Featuring work from the research group of Dr Janina Kneipp,
Humboldt Universitat zu Berlin, Germany.

Surface enhanced hyper Raman scattering (SEHRS) and its
applications

Surface enhanced hyper Raman scattering (SEHRS), spontaneous,
two-photon excited, plasmon-enhanced Raman scattering,
provides a wealth of vibrational information that can be useful in
many directions of spectroscopy.
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Surface enhanced hyper Raman scattering
(SEHRS) and its applications

Fani Madzharova, Zsuzsanna Heiner and Janina Kneipp 2/ *

Surface enhanced hyper Raman scattering (SEHRS) is the spontaneous, two-photon excited Raman
scattering that occurs for molecules residing in high local optical fields of plasmonic nanostructures.
Being regarded as a non-linear analogue of surface enhanced Raman scattering (SERS), SEHRS shares
most of its properties, but also has additional characteristics. They include complementary
spectroscopic information resulting from different selection rules and a stronger enhancement due to
the non-linearity in excitation. In practical spectroscopy, this can translate to advantages, which include
a high selectivity when probing molecule—surface interactions, the possibility of probing molecules at
low concentrations due to the strong enhancement, and the advantages that come with excitation in
the near-infrared. In this review, we give examples of the wealth of vibrational spectroscopic information
that can be obtained by SEHRS and discuss work that has contributed to understanding the effect and
that therefore provides directions for SEHRS spectroscopy. Future applications could range from
biophotonics to materials research.

1. Introduction

The discovery of surface enhanced Raman scattering (SERS)' ™
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properties of nanostructured metal surfaces over the last
few decades, which can increase weak Raman scattering (RS)
signals by many orders of magnitude even at the single mole-
cule level.*” Apart from a so-called chemical contribution, the
enormous enhancements were attributed mostly to the highly
confined local optical fields of the nanostructures,®’ arising
from resonances of their localized surface plasmons (oscilla-
tions of the conductive electrons relative to the metal nuclei)
with both incident and Raman scattered light.®

In general, all incoherent and also coherent optical effects
can benefit from enhanced local optical fields, among them
several other vibrational spectroscopies, such as IR absorption,’
hyper Raman scattering (HRS),">'" coherent anti-Stokes Raman
scattering (CARS),""® femtosecond stimulated Raman scattering
(fs SRS),"* and second hyper Raman scattering.'® This led to the
development of several related surface enhanced spectroscopic
methods. In this review article, we focus on the enhancement of
the incoherent, spontaneous two-photon excited Raman process
of hyper Raman scattering (HRS) (Fig. 1). In HRS, the energy of the
scattered photons is shifted relative to the second harmonic of
the excitation wavelength. HRS is a rather weak process, resulting
in intensities that are many orders of magnitude lower than those
in normal Raman scattering.'®

Surface enhanced hyper Raman scattering (SEHRS) is the
two-photon excited analogue of SERS and has been proposed
very early after the discovery of SERS.'”"" As will be reviewed
here, in SEHRS, the non-linear HRS is enhanced to a greater
extent than linear RS is enhanced in SERS. Effective SEHRS cross
sections up to the order of 10~** cm* s that were reported’” are
similar to or higher than those of two-photon excited fluores-
cence. Here, we illustrate that SEHRS can excellently address the
need of spectroscopic applications regarding molecular structural
sensitivity, detection sensitivity, and spectroscopic imaging. While
coherent Raman processes such as (SE-)JCARS or (SE-)SRS are
restricted to selected Raman lines that match the frequency
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difference of two excitation lasers, SEHRS is excited by two
photons from the same laser and gives information about the
entire vibrational spectrum. SEHRS presents several advantages,
mostly relying on the multiphoton excitation, which other
vibrational spectroscopies do not have. Specifically, HRS is
governed by different selection rules than RS, and therefore
offers complementary vibrational information. Depending on
the molecular symmetry, HRS may probe IR active modes or in
addition so-called silent modes, which are seen neither in
Raman nor in IR spectra. In a SEHRS experiment, the excitation
with light in the near infrared, typically convenient for biological
samples, is combined with the desirable detection in the visible
spectral range. Besides, the two-photon excitation is favorable for
microscopic applications due to the increased penetration depth
and limited probed volume,'® resulting in an improved resolu-
tion for imaging. Last but not least, SEHRS has the potential to
provide better insight into the structure and interaction of
molecules on surfaces, as it is much more sensitive than SERS
with respect to surface environmental changes.'®>*

After starting with a brief introduction to HRS and SEHRS,
we will highlight recent advances in SEHRS spectroscopy. In
particular, we want to discuss different aspects of experiments
and applications of non-resonant and resonant SEHRS. We will
focus on currently arising applications in biosensing and
microscopy and demonstrate the great potential of SEHRS for
vibrational spectroscopic probing in different fields.

2. Hyper Raman scattering

The interaction of materials with incident light can result in
absorption, emission or scattering, involving transitions between
the molecular (electronic, vibrational, rotational) states of the
system. The vibrational Raman effect refers to light scattering
phenomena associated with vibrational transitions within the
electronic (ground) state of the molecule. While in normal
Raman scattering (RS), the scattered photons are Stokes or
anti-Stokes shifted by the energy difference between the initial
and final vibrational states (Fig. 1A), in the two-photon excited
process of hyper Raman scattering (HRS), the scattered radiation
occurs near the second harmonic of the excitation wavelength
(Fig. 1B and C). HRS as a non-linear process becomes significant
when a sufficiently intense electric field is applied.

The number of hyper Raman Stokes photons per second n"%8
resulting from the annihilation of two photons at frequency v,
and the creation of a photon at frequency 21, — 14 (Fig. 1B) can
be expressed as

(1a)

o™ o (|Biel?) (1b)

where n, is the excitation intensity (in photons per cm?”
per second), ¢"®° is the HRS cross section, and fi is the
transition hyperpolarizability associated with the molecular
transition between the initial and the final state. The brackets
denote orientation averaging. A detailed theoretical description
of the HRS effect can be found in ref. 16 and 25. Eqn (1) shows
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Fig. 1 Schematic representation of vibrational: (A) linear Stokes Raman scattering, (B) Stokes hyper Raman scattering, (C) anti-Stokes hyper Raman
scattering, (D) Stokes resonant Raman scattering, and (E) Stokes resonant hyper Raman scattering. In each of the cases the molecular system undergoes a
vibrational transition from the initial state (v = O for Stokes and v = 1 for anti-Stokes) to the final state (v = 1 for Stokes and v = O for anti-Stokes), associated
with the normal mode k with corresponding frequency vy. Both vibrational states belong to the electronic ground state. The diagram in (E) depicts one

possible resonance condition; for more information about resonances in HRS please refer to the literature.

that the selection rules for HRS are governed by the
hyperpolarizability,*® and therefore differ from those of normal
RS, which depend on the linear polarizability o, for further
details see e.g., ref. 27. For example, modes, which are inactive
in both IR and RS, can be hyper Raman allowed, and all IR
active modes are also hyper Raman allowed.>®

The simulation of HRS spectra involves the determination of
the vibrational frequencies and normal modes, the calculation
of the hyperpolarizability and of its derivatives (e.g. by finite
differentiation), and appropriate orientation averaging accord-
ing to the illumination-observation geometry (see, e.g., ref. 29).
An overview and description of theoretical approaches for
obtaining f and HRS simulations, mainly for excitation wave-
lengths that are off-resonance with electronic transitions in the
molecule, can be found in ref. 21 and 29-32.

In the case of resonant HRS (Fig. 1E), calculations of
dynamic hyperpolarizabilities are highly desirable to account
for resonant enhancements of selected modes. Recently, two
methods were implemented and employed to calculate the HRS
spectra of rthodamine 6G** and crystal violet** under near-
resonance conditions, and the results matched very well the
experimental data.

3. Enhancement in surface enhanced
hyper Raman scattering (SEHRS)
3.1 Electromagnetic and chemical enhancement

Surface enhanced hyper Raman scattering spectroscopy is con-
cerned with the observation of very strong hyper Raman signals,
when the scattering molecule is in close proximity to rough
metal surfaces or nanoparticles. Apart from the normal HRS,
resulting from the interaction of the molecule with the external
electromagnetic field of the excitation light, as described in the
previous section, the enhancement of the HRS, which occurs due
to the presence of a plasmonic metal nanostructure or nano-
structured surface, must be discussed. This surface enhancement

3982 | Chem. Soc. Rev., 2017, 46, 3980-3999

25,93,110

includes contributions from both metal-light and metal-molecule
interactions, giving rise to the so-called electromagnetic (EM) and
chemical enhancement mechanisms, respectively.

Localized surface plasmons account for the optical proper-
ties of metal nanoparticles and result in strong amplification
of the electromagnetic fields near the plasmonic nano-
structure. These highly confined local optical fields are
considered responsible for the electromagnetic enhancement.
In a scattering process, as is the case in SERS, plasmonic
enhancement is operative in both the incident and the scattered
field. SEHRS, as a non-linear effect, benefits particularly from
enhanced local fields due to its quadratic dependence on the
excitation intensity.

