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Raman spectroscopy offers some major advantages in comparison to other analytica] tech.
niques. Because it is a light-scattering technique, there are few concerns with sample thickness and
little interference from ambient atmosphere. Therefore, there is no need for high-vacuum SYStemg
or instrument purge gas. Glass, water, and plastic packaging have weak Raman spectra, allowing
samples to be measured directly inside a bottle or package, thereby minimizing sample contam;.
nation. Aqueous samples are readily analyzed. No two compounds give exactly the same
spectra and the intensity of the scattered light is proportional to the amount of material presen
Raman spectroscopy is therefore a qualitative and quantitative technique.

4.8.1 Principles of Raman Scattering

When radiation from a source is passed through a sample, some of the radiation is scar-
tered by the molecules present. For simplicity, it is best to use radiation of only one freqwmy
and the sample should not absorb that frequency. The beam of radiation is merely dispersed
in space. Three types of scattering occur. They are called Rayleigh scattering. Stokes scatter-
ing, and anti-Stokes scattering. Most of the scattered radiation has the same frequency as the
source radiation. This is Rayleigh scattering, named after Lord Rayleigh, who spent many years
studying light scattering. Rayleigh scattering occurs as a result of elastic collisions between the
photons and the molecules in the sample; no energy is lost on collision. However. if the scattered |

|
\
\
J
]

radiation is studied closely, it can be observed that slight interaction of the incident beam with |
the molecules occurs. Some of the photons are scattered with less energy after their interaction
with molecules and some photons are scattered with more energy. These spectral lines are called
Raman lines, after Sir C.V. Raman, who first observed them in 1928. Only about 1 photon ina
million will scatter with a shift in wavelength. The Raman—Stokes lines are from those photons
scattered with less energy than the incident radiation; the Raman—anti-Stokes lines are from
the photons scattered with more energy. The slight shifts in energy and therefore slight shifts in
the frequencies of these scattered photons are caused by inelastic collisions with molecules. The
differences in the energies of the scattered photons from the incident photons have been found
to correspond to vibrational transitions. Therefore, the molecules can be considered to have been
excited to higher vibrational states, as in IR spectroscopy, but by a very different mechanism.
Figure 4.62 shows a schematic diagram of the Rayleigh and Raman scattering processes and of
the IR absorption process.

The energy of the source photons is given by the familiar expression E = hv. If a photon col-
lides with a molecule, the molecule increases in energy by the amount hv. This process is not
quantized, unlike absorption of a photon. The molecule can be thought of as existing in an imagi-
nary state, called a virtual state, with an energy between the ground state and the first excited
electronic state. The energies of two of these virtual states are shown as dotted lines in Figure
4.62. The two leftmost arrows depict increases in energy through collision for a molecule in the
ground state and a molecule in the first excited vibrational state, respectively. The arrows are of
the same length, indicating that the interacting photons have the same energy. If the molecule
releases the absorbed energy, the scattered photons have the same energy as the source p
These are the Rayleigh scattered photons, shown by the two middle arrows. The molecules h’*
returned to the same states they started from, one to the ground vibrational state and the other @
the first excited vibrational state. The arrows are the same length; therefore, the scattered photons
are of the same energy. i

If the molecule begins to vibrate with more energy after interaction with the photon, that
must come from the photon. Therefore, the scattered photon must decrease in energy by ﬂ“:‘d S
equal to the vibrational energy gained by the molecule. That process is shown by the 5:/‘;; e
from the right. Instead of returning to the ground vibrational' state, the moleculeElS_ ﬂ‘:h &
excited vibrational state. The energy of the scattered photon is E — AE, where AE 1S
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Figure 4.62 The process of Rayleigh and Raman scattering. Two virtual states are
energy. Rayleigh and Raman scatteri
shown by the small arrow on the far right marked AF, indicating a transition from the ground-state
vibrational level to the first excited vibrational level within the ground electronic state.

