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Chapter

High-Wavenumber Raman
Analysis

Shan Yang

Abstract

Raman spectra are molecule specific, and their peaks in the fingerprint region
(200-2000 cm ™) are often sufficient for material identification. High-wavenumber
signals (> 2000 cm™") are rare in inorganic material but rich in organic materials
containing light hydrogen atoms. Reports on high-wavenumber (HW) Raman
signals are far less than fingerprint signals. This could be partially attributed to
the difficulty obtaining HW Raman signals, especially from biological materials
containing fluorescent proteins. The development and the availability of InGaAs
array and the near-infrared (NIR) laser enabled the acquisition of distinct HW
Raman from bio-materials. In this chapter, we will introduce recent applications of
HW Raman spectroscopy on different materials, especially on biological tissues.
Raman instrumentation based on multiple lasers or multiple spectrometers will also
be discussed.

Keywords: High-wavenumber Raman, High-fluorescent, Dental Hard tissues,
Hydration, Water analysis

1. Introduction

Raman scattering is the inelastic scattering of photons by a matter; specifically,
it results from the interactions between the photons and molecular vibrations in the
matter. In a simple scenario, a molecule is composed of two atoms, and the vibra-
tional energy of such a diatomic molecule can be approximately treated as a simple

(n + jh
. . . k ; .
harmonic oscillator with the energy states of E, = 273 /; , where n is the vibra-

tional quantum number that can take values of 0, 1, 2, and so on; kis a spring
constant, and #= AL is the reduced mass of the two atoms. This approxima-
m, +m,
tion indicates the vibrational energy inversely proportional to the square root of the
reduced mass. Therefore, diatomic molecules composed of light atoms have higher
vibration energies; in other words, their Raman signals appear at higher wavenum-
ber regions than those consisting of heavier atoms. For complex molecules com-
posed of multiple atoms, a bond connecting two atoms will be influenced by other
atoms nearby; however, bonds connecting lighter atoms still yield Raman signals at
higher wavenumber regions in general. Table 1 shows Raman signal positions of
several common molecules and chemical bonds [1, 2].
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Molecules or chemical bonds Vibration modes Raman frequency [em™]
H, stretch 4395
H,0 symmetric stretch 3657
CO stretch 2170
HCI stretch 2990
NO stretch 1904
OH of hydroxyapatite OH stretch 3570
PO, of hydroxyapatite symmetric stretch 960
CH of CH4 symmetric stretch 2914
Table 1.

Raman frequencies of representative molecules and chemical bonds.

Detection of high-wavenumber (HW) Raman signals is as simple as other Raman
signals for most of the inorganic materials (e.g., water, graphene) and nonliving
organic material (e.g., alcohol, glycerol etc.). However, obtaining HWRaman signals
from biological tissues, which have auto-fluorescent emissions under laser excitation,
has been challenging. As an inelastic scattering, the Raman effect can happen with
lasers at any wavelength from UV lights to near-infrared. However, excitation with
lasers at a shorter wavelength is preferred because the efficiency of Raman scattering
is inversely proportional to the fourth-order of the incident wavelength. Reduce the
excitation, e.g., by a factor of 2, could easily lead to the increase of signal intensity by
a factor of 16, which is significant to most Raman studies with low scattering effi-
ciency (in the order of one part per million) [3]. On the other hand, the higher energy
photons of the shorter wavelength are more capable of producing fluorescence from
materials (especially biological tissues) which could overwhelm the weak Raman
signals of interests [4]. Excitation with lasers at longer wavelength has been shown to
be a major practice that could alleviate the strong fluorescence from biological tissues
[5]. Therefore, for a given material with high auto-fluorescence, exploring various
excitation wavelengths may be employed to find the optimal one [6-10].