In contrast to the electromagnetic field enhancement that is
determined by the plasmonic properties of the metal nano-
structure, the chemical enhancement is highly molecule
specific and refers to the properties of the metal-molecule
system, which can be different from those of the free molecule.
The SEHRS spectrum is governed by the hyperpolarizability of
the metal-molecule complex. The chemical mechanism can be
further divided into contributions arising from (1) metal-
molecule ground state interactions and from (2) resonances
of the excitation wavelength with metal-molecule charge-
transfer transitions or simply with electronic transitions of
the adsorbed molecule,**® where the electronic states can be
altered by the presence of the metal. It is important to mention
here that theoretical studies show that the chemical contribu-
tion to the overall enhancement in SEHRS can be larger than
the corresponding chemical enhancement for SERS.'®>"?%32
Nevertheless, numerous studies show that the main contribu-
tions to the very high SEHRS enhancement is related to
enhanced local fields of plasmonic structures.

Considering electromagnetic and chemical enhancement
mechanisms and including them in eqn (1), the number of
SEHRS photons n°*%8 can be written as:

nSEHRS — O_SEHRSnOZ (2)

This journal is © The Royal Society of Chemistry 2017
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with a SEHRS cross section:

™ = o |A(vo) |4l (virs) (2a)

orae represents the chemical enhancement effect and is related
to the transition hyperpolarizability of the adsorbed molecule

on the metal surface i

aads o (|BEI%) (3)
A(v) describe field enhancement factors:

2 |E100(V)|2

lA(W)|” = ()

4

where Ej,. is the enhanced local electric field and E, is the field
in the absence of the metal structure at the excitation (v,) or
scattering (vygrs = 219 — ¥) frequencies.

Note that, since HRS depends on the square of the incident
radiation intensity (eqn (1)), the enhancement factor for the
incident light in SEHRS scales with Ej,.*, while for the excita-
tion in SERS it scales only with Ej,.> This shows that HRS can
benefit even more than RS from electromagnetic enhancement,
if the incident and scattered frequencies are both in resonance
with the localized surface plasmons. The EM mechanism,
related to the properties of the nanostructure, has been extensively
investigated, and more detailed information about the origin and
methods for calculation of the field enhancement, as well as its
dependence on the geometry of nanostructures can be found, for
example, in ref. 35 and 37-41.

Pyridine is the first small organic molecule, for which
SEHRS and SERS spectra under non-resonant excitation condi-
tions were reported,'>'® and it has remained one of the most
extensively investigated model systems for understanding both
effects.'®?1?931:324243 1n the different experimental data, the
overall SEHRS intensities obtained on electrodes were much
greater than those obtained from silver nanoparticle aggre-
gates, indicating strong differences in the enhancement for
pyridine, generated by the two types of surfaces. Theoretical
work was involved to discuss the enhancement in SEHRS,
as it is very difficult to obtain normal HRS spectra under
non-resonant excitation conditions.'**** The combination of
experimental SERS and SEHRS intensities together with calcu-
lated intensities from normal HRS and RS spectra was used to
estimate the overall SEHRS enhancement factors.'® Depending
on the level of theory used in the calculations and the experi-
mental setup, the values for the enhancement on electrodes
ranged from 10'° to 10"%,'*?%* which is much greater than the
corresponding overall SERS enhancement factor of 10°-10.
In other studies, the chemical enhancement in SEHRS was
modeled by considering the pyridine molecule on a small silver
cluster.>™** 1t was found that the chemical contribution
(excluding resonance effects) is on the order of 10°>-10* depend-
ing on the adsorption geometry, while for SERS the chemical
enhancement is found to be only 10'-10%>' Combining the
molecule on a small silver cluster model with classical electro-
dynamics theory for a single silver nanoparticle to account for
electromagnetic contributions, the resulting SEHRS enhancement

This journal is © The Royal Society of Chemistry 2017
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factor was determined to be 10°.*?

Including aggregated clusters
of nanoparticles instead of an isolated nanosphere in the model
would possibly result in even larger enhancement factors, reach-
ing the estimated experimental values of 10 to 10"

An approach to estimate enhancement factors in SEHRS
exploits a direct comparison between SEHRS and SERS signals
measured from the same sample. Knowing the excitation
intensities and the number of molecules contributing to SERS
and SEHRS (note the different scattering volumes for the
one- and two-photon excited process), a comparison between
SEHRS and SERS signals allows estimation of a ratio of effective
cross sections of SEHRS and SERS, i.e. the ratio enhancement
factors for both effects (see also the next subsection). Despite
very different signal levels of normal Raman and hyper Raman
scattering, SERS and SEHRS spectra can appear at comparable
signal levels and, for example, can be measured in the same
spectrum using the first and second diffraction order of a
double grating spectrometer, respectively.** This implies that
hyper Raman scattering performed on silver nanoaggregates
must experience an enhancement level six orders of magnitude
higher than Raman scattering. Given an enhancement factor
for non-resonant SERS performed on such silver nanostruc-
tures on the order of 10'*,* the total enhancement factor
for SEHRS was reported to be on the order of 10*°."”** High
cross sections in SEHRS enable measuring two-photon excited
vibrational spectra down to the limit of single-molecules*>*’
and collecting hyper Raman spectra also at the anti-Stokes
side (Fig. 2)."7*®

3.2 Understanding the overall SEHRS enhancement in
experiments

In an experiment it is hard to distinguish between the chemical
and electromagnetic contributions to the SEHRS spectra because
both are always included. However, the ratio of the electro-
magnetic enhancement of one-photon excited RS and HRS,
EF"™(SERS)/EF"™(SEHRS), can be estimated for a given absor-
bance spectrum of the plasmonic sample. Such estimations were
made to, e.g., explain the origin of the difference between the
SERS and SEHRS enhancement factors for non-resonant spectra
of the dye crystal violet'* and for para-mercaptobenzoic acid
(pMBA).>* In analogy to the empirical relationship between
the electromagnetic SERS enhancement factor and the surface
plasmon absorption spectrum,*’

le(v0) Ple(vrs)

&"(vp)e" (VRrs) VRS0

EFEM(SERS) = Abs(v)Abs(vrs)  (5)

the electromagnetic enhancement in SEHRS was estimated as:**

le(vo)|*|e(virs) |
€"2(vo)e" (VHRs) PHRS 0

EFEM(SEHRS) = 5Abs? (1) Abs(virs)

(6)

The relations consider the experimentally obtained absorbance
Abs of the sample and the complex dielectric constant of the
metal (¢(v) = &'(v) + i¢”(v)) at the incident laser (1) and hyper
Raman or Raman (vugrs = 2V — v and vgs = 1 — 1) frequencies,

Chem. Soc. Rev., 2017, 46, 3980-3999 | 3983
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Fig. 2 SEHRS Stokes and anti-Stokes spectra of 10~/ M of the dye molecule crystal violet attached to silver nanoaggregates in aqueous solution.

The spectra were measured using 1064 nm mode locked ps pulses of average power 40 mW (peak intensity 2 x 102° photons cm™2 s

~257Y and collection

times of 10 and 60 seconds, respectively. Anti-Stokes scattering appears at a much lower signal level than Stokes scattering, as the number of molecules
in the excited vibrational state is much smaller than those in the vibrational ground state, but here anti-Stokes HRS can be observed because of the
extremely high effective cross section of SEHRS. Reproduced with permission from ref. 17. Copyright 2006 National Academy of Sciences, USA.

respectively; Uygs, Vs and v, are the corresponding wavenumbers.
Nevertheless, it should be noted that this empirical model does
not include possible plasmon resonance effects arising from
modes that cannot be observed in the far field UV-vis absorbance
spectrum (¢f next section).>*%3%°

Ratios EF™™(SERS)/EF*™™(SEHRS) obtained in this way from
absorbance spectra were compared with the ratio of EF(SERS)/
EF(SEHRS) determined in Raman experiments that give the
total enhancement including electromagnetic and chemical
contributions.”*** Using SEHRS and SERS spectra of crystal
violet and pMBA, as well as the corresponding absorbance data,
EF(SERS)/EF(SEHRS) and EF*™(SERS)/EF*™™(SEHRS) that were
in good agreement with each other were obtained, ranging from
~107°%* to ~107%* depending on the respective molecule-
nanoparticle system. In both cases, a high similarity of EF(SERS)/
EF(SEHRS) and EF*™(SERS)/EF*™(SEHRS) showed that the
different EF of SEHRS and SERS can be explained by the
difference between the corresponding EFF™ 2>

In the SERS and SEHRS spectra, the scattering powers Psgrs
and Pggprs, respectively, are

PSERb - NOO_bERbnO (7)
PSEHRS — NoGSEHRSnoz (8)
where ¢85 and ¢%PHRS gre the effective cross sections in SERS

and SEHRS, respectively, N, is the number of molecules
contributing to the signal, and n, is the excitation intensity
(in photons per cm? per second) for SERS and SEHRS. Knowing
the excitation intensities, a comparison between SEHRS and
SERS signals measured from the same sample allows estima-
tion of a ratio of effective cross sections in one-photon SERS
and two-photon SEHRS based on eqn (7) and (8).

