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Abstract

Wavenumber and intensity calibration of a Raman spectrometer is performed

with the use of pure rotational Raman bands (Δν = 0,ΔJ = ± 2) of H2, HD,

D2, and vibration–rotation Raman bands (Δν = 1,ΔJ = ± 2) of O2 as primary

standards. Wavenumber calibration is based on reference transition

wavenumbers available from accurate theoretical and experimental results.

Intensity calibration is based on ratios of accurate theoretical Raman intensi-

ties for transitions from common rotational states to eliminate temperature

effects. Polarization dependence is corrected to ensure that all of these bands

have the correct depolarization ratio, ρ = 0.75. The calibrated Raman spec-

trometer is used to measure standard Raman spectra of carbon tetrachloride,

benzene, cyclohexane, toluene, and benzonitrile, for which the relative Raman

intensities and depolarization ratios are determined with carefully estimated

uncertainties. Vibrational frequencies of indene used for routine wavenumber

calibration are updated.
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1 | INTRODUCTION

Modern Raman spectroscopy, together with infrared
(IR) spectroscopy, constitutes the two major techniques of
vibrational spectroscopy used in many fields. However,
wavenumber and intensity accuracies of measurements
performed with contemporary Raman spectrometers are
inferior to those performed with present IR spectrometers.
Wavenumber accuracy of Fourier transform infrared spec-
troscopy (FT-IR) is guaranteed by highly accurate interfer-
ometric calibration of the interferogram with the use of a

laser. IR intensities in the form of absorbance are free from
instrumental bias because absorbance is obtained from the
intensity ratio I/I0, where I and I0 are the IR intensities
with and without sample, measured under the same
instrumental conditions. As a result, standardization of IR
spectroscopy is well advanced with an accumulation of
numerous standard IR spectra available in the form of data
banks. Raman spectroscopy is less developed instrumen-
tally in this respect; it urgently needs standardization with
better wavenumber and intensity accuracies, which can be
achieved via accurate calibration of spectrometers.
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Accurate calibration of Raman spectrometers is also a
requisite for quantitative Raman spectroscopy, by which
we can determine the absolute concentrations of mole-
cules. The absolute quantitativeness is a shortcoming of
IR spectroscopy, which requires accurate path length
determination for converting intensities to concentra-
tions. Determination of absolute concentrations from
Raman spectra requires the knowledge of absolute
Raman cross-sections, which plays an important role in
the process of standardization of Raman spectroscopy.
Employing a reference with known absolute Raman
cross-section, Raman cross-sections are obtainable by rel-
ative intensity measurements, if and only if an accurately
calibrated Raman spectrometer is used.

Calibration of Raman spectrometers has been the
subject of several past reviews and books.[1–5] For
wavenumber calibration, atomic emission lines from
neon[6,7] and Ar+/Kr+ ions[8] are used as absolute pri-
mary standards. These absolute standards require the
knowledge of accurate laser wavelength so as to convert
absolute wavenumbers to relative wavenumbers
(or Raman shift); for example, an uncertainty of
±0.005 nm in the laser wavelength introduces an error of
0.18 cm−1 in the corresponding relative wavenumbers, at
532 nm. Raman bands of solvents like indene, cyclohex-
ane, and toluene are also used as wavenumber stan-
dards.[3,9] Although these wavenumber standards are
conveniently used in many practical applications, the
applicable spectral range is limited. Also, the calibration
accuracy is restricted by the uncertainty in the band
fitting analysis. For intensity calibration, black-body
emission from a tungsten lamp is used.[10,11] Black-body
emission is a primary intensity standard because its spec-
trum can be calculated to a high accuracy without
employing approximations. However, its spectrum tends
to fluctuate due to its high sensitivity to temperature and
current.[12] The emission spectrum also changes signifi-
cantly depending on the position of the lamp relative to
the slit of the spectrometer, and hence, the experimental
setup requires a precise placement of the lamp exactly at
the sample position.[13–15] Emission spectra from mole-
cules like quinine, coumarin 540a, Kopp 2412 glass, and
so forth are also used as luminescence standards.[15–17]

Luminescence standards need excitation sources, which
may be different from the laser used for Raman excita-
tion. Luminescence standards bear relatively large error
of 5%–10%, and for this reason, they seem less attractive
for the present purpose of accurate intensity calibration
of Raman spectrometer.

Intensity calibration using Raman intensities was
first demonstrated by Hamaguchi et al.,[18] who used
the rotational Raman intensities from D2 with five dif-
ferent excitation lines from an argon ion laser, for

calibration in the wavelength region 455–529 nm.
Montero et al.[13] used anti-Stokes to Stokes intensity
ratios from H2 with five lines from an argon ion laser
at room temperature to calibrate a similar spectral
region. Okajima and Hamaguchi[19] demonstrated accu-
rate intensity calibration of the low wavenumber region
spanning −150 to 150 cm−1 Raman shift using pairs of
pure rotational Raman bands of N2 originating from
common rotational states. Schlösser et al.[20] used the
Q-branches of H2, HD, D2, HT, DT, and T2 to calibrate
the high wavenumber region 2,490–4,170 cm−1. In these
approaches, the observed intensities or intensity ratios
are compared with theoretical values as references.
Least squares fitting of the observed values to the theo-
retical data yields a wavelength-dependent sensitivity
curve for intensity calibration.

In the present work, we undertake further steps
toward accurate wavenumber and intensity calibration of
Raman spectrometers using the pure rotational Raman
bands of H2, HD, and D2 and the vibration–rotation
bands of O2. For wavenumber calibration, theoretical
and experimental wavenumbers accurately determined
for H2 and D2,

[21] HD,[22] and O2
[23] are used as stan-

dards. For intensity calibration, accurate polarizability
anisotropy calculated by us previously[24,25] is used to
determine the intensities of the rotational Raman
bands of H2, HD, and D2 as intensity standards.
Vibration–rotation Raman intensities of O2 corrected for
vibration–rotation interactions[26] are also used as addi-
tional intensity standards. Owing to large rotational
constants, the hydrogen isotopologues yield a number of
pure rotational Raman bands that span a broad spectral
range. Combination of these data with the vibration–
rotation bands of O2 allows us to calibrate the spectral
range of −1,036 to 1,700 cm−1 in relative wavenumbers,
both for wavenumber position and intensity with high
accuracy. The parallel and perpendicular Raman intensi-
ties are separately measured, and the intensity calibration
is performed for each of the polarization components.

We validate the accuracy of the performed calibration
by error estimation in the intensity determination and its
propagation to the eventual instrument response func-
tion. The accuracy is further validated by temperature
determination using the anti-Stokes to Stokes intensity
ratios and by the polarized measurements of polarized
and depolarized bands with known depolarization ratios.
Finally, accurate Raman spectra of liquid samples of car-
bon tetrachloride, benzene, cyclohexane, toluene, and
benzonitrile are given as a practically important outcome
of the performed calibration. They are suitable for use as
secondary standards for straightforward intensity calibra-
tion with accuracies better than 5%. Updated values of
the vibrational frequencies of indene are included for
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routine wavenumber calibration of Raman spectrome-
ters. A set of programs developed during the current
study using least squares minimization to perform
wavenumber and intensity calibration from the observed
Raman intensities of the four gases employed in the pre-
sent work have been made available on GitHub.[27]

2 | APPROACH

The present approach for calibration is based on the appli-
cation of accurate theoretical transition wavenumbers and
intensities of the standards (H2, D2, HD, and O2), which
have been critically compared with experimental results.