In addition to the need to balance lower fluorescence interference and higher col-
lecting efficiency, several factors in Raman instrumentations (e.g., the availability
of lasers and detectors) should also be considered for detecting HWRaman signals.
The most critical component in Raman instrumentation is the Raman spectrometer,
which varies from simple, compact version to user-adjustable complex version.
Research grade Raman spectrometers allow users to modify componential con-
figurations such as replacing detectors, changing gratings, adjusting slit width,
repositioning focusing mirror, etc. The combination of small slit width, high groove
density grating, and long focal distance can allow research-grade spectrometers to
achieve sub-wavenumber (cm™?) spectral resolution [11]. Compact Raman spec-
trometers have fixed spectral range and resolution and usually allow none/limited
configuration modifications for end users. However, utilizing high-dispersion and
high-efficiency volume phase transmission gratings, as well as sensitivity enhance-
ment (through back illumination and special coating) and noise reduction (through
one or two stages of thermal electric cooling), the compact spectrometers can
achieve comparable and even higher signal to noise ratio than research-grade spec-
trometers under similar experiment conditions (e.g., laser power, integration time,
and spectral resolution). In addition, having no moving parts in the device, compact
spectrometers are generally robust and appropriate for fieldwork or on-site tasks.

The small dimension of the detector sensor/chip determines that the spectral
resolution must compromise with the covered spectral range, especially for compact
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spectrometers. Most commercial compact Raman spectrometers can only cover ~200-
2000 cm™" with a resolution in the range of 6-12 cm™". Majority of modern Raman
spectrometers are based on silicon-based CCD detectors, which usually have optimal
responses between 400 and 900 nm. Although this range may be slightly extended
through UV or NIR enhanced technologies [ 12-15], CCD-detector based UV and
NIR Raman studies out the range of 400-900 nm are scarce. As the result of the
consideration of factors mentioned above, i.e., the need to balance Raman efficiency
and autofluorescence and the availability of lasers and detectors, the combination of
the 785 nm laser excitation and a NIR enhanced CCD detector has been chosen for
most biologically related Raman studies. The results turned out to be satisfactory in
many cases, especially signals in the fingerprint region (i.e., 200 — 2000 cm™").

The high-wavelength Raman signals from chemical bonds involving hydrogen
atoms (e.g., CH and OH) will appear above 2900 cm ™! (see Table 1). With NIR
enhanced silicon-based CCD detector, the CH groups appearing near 2900 cm ™
may be weakly observed, but the OH related signal expecting near 3500 cm™"
(corresponding to ~1090 nm) is hardly observable. Earlier literature reports
on HW Raman signals from biological samples seemed primarily conducted
by Fourier Transformed Raman spectroscopy (FT-Raman) [16-19]. FT-Raman
is typically composed of Nd:Yag laser and germanium detector, it ghus has the
great adavantages of fluorescence reduction and high resulution. However,
because all the lights including the residuals of the laser simultaneously strikes
the detector, FT-Raman is detector noise limited and typically requires much
longer (up to 3 orders) integration time than dispersive Raman system [19, 20].
This explained why FT-Raman is still not very popular despite it has emerged
over three decades.

Indium gallium arsenide (InGaAs) based arrays have emerged as a dispersive
detector for spectroscopy devices around 2000 [21]. Unlike CCD, InGaAs has
optimal sensitivity across 900-1700 nm, and has gained increasing interest for
Raman applications based on 1064 nm laser as its great potential in further suppress
the auto-fluorescence, especially from biological tissues. Unal et al. demonstrated
that the InGaAs spectrometer designated for 1064 nm Raman spectroscopy can be
combined with 852 nm laser to probe hydrations in bone tissues [22]. Yang and He
et al. modified the system with a 866 nm laser and demonstrated water detection in
other biological tissues, including animal skin, human teeth, and fruits [23-25]. For
example, the Raman spectrum acquired with an InGaAs Raman spectrometer under
866/1064 nm dual excitation (red curve) shows strong signals from CH and OH
bonds. Those signals were barely observable with Raman spectroscopy composing a
785 nm laser and a CCD detector (Figure1).

