff =

doublepeak (nwavenumber, nspectra,bothlb, bothub,bothic);

if

coeff(1,1)/ (coeff (1,

(gt (coeff(1l,7),R2threshold))
fitlabel = fitlabel + 1;

bothcount = bothcount+1;

bothfit (bothcount,1l) = ylabel;
bothfit (bothcount,2) = xlabel;
bothfit (bothcount,3) = coeff(1,3);
bothfit (bothcount,4) = coeff(1,4);
bothfit (bothcount,5) = coeff(1,5);
bothfit (bothcount, 6) = coeff(1l,6);
bothfit (bothcount,7) = coeff(1,1);
bothfit (bothcount,8) = coeff(1,2);
bothfit (bothcount,9) = i;

bothfit (bothcount,10) = coeff(1l,7);

bothfit (bothcount,11)
1)+coeff(1,2));

bothspectra (bothcount, 1) = i;

bothspectra (bothcount, 2) = ylabel;

bothspectra (bothcount, 3) = xlabel;
(

bothspectra (bothcount, 4:outputlength) =

transpose (data(:,1));

end

elseif eqg(peakcounts(1l,1),1)

rogflag
rogdflag =

for ipeak =

if ge(peakloc (ipeak,1l),r6gdl)

= false;
false;

1:numpeak

peakmemo (2,1) = peakloc(ipeak,1);
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peakmemo (2,2) = peakmag (ipeak,1);
régdflag = true;
end

if ge(peakloc (ipeak,1l),r6gl) && le(peakloc (ipeak,l),r6g2)

peakmemo (1,1) = peakloc(ipeak,1);
peakmemo (1,2) = peakmag (ipeak,1);
rogflag = true;

end
end

% fit one peak

if regflag
régloc = asub + bsub * peakmemo(1l,1);
r6gloc = (1/532.07-1/r6gloc)*10"7;
rogmag = peakmemo (1l,2)*pi*5.0/2.0;
coeff =

singlepeak (nwavenumber,nspectra, [0, r6glb, 0,0ffsetlb], [inf, r6gub, 20,0ffsetub],
[r6gmag, r6gloc,2,0ffsetic]);

if (gt (coeff(l,5),R2threshold) && gt (coeff(l,3),WidthThresh))
fitlabel = fitlabel + 1;

régcount = régcount + 1;

I~

régspectra (régcount, 1) iz
régspectra (régcount,2) = ylabel;
régspectra (régcount, 3) = xlabel;
régspectra (régcount, 4:outputlength) =

transpose (data(:,1));

rogfit (régcount,1l) = ylabel;
rogfit (régcount,2) = xlabel;

% center freqg

régfit (régcount,3) = coeff(l,2);
rogfit (régcount,4) = 0.0;

% width

r6gfit (régcount,5) = coeff(1,3);
r6gfit (régcount,6) = 0.0;

% area

régfit (régcount,7) = coeff(l,1);
r6gfit (régcount,8) = 0.0;

regfit (régcount,9) = 1i;

r6gfit (régcount,10) = coeff(1,5);
roegfit (régcount,11l) = 1;

end

elseif régdflag

roegdloc = asub + bsub * peakmemo (2,1);
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rogdloc = (1/532.07-1/r6gdloc)*10"7;
rogdmag peakmemo (2,2) *pi*5.0/2.0;

coeff =
singlepeak (nwavenumber,nspectra, [0, r6gdlb, 0,0ffsetlb], [inf, r6gdub,20,0ffsetub
], [r6gdmag, r6gdloc, 2,0ffsetic]);

if (gt (coeff(1l,5),R2threshold)&& gt (coeff(1l,3),WidthThresh))

fitlabel = fitlabel + 1;
r6gdcount = roé6gdcount + 1;

régdspectra (régdcount, 1) i;

régdspectra (régdcount, 2) = ylabel;

régdspectra (r6gdcount, 3) = xlabel;
(

rogdspectra (régdcount, 4:outputlength) =
transpose (data(:,1i));

rogdfit (régdcount,l) = ylabel;
r6gdfit (r6gdcount,2) = xlabel;
% center freq
rogdfit (r6gdcount,4) = coeff(1,2);
rogdfit (r6gdcount,3) = 0.0;
% width
r6ogdfit (régdcount, 6) = coeff(1,3);
regdfit (régdcount,5) = 0.0;
% area
rogdfit (r6gdcount,8) = coeff(1,1);
rogdfit (r6gdcount,7) = 0.0;
r6gdfit (régdcount,9) = 1i;
r6gdfit (r6gdcount,10) = coeff(1,5);
rogdfit (régdcount,11l) = 0.0;
end
else
manualcounts?2 = manualcounts2+1;
manualspectra? (manualcounts2,1) = 1i;
manualspectra? (manualcounts2,2) = ylabel;
manualspectra? (manualcounts2,3) = xlabel;
(

manualspectra2 (manualcounts2, 4:outputlength) =
transpose (data(:,1));
end

end

end
end
bothfit (all (~bothfit,2), : ) [1;
regfit(all(~regfit,2), : ) = [];
régdfit(all (~r6gdfit,2), : ) [1;
fittingresult = [bothfit;r6gfit;re6gdfit];