For wavenumber calibration, the transition wave
numbers for H2 and D2 have been obtained from the
accurate theoretical rovibrational energy states calculated
using nonadiabatic potential reported by Komasa
et al.[21] For HD, analogous values have been taken from
the work of Pachucki and Komasa.[22] Experimental
results by Edwards et al.[23] have been used for the transi-
tion wavenumbers for O2 up to J = 17. For higher J states,
transition wavenumbers have been theoretically deter-
mined by solving the radial nuclear equation for the
rovibrational states of different isotopes of O2 in the gro-
und electronic state, employing the theoretical potential
reported by Bytautas et al.[28] (see Table S7, Section 4 in
the Supplementary Material for tabulation of transition
wavenumbers and correction factors for pure rotation
and for the O1- and S1-branches of O2 up to J = 17).

Correction for intensity begins with the correction to
obtain the number of photons per wavenumber, which
are initially measured over an approximately linear wave-
length scale.[29–32] Measured Raman spectra have been
corrected using a multiplicative factor, (δνs/δν0), which is

equal to νs
νo

� �2
δλs
δλo

� �
, where νs and νo correspond to abso-

lute wavenumbers across the wavenumber axis and a ref-
erence wavenumber, respectively. δλs and δλocorrespond
to wavelength spacing per channel and the wavelength
spacing per channel at the reference wavenumber, νo. In
the present case, the reference in absolute wavenumbers,
νo, is the wavenumber of the laser used. It is emphasized
that this correction is necessary for obtaining vibrational
spectra as photons/wavenumber, which is otherwise
measured as photons/wavelength or photons/channels.
Details including plots of the correction mentioned above
are given in Section 1 in the Supplementary Material.

In the next step, a white light lamp is used as a broad-
band light source for correcting the channel-to-channel
variations in the sensitivity incurred in multichannel
detection. This step is required because the rotational
Raman bands from H2 and its isotopomers are sparsely

spaced and provide information about the sensitivity only
at these sparse positions (in wavenumber/wavelength).
High temperature lamps can be assumed in the first
approximation to be black-body emitters providing broad-
band white light spectra, whose photon counts per unit
solid angle, per unit wavenumbers expressed as I(ω, T), is
given by

I ω,Tð Þ=2cω2 1
ehcω=kBT−1

� �
: ð1Þ

A rough approximation to the actually observed
broadband spectra, Wobs, can be made using Equation 1
and the temperature, T, as a variable, to obtain f(T) as a
fit. Wobs divided by f(T) yields the first correction curve,
denoted as C1 = Wobs/f (T), which contains information
about the channel-to-channel sensitivity of the spectrom-
eter. This function is used as the next correction for
intensity in the target spectra and is expected to contain
significant error because the used light source may not
behave as a true black-body emitter, its temperature is
only assumed, and any information regarding the
polarization-dependent sensitivity is lacking.

In the final step, rotational Raman intensities from
gases are used to determine the final correction curve,
which effectively corrects for any inconsistencies/errors
introduced in the earlier rounds of correction. Rotational
Raman intensities for diatomic molecules[33,34] are given
by

I = S ~vυ, J!υ0, J�2ð ÞIoNFJσJ!J�2, ð2Þ

where S ~vυ, J!υ0, J�2ð Þ is the wavelength-dependent sensitiv-
ity of the spectrometer, Io is the incident laser intensity,
N is the number of molecules, FJ is the fractional popula-
tion of the molecules in the rotational state J, and σJ ! J ± 2

is the effective Raman cross-section for the J ! J ± 2
transition measured through an experimentally fixed
solid angle. The fraction of molecules populating the
J-level is governed by the Boltzmann population includ-
ing the nuclear spin and is dependent on temperature.

Taking a ratio of the rotational Raman intensities
originating from a common rotational state eliminates
the term for relative population and removes the temper-
ature dependence to give

Iv,J!v0,J +2

Iv,J!v0,J−2
=
S ~vν,J!ν0,J +2ð Þσν,J!ν0,J +2

S ~vν,J!ν0,J−2ð Þσν,J!ν0,J−2
: ð3Þ

Expanding the Raman cross-section term yields
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Iv,J!v0,J +2

Iv,J!v0,J−2
=
S ~vν,J!ν0,J +2ð Þ
S ~vν,J!ν0,J−2ð Þ

b 2ð Þ
J!J +2

b 2ð Þ
J!J−2

~v0−~vν,J!ν0,J +2ð Þ3
~v0 +~vν,J!ν0,J−2ð Þ3

γh i2v,J!v0,J +2

γh i2v,J!v0,J−2

,

ð4Þ
where b 2ð Þ

J!J +2 and b 2ð Þ
J!J−2 are the Placzek–Teller factors,

~v0 is the frequency factor comprising the laser frequency,
and γh i2v,J!v0,J�2 is the square of the polarizability anisot-
ropy matrix element connecting the initial state v,J to the
final state v0,J ± 2. The last term involving the square of
the polarizability anisotropy matrix element, also referred
to as the vibration–rotation correction factor,[31,32]

accounts for the change in the Raman cross-section over
rotational states.

Simplification of Equation 4, assuming the relative
wavelength-dependent sensitivity, S ~vυ, J!υ0, J�2ð Þ, as a poly-
nomial, produces

Iv,J!v0,J +2=Iv,J!v0,J−2

J +1ð Þ J +2ð Þ 2J−1ð Þ
J J−1ð Þ 2J +3ð Þ

~v0−~vv,J!v0 ,J +2ð Þ3
~v0 +~vv,J!v0 ,J−2ð Þ3

γh i2v,J!v0 ,J +2

γh i2v,J!v0 ,J−2

=

1+
P
i
ci~v

i
v,J!v0,J +2

1+
P
i
ci~v

i
v,J!v0,J−2

,

ð5Þ

where the numerator and denominator on the left-hand
side (LHS) correspond to the ratio of experimental inten-
sities and the ratio of Raman cross-sections for rotational
transitions from the common rotational state, respec-
tively. The coefficients ci in Equation 5 are obtained by
expanding the wavelength-dependent sensitivity,
S ~vν,J!ν0,J�2ð Þ , into a polynomial in ~ν and by a nonlinear
least squares minimization to all J ± 2 pairs of experi-
mental Raman data for H2, HD, D2, and O2. The residual
function used is given as

Residual =
X
k

wk LHS−RHSð Þ2, ð6Þ

where wk is the weight for the specific pair of rotational
Raman band derived from the error in the experimental
intensities.

Equations 4 and 5 require the knowledge of the ratio
of square of polarizability anisotropy for specific pairs of
transitions originating from a common rotational state.
We calculated the wavelength-dependent matrix ele-
ments of polarizability anisotropy for H2, HD, and D2

with high accuracy (error <0.1%) in our previous
work.[24,25] In the present experiment, we utilize 13 pairs
of pure rotational Raman bands from H2, HD, and D2

(in the range from −1,034 to 1,447 cm−1), for which the
required ratios of square of polarizability anisotropy are
available. For O2, we use the vibration–rotation Raman
bands (O1- and S1-branches) accompanying the funda-
mental in the 1,400–1,700 cm−1 region, for which the

corresponding ratio of polarizability anisotropy matrix
elements has been reported by Buldakov et al.[26] This
inclusion of vibration–rotation bands from O2 helps us to
extend the calibration region while improving accuracy
for both wavenumber and intensity calibration on the
Stokes end of the Raman spectra where bands from H2,
HD, and D2 are weak.