2. HW Raman of non-living matters

Room temperature HW Raman signals typically result from chemical bonds
formed by light atoms such as CO, CH, OH, CN. In contrast, the signals greater than
2500 cm™ mostly result from chemical bonds containing hydrogen atoms (e.g., CH
and OH groups), except for second-order processes, e.g., the 2D signal in graphene.
HW Raman signals of the majority of inorganic compounds and non-living organic
materials can be illuminated with visible light (e.g., 532 nm or 633 nm) without
exciting problematic fluorescence interference. For example, Raman signals from
water can be acquired with Raman spectroscopy at any wavelengths from UV to
NIR as long as the detector responds. The HW Raman signals from hydroxyapatite
crystal, the primary component in human mineral tissues, can also be obtained
under the illumination of a green laser at 515 nm [2].
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—— 866 nm + 1064 nm + InGaAs detector
L —— 785 nm + CCD detector

Raman intensity (arbitr. units)

500 1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

Figure 1.
Raman spectra of grape skin acquired with 785 nm (blue curve) excitation and CCD.

Simple and small molecule organic materials with a low visible light absorption
rate can generally be examined with visible Raman spectroscopy. Thus their full
range Raman spectra covering the HW Raman signals can be acquired as easily as
fingerprint signals. Despite the fingerprint Raman signals of these material are suf-
ficient for identification, HW Raman signals can provide additional information to
understand the molecular dynamics. Nedi¢ et al. studied water, methanol, ethanol
dimer and trimers and found that both methanol and ethanol are better hydrogen
bond donors and acceptors than water through investigating the red shif of HW
OH signals [26]. In addition, Starciuc et al. were able to study the tranisitions of
unclusered water to large water clusters through the analysis of highwavenumber
and lowwave number Rmaan signals in mixed glycerol-water system [27].

3. HW Raman analysis on biological tissues using CCD detectors

Although the HW region Raman signals, including CH, NH, and OH bonds, are
informative in analyzing biological tissues, as seen in many Fourier Transformed
Infrared (FTIR) absorption spectrum, Raman studies in this region on biological
tissues have been underperformed. Other than the few studies using FT-Raman spec-
trometer, there are several studies using CCD-based dispersive Raman spectrometers.
Santos et al. investigated the effects of different optical fibers on 720 nm laser based
Raman spectroscopy and demonstrated the system was capable of acquireing HW
Ramang signals from sliced porce brain tissues [28]. Carvalho et al. demonstrated
HW Raman signals may be obtained with 532 nm laser from oral cells immersed
in distilled water [29]. Barroso et al. studied the difference of HW Raman signals
between healthy and cancer oral tissues and found that water contents may be used
as a biomarker for cancer diagnosis [30]. It is worth to note that all these biological
tissues that was able to stuied by the visible light do not produce intense fluorescence
that overwhelm the Raman signals. Skin tissue is also one type of tisse that does not
have problematic fluorescenc under Raman study. Therefore, skin tissues especially
the stratum corneum, have also been well studied in terms of HW Raman region.

By using a confocal Raman micro-spectrometer to exclude out of plane fluorescence
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Lo —— Wet low-water spot
—— Dehydarted low-water spot
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—— Wet high-water spot i
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Raman intensity (arbitr. units)
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Figure 2.

Raman spectra of chicken skin at vepresentative (a) low-water spots and (b) high-water spots before (blue
curve) and after 24-hour air drying (ved curve). Peaks marked with vertical dashed lines from low to high
were located at 2854, 2895, and 2934 cm™ respectively. The spectra were acquired with 85 mw, 866 nm laser
light with 30 s exposure and 6 averages. All skin spectra weve normalized according to the 2895 cm™ signal for
easier comparison, while the spectrum of distilled water was rescaled to match the corrvesponding OH signal of
the skin.