=
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Matlab code “pressure-sensitive” vibrational transition

Input file: spectral data and calibration file
Output: The center frequency, intensity and FWHM of the three vibrational modes in this region

clear all

o\°

Set up the frequency axis

= 697.6109;

0.0255;

flaser = 632.81;

x = 1:1:512;

wavelength = a + b.*x;

wavenumber (1/flaser -1./wavelength).*10"7;
wavenumber = transpose (wavenumber) ;

save wavenumber.txt -ASCII wavenumber

oo
Il

clear all

a = 697.6109;

b = 0.0255;

flaser = 632.81;

sublb = 1;

subub = 512;

sublength = subub - sublb + 1;
spectralength = 512;

outputlength = spectralength + 3;

[

% file organization

xstart = -120.0;
xend = 120.0;
ystart = -90.0;
yend = 90.0;
xstep = 4.0;
ystep = 4.0;
send

%define the peakfinder routine threshold

sel = 20;

thresh = 20;

ramanrangel = [24 185];
ramanrange?2 = [186 294];
ramanrange3 = [295 490];
ramanrangepl = [84 162];
ramanrangep2 = [195 272];
ramanrangep3 = [342 427];

R2thresh = 0.8;
widththresh = 1.5;
avgwidth = 8;

$end

%set baseline paramters
basel = 470;
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base2 = 510;

baselength = base2-basel+2;

flag = 1;

comp = 10;

% load the raw data, change name and location

load 140716S6.txt

% Tr
data

o)

s Ca

ansfer the data to variable 'data'
= transpose (X140716S6) ;

11 the dimension

xdim = fix ((xend-xstart)/xstep+l);
ydim = fix((yend-ystart)/xstep+1);

data

[

s en

length
d

xdim * ydim;

load wavenumber.txt
nwavenumber = wavenumber (sublb:subub,1);

% in
freq
manu
peak

o)

s en

$ini
manu
freq
catl
cat2
cat3

catl =
cat2 =

cat3

$end

for

if ~

itialize all the output variable
log = zeros(datalength,15);
allog = zeros(datalength,1);
3log = zeros(datalength,b);

d

tializing all the parameters
alcounts 0;

counts =
counts
counts
counts = 0;
freqlog;
freqglog;
freqglog;

0;
0;
0

’

i = l:datalength
spectra = data(sublb:subub,i);

% calculate the index
[ylabel,xlabel] = indexcal (i,xdim,ydim,xstart,ystart,xstep, ystep);

[

% calculate the baseline, average of first and last 'nbase' point
base = sum(spectra(basel:base2, :)) /baselength;

%create nspectra vector : the baseline subtracted data
nspectra = spectra-base+comp;

[peakloc, peakmag] = peakfinder (nspectra,sel,thresh,1,1);

isempty (peakloc)
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specl = 0;

spec2 = 0;

spec3 = 0;

peakl = zeros(1l,10);
peak2 = zeros(1l,10);
peak3 = zeros(1,10);
peakmagl = zeros(1l,10);

peakmag2 = zeros(1,10);
peakmag3 = zeros(1,10);

for j = l:length(peakloc)

if gt(peakloc(j,1l),ramanrangepl(l,1)) &&
1t (peakloc(j, 1), ramanrangepl (1,2))
specl = specl + 1;
peakl (1, specl) = peakloc(j,1);
peakmagl (1, specl) = peakmag(j,1l);
end

if gt (peakloc(j,1l),ramanrangep2(l,1))&&
1t (peakloc(j, 1), ramanrangep2(1,2))
spec2 = spec2 + 1;
peak2 (1, spec?2) = peakloc(j,1);
peakmag?2 (1, spec2) = peakmag(j,1l);
end

if gt (peakloc(j,1l),ramanrangep3(1l,1))&&
1t (peakloc(j, 1), ramanrangep3(1,2))
spec3 = spec3 + 1;
peak3 (1, spec3) = peakloc(j,1);
peakmag3 (1, spec3) = peakmag(j,1l);
end
end

if gt(specl,l) ||gt(spec2,1)||gt(spec3,1)
manualcounts = manualcounts + 1;

manuallog (manualcounts,l) = 1i;

elseif eqg(specl,l) | leg(spec2,1l)||eg(spec3,1)

fregcounts = freqcounts + 1;
freqglog (freqgcounts,1l) = i;
freglog (freqcounts,2) = ylabel;
freglog (freqcounts, 3) = xlabel;
flag = 1;

if eqg(peakl(1,1),0.0)
freqglog (fregcounts, 4)
freglog (freqcounts, 5)
freglog (freqcounts, 6) =
freglog (freqcounts, 7)
else
center = (1/flaser-1/(peakl(1,1)*b+a))*10"7;
area = peakmagl (1,1)*pi*avgwidth/2;
coeff =

o N

’