Despite the fact that the main contribution to SEHRS is
related to EM enhancement, a deeper understanding of the
chemical contribution to SEHRS is of great interest for harnessing
SEHRS as a sensitive tool for investigations of the interaction of
molecules and surfaces.

3984 | Chem. Soc. Rev., 2017, 46, 3980-3999

As the example of pyridine above shows, theoretical simulations
can provide deeper insights into the qualitative changes and
increased intensities of the HRS spectrum, resulting from adsorp-
tion of the molecule on a metal surface. Modeling SEHRS is a
challenging task, although significant improvements have been
made in this direction recently.*"**> Early SEHRS studies, which
do not explicitly include surface atoms, assumed a fixed orientation
of the molecule with respect to the surface, resulting in different
symmetries for the hyper Raman calculations.'*?**"* Such simula-
tions account for changes in relative peak intensities between
normal HRS and SEHRS spectra, since the model relies on different
orientation averaging for both cases, although the vibrational
frequencies and hyperpolarizability tensor components are the
same for the free and adsorbed molecule. Further improvements
include a more accurate evaluation of the chemical enhancement by
modeling the HRS spectrum of the molecule in the presence of a
small metal cluster,”® which accounts for shifts of vibrational
frequencies due to adsorption and yields increased peak intensities
in SEHRS compared to HRS. Combined quantum mechanics/
classical electrodynamics methods have been employed to estimate
both the chemical and the EM enhancement contributions.*
Recently, it was shown that the electromagnetic enhancement can
also be evaluated using an atomistic electrodynamics model of the
metal nanoparticle.>® In addition, theories going beyond the dipole
approximation, which include dipole and quadrupole light-molecule
and light-metal interactions, as well as gradients of the local electric
field, have been developed and used for the interpretation of SEHRS
spectra from small molecules.’>*>**>° Field gradient effects are of
particular interest, as they can contribute not only to the enhance-
ments but also to the selection rules in SEHRS spectra.”*>?

4. Instrumentation and experimental
aspects in SEHRS
4.1 General considerations

The experimental parameters as well as technical problems in
SEHRS experiments can vary greatly. They depend on the

This journal is © The Royal Society of Chemistry 2017
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Table1 Parameters of typical laser sources used in surface enhanced hyper Raman scattering experiments. Some of the listed intensity values (marked
with an asterisk) were estimated based on the average power and focusing parameters provided in the respective references

Wavelength (nm) Pulse width Repetition rate Intensity (W cm ™ ?) Ref.

1064 CW CW 3 x 107 71-73

1064 200 ns 5-10 kHz 10° 10, 62, 74 and 75

1064 10-15 ns 10-20 Hz ~10° 11 and 76

1064 80-100 ps 82 MHz ~107 19, 20, 42, 53, 60, 77 and 78
1053 50 ps 76 MHz ~107 31, 43, 79 and 80

1064 2-7 ps 76-82 MHz 107-10"° 17, 22-24, 64, 68, 70 and 81-85
750-1050 1-5 ps 80-82 MHz 107-10°¢ 33, 44, 45, 47, 61, 65-67, 69, 83 and 86-89
1550-1570 5-6 ps 80 MHz ~5 x 10"“ 34 and 90

1800 5 ps 80 MHz ~3 %1079 90

915 6 ps 80 MHz ~1 x 10%¢ 34

¢ Calculated intensity based on data provided in the papers.

optical properties of the plasmonic structures and the required
resonant or non-resonant excitation of the molecules of interest,
the amount of sample, and the necessary spectral and lateral
resolution.

As will be discussed in more detail in the next subsection,
currently, mostly mode-locked, high repetition rate, few-
picosecond, near-infrared lasers are used for excitation of SEHRS.
As examples, please refer to the references given in Table 1. Using
NIR lasers for two-photon interaction moves the detection range
to the convenient visible region, where very sensitive CCDs are
available. In the case of SEHRS, excitation with smaller photon
energy (compared with SERS in the same detection range) helps in
reducing photodamage of the sample and can allow background-
free, i.e. fluorescence-free, detection. A further practical advantage
of NIR excitation is the deeper penetration into samples. The two-
photon excitation being limited to the laser focus leads to reduced
interaction volumes and to high spatial resolution.

To observe the two-photon excited Raman spectra of mole-
cules enhanced with plasmonic nanostructures or on electrodes,
typical dispersive Raman spectrometers have been used."'*?>4448
While in the 1980s, the reported SEHRS spectra were collected
using double or triple monochromators with a photomultiplier or
with intensified diode arrays, for examples see ref. 11, 19, 42 and
60, nowadays new generation deep-depletion CCDs, mainly N,
cooled, back-illuminated, Si-based 2D cameras, are suitable for
the relatively long integration times required, because of their
extremely low dark noise and their high sensitivity in the whole
wavelength range of interest.

SEHRS spectra are typically accumulated in the range of a
few seconds to a few minutes, depending on the enhancement
by the plasmonic structures, cross sections, excitation condi-
tions, detection frequency range and instrument response
functions of optical elements. Different authors have reported
typical spectral resolutions of 2-6 cm™ " in the full spectral
range.>>?*?14%°1 In experiments where the detection frequency
range is identical in the one- and two-photon excited case, SERS
and SEHRS spectra can be collected quasi-parallel in the same
experimental set-up.>®?*44%62764 gimultaneous detection of
SEHRS and SERS when using the same excitation wavelength
for both one- and two-photon SERS was also reported.**°

For collecting the scattered light, both forward and back-
ward directions are used.”>*’ In forward detection, e.g, using

This journal is © The Royal Society of Chemistry 2017

an inverted microscope, optics are easy to handle, and anti-
reflection coated lenses or microscope objectives, e.g. NIR
coating for excitation and visible-coating for detection,**®?
are commercially available. In contrast, backward detection
can pose some challenges, since the focusing and collecting
optical components (lenses and dichroic mirrors) must provide
appropriate figures of merit regarding both excitation and
detection frequencies. As in other Raman experiments, the
accessible notch filters needed to clear the signal from the
excitation and Rayleigh-scattered light can limit flexibility with
respect to the excitation wavelength. For wavelength scanned
SEHRS using continuously tuned excitation frequencies in the
wavelength range between 780 and 1000 nm, an inverted micro-
scope and special dichroic filters were demonstrated.®>®”

The investigated samples, mostly in the liquid phase on
electrodes or with nanoparticles, can be measured in cuvettes
or micro-containers.®>?72442:44.60.68 A few oroups report SEHRS
spectra on immobilized or lithographically fabricated nano-
structures.®*®® As a first real biological application, SEHRS
spectra were collected to analyze intrinsic biochemical infor-
mation from nanometer-scaled volumes in dry-fixed individual
culture cells.’”””® Furthermore, using a CW laser at 1064 nm
(~300 mW average power) SEHRS was combined with the
optical trapping of nanoaggregates, and spectra of dye mole-
cules were obtained under resonant conditions.*>”*

4.2 Laser sources

The continuous development of laser technology that has been
taking place since the development of the first laser made it
possible more than four decades ago to reach focal intensities
>10®* W em 2, high enough to drive a broad range of non-linear
processes, including SEHRS. Significant effort has been spent
on shortening the laser pulse duration, which makes it possible
to reach high intensities even at moderate pulse energies.
A typical SEHRS experiment requires near-infrared intensities
in excess of 10° W cm ™2, which is accessible to pulsed lasers or
very tightly focused CW lasers.'®*®> Since the first SEHRS
signal observed 35 years ago,' a vastly expanded selection of
lasers has become available at the experimenter’s disposal. At
present, mostly mode-locked, high repetition rate, few-picosecond,
near-infrared lasers with an average power of 2 x 10~ % to ~1 W

and focused intensities between 10 and 10'° W cm™2 are
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being used. The minimum intensity in the focus is an approxi-
mately constant threshold, irrespective of the operation mode
of the laser (CW, Q-switched, or mode-locked). In Table 1, we
summarize the experimental parameters in different reports
of SEHRS experiments. The following sub-section discusses
different excitation pulse parameters in two-photon excited
surface enhanced Raman microspectroscopy.

4.3 Excitation pulse parameters

Excitation wavelength. The excitation range between 750
and 1100 nm, where biological tissues are transparent and
water has negligible absorption, is covered by widely available
pulsed lasers. They include titanium-sapphire (Ti:Sa) based
laser oscillators operating at 750-1050 nm, and neodymium
based systems operating at 1053 nm (Nd:YLF) or 1064 nm
(Nd:YAG and Nd:YVO,) (Table 1). Picosecond Ti:Sa based light
sources have advantages, because they allow measurements
of excitation profiles at several pre-selected or scanned
wavelengths®>®” as well as the selection of many specific
excitation wavelengths.***>%%¢ Experiments using one individual
wavelength were also reported using more compact, turn-key
mode-locked Nd:YAG lasers with pulse durations of a few pico-
seconds (1-10 ps) with relatively high peak powers,7,>%>7>406470:82,85
Excitation of SEHRS in the near infrared can also be combined with
excitation of one-photon SERS in the near infrared in the identical
sample.”>**** In spite of their relatively low peak intensities, tunable
synchronously pumped optical parametric oscillators (OPOs)
with signals between 0.72 and 0.99 pm or with idler pulses from
1.15 up to 2 um can provide possibilities for excitation of
SEHRS.’° Itoh et al. also reported the collection of SEHRS spectra
excited with low average power at 1064 nm from a cost-effective
CW-laser.”"”?

