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MOLECULAR SPECTROSCOPY WORKBENCH

Spectral Resolution and  
Dispersion in Raman Spectroscopy

Questions often arise regarding 
the spectral resolution required 
to perform Raman spectroscopy 
and those components of the 
spectrometer that contribute to-
ward it. The spectral resolution 
required will depend on the ma-
terials you are working with, their 
natural bandwidths, and the de-
gree to which you need to mea-
sure a peak shift or resolve two 
closely spaced peaks. A Raman 
spectrometer’s spectral resolu-
tion is determined by its spectral 
dispersion in conjunction with the 
entrance slit width. The spectral 
dispersion depends on the follow-
ing four items: the spectrometer’s 
focal length, the grating groove 
density, the individual pixel width 
in the array detector, and the ab-
solute wavelength of the Raman 
scattered light striking the detec-
tor. Here, we discuss how each 
of these items affects the spec-
tral dispersion and ultimately the 
spectral resolution.

David Tuschel

It is quite common to hear a colleague 
ask what spectral resolution is required 
of a spectrometer to perform Raman 

spectroscopy. The answer depends on 
the materials the spectroscopist is work-
ing with and the questions that need to be 
resolved. Are the materials solids, liquids, 
or gases? If they are solids, the natural 
bandwidths of the amorphous materials 
are significantly greater than those of crys-
talline compounds or elements. In liquids, 
molecular interactions such as hydrogen 
bonding can induce significant broadening 
of Raman bands as a result of a greater dis-
tribution of the vibrational energy states. 
For gases, they generally have weak mo-
lecular interactions, and therefore tend 
to have sharp and narrow Raman bands. 
Generally, the narrower the Raman bands 
of the material that one is studying, the 
greater the spectral resolution required to 
perform the analysis. 

In addition to the phase (solid, liquid, or 
gas) of the material being studied, other 
considerations related to spectral resolu-
tion are the material characteristic to be 
analyzed and the question that needs to 
be answered. For example, Raman spec-
troscopy has been used to characterize the 
stress on a material and the strain induced 
in it (1). Stress is a force per unit area ap-
plied to an object, and strain is the effect 
on the object resulting from the stress. 

Specifically, strain is the change in the po-
sitions of the atoms or the lengths of the 
chemical bonds within the object induced 
by the application of stress. Compressive 
and tensile stresses will induce corre-
sponding strains in the crystal that can be 
observed as shifts of a Raman peak posi-
tion to higher or lower frequencies respec-
tively. The magnitude of the Raman peak 
shift will be commensurate with that of the 
stress and corresponding strain induced 
in the material. If one is studying the strain 
induced in a material by the application of 
a stress, then the required spectral resolu-
tion will be dictated by the resolution of 
the strain one wishes to determine, and 
the degree to which a Raman peak posi-
tion changes with strain.

Raman spectroscopy is often found to 
be experimentally more convenient to use 
than X-ray diffraction for crystal polymorph 
characterization or screening (2). Raman 
spectra of a compound’s polymorphs can 
be reliably used to confirm crystal forms, or 
even identify new ones in a research set-
ting or in polymorph screening. The most 
important aspect of Raman spectroscopy 
when applying it to polymorph analysis is 
spectral resolution. That is consistent with 
the fact that high spectral resolution is also 
required to differentiate crystal forms by 
X-ray diffraction. The Raman spectrometer 
must have the spectral resolution sufficient 
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to resolve the smallest differences in ener-
gies of the crystal lattice vibrational modes; 
these are affected by changes in molecular 
interactions arising from different unit cell 
structures or configurations of the mol-
ecules or formula units within the unit cell. 
Just as small differences in a compound’s 
crystal structure lead to small differences 
in the X-ray diffraction pattern, the Raman 
spectra of crystals with small differences in 
bond lengths or crystal spacing will mani-
fest small differences in the Raman peak 
positions. Therefore, just as high-resolution 
X-ray diffraction is needed to resolve poly-
morphs, so, too, is high spectral resolution 
required to differentiate crystal forms by 
Raman spectroscopy.

Spectral Dispersion
Raman spectrometers are fundamentally 
wavelength analyzers designed to transmit 
and disperse the Raman scattered light col-
lected from a sample while blocking the in-
tense reflected or scattered laser light. His-
torically, spectrometer designs were based 
on double and triple monochromators to 
prevent laser light from reaching that stage 
of the spectrometer where the weak Raman 
scattered light was spectrally dispersed and 
detected. Allowing the laser light to reach 

the final stage of the spectrometer was prob-
lematic insofar as it could generate stray light 
as well as saturate or damage the detector. 
Stray laser light is light that strikes the de-
tector at locations not corresponding to its 
actual wavelength. Therefore, peaks can ap-
pear at a Raman shift in the spectrum, even 
though the origin of the signal is reflected 
or scattered laser light. The development of 
optical notch filters with strong light rejec-
tion of the laser wavelength but with high 
transmission of longer wavelengths has 
led to the widespread use of single grating 
spectrographs for Raman spectroscopy. The 
spectograph’s function is then to separate 
or disperse by wavelength the light that has 
passed through the filter onto a detector to 
generate a Raman spectrum. An excellent 
resource for understanding Raman spec-
trometers, their components, and how their 
designs contribute to spectral dispersion and 
resolution can be found in chapter eight of 
Richard McCreery’s book titled Raman Spec-
troscopy for Chemical Analysis (3). 

A schematic diagram of a single grating 
Czerny-Turner spectrograph is shown in 
Figure 1. Each of the components and the 
design of the spectrograph contribute to 
its performance, particularly with its spec-
tral dispersion and resolution. We discuss 

in the next section how the width of the 
entrance slit in conjunction with the spec-
tral dispersion directly affects the spectral 
resolution of the spectrometer. 