’

O O O o

’
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singlepeak (wavenumber (ramanrangel (1,1) :ramanrangel (1,2), :) ,nspectra (ramanrang
el(1l,1) :ramanrangel (1,2),:),[0, (center-
20),0,0], [inf, (center+20),15,inf], [area, center,avgwidth, 8]);

if ge(coeff(1l,5),R2thresh) && ge(coeff(l,3),widththresh)

freqlog(freqcounts, 4) = coeff(l,1);
freqlog (fregcounts, 5) = coeff(1,2);
freqlog (fregcounts, 6) = coeff(1,3);
freqglog (freqcounts,7) = coeff(1l,5);
flag = 0;
else
freqlog(freqgcounts,4) = 0;
freqlog (fregcounts,5) = 0;
freqglog (freqcounts, 6) = 0;
freqglog (freqcounts,7) = 0;
end

end

if eg(peak2(1,1),0.0)
freqglog (freqgcounts,8) = 0;
freqglog (freqcounts, 9) = 0;
freqglog (fregcounts,10) = 0;
freqlog(fregcounts,11l) = 0;

else
center = (1/flaser-1/(peak2(1,1)*b+a))*10"7;
area = peakmag2(l,1)*pi*avgwidth/2;

coeff =
singlepeak (wavenumber (ramanrange2 (1,1) :ramanrange2 (1,2), :),nspectra (ramanrang
e2(1l,1) :ramanrange2(1,2),:), [0, (center-
20),0,0]1, [inf, (center+20),15,inf], [area, center,avgwidth, 8]);

if ge(coeff(1l,5),R2thresh) && ge(coeff(l,3),widththresh)

freqlog (freqgcounts,8) = coeff(1l,1);
freglog (fregcounts,9) = coeff(1l,2);
freqlog(fregcounts,10) = coeff(1,3);
freglog (freqcounts,11) = coeff(1l,5);
flag = 0;
else
freqglog(fregcounts,8) = 0;
freqglog(fregcounts,9) = 0;
freqglog (freqgcounts,10) = 0;
freqlog (freqgcounts,11) = 0;
end

end

if eq(peak3(1,1),0.0)
freglog (fregcounts, 12) 0;
freqglog (fregcounts,13) = 0;
freqglog (fregcounts,14) = 0;
freqlog (fregcounts,15) = 0;

else
center = (1/flaser-1/(peak3(1,1)*b+a))*10"7;
area = peakmag3(1l,1)*pi*avgwidth/2;

coeff =
singlepeak (wavenumber (ramanrange3 (1,1) :ramanrange3(1,2), :),nspectra (ramanrang
e3(1l,1) :ramanrange3(1,2),:), [0, (center-
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20),0,0]1, [inf, (center+20),15,inf], [area, center,avgwidth, 8]);

if ge(coeff(1l,5),R2thresh)&& ge(coeff(l,3),widththresh)

freqglog (freqcounts,12) = coeff(l,1);

freglog (freqcounts,13) = coeff

freqlog (fregcounts, 14)

freqlog (fregcounts, 15)

flag = 0
else
freglog (freqcounts, 12)
freqglog (fregcounts, 13)
freqlog(fregcounts, 14) =
freqlog (fregcounts, 15)
end

Il

o)

o)

®

Hh

Hh
[y
U1 W

’

end
if flag
fregcounts = freqgcounts-1;
end
end
end

end

[

% Catagorize the spectra

for i = 1: fregcounts
if gt (freglog(i,4),freqlog(i,8)) && gt (freqlog(i,4),freglog(i,12))
catlcounts = catlcounts + 1;
catl (catlcounts,:) = freqglog(i,:);
elseif gt(fregqlog(i,8),freqlog(i,4))&&gt(freqlog(i,8), fregqlog(i,12))
cat2counts = cat2counts + 1;
cat2 (cat2counts, :) = freqglog(i,:);
elseif gt (freqlog(i,12),freqlog(i,4))&&gt(freglog(i,12),freglog(i,8))
cat3counts = cat3counts + 1;
cat3 (cat3counts, :) = freqglog(i,:);
end
end
end

o°

91