in energy between the ground and first excited vibration

the lower energy scattered photon gives rise to one of the Stokes lines. Note that AE is equal to
the frequency of an IR vibration; if this vibration were IR active, there would be a peak in the IR

spectrum at a frequency equal to AE. In general, the Raman—Stokes lines have energies equal to

E- AE, where AE represents the various possible vibrational energy changes of the molecule. This
relationship can be expressed as

al states. This is Raman scattering, and

E—~AE =h(v-v,) 413

where

vis the frequency of the incident photon
Vi 1s the shift in frequency due to an energy change AE

Several excited vibrational levels may be reached, resu-lting in several lines of energy hiv — v,),
V=), h(v - v,), and so on. These lines are all shifted in frequency from the Rayleigh frequency.
The Stokes lines, named after Sir George Gabriel Stokes, whp observed a similar phenomenon in
cence, are shifted to lower frequencies than the Rayleigh frequency. The Raman'sblﬁs are
Completely independent of the wavelength of the excitation source. Sources ynh uv, visible, and
NIR viay ngths are used, and the same Raman spectrum is normally obtained for a given mol-
ceule. are exceptions due to instrumental va;igt;ons and also if a resonance or near-resonance
iti ; i ngths (Section 4.8.4). :
Lm m};ﬂ:;;n t:c.?l‘::lzleg decreases in vibrational energy after interacting _\vltl{ :
Photop, This ‘might occur if the molecule is in an excited vibrational state to begin wit
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4.8.2 Raman Instrumentation

A Raman spectrometer requires a li

(or interferometer), and a detectgr, alonag ]\:5 lt]}: source, a sample holder or cell, a wavelength selector
e spectrO!;;COpy Bt raldia:?;nu:ll:ea]l .siﬁnal processing and display equipment. Since
- S L 1ght source and sample ce a aced at
;){ N ooy e, vissiljlt:eoc‘:?\lsl?fmanca"y in Figure 4.64. The fadiat::)ﬁrgel;i;qurll}éfslur edin
<0 on can be made of glass or quartz. It is 3 therefore, spectrometer optics, windows, sample cells, and
o o R spectromei c.rmcal in Raman spectroscopy to completely exclude fluores-
er optics. Fluorescent lights give rise to numerous spurious signals.

4.8.2.1 Light Sources

Monochromatic light sou ]
B il . \% light Zgii :;: reqlillred for Raman spectroscopy. The light sources used orig-
e : , such as Hg arc lamps; however, these were weak sources and
only.wea aman SI_gnals were observed. The Raman signal is directly proportional to the power of
the light source, which makes the laser, which is both monochromatic and very intense, a desirable
Jight source. It was the development in the 1960s of lasers that made Raman spectroscc’)py a viable
~and useful analytical technique. Modern Raman instruments use a Jaser as the light source. The

these intense light sources has greatly expanded the applications of Raman spectroscopy,

use of
nd a simultaneous improvement of

pecause of the dramatically increased intensity of the signal a
-noise ratio. Lasers and excitation wavelengths commonly used for Raman instruments

include visible wavelength helium/neon lasers and ion lasers such as the argon ion laser (488 nm)
and the krypton ion laser (532 nm). The intensity of Raman scattering is proportional to the fourth
power of the excitation frequency or to 1/A%, so the shorter wavelength blue and green ion lasers have
an advantage over the red helium/neon laser line at 633 nm. The disadvantage of the shorter wave-
length lasers is that they can cause the sample to decompose on irradiation (photodecomposition) or
fluoresce, an interference discussed subsequently. NIR lasers, such as neodymium/yttrium alumi-
num garnet (Nd/YAG) with an excitation line at 1064 nm, and the 785 nm NIR diode laser are used
to advantage with some samples, such as biological tissue, because they do not cause fluorescence
or photodecomposition. However, longer integration time or a higher-powered laser may be needed
to compensate for the decrease in scattering efficiency of NIR lasers. Begause of the wayelength-
dependent nature of fluorescence excitation, a Raman spectr(?mete_r that integrates m}lltlple laser
sources and makes changing lasers easy should be considered if a diverse sample load 1s expected.