Refer to Section 2 of the Supplementary Material and
the online available programs[27] written for Igor Pro[35]

and Python,[36] for details on the implementation and
benchmarking of the fitting procedures mentioned above.

3 | EXPERIMENTAL

A laboratory constructed confocal Raman micro-
spectrometer operating with a stabilized 532-nm laser
(CW Nd:YVO4; Verdi-V5, Coherent) has been used for
experiments (Figure 1). The laser wavelength has been
stabilized using a high-resolution wavelength meter
(WS-7, HighFinesse) along with a piezo controller at
18,789.985 (±0.003) cm−1. The excitation beam has been
directed into an inverted microscope (iX71, Olympus)
after passing through a Faraday isolator, laser line filter,
and a linear polarizer (Glan–Taylor prism). A long
working distance objective (20×, NA 0.25, f = 25 mm,
Olympus SLMPLN20x) has been used to focus laser
beam inside the sample. Laser power of around 200 mW
for gases and 0.3 mW for liquids has been used. Back-
scattered light collected using the same objective lens
passed through confocal setup consisting of a 100-μm
pinhole. After the confocal setup, Rayleigh scattering
has been removed using three volume Bragg notch fil-
ters (OptiGrate), followed by Glan–Thompson polarizer
(GTH10M-A, Thorlabs) on a rotation mount used as
analyzer. Parallel or perpendicularly polarized beam
selected using the analyzer has been focused on the
polychromator slit (f = 50 cm, f/6.5, 600 gr/mm grating,
SP-2500i, Princeton Instruments, slit width = 120 μm)
using an achromatic convex lens, allowing for detection
of parallel or perpendicularly polarized Raman spectra.
Spectral resolution has been determined to be
�3.5 cm−1. Spectra have been recorded using a Peltier-
cooled charge-coupled device (CCD; DU970N-BV,
Andor) with optimized settings for obtaining spectra
with minimal noise.

The sample chamber for gases is a laboratory
designed custom-built gas cell made of quartz equipped
with resistance-based heater allowing to be heated up to
�620 K (Figure 1). This gas cell has been mounted on a
poly(tetrafluoroethylene) adapter, enabling fixed place-
ment on the microscope. The gas cell has been connected
to a vacuum manifold allowing for removal of air and
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filling with hydrogen or other gases. Absolute pressure of
the gas has been measured using a high-resolution pres-
sure transducer (Omega PX409, National Institute of
Standards and Technology [NIST] calibrated).

H2 (Chiah Lung, Taiwan; 98% purity) and D2 (Sigma-
Aldrich, 99% purity) gases have been used in �1:1 quantity,
at a total pressure of �3.6 atm, to generate an equilibrated
mixture of H2, HD, and D2 by using elevated temperature
(�570 K) over a period of 14 h. O2 (Chiah Lung, Taiwan;
99% purity) has been measured separately at around
3.5 atm. All gases have been measured at room

temperature. Separate Raman measurements of the gases at
0.6 atm for all gases have been performed to check effects
on the band position and relative Raman intensities.

Raman spectra of the following liquid samples have
been measured in a quartz cuvette, without further puri-
fication, at room temperature: deionized water (Merck
Millipore), carbon tetrachloride (99%, Acros Organics),
cyclohexane (99.5%, Sigma-Aldrich), benzene (99.5%, TCI
Chemicals), toluene (99.8%, Acros Organics), and ben-
zonitrile (99%, Sigma-Aldrich). Raman spectra of indene
(99%, Sigma-Aldrich) have been measured in a quartz

FIGURE 1 Layout of the Raman

spectrometer used in the present work:

(a) Overall view from the top where GTP refers

to Glan–Taylor prism, 532 LL is the laser line

filter for 532 nm, and volume BNF refers to

volume Bragg notch filters (OptiGrate). Gas

samples have been measured using a gas cell

assembly placed on the microscope stage; (b) the

gas cell assembly where (A) thermocouple inlet

for measurement of temperature inside the cell,

(B) inlet port for gases, (C) metal casing with

resistive heaters, (D) quartz cell, and (E) inlet

port for gases and/or vacuum manifold.

Abbreviations: DC, direct current; CCD, charge-

coupled device [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 2 Pure rotational Raman spectra

of H2, HD, and D2 with parallel and

perpendicular polarization. These spectra are

partially intensity corrected, and the

perpendicularly polarized spectra are not

corrected for polarization-dependent sensitivity.

The perpendicularly polarized spectra are

expected to have intensities corresponding to

75% to those of parallel spectra, but in reality,

lower intensities are observed [Colour figure can

be viewed at wileyonlinelibrary.com]
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cuvette after distillation and degassing under argon.
Broadband light spectra have been measured using a
tungsten lamp (LS-1-CAL, Ocean Optics) placed on the
microscope stage.

4 | RESULTS AND DISCUSSION

4.1 | Wavenumber calibration

Wavenumber calibration has been performed using
45 pure rotational Raman bands from H2, HD, and D2

covering the spectral range from −1,034 to 1,246 cm−1

and selected bands from O2 in the wavenumber region of
1,400–1,700 cm−1 (Figures 2 and 3). After subtracting the
background, which includes the dark counts, the band
positions of the observed Raman bands on the CCD in
pixel (including the error) have been determined using
band fitting. Reference transition wavenumbers for
H2,

[21] HD,[22] and D2
[21] have been obtained from accu-

rate theoretical calculations with uncertainties less than
0.002 cm−1. For O2, these were taken from experimental
work[23] having maximal uncertainty of 0.009 cm−1. A
tabulation of the relevant transition wavenumbers is
given in Table 1. Least squares fitting, which included
reciprocal of error as weights for both the pixel position
and the reference Raman transition wavenumbers, has
been performed using ODRPACK95[37–39] implemented
in Igor Pro[35] and Python.[36] Fit for data set
corresponding to parallel polarization is shown in
Figure 4. For similar fit corresponding to perpendicular
polarization, refer to Figure S14. Obtained residuals in
both x and y axes have been converted to maximal error,
3σ, in the wavenumber calibration, which was 0.24 and
0.34 cm−1 for parallel and perpendicular polarization,
respectively. See Section 5 in the Supplementary Material
for details. The accuracy of the calibration has been
checked by comparing the wavelengths of measured

neon emission spectrum to reference vacuum wavelength
data from NIST.[7] The net uncertainty in the wavelength
of neon lines when using present calibration is
±0.009 nm or ±0.3 cm−1, which includes additional
uncertainty due to band fitting of the neon bands.

4.2 | Intensity calibration

Intensity calibration procedure employed in the present
work is composed of three corrections: first, to obtain the
spectra as photons/wavenumber, followed by the correc-
tion for pixel-to-pixel variation in the detector sensitivity,
and finally, minor but crucial correction to the spectra,
obtained from the fitting of the observed Raman intensity
ratios to the theoretical primary standard.

First, contribution from the quartz window was
removed from the target Raman spectra of the gases by a
direct, one-to-one subtraction of the background spectra,
which was measured from the evacuated cell. Spectra

were then multiplied with a factor νs
νo

� �2
δλs
δλo

� �
to convert

the intensity to photons/wavenumber. Next, the spectra
were divided by the continuous correction curve,
obtained from the broadband white light spectra (Wobs)
and its fit f(T) using Equation 1, shown in Section 6 of
the Supplementary Material, in order to cancel the pixel-
to-pixel variation in the sensitivity of the multichannel
CCD detector.