Pulse duration, spectral bandwidth. SEHRS is a spontaneous
scattering process, therefore the ability to resolve narrow spectral
features in signals depends on the spectral bandwidth of the
excitation source as dictated by the uncertainty principle. Modern
turn-key commercial femtosecond lasers (Ti:sapphire, Cr:forsterite,
various Yb:tungstate or Er/Yb-fiber lasers) which are commonly
used in other non-linear spectroscopic applications have pulse
duration too short (that is, too broad in frequency) to provide the
resolution required to resolve vibrational Raman bands. In
contrast, pulse durations in the ps range correspond to band-
widths of ~10 em ™', which is in the range of typical vibrational
linewidths of molecules in solution. As an example, a broad-
ening effect by only 1-2 cm ™" was observed in the case of 5 ps
excitation.®® It was also demonstrated that at constant average
power, compression of the 100 ps fundamental output of a
Nd:YAG laser to 5 ps increases the intensities of SEHRS by
approximately one order of magnitude.®® Theoretically, there is
no upper limit for pulse duration. Nevertheless, keeping the
repetition rate fixed while the pulse duration is increased leads
to a higher required pulse energy (and average power) in order to
maintain the same intensity. This may lead to sample damage or
modification.

Repetition rate. Even though in resonant excitation of SEHRS,
CW-lasers were proven to be usable,”* pulsed-lasers have been

3986 | Chem. Soc. Rev., 2017, 46, 3980-3999

View Article Online

Review Article

applied almost exclusively for SEHRS. Because of the non-linear
dependence of the HRS signal, excitation with short (few ps)
pulses at MHz repetition rate generates high field intensities in
the focus, thus reducing the accumulation time required for a
sufficiently high signal-to-noise ratio (S/N). The earliest attempts
relied on Q-switched lasers,"”’® where the low repetition rate
together with the then technologically less advanced detection
technology led to much longer integration times (20-30 min) than
are possible today. The invention of mode-locked lasers and their
expansion into spectroscopy caused a dramatic change in measure-
ment techniques since their high repetition rates strikingly reduced
the collection times. Using repetition rates of 70-80 MHz instead of
5-10 Hz at constant signal-to-noise ratio (S/N) decreases the integra-
tion time by at least seven orders of magnitude.

Average power, intensity, photon flux density. In many
reports on SEHRS, average laser powers are provided, which
is a convenient parameter for the experimenter. However, in
order to estimate the actual average and peak laser intensity in
the focal volume, information on the repetition rate, pulse
duration, and focusing conditions (i.e. numerical aperture of
objective, beam radii) are also needed. The scattering power, as
given by eqn (8) depends on the square of the photon flux
density (photons em™> s™'). This square dependence of the
SEHRS signal is illustrated in Fig. 3. Furthermore, a depen-
dency of the signal on the fourth power of the excitation
frequency through the scattering cross section suggests that
excitation at shorter wavelengths allows the reduction of peak
power. In agreement with this, for example, an energy of only
2-8 pJ (a few hundred pw) provided by a mode-locked Ti:Sa
laser is sufficient to record resonant SEHRS spectra of various
chromophores.®%8¢8%89 On the other hand, at an excitation
wavelength around 1064 nm, the required intensities are higher,
especially under off-resonant conditions, where typically average
powers between 10 mW and a few 100 mW are used, leading to
intensities in the range of 10°-10'° W em 2 depending on the
repetition rate and pulse duration of the laser.

500+
400+

300+

2004

100+ .

Signal @ 1174 cm™ [cps]

0 . . . , .

0 2 4 6 8 10

Intensity [10% Photons/cm’s]

Fig. 3 The square-law dependence of the hyper Raman scattering signal
on the excitation intensity verifies the two photon process. The signal of a
band at 1174 cm™! in the SEHRS spectra of 10”7 M of the dye molecule
crystal violet attached to silver nanoaggregates in agueous solution is
shown as a function of the excitation intensity. The spectra were measured
using 1064 nm mode locked ps pulses and collection times of 10 seconds.
Reproduced with permission from ref. 17. Copyright 2006, National Academy
of Sciences, USA.
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As was shown earlier, the photon flux density allows a
convenient way to estimate the ratio of one- and two-photon
Raman scattering cross sections from scattering powers P°RS
and P°*H%S determined in experiments. As an example, photon
flux densities of 10°°~10*° photons cm > s™' were used to
collect SERS and SEHRS spectra of several dyes and of bio-
logically relevant molecules under resonant and non-resonant
conditions, respectively,'”?* 24648485 Thege photon flux
densities are in agreement with the above intensity values
(see in Table 1) for the resonant (10" W em ™) and off-resonant
(10" W ecm™?) case.

4.4 Focal volumes and amount of probed sample

While the focal spot sizes of the excitation beam can be
determined from the Rayleigh criterion, the two-photon inter-
action volume V can be approximated as a three-dimensional
Gaussian volume,'®

3
V =n2 wxy2 W, )

where the lateral and axial 1/e radii (i.e., not the usual 1/&*
Gaussian beam waist) are defined as

3204 3257
Wiy = 0.320 for NA < 0.7 and M for NA > 0.7
/ NA\/E NA0,91\/§
(10)
e — 0.5324 1 (11)
: V2 n—+vVn? —NA2

Here, A is the excitation wavelength, NA is the numerical
aperture of the objective lens, and #n is the index of refraction
of the medium containing the sample. Note that eqn (9)-(11)
are valid for overfilled objectives (i.e., 1/e of the beam diameter
is larger than the objective back aperture), which provide a
diffraction limited focus.

Knowing the interaction volume, the number of nano-
structures and number of molecules taking part in a SEHRS
experiment can be estimated. For example, several experi-
ments with silver nanoparticle solutions have employed focal
volumes of tens of pm?® down to less than a femtoliter, which,
at typical nanoparticle concentrations, contain very few silver
nanoparticles.”® While the statistical number of nanoparticles
in the above defined V volume can be determined using their
concentration, specifying the number of molecules in this
volume is more difficult. If the required space for a given
molecule at the surface of a nanostructure is known, we
can determine the number of molecules interacting with the
surface of the nanostructures that can participate in SEHRS.
This is a more fundamental experimental parameter than
molecule concentration. The interaction of molecules with
the surface of nanostructures will be discussed in more detail
in the following sections. The small interaction volume is also
of interest in the development for microspectroscopic imaging
using SEHRS.
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5. Enhancing nanostructures for
SEHRS

5.1 Requirements

SEHRS experiments require nanostructures providing high
enhancement factors, so that the low cross sections of hyper Raman
scattering (HRS) on the order of 10°% cm® s can be overcome.
In general, SEHRS experiments have typically been carried out with
nanostructures similar to or the same as those used in SERS. While
the first observation of SEHRS was made on silver micro powder,"
subsequent investigations employed electrodes'***** and colloidal
solutions of metal nanoparticles,’®*>®* which have remained the
main two types of enhancing nanostructures for SEHRS.

It is well known from SERS theory and experiments that hot
spots with extremely high field enhancement occur in the
spaces between particles in fractal structures such as nano-
aggregates.®>*>°%% In SEHRS, the effect of aggregation is even
more important because aggregated nanoparticles can support
plasmon resonances in a wide spectral range from 400 nm to
1200 nm (Fig. 4A and B), although they are not always visible in
the far field scattering spectrum (see for example ref. 8, 40, 50
and 51). According to the electromagnetic theory for SEHRS
(eqn (2)), this allows enhancing both the incident and scattered
fields, whose frequencies are widely separated, and thus
optimizing the total enhancement.

So far, few studies compare SEHRS enhancements of different
types of nanostructured materials. Recently, silver nanoaggregates
formed by four nanoparticle solutions with silver nanostructures
of different size and stabilizing species were compared, and ratios
between SERS and SEHRS enhancement factors were estimated
from Raman measurements as well as from the absorbance spectra
using eqn (5) and (6).>* Earlier investigations compared the overall
SEHRS intensities from measurements on roughened electrodes
and nanoaggregates.”® Interestingly, it was found that the enhance-
ments depend very much on the specific molecule under study.