the signal-to

4.8.2.2 Dispersive Spectrometer Systems
with two or even three gratings t0

milar to that for the UV/VIS single
terference filters, called

Traditional Raman spectrometers used a mo.noci,};roma;tf)eri
eliminate the intense Rayleigh scattering. The 0PC*2 35';’“};010 008 i
grating monochromators discussed in Chapters 2 and - grap

Sample
holder '

Laser
source

Readout/
Wavelength | — Detector = data
selector processing

r.
Figure 4.64 Idealized layout of a Raman spectromete
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Laser

Sample

hema 1 Woeasner, F. and Lon mi
i i spectrometer. (Reprinted from . gmire, .
R gcpec!roggo:)'ya %s()g)e rgévezoRg;n S\ll‘ithppermission from Advanstar Communications, Inc.)

super notch filters, have been developed that dramatically m‘duce the ancunt "’1 Rf‘)’ ‘lelgh Scattering
reaching the detector. These filters can eliminate the need for a mul.nplc grating instrument unlegg
spectra must be collected within 150 cm™ of the source frequency. Dnspc‘rswc sys{ems generally yge
a visible laser as the source. The low-end cutoff of the Raman spectrum is determined by the ability
of the filters to exclude Rayleigh scattering. Since inorganic compounﬂs have Raman bands below
100 em™!, modern instruments should provide a 50 cm™' low-end cutofT.

The traditional detector for these systems was a photomultiplier tube. Multichannel instrumens
with PDA, charge injection device (CID), or charge-coupled device (CCD) detectors are commonly
used today. All three detectors require cryogenic cooling. Room-temperature InGaAs detectors are
also available. The PDA has the advantage of having the fastest response but requires more compli-
cated optics than the other detectors. The CID has the advantage over both the PDA and CCD of not
“blooming.” Blooming means having charge spill over onto adjacent pixels in the array, which would
be read in error as a signal at a frequency where no signal exists, CCDs are the slowest of the three
array detectors because they have to be read out by transferring the stored charge row by row, but they

As described in Chapter 2, spectral resolution determines the amount of detail that can be seen
in the spectrum. If the resolution is too low, it will be impossible to distinguish between spectra of
closely related compounds; if the resolution is too high, noise increases without any increase in useful

wavelengths fall on the detector in one exposure. Ideally, gratings should be matched specifically

to each laser used. A dispersive Raman echelle spectrometer from PerkinElmer Instruments covers
the spectral range 3500-230 cm' with a resolution better than 4 ¢y -1,

called pixels. MB:II i typmin ical | generally Si-based 2D arrays of light-sensitive elements.
p:xe!.. l]f <30 pm, acts as an individual detector. Each dispersed wave-

it tectors commonl 4001100 nm
range, but specmhzed detectors can extend the nly respond over the

' i : : : small
particle analysis and minor component .&hlgh Spatial resolution, is the best choice for

4.8.2.3 FT-Raman Spectrometers

FT-Raman systems generally yge
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f Figure 4.66 gcgecrggggo"f e:ré 2FT-Raman spectrometer. (Reprinted from Weesner, F. and Longmire, M.,
| P Py, 16(2), 88, 2001. With permission from Advanstar Communications, Inc.)

This is beyond the detection range of the materials used in array detectors. The detector for an
NIR-laser-based FT-Raman system is a liquid nitrogen-cooled photoconductive detector such as Ge
or InGaAs. InGaAs detectors that do not require cooling are also available.