In order to determine the final correction factor, the
band areas of the rotational Raman bands of H2, HD,
and D2 were obtained using band fitting. For O2, the
band areas of the O1- and S1-branches were determined
by band fitting assuming Voigt function. The obtained
experimental band intensities along with the theoretical
Raman cross-sections were used in Equation 6 assum-
ing the polynomial functions for the final correction.
Nonlinear least squares minimization of Equation 6

FIGURE 3 Measured parallelly and

perpendicularly polarized spectra of 16O2

showing the O1-, Q1-, and S1-branches. Small

contribution from Q1-branch of 17O2 at

1,510.5 cm−1 is designated with a star.

Contribution from Q1-branch of 18O2,

designated with “#” at 1,468.4 cm−1, is

superimposed with the O1(J = 15) band of 16O2

[Colour figure can be viewed at

wileyonlinelibrary.com]
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TABLE 1 Transition wavenumbers, ~vStokes and ~vanti−Stokes, (cm
−1) and vibration–rotation correction factors, Fγ

0,0 Jð Þ and Fγ
1,0 Jð Þ, for

Raman transitions from a common rotational state for H2, HD, D2, and O2, used in the present analysis

Molecule J ~vanti−Stokes ~vStokes Fγ
0,0 Jð Þa

H2 2 −354.373 814.424 1.0379

3 −587.032 1,034.671 1.0529

4 −814.424 1,246.100 1.0677

5 −1,034.671 1,447.281 1.0822

HD 2 −267.069 616.093 1.0287

3 −443.081 785.002 1.0401

4 −616.093 948.799 1.0514

5 −785.002 1,106.582 1.0624

D2 2 −179.067 414.649 1.0194

3 −297.534 529.900 1.0271

4 −414.649 642.807 1.0347

5 −529.900 752.920 1.0423

6 −642.807 859.832 1.0497

7 −752.920 963.180 1.0569

Molecule J ~νO1 ~νS1 Fγ
1,0 Jð Þb

O2 7 1,518.537 1,603.819 0.94673

9 1,506.632 1,614.635 0.92812

11 1,494.622 1,625.316 0.90991

13 1,482.486 1,635.857 0.89211

15 1,470.239 1,646.252 0.87471

17 1,457.878 1,656.511 0.85772

19 1,445.408 1,666.620 0.84113

Note: Transition wavenumbers for H2, HD, and D2 have been taken from Komasa et al.[21] and Pachucki and Komasa[22] and have uncer-
tainties of less than 0.002 cm−1. Transition wavenumbers for O2, J = 7–17, were taken from Edwards et al.[23] and have error less than
0.009 cm−1. For J = 19 of O2, potential function from Bytautas et al.[28] was used to compute the energies of rovibrational states in O2, from
which the Raman transition wavenumber was obtained, having maximal error of around 0.14 cm−1.
aFγ

0,0 Jð Þ= γh i20,0!0,J +2

γh i20,J!0,J−2

from Raj et al.[24,25]

bFγ
1,0 Jð Þ= γh i20,0!1,J +2

γh i20,J!1,J−2
from Buldakov et al.[26]

FIGURE 4 Cubic fit of accurate

positions of Raman signals

(in wavenumbers) to the corresponding

observed band positions in pixels for

wavenumber calibration using pure

rotational Raman bands from H2, HD,

and D2 and vibration–rotation bands

from O2 for parallel polarization. A total

of 45 data points have been used

(31 coming from H2, HD, and D2;

14 from O2) [Colour figure can be

viewed at wileyonlinelibrary.com]
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was performed to obtain the fit coefficients. Fitting for
parallel polarization using a total of 20 pairs of bands
(four from H2 and HD, five from D2, and seven from
O2) is shown in Figure 5. Refer to Figure S14 for the
corresponding fit for data from perpendicularly polar-
ized spectra. Weight factors for band pairs used in the
fit were obtained considering the uncertainty in inten-
sity of each of the bands and using error propagation
(see Equation 7 for details on error estimation). The
weight factors of bands from O2, in the O1- and
S1-branches, were significantly small (around 100 times
smaller as compared with those of H2 in our experi-
ments) due to low intensities. In order to improve the
contribution of data from O2 in the fitting process, the
band weights for O2 were scaled by a uniform factor of
10. Overall, the data points from O2 were given lower
weights due to lower Raman intensities and possibly
larger uncertainty in the vibration–rotation correction
factors, which are wavelength independent, compared
with H2 and isotopologues. The net weights applied to
the bands from the four gases during the fitting are
shown in Section 3 of the Supplementary Material. The
obtained polynomial functions representing the final
correction for the Raman intensities for parallel and

perpendicular polarization are shown in Figure S11
along with the details showing convergence of the fits
and residuals. These functions have been used to per-
form the final correction to the Raman intensities of
gases and liquid samples (water, carbon tetrachloride,
cyclohexane, benzene, toluene, and benzonitrile).

Pressure broadening and the shift in band positions of
rotational Raman bands for H2, HD, and D2 were studied
earlier.[40,41] No appreciable shifts in the band positions
were observed in our experiments, when comparing
results from measurements at 0.6 and 3.6 atm, presum-
ably because of the low spectral resolution and relatively
low pressures. No changes of Raman intensity ratios were
found either. Therefore, the obtained final wavelength-
dependent sensitivity curves and subsequent results are
pressure independent.

4.3 | Error estimation for band intensities
and weights for the fit

In the process of calibration, we include very strong
bands (e.g., bands within 200–600 cm−1) and very weak
bands (e.g., bands in the region over 1,100 cm−1).

FIGURE 5 Fit of intensity ratios

for H2, HD, D2, and O2, where intensity

ratio refers to the ratio of experimental

intensities (Stokes to anti-Stokes,

experimental) to theoretical intensities

(Stokes to anti-Stokes, calculated). For

O2, the intensity ratio corresponds to

similar ratio for S1(J) to O1(J),

vibration–rotation bands. The intensity

ratios constitute the left-hand side of

Equation 5. The fits (black solid line)

represent the ratio of the corresponding

anti-Stokes and Stokes data points of the

polynomial (obtained from fitting) and

constitute the right-hand side of

Equation 5 [Colour figure can be viewed

at wileyonlinelibrary.com]
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Because all of these bands are used for the determina-
tion of the wavelength-dependent sensitivity and its
uncertainty, proper estimation of error for these band
intensities becomes important. In order to correctly
identify the error sources in the respective band intensi-
ties, we have performed an error estimation, which is
described below.

Error in usual photon counting measurements comes
from three primary sources: thermal noise of the photo
detector; the shot noise coming from the uncertainty of
the arrival of photons, both of which follow Poisson dis-
tribution; and lastly, the readout noise inherent to the
digitization process and detector electronics. The net
uncertainty in the counted photons is generally taken to
be the √I, where I is the total counts, as a result of the
Poisson distributions.

In the present work, we checked uncertainties in the
band intensities by separately measuring the rotational
Raman spectra of H2 at varying exposures and repeating
each measurement 56 times to obtain bands with varying
signal-to-noise ratios. The experimental uncertainties in
the band intensities of seven pure rotational Raman
bands were determined as the 3σ corrected standard devi-
ation having 99.7% confidence. The obtained 3σ corrected
standard deviation versus the band intensity has been
analyzed to obtain the actual estimates of experimental
uncertainty, σexp. Estimates of error obtained using the
square root were also compared. We found that the error
estimated using the square root of the intensity was
greater than the actual case by a few percent for high
signal-to-noise ratio bands, and this trend reversed when
going toward smaller signal-to-noise ratio bands. See
Section 3 in the Supplementary Material for more details.
Using the estimates of error obtained from above mea-
surement, uncertainties of individual bands of H2, HD,
D2, and O2 for intensity calibration were determined. The
weights for the fitting analysis (for determining the

wavelength-dependent sensitivity) were computed as
w=1=σ2total,i, where

σtotal,i =
IJ +2

IJ−2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σexp
IJ +2

� �2

i

+
σexp
IJ−2

� �2

i

s
, ð7Þ

for the ith pair of bands involved. Magnitude of errors in
the intensity ratios ranged from 1% for the most intense
pairs of bands to 10% for the smallest bands, and about
half of the total 21 intensity ratios used in the present
analysis have errors below 5%. Specific values of weights
obtained from these uncertainties are shown in
Figure S6.