As mentioned above, typical plasmonic nanostructures for
SERS have been directly transferred to SEHRS experiments.
As indicated by more recent results, it is not necessarily an
optimum strategy to directly draw conclusions about the
enhancement in SEHRS from the enhancement yielded with a
particular type of nanostructure in SERS. On the one hand, this
is due to different requirements regarding the plasmonic
properties. In particular, the design of nanostructures with
multiple plasmon resonances to match the incident and
scattering frequencies in HRS, active in the same physical region
of space, has been proposed.”*> On the other hand, the surface
chemistry of the nanoparticles, which both determines the for-
mation of nanoaggregates (i.e., the plasmonic properties) and at
the same time influences the interaction of the molecules with the
metal surface, plays an important role in the enhancement. For
example, nanoaggregates formed by citrate reduced silver nano-
particles yield higher overall SEHRS intensities than nanoaggre-
gates from hydroxylamine reduced silver nanoparticles, although
exactly the opposite is found for SERS.>® In silver nanoaggregates,
enhancement was discussed for individual nanostructures, asses-
sing the plasmonic properties as a function of polarization.”>”?
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Fig. 4 Examples for enhancing nanomaterials used in SEHRS: (A) UV-vis absorbance spectrum of hydroxylamine reduced silver nanoparticles before and
after aggregation with magnesium sulfate, and (B) transmission electron micrograph of the silver colloid in (A) used in SEHRS experiments with
biomolecules.?* In this experiment, it was possible to collect SEHRS spectra of amino acids only with the aggregated nanoparticles, while SERS spectra
could also be obtained with the non-aggregated nanoparticles, thus demonstrating the importance of colloid aggregation in SEHRS. Adapted with
permission from ref. 24. Copyright 2017 American Chemical Society. (C) SEM image of immobilized citrate reduced silver nanoparticles on glass slides
used for SEHRS hyperspectral mapping.®* Adapted from ref. 64 with permission from the PCCP Owner Societies.

Such experiments provide evidence that it is important to
design suitable plasmonic materials for SEHRS, and to further
understand the factors that influence SEHRS enhancement in
the experiments. First theoretical discussions aiming at the
optimization of plasmonic nanostructures for SEHRS, e.g. by
considering different geometries including double resonant
antennas in the visible and UV, and silver heptamers supporting
Fano resonances,”” were reported. Further research focusing on
the development of SEHRS active nanostructures providing uni-
form and high enhancement should be the key for obtaining
comprehensive vibrational information by means of SEHRS.

A very important feature of both aggregated nanoparticles and
electrochemically roughened electrodes is that their structure is
neither well defined, nor that it is clear if similar hot spots are
equally distributed throughout the sample. There have been several
attempts to improve the homogeneity of SEHRS enhancement in
nanostructured materials. For example, silver nanocrystal-modified
silicon nanowires were found to provide a more spatially uniform
response than silver nanoparticles deposited as a film on glass.®”
In particular, chemically immobilized silver nanoparticles on
glass slides (Fig. 4C), well known for their homogeneous SERS
enhancement,” have proven to be well-suited for SEHRS hyper-
spectral mapping experiments.** In addition, fabrication of well-
defined structures with nanoscale gaps, commonly used in
SERS,” has also been implemented in SEHRS.* Anisotropic
silver dimer arrays were the first artificially designed nanostructures
employed in SEHRS measurements.*® However, relatively little work
has been done in this direction for SEHRS and further optimization
of the electromagnetic enhancement should be possible.

5.2 SEHRS with nanoparticles and nanoaggregates

In recent work, the majority of SEHRS experiments have
been carried out using aggregates of metal nanoparticles as
enhancing structures. Such nanoparticles can be easily prepared
by standardized wet chemical methods, although their

3988 | Chem. Soc. Rev., 2017, 46, 3980-3999

reproducibility is often not optimum. As an example, silver
nanoparticles with diameters in the range of 50-100 nm
obtained by reduction of silver nitrate with sodium citrate'®
have been most frequently used, for example by the groups in
ref. 17, 22, 42, 44, 66, 68, 71, 78 and 86. Fewer reports employ
other preparation techniques for silver nanoparticle solutions
resulting in nanostructures with diameters below 50 nm and
different surface chemistry, specifically the reduction with
hydroxylamine,”>>* borohydride,” tannic acid,*® hydrazine®'
or hydrogen gas.®* Also, silver nanoparticles prepared by green
synthesis in situ in intact onion epidermal cells were shown to
have sufficient SEHRS activity,®* highlighting the potential of
such an approach for exploiting SEHRS in bioanalysis. For the
latter purpose, gold nanoparticles, which have also been used for
SEHRS,"”® though less frequently than silver nanostructures
so far, would be ideally suited.

The aggregation of nanoparticles is often induced by addi-
tion of sodium chloride, for examples see ref. 66, 68, 73, 74, 82
and 86, by sodium bromide,*”*®# potassium chloride*>”**" or
other electrolytes in the nanoparticle solutions. Each type of
electrolyte at a given concentration can produce a unique
aggregate morphology and surface coverage with ions, which
can result in differences between the SEHRS spectra of the
same compound.®®*° Nevertheless, it is very difficult to distin-
guish between chemical effects induced by co-adsorbed ions
and effects due to different fields and field gradients that can
arise from different gap sizes or aggregate geometry as a reason
for the observed spectral changes, since both can be simulta-
neously varied during the aggregation process. SEHRS is extremely
sensitive with respect to changes in surface potential and small
changes in the interaction of the molecules with the metal
surfaces,”® and depending on the molecule, the chemical contri-
bution to the enhancement can be quite strong as well. Further-
more, as will also be discussed in the next section, the interaction
of the molecule with the nanostructure - which is the main

This journal is © The Royal Society of Chemistry 2017
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prerequisite for the molecule for taking part in SEHRS (and also
SERS) - depends critically on the surface charge and charge of the
molecule.*'" As an example, in spectra of para-mercaptobenzoic
acid, measured with hydroxylamine-stabilized silver nanoparticles, a
reduction in SEHRS enhancement by a factor of 2-3 at very low and
very high pH was observed.”” In 532 nm excited SERS spectra with
the same samples, the effect was not present.>* Apart from altered
interaction of the molecule with the metal nanoparticle surface, the
molecules that are used to stabilize the silver nanoparticles, both
citrate and hydroxylamine/hydroxide, contain functional groups that
can be protonated or deprotonated, depending on the surrounding
pH. This leads to changes in surface charge and possible aggregation
of the nanostructures. For example, a negative surface charge of the
silver particles decreases with decreasing pH by protonation, leading
to aggregation and minor changes in gap sizes in the nanoaggregates
and therefore to a lower electromagnetic enhancement at very acidic
pH.'%%'% At this point it must also be mentioned that SEHRS spectra
can display strong background contributions, which were discussed
in terms of the nanoaggregate properties.>”>5!

5.3 SEHRS with electrochemical electrodes

Electrochemical SEHRS measurements on silver electrodes were
found to be convenient for the investigation of small organic
molecules such as pyridine, pyrazine, phenazine and related deri-
vatives under non-resonant excitation conditions'®>%*"43337%80 anq
also to study the dependence of the SEHRS signals on surface
potential.’*?***38% o provide high local field enhancement, the
electrodes are usually roughened in oxidation reduction cycles
(ORC), which results in modification of the surface morphology at
the nanometer scale.'>**”*® To improve homogeneity and repro-
ducibility of the surface roughness, modification of the electrode
surface by dispersing chemically synthesized metal nanoparticles
onto it was proposed, which allowed reversibly obtaining reprodu-
cible SEHRS spectra in a wider potential range than with an
electrochemically roughened electrode.*" The concept of silver film
over nanosphere electrodes, which have more homogeneous and
reproducible nanostructure morphology, has also been introduced
into SEHRS.?**® In this type of electrode the surface roughness is
produced by vapor deposition of silver on top of a nanosphere
monolayer. An important advantage of this system over ORC
roughened electrodes is that the concentration and chemical nature
of the supporting electrolyte in an electrochemical SEHRS experi-
ment can be varied without altering the surface morphology and
thus the enhancement associated with it. In particular, this allows
investigation of the effect of co-adsorbed ions on SEHRS spectra,”
which is still not possible for measurements in nanoparticle
solutions.

6. Non-resonant SEHRS reveals the
interaction of molecules with surfaces

6.1 SEHRS spectra provide complementary vibrational
information

The selection rules for non-resonantly excited SEHRS have been
discussed by comparing SERS and SEHRS spectra from small
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organic molecules, including pyridine,>** pyrazine,*" trans-
1,2-bis(4-pyridyl)ethylene (BPE),>*** benzene,*" para-mercapto-
benzoic acid,?*”° as well as data from nucleobases®>*®*> and
amino acids,>* and recently also the dye crystal violet excited at
1570 nm.**

In the case of centrosymmetric molecules such as pyrazine,
benzene and BPE, the Raman and hyper Raman active modes
are expected to be complementary. For benzene, indeed the
SERS and SEHRS spectra do not show any common bands, and
the SEHRS spectra are very similar to the IR absorption data.*
Also for pyrazine and BPE “new” Raman-inactive modes appear
in the SEHRS data that are not observed in SERS, in addition to
some SERS-active bands.>>** Although the adsorption of mole-
cules can reduce their symmetry, so that Raman-active modes
become visible in the hyper Raman spectrum as well, the
detailed examination of the SERS and SEHRS spectra for these
two molecules showed that little or no symmetry reduction
occurs upon adsorption.””*?