FT-Raman has many of the advantages of FTIR. There is high light throughput, simultaneous
measurement of all wavelengths (the multiplex advantage), increased signal-to-noise ratio by signal
averaging, and high precision in wavelength due to the internal interferometer calibration provided
by the built-in He-Ne laser. A major advantage is in the use of the NIR laser excitation source,
which dramatically reduces fluorescence in samples. Fluorescence occurs when the virtual states
populated by excitation overlap excited electronic states in the molecule. Then, the molecule can
undergo a radiationless transition to the lowest ground state of the excited electronic state before
emitting a fluorescence photon on relaxation to the ground state. The fluorescence photon is of lower
energy than the exciting radiation, and so fluorescence occurs at longer wavelengths, interfering
with the Stokes scattering lines. The NIR laser is of low energy and does not populate virtual states
that overlap the excited electronic states, as higher energy visible lasers can. As an example, the
Raman spectrum of cocaine is shown in Figure 4.67. The spectrum in Figure 4.67a was collected
with an FT-Raman spectrometer using an NIR laser. while that in Figure 4.67b was collected with
a dispersive Raman system and a visible laser. Figure 4.67b shows a large fluorescence band that
obscures most of the Raman spectrum below 2000 cm-'. With appropriate mathematical “smooth-
ing” algorithms and multipoint baseline correction. it is possible to extract a useable Raman spec-
trum from samples that exhibit strong fluorescence, as shown in Figure 4.68. One consideration
in FT-Raman is that the laser line at 1064nmisveryclosetoawaterabsorpﬁon band. While this
does not prevent aqueous solutions from being studied by FT-Raman, aqueous solutions cannot be
studied as easily as they can with dispersive Raman. FT-Raman is the better choice for samplgs
that fluc or contain impurities that fluoresce. FT-Raman is widely used in the analysis of illicit
' of these compounds fluoresce strongly at visible wavelengths.

4.8.2.4 Fiber-Optic-Based Modular and Handheld Systems

mﬁbaopﬁmhavebwndevebpedwmoﬁdem
mxjﬁeldmng.'l'hisdevelopmenthasoccumdmthelast
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@ (b)

Figure 4.69 (a) Handheld TruScan® Raman instrument collecting a spectrum from a powder sample
directly through the plastic bag. (© Thermo Fisher Scientific (www.thermofisher.com). Used
with permission.) (b) Hazardous material identification by a first responder using the hand-
held FirstGuard™ 1064 nm advanced Raman system. (Used with permission of Rigaku Raman
Technologies, Inc., www.rigakuraman.com.)

of incoming raw materials, hazardous materials, forensic applications, in-line pharmaceutical processing,
gem and semiprecious stone quality, authentication and anticounterfeiting, and QC (Figure 4.69). These
field and portable instruments weigh between 2 and 5 Ib, can be configured with one or more lasers
and different detectors. The field portable EZRaman-I series instruments from Enwave Optronics, Inc.,
for example, are Jithium-battery-powered, compact instruments with built-in laptop; one of three lasers
(or configured with two different lasers); a high-sensitivity CCD spectrograph, with thf: CCD thean
electrically cooled to —50°C; spectral ranges from 100 to 3390 cm'; and average resolution of 6-7 cm™.
Handheld and portable systems may have less resol'unon and §peCUal range‘than.laborato?'y sys-
tems but can be customized for specific applications with customized spectral libraries. Specialized
icati i i ring the “freshness™ of fish by monitoring the con-
applications for these instruments include measuring
centration of dimethylamine, which is directly related to age and temperature of processed frozeig
L] ; (o . ' h
fish (Herrero et al., 2004). Fat concentration, composition, at}d satut:'atnor: ‘l\::d;ixl ;Ll:;u;e z; :::1?1 lti 7
Raman instrument to determine in less than I min if e(i}ble c;;ls such as oli
. 1 i< being sold as more expensive 0 ive oil. fillacs
< ol cheap'e.r g ben;gf ty application is the determination of melamine in human anq pet
P ceitioal food s2m¥ A ilk and pet food deliberately added to watered-down or infe-
E?Od' Mslamine has beeo g e cit)):lcentra’tion. The standard wet chemical method for
tior products to boost the apparent protemhich actually measures nitrogen and is an indirect mea-
b hodis e Ko memotg’evlv('eldahl method just like protein, but is not a protein :tﬁg
md protein. Melam_me responds wform le Pa—— The USDA has set a maximum a]lm;
18 toxic; it combines with Uric e Using their portable Nunavut™ Raman System. ?ia)l’df’te;e‘
‘: o g melamin:d?;;:g:::{mmeft of melamine at levels down 10 3 ppm in the field:
0C., scienti monstrat ;
nu;mmm :és than 10 s, is accurate. 15 o anaces