emissions, the HW regions Raman signals were able to be acquired from human
skins. Caspers et al. used a confocal Raman micro-spectrometer based on 720 nm
excitation to obtain Raman spectra of skin showing clear water profile and detailed
CH structures [31, 32]. Later, Choe et al. deconvoluted the CH and OH groups of
Raman signal and studied the profile variation of bound water affected by protein
and lipids interactions at different depths [33]; while Quatela et al. observed variation
of spectral markers including OH and CH groups among different individuals [34]. It
is worth noting that in Choe’s work, two lasers operating at 671 nm and 785 nm were
used. Such a dual-wavelength Raman setup is an alternative approach to acquiring
the HW Raman signals when only a compact spectrometer with a fixed spectral range
is available. For a compact Raman system designed for acquiring fingerprint region
~240-2000 cm™ (corresponding to 800-930 nm) under 785 nm excitation, send in
asecond laser beam operating at 671 nm will effectively extend the spectral range to
cover the region of ~2400-4100 cm ™" which include the main HW CH and OH groups.
In contrast to the study on the HW region Raman spectral variations with the
depth of the skin tissue, Yang et al. investigated the lateral variations on the skin
surface [25]. The team identified mainly two types of spots on the skin surface, i.e.,
high-water spots and low-water spots (Figure 2). Further analysis on other tissues,
including muscle, fat, and tendons, the authors found that the skin tissues contain
both fat and protein (keratin) and suggested the high-water spots on chicken skin
are protein-rich while the low-water spots are lipids-rich. This suggestion is sup-
ported by the observation of the characteristic CH bonds (Figure 3) among these
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Figure 3.

Raman spectra of chicken tissues (a) before and (b) after dehydration (except fat). Spectra in (b) were
vertically enlarged. Dehydrated fat was prepared with 6 hours of air drying at room temperature, while
dehydrated muscle or tendon were prepared with 72 hours of air drying at voom temperature or overnight oven
drying at 45°C. All spectra were acquired under the condition of 85 mW laser at 866 nm illumination, with 30 s
exposure, and avevaged 6 times. All spectra in (a) and (b) were normalized according to the 2895 cm™ signal.

tissues and the fact that the muscle tissue has the highest OH (3412 cm™) to CH
(2895 cm™) signal intensity ratio, while the fat tissue has the lowest one among
those tissues under investigation. Additional investigations on dehydrated tissues
indicated that protein-rich tissues were more capable of retaining water and more
resistant to dehydration. In other words, the protein component is positively cor-
related with skin hydration, in contrast to the fat component.

4, Water contents in mineral tissues

As mentioned earlier, the combination of the NIR laser lights near 850 nm and
the InGaAs detector-based spectrometer allowed the observation of water contents
in mineral tissues, including dental hard tissues and bones [22, 23]. Mineral tissues
appeared more fluorescent than stratum corneum, and were challenging for Raman
measurement using visible lights. Unal et al. characterized several HW peaks,
including CH group and OH group, and suggest bound water in bone could be
interacting with both collagen and mineral matrix [22]. He et al. discovered similar
HW Raman signals from dental hard tissues, including dentin and enamel [23].

The authors demonstrated the spectral profile not only varied between enamel and
dentin tissues but also varied among different locations within enamel tissues. As
shown in Figure 4, representative spectra from dentin and enamel were stacked

for comparison (rescaled Raman spectrum of distilled water was also provided for
reference). The spectra were taken from the sagittal surface. The lower wavenumber
region containing the fingerprint 960 cm ™ signal was acquired under 1064 nm laser
excitation, while the HW region was acquired under 866 nm laser excitation. The
spectra were normalized according to the 960 cm™ signal intensity, and the same
factor was applied to the HW region for consistency. The differences between the
spectra indicated that both enamel and dentin contain water that is not ‘free’ like in
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Enamel

2943 cm’” Dentin

- — = Distilled water

Raman intensity (arbitr. units)
. ; . ,

1000 2880 3200 3520
Wavenumber (cm™)

Figure 4.

Representative Raman spectra from enamel (blue curve) and dentin (ved curve) portions from the sagittal surface
of a tooth. Spectra below 1200 cm™ were acquired under 20s 1064 wm excitation while the spectra above 3000 cm™
were acquired under (30s x 16) 866 nm excitation. Water spectrum was scaled down for easier comparison.

distilled water, and dentin contains a greater number of organic components than
enamel, evidenced by the much greater C-H stretch peak located at 2943 cm ™. The
author suggested part of the water in dentin interacts with the surrounding envi-
ronment, likely the organic matrix, evidenced by the appearance of an additional
peak at 3328 cm ™, which could be partially contributed by the N-H bond (but not
all considering its intensity) [35].

e —— Sagittalp // ¢
%ﬂvj —— Sagittal p1c
Y Ml Occlusal pLc

=

polarized lights

3508 cm™’

Raman intensity (arbitr. units)

| 1 1 1 1 1

2850 3000 3150 3300 3450 3600 3750
Wavenumber (cm™)

Figure 5.