The SEHRS and SERS spectra from non-centrosymmetric
molecules such as pyridine, nucleobases and aromatic amino
acids display bands mostly at the same positions, although
with quite different relative intensities."®**®> For example, in
the SEHRS and IR spectra of pyridine, Golab et al. reported less
pronounced signals of the ring breathing modes."® Also the
signal of the symmetric ring breathing mode of all five nucleo-
bases differs between SERS and SEHRS spectra. While in SERS
it is often used to estimate the adsorbate orientation with
respect to the surface, this signal is weak or medium compared
to other bands in SEHRS.*>*” This mode is also very strong in
the Raman but medium in the IR absorption spectra of the
solid compounds. Fig. 5 (top trace) shows the SEHRS and SERS
spectrum of the nucleobase adenine obtained with silver
nanostructures. Independent of a varied surface composition
(stabilization) of the silver nanoparticles,"”**** the differences
between the SEHRS and the SERS spectrum of adenine are
consistent and obvious in all reports. In the SEHRS spectrum
(Fig. 5A, top trace) the signal of the symmetric ring breathing
mode at 734 cm ™' is very similar to all other bands, while it
dominates the SERS spectrum (Fig. 5B, top trace). Furthermore,
the SEHRS data display several strong bands associated with
NH, and N-H deformation modes, specifically the NH,-rocking
band at 1026 cm™*, in-plane NH, scissoring vibrations at 1487 cm Y,
1554 cm™ ' and 1653 cm ™%, and the bands at 564 cm ™, 1141 cm ™!
and 1600 cm ™', which can be associated with N-H bending
modes.*

In cytosine, the most obvious differences between the
SEHRS (Fig. 5A, middle trace) and the SERS spectrum
(Fig. 5B, middle trace) are the pronounced signals of the C-N
stretching mode at 1482 cm™ ' and a relatively strong NH,
bending mode around 1590 cm™" in SEHRS. Also here, the
ring breathing mode at 798 cm ™' shows a much smaller relative
intensity than in the SERS spectrum. The SERS spectrum of
cytosine shown in Fig. 5 also has some contributions from
the citrate at the surface of the silver nanoparticles, around
952 cm ™. In contrast, in the SEHRS spectrum, these bands are
almost absent. The weak citrate signals were discussed as an
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Fig. 5 SEHRS spectra (A) and SERS spectra (B) of adenine, cytosine, and phenylalanine. The spectra of adenine and phenylalanine were obtained using
nanoaggregates from hydroxylamine reduced silver nanoparticles, and the spectra of cytosine with citrate reduced silver nanoparticles. Experimental

-2 1

parameters in (A): excitation, 1064 nm, peak photon flux density 5 x 1028 photons cm™2 s7* (adenine and cytosine) and 3 x 102 photons cm™2 s
(phenylalanine), acquisition time, 60 s (adenine and phenylalanine) and 40 s (cytosine); in (B): excitation, 532 nm, peak photon flux density 1 x 10%’

photons cm™2 s71

(adenine and cytosine) and 6 x 10%* photons cm™ s™! (phenylalanine), acquisition time, 1 s (adenine and cytosine) and 5 s

(phenylalanine), concentration 5 x 10~ M (adenine and cytosine) and 2 x 10~* M (phenylalanine). The figure has been reproduced using the data in

ref. 23 and 24.

additional advantage of SEHRS over SERS regarding the selec-
tive characterization of analyte molecules.”® As seen for the
spectra of uracil and thymine with silver nanostructures
obtained at alkaline pH, SEHRS can provide additional infor-
mation about the interaction of the molecules with the nano-
particle surfaces. For example, a specific deprotonated uracil
tautomer could be identified due to a higher enhancement
of a characteristic vibration of this molecule in SEHRS com-
pared to SERS.*

In the SEHRS spectra of the amino acids tryptophan,
tyrosine, histidine, and phenylalanine, the bands from the ring
breathing modes are strongly diminished or absent as well.>*
Instead, as can be seen from the intense signal at 1389 cm ™" in
the spectrum of phenylalanine in the bottom trace of Fig. 5A,

3990 | Chem. Soc. Rev., 2017, 46, 3980-3999

the SEHRS spectra of these biomolecules are dominated by the
symmetric COO™ stretching vibration.>* At alkaline pH, which
was employed in these experiments, the COO™ group probably
plays an important role in the binding of the amino acids to the
silver surface. In contrast, the SERS spectrum of the molecule
displays very strong signals of the marker bands at 1599 cm ™"
and 1001 cm ™', assigned to the ring stretching (1599 cm™ ') and
ring breathing (1001 cm™") (Fig. 5B, bottom trace).

6.2 The sensitivity of SEHRS to local environment and surface
orientation

To understand the influence of the interaction of the molecule
and the metal surface on the qualitative features in a SEHRS
spectrum, many theoretical studies, mainly considering the

This journal is © The Royal Society of Chemistry 2017
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model of pyridine on a silver surface, were performed.'®?">%313
Assuming perpendicular orientation of the pyridine molecule on
the surface, SERS and SEHRS spectra were modeled at various
levels of theory. Valley et al>' and Mullin et al,** who also
compared their calculated spectra with the experimental work
by Golab et al.*® and Li et al.,*' respectively (Fig. 6), showed that
the normal HRS spectrum of pyridine is dramatically different
from its SEHRS spectrum (see Fig. 6), while the differences
between the calculated RS and SERS spectra were much less
pronounced.'®*"*?* Other simulations have shown that slight
tilting of the molecule with respect to the surface normal results
in more pronounced changes in the SEHRS spectrum than in
SERS, suggesting that SEHRS is more sensitive to adsorbate
orientation."’

The higher sensitivity of SEHRS with respect to adsorbate
geometry and small surface environmental changes has been
reported for several species.*>**** The SEHRS spectra from BPE
on silver electrodes displayed significant variations when the
concentration and type of co-adsorbed counterions were
changed.”® SEHRS experiments performed at slightly varied
concentration of the amino acids histidine and tyrosine with
silver nanoaggregates yielded spectra with several differences,
while the SERS spectra of the same samples were almost
unchanged.> The changes in the SEHRS spectra indicated that
a different interaction with the silver nanostructures took place
when the concentration of the molecules was lowered slightly.
From the aspect of probing the interaction of amino acids with
the silver nanostructures, different selectivity leads to probing
of different molecular adsorbate species in SEHRS and
SERS.?” In addition to a stronger electromagnetic enhance-
ment effect of HRS due to non-linear dependence on the
enhanced local excitation field,** also the chemical enhance-
ment in SEHRS can greatly differ from that in SERS.>" Further-
more, in a nanostructure providing high SEHRS signals,
a specific surface chemistry (e.g., surface coverage with
magnesium and sulfate ions) can lead to different concentration
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dependence of the interaction of the molecules than in aggre-
gates that provide high SERS enhancement. The possibility
of probing different sites of interaction between the amino
acid molecules and parts of the silver nanostructures in
combined SEHRS and SERS experiments will help in under-
standing the formation and composition of biomolecular
coronae around nanoparticles in biological environments,
which is mainly determined by adsorption of proteins and
amino acids."**'%

6.3 Application to pH sensing

The high sensitivity of SEHRS with respect to surface charge
and changes in the local environment of molecules can be
applied for vibrational sensing. Additionally, as a two-photon
method, SEHRS spectra are collected from smaller volumes
than SERS spectra. It was shown that the SEHRS spectrum,
similar to the SERS spectrum'®® of para-mercaptobenzoic acid
(pMBA), changes upon protonation and deprotonation of the
molecule.”?*”® Fig. 7a shows spectra of pMBA measured at
different pH values using citrate-stabilized silver nanoparticles
from ref. 22. When pH increases, the relative band intensities
of vibrations associated with the carboxyl group (marked in
green in Fig. 7a) change relative to those of the aromatic ring
(marked in blue). Upon deprotonation, the intensity of the
COO™ band at 1365 cm™ " increases, and the C—O stretching
vibration at 1685 cm~' decreases. Since the relative signal
strengths of the bands in the SEHRS spectrum are changed
compared to those of the SERS spectrum,>’° vibrational
modes that are useful for pH measurements appear at a higher
signal level in the SEHRS spectrum and can therefore be
followed down to lower pH values. This enables measurements
of pH values over a wide range, from pH 2 to pH 8, using SEHRS
nanosensors that were also applied in cells.”® For comparison,
other optical pH sensors based on one- or two-photon excited
fluorescence, in most cases, require the application of multiple
probes to cover such a pH range.
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(A) Simulated gas phase HRS spectrum of pyridine reproduced with permission from ref. 21. Copyright 2010 AIP Publishing. (B) Simulated SEHRS

spectrum of pyridine reproduced with permission from ref. 32. Copyright 2012 American Chemical Society. Surface effects in (B) were modeled as
follows: pyridine—Ag,o cluster electronic structure calculation was used to determine the HRS spectrum and the chemical enhancement factor in the
static limit, and then electrodynamics calculation for the nanoparticle was used to obtain the electromagnetic enhancement, which was multiplied with
the chemical contribution to obtain the final SEHRS intensities. The insets in (A and B) contain experimental HRS and SEHRS spectra of pyridine from