4.4 | Polarization correction

Pure rotational Raman bands from H2, HD, D2, and
O1- and S1-branches of vibration–rotation bands of O2

are depolarized, having depolarization ratio of 0.75.[33]

It was however observed in our experiment that bands
in the perpendicularly polarized spectra had intensities
lower than 0.75 of the corresponding bands in the
parallel polarization spectra (see Figures 2 and 3), very
likely due to the polarization-dependent bias in the
response of the optical components of the spectrometer
including the polarizer and the analyzer. Experimental
average depolarization ratio for total 52 bands from the
analyzed gases was found to be 0.71 across the whole
spectrum (Figure 6). This was obtained by fitting the
observed depolarization ratio to a constant while
including the reciprocals of errors as weights. Refer to
Figure 6 for the plot of observed depolarization ratios
from the 52 depolarized Raman bands and the
corresponding fit. A ratio of the true to the observed
depolarization ratio, computed as (0.75/0.71), has been

FIGURE 6 The observed ratios of

perpendicular and parallel polarized Raman

intensities for rotational bands of H2, HD, D2,

and vibration–rotation bands of O2. All of these

bands are depolarized with an anticipated true

depolarization ratio of 0.75 (represented as a

black dashed line). This property is used for

correcting the polarization dependence of the

observed Raman intensities. The fit shown in

broken blue line is used for obtaining the

required correction for perpendicularly polarized

spectra [Colour figure can be viewed at

wileyonlinelibrary.com]
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used for correcting the polarization dependence applica-
ble for the perpendicularly polarized spectra.

4.5 | Validation

An independent assessment of the intensity correction
procedure described here was performed on the basis of
observed Raman intensities.

First test was conducted to estimate the accuracy of
the corrected Raman intensities over the available
wavenumber range, using the anti-Stokes and Stokes
Raman intensities corresponding to the same vibrational
levels. Ratio of the anti-Stokes and Stokes Raman intensi-
ties can be used to probe the temperature of the mole-
cules in the focal volume.[33] This approach was used to
test the correctness of the intensity calibration procedure
across the covered wavenumber range by comparing the
temperature obtained from the corrected spectra to the
measured temperature on a thermocouple, for various
vibrational Raman bands from different liquids. Water
and organic liquids (carbon tetrachloride, cyclohexane,
and benzene) were chosen as test samples. Using low
wavenumber vibrational modes of water and prominent
bands in the fingerprint region of the selected organic
liquids, wavenumber range of 50–992 cm−1 has been
checked, both in the Stokes and anti-Stokes regions and
for both parallel and perpendicularly polarized spectra.
Three independent Raman measurements of water were
performed using a flow cell setup with 8-mW laser
power. Organic liquids were measured in five indepen-
dent experiments using a quartz cell with 0.4-mW laser

power. All measurements were made at room tempera-
ture. Spectra were acquired after around 15 mins of laser
irradiation on the sample for thermal equilibration. Tem-
perature of the sample was separately measured using a
K-type thermocouple with uncertainty of ±0.7 K during
the course of the experiment. Parallel polarized low fre-
quency Raman spectrum of water and the obtained tem-
perature is shown in Figure 7. Corresponding figure for
perpendicularly polarized spectra is shown in Figure S16.
Broad features in the low frequency Raman spectra of
water provide means for temperature determination
using Raman intensities at multiple transition
wavenumbers in the probed spectral range of 50–300
cm−1. Temperatures determined from all these spectral
points have been averaged for comparison with measured
temperature using thermocouple, and the differences
have been analyzed. The maximum absolute difference
observed over three independent experiments is reported
in Table. 2. Expected anti-Stokes to Stokes intensity ratios
have been calculated using the thermocouple tempera-
ture, and these values are compared with the ratios
obtained directly from the spectra, and the relative differ-
ences (in %) are calculated. For organic liquids, similar
analyses as mentioned above were performed while ana-
lyzing five independent experiments. Tabulation of the
analyzed specific Raman transition, approximate mode
assignments given originally by Shimanouchi[42] for
organic liquids and by Walrafen[43] for water; differences
from the measured temperature and the percent differ-
ences in the Raman anti-Stokes to Stokes intensity ratios
are tabulated in Table 2.For water, the analyzed spectral
range is 50–300 cm−1, with the mean temperature

FIGURE 7 Comparison of temperatures determined for liquid water using the anti-Stokes to Stokes ratio in the low frequency region.

The temperatures determined from spectra at specific wavenumbers are shown in gray circles. Mean temperature measured using a

thermocouple during the spectra acquisition is shown as a green horizontal line. Comparison of average temperature from all the spectral

data points (computed from anti-Stokes to Stokes Raman intensities) and mean temperature from thermocouple was performed to obtain

the deviation. Maximum deviation in three independent experiments was found to be ±1.5 K for parallel polarization [Colour figure can be

viewed at wileyonlinelibrary.com]
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computed from all the available spectral data points in
this range. Maximum deviations in temperature of 1.5 K
for parallel polarization and 1.6 K for perpendicular
polarization were detected in three independent experi-
ments. In terms of the deviation in the anti-Stokes to
Stokes intensity ratio, the difference has been found to be
<0.8% for this spectral range. Figure 7 shows the low fre-
quency Stokes and the corresponding anti-Stokes Raman
spectra of water with the temperature obtained using the
anti-Stokes to Stokes ratio. Consistency of the determined
temperature across the whole spectrum signifies the high
accuracy of the Raman spectra obtained using the inten-
sity calibration procedure. Raman bands in the finger-
print region coming from CCl4, C6H12, and C6H6 in the
spectral range of 218–992 cm−1 indicate fairly accurate
temperature determination with maximum difference of
1.2 K for the parallel polarized spectra. Corresponding
difference in the intensity ratio was <2% across the whole
spectral range. Perpendicularly polarized spectra show
larger temperature difference of up to 2.2 K, which is
seen for the polarized Raman bands such as 460.2 cm−1

from CCl4, 801.3 cm−1 from C6H12, and 992.3 cm−1 from
C6H6. For these polarized bands, the difference in inten-
sity ratios is up to 3%. Depolarization ratios show good

correspondence to the previous more accurate results
obtained using more specialized techniques.[44–48]

Depolarized bands (having ρ = 0.75) show better agree-
ment than the polarized bands due to smaller experimen-
tal errors associated with larger intensities in the
perpendicularly polarized spectra. In general, the results
in Table 2 indicate that the maximal error in the intensity
calibration is around 2% over the covered −992 to
992 cm−1 range using anti-Stokes and Stokes bands for
parallel polarization and around 3% for perpendicular
polarization. Beyond 992 cm−1, the accuracy is expected
to be of similar quality because several closely spaced
data points from O2 in the 1,400–1,700 cm−1 were used
during the intensity calibration procedure.