Representative HW Raman spectra under linearly polarized laser excitation from internal and external
surfaces of a tooth enamel. The inset shows the picture of the sagittal surface of a tooth, with dashed red
line showing the approximate c-axis of HAP crystals of enamel layer. Experimental conditions ave 30s x 16
integration time and 50 mW, 866 nm laser light illumination.
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Another major difference between the enamel and dentin spectra is the appearance
of a sharp 3570 cm ™ Raman signal in enamel, but the same signal is barely noticeable
in dentin. Additional spectra acquired from different spots on enamel showed that the
signal varied with locations (Figure 5). Further, the signal intensity from the same
spot will also change with the polarization of the incident light. Because a very similar
signal appears in synthetic hydroxyapatite crystals, the authors assign the peak at
3570 cm™ to the OH radicals of hydroxyapatite crystals. This signal is polarization-
dependent because most of the hydroxyapatite crystals align along the c-axis (see
dashed red line in the inset tooth picture), which is roughly perpendicular to the exter-
nal enamel surface. The difference in the signal between enamel and dentin tissues is
mainly due to the sizes of hydroxyapatite crystals. The signal is stronger from internal
enamel spots than external spots because the internal tissues keep better integrity.

The spectrum of enamel also showed a small difference between the internal
and the external spots on enamel: a peak located at 3508 cm ™" that only obviously
appearing in the spectra from internal enamel spots. This signal is absent in the
spectra of single hydroxyapatite crystals or any hydroxyapatite powders reported
before. Based on its similar location as the 3570 cm ™ signals this signal is suggested
to be structure water bound to the mineral matrix of unaffected enamel tissue. In
other words, this signal is likely the water that is bound to hydroxyapatite crystal,
similar to how the OH radical forms during the crystal growth. The enamel may lose
these bound waters when demineralization happens to the surface enamel.

5. HW Raman detection on pigmented biological materials

Pigmented tissues, from both animals and plants, are usually high fluorescent
for Raman studies; thus, probing HW Raman signals from these tissues are difficult
with visible lights. Muscle tissues showing in the previous section are one example

ya
7/

- (a) Orange skin

Plum skin

Raman intensity(arbitr. units)

Cl 1 | L 1 1 1 L /L 1 1 L | L 1 L 1

400 800 1200 1600 " 2790 3100 3410 3720
Wavenumber (cm™)

Figure 6.
Raman spectra acquived from skins of orange (a) and plum (b).
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that requires NIR laser excitation (e.g., 866 nm). Santos et al. demonstrated
acquiring HW Raman signals from pigmented skin lesions with 976 nm excitation
[36]. Acquiring the HW Raman signals from orange and plum skins are two other
examples of pigmented tissues, [24] as shown in Figure 6.

6. Options of InGaAs based Raman spectroscopy for HW signal
detection

Based on the InGaAs spectrometer, there are basically three options to set up
a Raman spectroscopy to acquire full range Raman spectrum. For a spectrometer
that combined an InGaAs detector and a tunable spectrograph, one laser and
one spectrometer will allow the acquisition of a full range Raman spectrum that
includes the HW region. For a compact InGaAs spectrometer designed to work
with a 1064 nm laser, it will typically have a fixed range starting ~1100 and ending
~1350 nm. In order to acquire a full range spectrum, one could add a second laser
(e.g., 850 nm) to extend the range to cover the HW region. Alternatively, one could
use a single laser (e.g., 850 nm) but use a second spectrometer (e.g., CCD detec-
tor based compact spectrometer) to record fingerprint region Raman signals. The
advantage of the dual laser plus one spectrometer is it suppress the fluorescence to
the maximum extent as 1064 nm is fluorescence free many biological tisses. The
disadvantage is that the HW and fingerprint region must be taken consecutively,
resulting in different sampling if the specimen is moving or changes with time.
While the one laser plus two spectrometers will ensure HW and fingerprint regions
are taken simultaneously on a same spot.
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