ref. 128 and 19, respectively.
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Recently, a better understanding of the two-photon excited
SEHRS spectrum of pMBA was obtained, and SEHRS spectra of
PMBA, acquired between pH 2 and 12 under non-resonant
conditions, together with the visible (532 nm) and near-
infrared (1064 nm) excited SERS spectra were discussed.’”
Investigating four different types of silver nanoparticles, it
was noticed that Raman shifts smaller by 5-15 cm ™" for several
bands in SEHRS were very reproducible.”” It was suggested, that
these bands indicate probing of different vibrations in SERS and
in SEHRS due to the different selection rules,® and that the
shifts are in fact indicative of different adsorption species upon
very local changes in the interaction of the molecule when pH
changes.? For high pH values, new band components appear,
such as asymmetric broadening and new shoulders, supporting
the conclusion that different adsorption species are probed in
SERS and SEHRS. Fig. 7b displays this for the example of the
ring stretching vibration at 1585 cm ™" in the SEHRS spectra,
while the band in the SERS data is only shifted and shows no
second component (Fig. 7c¢ and d). The appearance of a low-
frequency shoulder in the SEHRS spectrum can be assigned to
the non-totally symmetric ring stretching vibration, whereas
the high-frequency component corresponds to the totally
symmetric ring stretching vibration. From this information
it was concluded that at high pH a larger fraction of the molecules
must be adsorbed on the surface in a flat orientation and can be
specifically probed by SEHRS (Fig. 7a). The flat orientation at neutral
and basic pH was also evidenced by a higher intensity of bands
from out-of-plane vibrations of the phenyl ring at 684 cm™ ' and
710 em™ " in both the SEHRS and SERS spectra.'® "% Using SERS
spectra of pMBA excited with 1064 nm by the same laser, quasi-
simultaneous one-photon and two-photon excited measurements of
pH were demonstrated in one microspectroscopic setup that were
more sensitive than one-photon SERS sensing with excitation in the
visible range alone.** The possibility of sensitive pH measurements
in the acidic and neutral pH ranges in small focal volumes enables a
variety of applications for sensing in complex microstructured
environments.
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7. SEHRS in resonance with electronic
transitions
7.1 Two-photon resonance enhanced SEHRS

The second harmonic of the NIR wavelengths that are typically
used for excitation have resonances in many of the molecules
that were investigated so far by SEHRS. A possible transition of
a Stokes resonance hyper Raman process responsible for strong
two-photon resonant SEHRS signals is shown in Fig. 1E, for
more details on resonant hyper Raman scattering (RHRS) please
refer to, e.g., ref. 109 by Myers Kelley and references therein.

The addition of resonance Raman enhancement by two-
photon resonant transitions in the molecule to the surface
enhancement makes SEHRS experiments even more sensitive,
and enables measurements at low (nanomolar) concentration,®”
spectra from single molecules,*>™*’ as well as SEHRS experiments at
low pulse energies® or the use of CW laser excitation.”

In one of the first reports of SEHRS, differences between
SERS spectra excited at 532 nm and the SEHRS spectra excited
at 1064 nm of the dye molecules crystal violet (CV) and
rhodamine 6G (R6G) were measured.’ In particular there, the
relatively high similarity of the SER(R)S and SEHRS spectrum of CV
was discussed as being the result of lowering of the high symmetry
in the adsorbed CV molecules.'® Both CV and R6G have since then
been used to understand the resonance enhancement and surface
enhancement in SEHRS both in experiment®*”*® and theory.*>%°
In R6G, different types of resonance enhancement through both
the Aterm and the Bterm in the RHRS*"'? lead to a selective
enhancement of some bands in the SEHRS spectra that are not
enhanced in the SERS spectra, and therefore both spectra appear
very different.*>®” The results give evidence that electronic “dark”
states that are not allowed in one-photon absorption can be probed
in SEHRS.*’

In contrast, the resonant SEHRS and the SERRS spectra of
many other dyes can also look very similar, indicating that the
same electronic transition is responsible in both cases.""!
Among others, they include the spectra of CV,'**>#¢ substituted
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stilbene molecules,”” and malachite green.®*”® Fig. 8 shows

SEHRS and SERS spectra of both CV and MG from ref. 64.
However, as expected, and recently shown for the case of CV, the
high similarity vanishes when both SERS and SEHRS spectra are
excited off-resonance, at 785 nm and 1570 nm, respectively.**
For B-carotene, the (non-surface enhanced) HRS spectra and
the RRS spectra are very different from each other, due to the
different selection rules that become very evident for molecules
with high symmetry.®>'"> Nevertheless, very high similarity of
the SEHRS (Fig. 9A) and SERRS (Fig. 9A) spectra is reported,
since the interaction with the silver surface lowers the symmetry
of the adsorbed molecules.®”

The strong contribution by resonance enhancement is
obvious in several reports comparing HRS with resonant SEHRS
spectra, for example for CV®*® and R6G.°>®® Fig. 10 shows an
HRS and a SEHRS spectrum of CV.

In these particular data, the SEHRS signals are found to be
on the order of 10*-10° stronger than the HRS signals (in this
case not correcting for the actual number of molecules that
participate in the surface enhancement and neglecting reab-
sorption effects). Leng and Kelley published enhancement
factors for different dye molecules, including CV on the order
of ~10%.%® Taking into account the actual number of mole-
cules, and considering the contributions of only the hottest hot
spots of the SEHRS substrate, K. Kneipp estimated enhance-
ment of ~10>° for CV on silver nanoaggregates.*’

With surface enhancement enabling the acquisition of
SEHRS spectral information, a very high sensitivity with respect
to very small differences in molecular structure can be used to
compare and differentiate the spectra of very similar molecules.
In Fig. 8, SEHRS of CV und MG,**”® which differ only in one
dimethylamino group, and their SERS spectra are shown.
Several differences between SEHRS and SERS are observed,
and in the SEHRS spectra, some differences show more clearly.
As an example, the in-plane phenyl deformation mode'"® is
found at 913 cm ™" for CV and at 904 cm ™" for MG with different
intensities compared to the dimethylamino stretching band'"?
at 938 cm™ ' (Fig. 8a and b). In the SERS spectra, the shift of this
band is not significant (Fig. 8c and d).

This journal is © The Royal Society of Chemistry 2017

As another example, SEHRS spectra of carotene molecules
and thiol-modified carotene, 7’-apo-7’-(4-mercaptomethylphenyl)-
B-carotene (Fig. 94, for structures see Fig. 9D), excited at 1064 nm,
together with SERRS spectra measured at 532 nm (Fig. 9B) and
non-resonant SERS spectra measured at an excitation wavelength
of 1064 nm (Fig. 9C) were used to study the interaction with silver
nanoparticles.®® It was discussed that the interaction with the
silver surface occurs via the m-electrons of the polyene chain for
both functionalized and non-functionalized B-carotene, but only
the stronger, functionalization induced interaction enables the
acquisition of non-resonant SERS spectra of B-carotene at low
concentrations (Fig. 9C). Even though the resonant SEHRS and
SERS spectra (Fig. 9A and B) are very similar, the SEHRS spectra
contain additional bands of infrared-active modes of carotene,
namely a shoulder band at 1051 cm™ " due to a vibration of the
ionone ring, and a shoulder at 1591 cm ™', with contributions
from an IR-active but Raman-inactive C—C stretching mode at
1569 cm™ 1%

7.2 Relative intensities in SEHRS, SERS, and SERRS spectra
enable discussion of resonance contribution

The experiments with -carotene at the two different excitation
wavelengths (532 nm/1064 nm), providing SERRS, normal
Raman, and SEHRS spectra for the resonant case, as well as
non-resonant SERS, enabled a discussion of the contributions
of the (molecular) resonant Raman enhancement and the
surface enhancement.®> The functionalization of carotene, which
leads to a stronger interaction with the silver surface gave the
possibility of obtaining non-resonant SERS spectra in solution at
low concentration. The SEHRS spectra (Fig. 9A) show relatively
strong contributions from bands that experience a high SERS
enhancement but low resonance enhancement, see, e.g., the
bands at 1591 cm™* and at 1178 cm™ " in Fig. 9A with B. (These
bands can be identified with the help of the non-resonant SERS
spectrum in Fig. 9C.) In turn, as, relative to these intensities, the
intensity of the bands that experience strong resonance enhance-
ment, e.g., at 1520 cm~ ' and 1155 cm ™', decreases, the SEHRS
data (Fig. 9A) support the theoretical consideration and SERRS
experimental observation (see also Fig. 9B) of decreased
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resonance enhancement due to damping by electromagnetic
coupling of the molecules and the metal.'****

In a similar fashion, the SEHRS spectra of the dye Rose
Bengal, measured in resonance at 1064 nm excitation resembled
very strongly a non-resonant SERS spectrum obtained at 785 nm
of the same sample."” Also here, a strong interaction between
plasmons and electronic levels of the molecules, leading to high
plasmonic enhancement at the cost of a lower resonance
enhancement in SEHRS, could give rise to a decrease in the
resonance enhancement in SEHRS, and to similar non-resonant
SEHRS and SERS spectra for the low-symmetry molecule.

8. Future applications of SEHRS

8.1 Towards combined intracellular SEHRS/SERS
nanoprobing

There is a variety of potential applications of non-resonant and
resonant SEHRS in bioanalysis and biophysics, as well as in
hybrid materials research, many of which are related to the advant-
ages that are coming with the use of NIR wavelengths for excitation,
such as deeper penetration into micro-structured materials and less
photodamage, and with the decreased sampling volumes that result
from the non-linearity of the effect.

