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A novel four nuclear magnetic resonance (NMR)-tube holder is described for quantitative Raman
and resonance Raman spectroscopy. This cell has advantages over other divided cell designs in
producing high precision quantitation and eliminating off-axis errors. Raman spectra were obtained
for both absorbing and nonabsorbing solutions, and the results compared to those obtained using a
single tube holder. The relative Raman intensities in a 1:1 mixture of benzene and chloroform taken
in the single holder were within 6% of those of the pure solvents taken with the four NMR tube
holder. The resonance Raman scattering cross section of chromate was determined to be within 6%
of the value obtained from a single-tube holder. All of these errors in accuracy and precision are
within the errors normally associated with the quantitative measurement of Raman cross sections.
These results show that the four-tube holder can be used for precise and accurate measurement of
both Raman and resonance Raman scattering. © 1998 American Institute of Physics.
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. INTRODUCTION

The determination of Raman spectral band intensities
and relative cross sections is normally made with respect to a
reference band.' The reference band can either be from an
internal standard, in which a small amount of the reference
substance is introduced into the sample at a known concen-
tration, or from an external standard,' in which the reference
substance sits in a separate solution. There are advantages
and disadvantages to each method. The main advantage of
the internal standard method, which is most commonly
used,>” is that the chemical composition of the sample and
standard is the same throughout, i.e., whatever factors affect
the spectrum of the species under study also affect the stan-
dard in a similar fashion. On the other hand, this method
cannot be used where the standard is chemically incompat-
ible with the species of interest or in cases where the stan-
dard may change the Raman properties under study.'®"'? The
use of an external standard is attractive when chemical com-
patibility is an issue. However, matching the spectroscopic
properties of the sample and reference, and the resulting sig-
nal levels from each present formidable challenges. For ex-
ample, the number of molecules in the sample and reference
excited by the laser as well as the coupling of the Raman
scattered light to the detector should be equivalent in the two
for accurate, quantitative measurements. This constraint is
particularly important in resonance Raman spectroscopy,
where the incident laser beam is absorbed by the sample.

External standards have been used in Raman spectros-
copy before by making use of divided cells.'*"'® The main
advantage of using a divided cell is the elimination of align-
ment errors during sample cell substitution. Using such di-
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vided cells can be difficult however, in producing quantita-
tive intensities or cross sections. Matching the Raman signal
from the two halves, having a good optical surface at the
divider, and controlling the spinning axis, are all potential
problems. In this article, we describe a cell holder for quan-
titative Raman spectroscopy. In this novel design, a spinning
holder with four nuclear magnetic resonance (NMR) tubes
containing the same or different solutions yields the Raman
spectrum of all components simultaneously. This design al-
leviates many of the problems associated with divided cells.
We present results for Raman and resonance Raman that
show this four NMR tube holder can be applied for quanti-
tative determination of relative Raman scattering cross sec-
tions with an external standard.

Il. EXPERIMENT

Raman spectra of benzene and chloroform were obtained
by spherically focusing 200 mW of 488 nm light from an Ar
ion laser (Coherent, Santa Clara, CA) into the sample in a
135° backscattering geometry. Resonance Raman spectra of
chromate and dichromate were obtained similarly by using
20 mW of 406.7 nm light from a Kr ion laser (Coherent,
Santa Clara, CA). The absorption spectra were measured us-
ing a diode array spectrophotometer (Hewlet-Packard,
Sunnyvale, CA). Multichannel detection of Raman scattering
was obtained as described previously.>!? Spectral slit widths
were 8cm !, The spectra were analyzed as described
previously.>!?

The absolute Raman cross sections of chromate were
determined from the relative integrated intensities using®

[(1+2p)/(1+ p)Ico2 [NO3 Hcro2Sino;
(TCrOi’_G-NO;[(l +2p)/(1+p)]NO;[CrOif]INo;Sucroi,,

(1)
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where o is the cross section, p is the depolarization ratio of
the scattered light, [CrOff] and [NO; ] are the concentra-
tions of chromate and nitrate, / o2 and / Noj are the inte-

grated intensities of the chromate and nitrate vibrational
bands, and Si,NO3_ and S,;Croéz‘— are the correction factors for

self-absorption of the scattered light at the nitrate and chro-
mate vibrational frequencies, respectively. The self-
absorption correction'” was found to be <2% for the experi-
ment described here and was not considered further. The
depolarization ratio for chromate was difficul to measure at
406.7 nm due to lack of a well-define signal at the parallel
orientation of the analyzer. Based on our signal-to-noise ra-
tio, we estimate an upper limit of Pcio2- as 0.03. The nitrate

cross section was determined at the laser wavelength by
using®!®
Vg + V%

2 272
(Ve—v())

8
N0 = 3
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—p)KV0V3

3 1+p
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+C> , ()
where p=0.04, v, is the incident photon energy in cm™!, v
is the scattered photon energy in cm™!, »,=51940 cm™ !,
K=9.647% 107" A%/molecule, and C=4.504%10"10 cm>.
The calculated value for the 1049 cm™! nitrate band cross
section at 406.7 nm was O'NO;:3.902X 1072 A%/molecule.

lll. RESULTS AND DISCUSSION

The main objective of this work was to develop a pre-
cise, accurate, and simple method for quantitating Raman
and resonance Raman intensities with an external standard.
We initially tried previous designs of divided cells,* !¢ but
encountered problems with several aspects of the design
when applied to absorbing samples. For example, the spin-
ning axis must be coincident with the center axis of the cell
to very small tolerances when highly absorbing solutions are
used in a backscattering geometry, such as used here. If not,
the slit image may move in and out of focus and change
position, significantl decreasing the signal and altering the
relative intensities of the standard and unknown Raman
bands. Additionally, scattering from the divider contributes
to a strong Rayleigh line, overwhelming the low-frequency
bands. Finally, matching the volumes and surface areas ex-
posed to the laser from both halves within a reasonable ex-
perimental error proved difficult