,and is nondestructive.
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4.8.2.5 Samples and Sample Holders for Rt EP

. be focused to a small spot, very small.sc%mples can be analyzeq
i ‘croliters in volume or a few milligrams are sufficiepy i,

test tubes, glass capillary tubes, 96 well plates, or
nce water is a very weak Raman scatterer. Th;g is
IR. Other solvents that can be used for Ramap

Because the laser lig ;
by Raman spectroscopy. Samples of a fgw m
most cases. Liquid samples can be held in beakers..,
NMR tubes. Aqueous solutions can be analyzed si

a significant advantage for Raman spectroscopy Over . ile, and carbon disulfide. Solid powde
studies include chloroform, carbon tetrachloride, acetonitrie, ¥

: i or glass vials for analysis,
can be packed into glass capillary tubes, NMR tubes, plaztllscob;eg Sn,murtlcj,ted at the focal Poiynt Sof];g:
i O glicliSS- Sf)]’l’d :E}l)rr'::l:lszsdci?lrtlo pellets. Gas samples do not scatter radig

£ their spectra obtained “as is™ 0 s : A radia-
:?;:retf):ii?:ni?: but cag be analyzed by being placed into multipath gas c:::l ];,wnh [rtcﬂegt;.ng rmrro:;s
at each end. The body of the gas cell must be of glass to E'IHOW collection of the an ered light at 90°,

The sample must be placed at the focal point of an intense laser bgam, and some samples may
be subject to thermal decomposition or photodecomposition. Accessories that Spl.n the sample tybe
or cup are available, to distribute the laser beam over the samp.lt? and reduce heating of the sample.
Spinning or rotating the sample minimizes thermal decomposition, but does_ not stop photodecom-
position. Sample spinning is required for resonance Raman spectroscopy, discussed later.

Raman spectroscopy does not suffer interference from atmospheric water vapor or carbon diox-
ide, as does IR. Gases do not scatter well, so even though Raman-active bands occur for these gases,
the contribution to the Raman signal from air in the optical path is insignificant. Materials in the
optical path outside of the laser focus also have negligible scattering.

Sample cells have been designed for low- and high-temperature operation, well-plate accesso-

ries allow high-throughput analyses, and remote probes and user-friendly video stages are available
for many systems.

4.8.3 Applications of Raman Spectroscopy

Quantitative and qualitative analyses of ino
by Raman spectroscopy. Raman spectrosco
process analysis, remote sensing, microscopi

fganic and organic compounds can be performed

Py 1s used for bulk material characterization, online
¢ analysis, and chemical imaging of inorgani '

‘ analysis, ganic, organic,

:::: orga;nometalll;c coxppoqnds, polyr.ner.s, biological systems, art objects, carbon nanomaterials,

muc more. oren_snc science applications include identification of illicit drugs, explosives, and

trace evidence like hair, fibers, and inks R g,p ’

high cost of Raman instruments withas common as in IR spectroscopy until recently, due to the
P prices for Raman systems dropping below $40,000, and
rem? :fPeCtr9sc0p¥ for quantitative analysis is increasing.

" of the intensity of the Raman peaks and the use of 4

relationship. The intensity of a Raman

I = KJV‘C (4]4)

K is the proportionality constant i‘m dine;
Jis the scattering constant for the giv
vis the scattering frequency of the R . peak
¢ is the concentration of analyte peak