The high sensitivity with respect to changes at the surface
of plasmonic nanostructures makes SEHRS ideal to probe
the interaction of nanostructures with intrinsic biomolecular

3994 | Chem. Soc. Rev., 2017, 46, 3980-3999

species in biological samples, analogous to previous reports
using one-photon excited SERS."'*'!” SEHRS spectra obtained
from macrophage cells that incorporated gold nanoparticles
show, e.g., pronounced amide II signals of proteins, usually
detected by IR absorption spectroscopy. In SEHRS, they can be
observed at high lateral resolution. Interestingly, SEHRS also
observes spectral bands above 1800 cm ™", which are likely combi-
nation modes. The spectral region between 1800 and 2700 cm ™" is
almost featureless in other vibrational (Raman and IR) spectra of
cells and tissues."” Better understanding the SEHRS spectra of
typical biomolecules, in particular nucleobases'”*»* and amino
acids,® will allow assessing the spectral information obtained
from SEHRS nanosensors in cells. Furthermore, the concept of
hybrid nanoprobes, providing SEHRS spectra of a reporter mole-
cule and from the cellular environment, will benefit from the
possible combination of SEHRS and SERS. SEHRS labels using the
biocompatible reporter molecule Rose Bengal or the dye CV with
both resonant SEHRS and non-resonant SERS excitation in the
infrared were characterized,” and used in SERS experiments with
cells,"*® in principle enabling such experiments in SEHRS as well.

The possibilities of combining SEHRS with SERS for more
sensitive measurements of pH using NIR excitation,?* as dis-
cussed in Section 6, suggest this combination for the determi-
nation of micro-environmental pH (e.g., in biomaterials).
SERS/SEHRS pH nanosensors perform pH measurements using
the relative signals of spectrally narrow pairs of Raman lines in
the same spectrum. This allows quantitative measurement

This journal is © The Royal Society of Chemistry 2017
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without any correction regarding emission or absorption back-
ground signals, a particular advantage for applications in complex
biological environments. A combined SEHRS/SERS pH-sensor
which uses pMBA would have widespread applications, in endo-
somal sensing,”® or application in other acidic environments.

8.2 SEHRS hyperspectral mapping

Even though the probing of molecular structure and interaction
in SEHRS occurs at the nanoscale and covers the corresponding
structural heterogeneity, the combination of SEHRS spectra
with microstructural information is highly desirable, for example
with applications in cells, tissues, or other micro-structured
materials such as microfluidic systems in mind. In hyperspectral
mapping and characterization, including SERS mapping,***"*°
principal components analysis (PCA), a multivariate technique
with wide application in pattern recognition, image compression,
and sensing routines'”''** has been applied. In PCA, a data
matrix is projected into a variance-weighted coordinate system.
This orthogonal linear transformation (or eigenvalue problem)
transforms a number of possibly correlated variables of the
spectral data set into a smaller number of uncorrelated variables
such that the greatest variance by any projection of the data comes

This journal is © The Royal Society of Chemistry 2017
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to lie on the first coordinate, see, e.g., ref. 123 for recent explana-
tions from the analytical context.

Thereby, in a set of spectra, the different types of variance
that occur, e.g., due to fluctuation of signals, changes in signal
to noise ratio, background, and others, can be separated from
the molecular information. In the case of SERS, the full
exploitation of the multiplexing capabilities inherent to such
data was shown, using spectra of specific molecules and also of
molecular mixtures, such as those contained in biological
samples.'>* %7

Multivariate mapping with SEHRS data of large areas in
microscopy was recently demonstrated to be feasible®* using
silane-immobilized silver nanoparticles on glass slides that had
yielded a homogeneous distribution of enhancement of SERS®®
on the microscopic scale. In these experiments, the SEHRS
spectra were excited in resonance with two well-characterized
reporter molecules, crystal violet (CV) and malachite green
(MG) at 1064 nm. The surfaces containing both dyes were
prepared by immersing slides with immobilized silver nano-
particles first in MG and then in CV solution, following the
schematics shown in Fig. 11. The region marked with the
rectangle in the center of the slide is at the border between
pure MG (green region) and a region where a mixture of MG
and CV exists (grey region) because this end of the slide was
dipped into both MG and CV. Fig. 11 shows a magnification
and indicates several grids of data points (in black, red, green,
and blue) that were separated from each other by several
millimeters. The microscopic heterogeneity of this (macro-
scopic) border region was analyzed by collecting grids of SEHRS
spectra, each from a nanoscopic sampling volume as discussed
in Section 4.

The SEHRS spectra of MG and CV on silver nanostructures
were discussed before in Fig. 8. For hyperspectral mapping, all
SEHRS spectra were analyzed in a PCA. As discussed in ref. 64,
analyzing the loadings (eigenspectra) in the PCA, main differences
within the data sets of the border regions were found around
914 ecm ™', 1587 cm ' and 1175 cm ™', the latter being assigned to
the intense phenyl bands.®* In the variance-weighted principal
component space, spectra that are very dissimilar are separated by
a large distance, similar spectra are close to one another. There-
fore, using the principal component (PC) scores, maps can be
constructed for example by plotting an absolute score value of or
relative distance between spectra,"*® or by defining thresholds for
the score value. The latter was used with the mix of CV and MG
SEHRS mapping data, and thresholds were defined relative to
score values of spectra that were unequivocally assigned to either
of the two molecules: along the first PC, three ranges and a
corresponding color scale were set, and the score value of each
spectrum was combined with its lateral coordinate. A similar
analysis was also done with SERS spectra measured from the
same areas excited at 523 nm. Both maps are shown in Fig. 11B
and C. In the SEHRS map, many spectra resemble pure MG in
the upper part (green pixels in Fig. 11B), while most of the SERS
spectra (Fig. 11C) are sorted in one group as being spectra from
a mix of MG and CV. This is an example that by SEHRS,
discrimination between slightly varying molecular structure

Chem. Soc. Rev., 2017, 46, 3980-3999 | 3995
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malachite green (MG) and crystal violet (CV) on immobilized silver nanoparticles. False-color (B) SEHRS and (C) SERS map of the border region of the
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comparison of the two maps. Modified with permission from ref. 64. Copyright 2016, Published by the PCCP Owner Societies.

and composition within a mixture could be more sensitive than
in SERS and that in this case, SEHRS provides complementary
information.

The separation of the score values, ie., the generation of
image contrast in this example was based on the hyperspectral
information of two defined molecules. In other experiments,
the number of principal components, offsets and thresholds
must be adapted to the questions of the respective experiment.
These first results by Giihlke et al® indicate that SEHRS
microspectroscopic imaging, specifically in combination with
SERS microspectroscopy, holds great promise to exploit the
combined chemical information from both methods. The
ability to obtain SEHRS microspectra from complex samples
such as intrinsic biomolecules in cells,"” or of reporter molecules as
part of nanosensors’® will help SEHRS hyperspectral imaging to
become an important new direction in future nanobiophotonics.

9. Conclusions

To conclude, we have collected here work that highlights the
various advantages of surface enhanced hyper Raman scatter-
ing (SEHRS) for vibrational probing. There are several reasons
that illustrate the importance to further develop probing with
SEHRS:

(i) From the viewpoint of vibrational spectroscopy, SEHRS
provides us with the possibility of using non-resonant (and
resonant) hyper Raman scattering (HRS) of molecules in solution.

3996 | Chem. Soc. Rev., 2017, 46, 3980-3999

Due to the different selection rules of the two-photon process
(HRS can access vibrations that are forbidden in both Raman
scattering and also in infrared absorption), we can get different
insights into molecular structure and comprehensive vibrational
information.

(ii) The high sensitivity of SEHRS with respect to the
interaction and orientation of the molecules at the surfaces
enables probing of very local surface environment using vibra-
tional information that is inaccessible by SERS. This will help
improve our understanding of molecule-nanostructure inter-
actions, and of consequent phenomena, including SERS itself.
Vice versa, combined SEHRS and SERS experiments will provide
better understanding of SEHRS as well.

(iii) In line with items (i) and (ii), the work reported on
non-resonant SEHRS of nucleobases and amino acids illus-
trates that spectroscopic information obtained by SEHRS can
be used to gain new insight into the interaction of biomolecules
with nanostructures. Great benefits are expected from a combi-
nation of SEHRS with SERS for such structural studies, specifi-
cally with excitation in the NIR, which enables in situ spectra
from complex biomaterials.

(iv) Recent discussion of two-photon resonant SEHRS spectra
shows the great potential of resonant SEHRS to characterize the
electronic states of molecules, since electronic states that are not
allowed in one-photon absorption can become evident.

(v) The strong enhancement operative in SEHRS can yield
two-photon excited vibrational spectra from molecules at very
low concentrations. As it takes place in the high local optical

This journal is © The Royal Society of Chemistry 2017
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fields of nanostructures, SEHRS can act as a sensitive probe
of such high fields, and of the plasmonic properties of the
nanostructures.

(vi) The advantages of two-photon excitation, leading to
relatively high signals, together with the strong confinement
of the effect to nanoscopic volumes, suggest SEHRS for vibra-
tional imaging and microscopy, in particular in combination
with SERS. This will be important to assess the microscopic
heterogeneity of many different kinds of complex biological
and hybrid materials.
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