Because of these problems, a novel four NMR tube
holder (Fig. 1) was designed. The top view shows the four
NMR tube cavities. The use of NMR tubes, which are de-
signed for high tolerances, ensured equal volumes in each
compartment. The four NMR tube holder is made of black
Delrin to reduce any stray light from the cell dividers. Dur-
ing the collection of Raman scattering the holder is spun by
a compressed stream of air in order to avoid sample heating.
This spinning exposes the sample and the standard to the
incident excitation laser beam for equal times. The window,
through which the NMR tubes are exposed to the laser line,
was machined to expose half the circumference of each tube.
This window is necessary to avoid reflection of the incident
light by the other tubes and ensures that the beam strikes a
single NMR tube at a time. The NMR tube cavities have to
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FIG. 1. The four NMR tube holder design. Dimensions are given in mm.

be on a radius equidistant from the spinner axis to avoid
systematic errors that would result from changes in the focal
point of the Raman scattering being collected at the detector.
The choice of four NMR tubes was based on the need for a
design relatively insensitive to small changes in rotations
around axes perpendicular to the spinning axis.

To validate the use of the new spinner, it was tested for
both Raman and resonance Raman scattering methods. In the
Raman experiment, a 1:1 (v/v) mixture of benzene and chlo-
roform was used in the single NMR tube spinner and the
pure solvents were used in the four NMR tube spinner. The
resulting Raman spectra are shown in Fig. 2. The ratio of the
integrated benzene band at 992 cm ™! to the integrated chlo-
roform band at 667 cm ™! is 3.253+0.004 in the single-tube
spinner and 3.453%+0.007 in the four NMR tube holder.
However, to compare the intensities of the pure solvents
used in the four NMR tube holder and the solution used in
the single tube, two corrections must be performed on the
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FIG. 2. A region of the Raman spectrum of benzene and chloroform excited
at 488 nm. The dashed (---) line is a spectrum of the 1:1 mixture taken in a
single NMR tube and the solid (—) line is a spectrum of pure benzene and
chloroform in the four-tube holder. The spectrum of the mixture has been
slightly offset from that of the pure solvents.

observed intensities to correct for internal fiel and geomet-
ric effects. For the local fiel factor, the intensities were di-
vided by L*=[(n>+2)/3]* for each solvent.” 2! For the
geometric correction, the intensities were multiplied by n,
the refractive index.?? Using n=1.5011 and n=1.4459 for
benzene and chloform, respectively, a correction factor of
0.89 is obtained which must be multiplied by the intensity
ratio to yield 3.073%0.007 for the four NMR tube holder.
The experimental errors are the standard deviations in three
measurements, which give a precision of 0.1% and 0.2% for
the single-tube and four-tube spinners, respectively, when
used with transparent solutions. The intensities differ by 6%,
which may arise from slightly lower signal-to-noise ratios in
the four-tube spinner spectrum.

For the resonance Raman experiment, the sample choice
becomes much more important. To ensure that equal num-
bers of molecules are probed in the sample and reference, the
external intensity standard must sit in a solution that is ab-
sorbance matched to the sample of interest at the excitation
wavelength. This is to maintain an equal optical pathlength
for the incident beam through the two solutions. Criteria that
an absorbance-matching species must meet are: (1) high ex-
tinction coefficient in the spectral region of interest, (2)
minimum number of Raman allowed vibrations, particularly
in the vibrational region of interest, and (3) chemical com-
patibility with a Raman intensity standard. The use of this
cell for absorbing samples was demonstrated on an aqueous
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FIG. 3. (A) Absorption spectra of 0.0382 M chromate and 0.0334 M dichro-
mate solutions taken in a 0.01 ¢cm cell. The dashed (---) line is for chromate
and the solid (—) line is for dichromate. The arrows indicate the 406.7 nm
excitation (laser), 424 nm chromate scattering (CrOi_), and 428 nm nitrate
(NO;3) scattering wavelengths used for this sample. (B) Resonance Raman
spectra of chromate taken with nitrate as an external standard in dichromate
solution (top) and with nitrate as an internal standard (bottom). Excitation
was at 406.7 nm. The peaks are assigned to the chemical species contribut-
ing the vibrations.

solution of chromate. For this test, chromate was an ideal
choice, since dichromate is readily available and has a simi-
lar absorption spectrum and extinction coefficien to chro-
mate. The absorption spectra for chromate and dichromate
solutions used in the experiments here are presented in Fig.
3(A). The resonance Raman spectra of chromate with an
external and internal intensity standard is shown in Fig. 3(B).
Note that the dichromate band is relatively well separated
from the chromate and nitrate bands, and should not interfere
significantl with the quantitative determination of chro-
mate’s resonance Raman cross section. Note also that the
relative intensities of the chromate and nitrate peaks are
similar in the two spectra. The resonance Raman scattering
cross sections of chromate for the 845 cm™! band calculated
from Eq. (1) are Ucroi—:(9.144i0.120)x 1071% A%/molecule
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for the single tube holder and chr042;=(8.645t

0.828)x107'% A%/molecule for the four-tube holder (a differ-
ence of 6%). This difference is within the random error of
measurements normally associated”**%%!% with quantitation
of Raman and resonance Raman cross sections. These results
demonstrate that the four-tube spinner yields precise and ac-
curate results for Raman and resonance Raman spectra.
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