4.6 | Standard spectra of selected organic
liquids

Employing the calibrated Raman spectrometer, measure-
ments toward standard relative Raman intensities in five
organic liquids have been performed, whose results are
discussed here. Table 3 lists the transition wavenumbers
for selected vibrational modes with assignments,[42,49–52]

TABLE 2 Deviation in temperatures obtained from anti-Stokes to Stokes intensity ratios from Raman spectra to the measured

temperature from thermocouple and the depolarization ratio of Raman bands from selected chemicals after intensity correction

Moleculea

Transition (cm−1) || Polarization ⊥ Polarization Depolarization ratio

Modeb ~ν Max|ΔT|, Kc ΔI, %d Max|ΔT|, Kc ΔI, %d Reference Present

H2O Intermolecular vibrations 50–300 1.5 0.8 1.6 0.8

CCl4 Deg. deformation, e 218.1 1.1 0.4 1.2 0.4 0.75e 0.759 (0.015)

Deg. deformation, f 2 313.9 1.2 0.7 1.8 0.9 0.75e 0.755 (0.014)

Symmetric stretch, a1 460.2 1.1 0.8 2.2 1.7 0.0023e 0.028 (0.002)

0.0065f

C6H12 CC stretch, a1g 801.3 0.9 1.2 2.2 2.8 0.082 (0.006)

CH2 twisting, eg 1266.1 0.749 (0.002)g 0.759 (0.022)

CH2 scissoring, eg 1,443.7 0.750 (0.002)g 0.746 (0.020)

C6H6 Ring deformation, e2u 607 1 0.9 1.2 1.2 0.749 (0.021)

Ring stretch, a1g 992.3 1.1 1.8 2 3.2 0.030 (0.002)h 0.055 (0.005)

aNatural isotopic mixture of the liquids was used.
bMode assignments of organic liquids from Shimanouchi.[42] For water, the intermolecular bands were described in Walrafen.[43]
cAbsolute maximum difference from the true temperature (measured using thermocouple) over five independent experiments.
dDifference, in percent, between the true anti-Stokes to Stokes ratio versus the one obtained from experiment. This is obtained as the percent
difference between LHS and RHS of the equation, Iðanti-StokesÞ

IðStokesÞ × ~νo-~νð Þ3
~νo +~νð Þ3 = e

-hc~ν
kT , which is used to determine the temperature from anti-Stokes

and Stokes Raman intensities.
eKiefer and Topp.[44]
fChantry[45] and Fukushi and Kimura.[46]
gSaito et al.[47]
hFernández-Sánchez and Montero.[48]
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relative intensities, and depolarization ratios together
with the estimated errors for selected intense Raman
bands in CCl4, C6H12, C6H6, C6H5CH3, and C6H5CN.
Standard calibrated Raman spectra of these molecules
are given in Section 9 of the Supplementary Material.

The reported Raman transition wavenumbers were
determined by band fitting using either Gaussian,
Lorentzian, or Voigt functions. See Tables S27 and S28
for details on fitting of each band. The error in transition
wavenumbers is the net error obtained by combining
uncertainties in the band position from the fit and the
error introduced during wavenumber calibration. The
maximum error observed in the set of five independent
experiments is listed in Table 3. Relative Raman intensi-
ties have been determined by normalizing the band area,
obtained from the fit, to the most intense band in the par-
allel polarized spectra of a given molecule. The error in
relative intensities includes the uncertainties in band
fitting, typically ≤1% combined with the estimated error
in intensity calibration, around 1%–2%. The relative
Raman intensities in Table 3 follow the Boltzmann distri-
bution, enabling temperature determination from anti-
Stokes to Stokes ratios, which provides another check for
the accuracy of the Raman intensities as discussed ear-
lier. Overall, the relative intensities have error <4% for
the parallel polarized case. In the perpendicularly polar-
ized measurements, the depolarized bands observed in
the perpendicular polarization measurements have simi-
lar error profiles, whereas polarized bands show larger
error due to significantly lower Raman intensities.

Comparisons of the perpendicular to parallel Raman
intensities have been performed to obtain the depolariza-
tion ratios (ρ). These are listed for all the reported bands.
As discussed earlier, the polarized bands (ρ < 0.75) have
larger uncertainty in ρ, around 5%–10%, due to lower
intensities in the perpendicularly polarized spectra,
whereas the relatively intense depolarized bands
(ρ ≈ 0.75) have error of around 2%–3%.

The optical transmittance of the liquids and the gases
used for intensity calibration differs. The effect of this dif-
ference is estimated to be small due to the small path
length of scattered light in the optically transparent sam-
ples. Contribution of this difference, if detectable in the
measured data, is within the uncertainties mentioned
with the relative intensities of the liquids.

4.7 | Vibrational frequencies of indene for
wavenumber calibration

Indene is frequently used for routine wavenumber calibra-
tion work.[3,4,53] Raman spectrum of indene has been mea-
sured on the present spectrometer, which was calibrated

for wavenumber using the Raman bands of gases
(described in Sec 4.1). Vibrational frequencies of indene
determined using band fitting are listed in Table 4; 3σ
uncertainty, which includes error from fitting and repeat
measurements, is found to be around 0.4 cm−1. A compari-
son with previous works shows good correspondence with
the present updated values. The spectrum is shown in
Section 10 of the Supplementary material.

5 | DISCUSSION

The use of pure rotation and vibration–rotation bands for
calibration purposes has distinct advantages, like applica-
bility for both wavenumber and intensity calibration, as
demonstrated in the present work. Furthermore, Raman
intensities from molecular hydrogen and its isotopologues
serve as high accuracy independent standards, which can
be compared with accurate theoretical Raman intensities
determined using ab initio wavelength-dependent polariz-
ability invariants and rovibrational wavefunctions.[19,24,25]

Thus, high accuracy in wavenumber and intensity calibra-
tion can be realized due to the particularly simple quan-
tum structure of H2.

Transition wavenumbers of the gases are used for
wavenumber calibration in the present work. These are
useful for high-resolution Raman spectroscopy where the
full potential of the high accuracy with the narrow
observed linewidths can be utilized. For commonly used
spectrometers, the wavenumber positions of organic
liquids included in this work suffice as more practical
wavenumber standards.

Conventional intensity calibration standards lack infor-
mation about polarization-dependent response, which is
intrinsically available when using rotational and vibration–
rotation Raman intensities. The intensity calibration
procedure described here is also applicable to other kinds of
spectrometers like hyper-Raman, fluorescence,[54,55] and
Thomson scattering spectrometers.[56,57]

Improvements in the present intensity calibration
procedure over previously reported techniques utilizing
rotational Raman intensity ratios are briefly discussed
below. The present approach is similar in methodology to
the earlier work by Hamaguchi et al.,[18] where D2 was
used to calibrate the spectral window of 455–529 nm
(�3,075 cm−1 in relative wavenumbers assuming excita-
tion at 488 nm) using five excitation lines from argon ion
laser achieving error within 2%, and by Okajima and
Hamaguchi[19] employing pure rotational Raman bands
of N2 to calibrate Raman spectral range from −150 to
150 cm−1 with high accuracy having error of 1% or less
while using 532-nm excitation. In the present work, we
have successfully employed rotation and vibration–

12 RAJ ET AL.



TABLE 3 Raman transition wavenumbers, relative Raman intensities, and observed depolarization ratios of selected vibrational bands

of carbon tetrachloride, cyclohexane, benzene, toluene, and benzonitrile. Temperatures of the samples are noted below the table

Molecule

Transition Relative intensitya
Depolarization
ratio

Modeb Irrep ~νc (cm−1) Δ~νd || Polarization Errore ⊥ Polarization Errore ρ = I⊥/I|| Error

CCl4 Sym. stretch (v1) a1 −460.2 0.7 0.12929 0.00220 0.00375 0.00010 0.029 0.002

Deg. deform (v4) f2 −313.9 0.6 0.09165 0.00165 0.06865 0.00124 0.749 0.019

Deg. deform (v2) e −218.1 0.6 0.12672 0.00230 0.09707 0.00176 0.766 0.020

Deg. deform (v2) e 218.1 0.6 0.33570 0.00400 0.25479 0.00304 0.759 0.013

Deg. deform (v4) f2 313.9 0.6 0.37907 0.00500 0.28619 0.00378 0.755 0.014

Sym. stretch (v1) a1 460.2 0.6 1.00000 0.02800 0.00100 0.028 0.002

Fermi res. (v3,
v1 + v4)

f2 759.4 0.8 0.11554 0.00240 0.08770 0.00190 0.759 0.023

f2 789.6 0.8 0.13740 0.00275 0.10360 0.00220 0.754 0.022

C6H12 CC stretch (v5) a1g −801.3 0.7 0.02709 0.00054 0.00222 0.00010 0.082 0.005

CCC deform + CC
torsion (v24)

eg −426.0 0.6 0.00825 0.00040 0.00615 0.00030 0.745 0.051

CCC deform + CC
torsion (v6)

a1g −383.1 0.6 0.01279 0.00050 0.00180 0.00009 0.141 0.010

CCC deform + CC
torsion (v6)

a1g 383.1 0.6 0.07087 0.00100 0.01035 0.00049 0.146 0.010

CCC deform + CC
torsion (v24)

eg 426.0 0.6 0.05824 0.00100 0.04357 0.00075 0.748 0.018

CC stretch (v5) a1g 801.3 0.5 1.00000 0.08773 0.00100 0.088 0.003

CC stretch (v22) eg 1,027.7 0.5 0.41122 0.00822 0.30883 0.00618 0.751 0.021

CH2 rock (v4) a1g 1,157.3 0.6 0.08549 0.00200 0.02410 0.00056 0.282 0.010

CH2 twist (v21) eg 1,266.1 0.6 0.35901 0.00718 0.27241 0.00545 0.759 0.021

CH2 wag (v20) eg 1,346.5 0.7 0.07164 0.00200 0.05359 0.00150 0.748 0.030

CH2 scis. (v19) eg 1,443.7 0.8 0.42878 0.00790 0.31974 0.00589 0.746 0.019

C6H6 Ring stretch (v2) a1g −992.3 0.7 0.01161 0.00040 0.00068 0.00002 0.059 0.005

Ring deform (v18) e2g −607.0 0.6 0.00342 0.00010 0.00262 0.00008 0.764 0.032

Ring deform (v18) e2g 607.0 0.6 0.05376 0.00108 0.04027 0.00081 0.749 0.021

Ring stretch (v2) a1g 992.3 0.5 1.00000 0.05500 0.00100 0.055 0.005

CH bend (v17) e2g 1,176.5 0.6 0.08864 0.00240 0.06727 0.00182 0.759 0.029

Fermi res. (v16,
v2 + v18)

e2g 1,585.5 0.7 0.06499 0.00220 0.04887 0.00165 0.752 0.036

e2g 1,606.7 0.7 0.03826 0.00180 0.02946 0.00139 0.770 0.051

C6H5CH3 C C stretch (v10) a1 −1,030.3 0.7 0.00208 0.00010 0.00016 0.00001 0.076 0.008

C C stretch (v11) a1 −1,003.3 0.6 0.01184 0.00040 0.00037 0.00001 0.031 0.008

Φ-me stretch (v12) a1 −786.0 0.6 0.01888 0.00038 0.00061 0.00010 0.033 0.008

Φ-deform. (v13) a1 −521.2 0.6 0.01760 0.00030 0.00537 0.00009 0.305 0.009

Φ-deform. (v13) a1 521.2 0.5 0.18309 0.00270 0.05596 0.00083 0.306 0.007

Φ-me stretch (v12) a1 786.0 0.5 0.59848 0.01197 0.01947 0.00039 0.033 0.004

C C stretch (v11) a1 1,003.3 0.5 1.00000 0.03200 0.00100 0.032 0.003

C C stretch (v10) a1 1,030.3 0.6 0.21367 0.00440 0.01624 0.00033 0.076 0.003

CH bend (v34) b2 1,155.6 0.9 0.05824 0.00160 0.04019 0.00110 0.690 0.032

CH bend (v9) a1 1,179.1 0.9 0.04158 0.00090 0.03156 0.00068 0.759 0.029

Φ-me stretch (v8) a1 1,210.0 0.6 0.28688 0.00620 0.01633 0.00035 0.057 0.003

(Continues)
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rotation bands from four gases while using a single exci-
tation laser at 532 nm with total calibrated spectral range
of around 2,736 cm−1, measuring both parallel and per-
pendicular polarized spectra and still keeping the error
within 2% for parallel polarized spectra and 2%–3% for
perpendicularly polarized case. Schlösser et al.[20] directly
compared experimental and theoretical intensities at cer-
tain temperatures and relative concentration of multiple
hydrogen species to obtain the wavelength dependence.
Comparatively, the present approach of using ratios of
rotational Raman intensities does not require informa-
tion regarding the relative concentrations (or pressures)
of the multiple gases used, nor the temperature at the
focal point. In addition, we introduce the correction for

two polarization orientations using the rotational Raman
bands and their known depolarization ratio of 0.75.

A major disadvantage of using rotation and
vibration–rotation Raman bands is their small Raman
cross-sections, thus requiring high laser powers com-
bined with long exposures for obtaining high-quality
Raman spectra. H2 and its isotopologues also require
careful handling and leak-proof gas measurement setup
due to their explosive nature.

Accurate wavenumbers and relative intensities of
organic liquids presented in Table 3 can also be used for
both wavenumber and intensity calibration of Raman
spectra, serving as commonly available laboratory
standards.

TABLE 3 (Continued)

Molecule

Transition Relative intensitya
Depolarization
ratio

Modeb Irrep ~νc (cm−1) Δ~νd || Polarization Errore ⊥ Polarization Errore ρ = I⊥/I|| Error

Me sym deform.
(v7)

a1 1,379.3 0.8 0.09692 0.00220 0.03135 0.00080 0.323

C C stretch (v29) b2 1,585.3 0.8 0.06770 0.00260 0.04820 0.00200 0.712 0.040

C C stretch (v5) a1 1,605.3 0.8 0.12000 0.00420 0.09348 0.00400 0.779 0.043

C6H5CN CC stretch (v9) a1 −1,026.6 1.0 0.00136 0.00010 0.00006 0.00002 0.043 0.015

Ring deform (v10) a1 −1,000.7 0.6 0.01174 0.00023 0.00057 0.00001 0.049 0.003

Ring deform (v31) b2 −624.7 0.7 0.00481 0.00010 0.00319 0.00007 0.663 0.020

CCN linear bend
with CC wag
(v20)

b1 −548.6 0.6 0.00740 0.00020 0.00507 0.00014 0.685 0.026

Ring deform with
CC stretch (v12)

a1 −460.8 0.6 0.03003 0.00050 0.00556 0.00009 0.185 0.006

Ring deform with
CC stretch (v12)

a1 460.8 0.6 0.23437 0.00440 0.04279 0.00080 0.183 0.009

CCN linear bend
with CC wag
(v20)

b1 548.6 0.6 0.08522 0.00160 0.05903 0.00111 0.693 0.018

Ring deform (v31) b2 624.7 0.7 0.07400 0.00175 0.05172 0.00122 0.699 0.023

Ring deform (v10) a1 1,000.7 0.5 1.00000 0.05127 0.00100 0.051 0.006

C C stretch (v9) a1 1,026.6 0.6 0.12672 0.00260 0.00543 0.00011 0.043 0.005

C C stretch (v5) a1 1,599.0 0.5 0.52194 0.01044 0.29535 0.00591 0.566 0.030

Note: Temperatures (K) recorded during the measurement: CCl4 (298.6), C6H12 (298.7), C6H6 (298.6), C6H5CH3 (299.2), and C6H5CN (299.5),
with error of ±0.7 K.
aRelative Raman intensities are normalized to the most intense band in the parallel polarized spectra.
bMode assignments: CCl4, C6H12, and C6H6 from Shimanouchi[42]; C6H5CH3 from Tasumi et al.[49] and Hickman et al.[50] where ring is den-
oted as Φ; C6H5CN from Green and Harrison[51] and Császár and Fogarasi.[52]
cObtained from band fitting.
dError in transition wavenumber includes uncertainty in the band position obtained while fitting and the net error in wavenumber calibra-
tion. Maximum error observed in five independent experiments is given above.
eError in relative intensities includes uncertainty in the band area (from fit), estimated error in the intensity calibration tested using
anti-Stokes to Stokes ratio for temperature, and the error in band area of the most intense band used for normalization.
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6 | CONCLUSION

We have performed wavenumber and intensity calibra-
tion of a Raman spectrometer using pure rotational
(Δν = 0,ΔJ = ± 2) Raman bands of H2, HD, D2, and
vibration–rotation bands (Δν = 1,ΔJ = ± 2) of O2. Accu-
rate theoretical transition wavenumbers for molecular
hydrogen (including its isotopologues) and experimental
results from high-resolution Raman spectroscopy of O2

have been used for the wavenumber calibration. Relative
experimental intensities for bands originating from com-
mon rotational states and the corresponding accurate
theoretical ratios were used with a nonlinear fitting pro-
cedure to obtain the wavelength-dependent sensitivity for
intensity calibration. Polarization dependence has been
corrected by comparing the observed depolarization ratio,
ρ, for the pure rotational Raman bands (H2, HD, and D2)
and vibration–rotation bands (O2), with the theoretical
value of ρ = 0.75.

Wavenumber and intensity calibration were per-
formed for the broad Raman spectral range covering
−1,036 to 1,700 cm−1 (502–583 nm or 17,150–19,900 cm−1

in absolute wavenumbers). This spectral region is avail-
able for measurement using the second harmonic of Nd:

YAG as well as argon ion lasers, thus enabling measure-
ment of calibrated Raman spectra falling within −1,036
to 1,700 cm−1 using 532-nm excitation, �600–3,330 cm−1

using 488-nm excitation, and �1,950–4,685 cm−1 using
457.9-nm excitation. Previously reported results on theo-
retical wavelength-dependent polarizability anisot-
ropy[24,58] for H2, HD, and D2 enable intensity calibration
procedure reported here to be applied also to other wave-
length excitations.

Data set on the relative Raman intensities of carbon
tetrachloride, cyclohexane, benzene, toluene, and ben-
zonitrile (in Table 3) reported here serves as a reference
for direct intensity calibration using Raman intensities of
these common organic liquids. This enables a simple and
straightforward intensity calibration scheme applicable
for a wide variety of Raman spectrometers. In addition,
this approach for intensity calibration using organic
liquids is fast, convenient, and fairly accurate (with errors
<5%) and covers both Stokes and anti-Stokes regions as
well the two polarizations. Vibrational frequencies of
indene are updated (Table 4), which serves as a reference
for routine wavenumber calibration.

Application of Raman spectroscopy for quantitative
analysis requires knowledge of absolute Raman cross-
sections. The experimental determination of absolute
Raman cross-sections is possible by comparison of
Raman intensities of the target molecule with a
reference. This needs accurate intensity calibration of
the Raman spectra because the involved vibrational
bands of target and reference usually have different
transition wavenumbers. Accurate intensity calibration
discussed here enables such experimental determina-
tion of absolute Raman cross-sections.

Theoretical models toward vibrational transition
wavenumbers and Raman intensities involve approxima-
tions such as employing harmonic potential for obtaining
the Hessian while keeping terms up to the second order in
the Taylor series expansion, using only the first-order geo-
metrical derivative of the polarizability invariants, and
more. Experimental vibrational transition wavenumbers
and relative Raman intensities reported here for select
organic liquids provide standards for comparison with
results from theoretical techniques,[59,60] albeit limited to
the liquid phase.

Intensity calibration using the outlined approach of
employing pairs of pure rotation and rotation–vibration
bands has scope for improvements. The availability of
accurate wavelength-dependent matrix elements of
polarizability for O2 allows for reducing the accuracy
of this present calibration beyond 1,450 cm−1. N2 is
another candidate molecule for similar calibration in
the high wavenumber region around 2,330 cm−1 using
rotation–vibration Raman bands as shown here using

TABLE 4 Vibrational frequencies of indene for wavenumber

calibration

Our study Hamaguchi[3] Harada and Hiraishi[53]

1,609.8 (0.4) 1,609.7 (0.3) 1,609.7 (0.5)

1,588.9 (0.5) 1,588.4 (0.4) 1,587.8 (1)

1,552.3 (0.4) 1,552.2 (0.5) 1,553.2 (1)

1,457.6 (0.3) 1,457.5 (0.4) 1,457.1 (1)

1,392.8 (0.3) 1,393.2 (0.4) 1,393.7 (1)

1,361.5 (0.4) 1,361.5 (0.4) 1,361.0 (0.5)

1,313.1 (0.5) 1,312.8 (0.2) 1,312.5 (1)

1,287.7 (0.4) 1,288.1 (0.2) 1,287.5 (0.5)

1,225.0 (0.4) 1,226.6 (0.4) 1,226.4 (0.5)

1,205.0 (0.3) 1,205.3 (0.3) 1,205.2 (0.3)

1,153.4 (0.5) 1,153.9 (0.3) 1,153.5 (1)

1,067.7 (0.3) 1,068.1 (0.3) 1,067.6 (0.5)

1,018.8 (0.3) 1,019.0 (0.2) 1,018.6 (0.5)

861.3 (0.4) 861.7 (0.3) 861.3 (0.5)

830.6 (0.5) 831.4 (0.3) 830.4 (0.5)

730.3 (0.3) 730.7 (0.3) 730.4 (0.5)

592.2 (0.3) 592.3 (0.4) 591.9 (1)

534.1 (0.3) 534.4 (0.4) 533.8 (0.5)

381.7 (0.4) 381.8 (0.3) 381.3 (0.3)

203.9 (0.4) 203.8 (0.3) 203.5 (1)

Note: Errors (3σ) are given in brackets.
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O2. However, the calculation of high accuracy
wavelength-dependent polarizabilities as obtained for
H2 and isotopologues is difficult for O2 and N2 due to
high computational costs.

Wavenumber and intensity calibration procedures for
Raman spectrometers presented here provide accurate cal-
ibration essential for accurate spectroscopic measure-
ments, such as temperature determination from Raman
spectra, measurement of standardized Raman spectra,
determination of Raman cross-sections, and overall a vital
step toward the standardization of Raman spectroscopy.
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