The light collected from the sample is 
focused onto the entrance slit. After pass-
ing through the slit, the light diverges and 
strikes a collimating mirror. The reflected 
collimated light is then directed onto a dif-
fraction grating, whereupon the light is dis-
persed with respect to wavelength. Upon 
diffraction by the grating, the light reflects 
off of the focusing mirror, where it is brought 
to a focus, albeit dispersed by a wavelength 
in the focal plane. The groove density of the 
grating in conjunction with the focal length 
of the spectrometer determines the disper-
sion (dλ/dl) or spread of the wavelengths (λ) 
with respect to distance (l) at the focal plane 
where the detector is positioned. In years 
past, Raman spectrometers typically had 
an exit slit at the focal plane, and a single 
channel detector such as a photomultiplier 
tube. Today, a multichannel detector such 
as a charge-coupled device (CCD) is used 
and placed at the focal plane of the focus-
ing mirror. The individual CCD pixel can be 
thought of as comparable to the exit slit. 
The pixel width then physically corresponds 
to the dl of the wavelength spectral disper-
sion dλ/dl when the dispersion is reported 
in units of nm/pixel.

The light diffracted from a grating is 
dispersed almost linearly in wavelength; 
that is, dλ/dl is a fairly constant value over 
a limited wavelength range dependent on 
grating groove density, diffraction order 
and angle, and focal length of the focus-
ing mirror. However, the Raman spectrum 
is plotted as a function of wavenumber (ṽ) 
shift relative to the absolute wavenumber 
of the laser, which is equal to the recipro-
cal of the wavelength 1/λ. Therefore, the 
spectral dispersion in wavenumber and 
not wavelength is relevant and important 
to the Raman spectroscopist. The deriva-
tive of the wavenumber with respect to 
wavelength (dṽ/dλ) is equal to -1/ λ2, which 
is equal to -ṽ2. Therefore, the diffraction 
grating wavenumber dispersion (dṽ/dl) is 
nonlinear as a function of wavelength, and 
will depend upon the absolute wavelength 
of light at which the Raman scattering ap-
pears. That means that the spectral disper-
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sion, and therefore the spectral resolution, 
will vary throughout the Raman spectrum. 
Logarithmic plots of the wavenumber 
spectral dispersion in units of cm1/pixel as 
a function of wavelength at the focal plane 
of an 800 mm focal length spectrograph 
with 26 µm pixel width for different grat-
ing groove densities are shown in Figure 2.

The wavenumber spectral dispersions 
vary substantially by as much as three or-
ders of magnitude over the wavelength 
range of 200 to 1000 nm. This is among the 
1800, 600, and 300 grooves per millimeter 
(gr/mm) gratings. Therefore, a comparison 
of the spectral dispersion performances of 
the gratings is best achieved by plotting 
the dispersion logarithmically as a function 
of wavelength. The limits of wavenumber 
spectral dispersion afforded by these three 
gratings for an 800 mm focal length spec-
trometer range from 26.88 cm-1/pixel at 200 
nm for the 300 gr/mm grating to 0.06 cm-1/
pixel at 1000 nm for the 1800 gr/mm grat-
ing. What is important to note about these 
wavenumber dispersion values is that a 

smaller value in cm-1/pixel corresponds 
to a greater spectral dispersion. The set 
of 1800, 600, and 300 gr/mm gratings in 
conjunction with an 800 mm focal length 
offers the spectroscopist a wide range of 
spectral dispersion values with which to 
work. And as stated above, the dispersion 
values will not be constant over the entire 
Raman spectrum. Therefore, the choice of 
grating by the spectroscopist will be dic-
tated by the excitation wavelength used, 
and the spectral dispersion and resolution 

required by the analysis of a portion of or 
the entire Raman spectrum. The clear 
trend for all diffraction gratings is that a 
longer excitation wavelength will gener-
ate Raman spectra with greater spectral 
dispersion, and therefore better spectral 
resolution for a given grating.

Sometimes, people think only of the 
grating groove density when comparing 
the spectral dispersion and resolution of 
different spectrometers. In Figure 2, the 
focal length is fixed at 800 mm, and we 
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FIGURE 3: Logarithmic plots of spectral dispersion of a spectrograph with an 
1800 gr/mm grating as a function of wavelength for different focal lengths: 
200 mm (green), 460 mm (blue), and 800 mm (red).
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see the effect of grating groove density 
on the spectral dispersion. However, it 
needs to be understood that the disper-
sion achieved depends on both the grat-
ing groove density and the focal length of 
the spectrometer. Now, we calculate the 
spectral dispersion for a single grating at 
different focal lengths. Logarithmic plots 
of the wavenumber spectral dispersion in 
units of cm-1/pixel as a function of wave-
length at the focal plane of a spectrograph 
with an 1800 gr/mm grating and 26 µm 
pixel width for focal lengths of 200, 460, 
and 800 mm are shown in Figure 3. The 
spectral dispersion at 200 nm is 17.40 and 
4.35 cm-1/pixel for focal lengths of 200 and 
800 mm, respectively. The dispersion value 

at 200 nm is four times greater for a focal 
length of 800 mm than that of a 200 mm 
focal length. Remember, the smaller the 
value in cm-1/pixel, the greater the spectral 
dispersion is. The difference in dispersion 
values between focal lengths remains fairly 
constant with respect to wavelength. The 
spectral dispersion at 1000 nm is 0.25 and 
0.06 cm1/pixel for focal lengths of 200 and 
800 mm, respectively. Those values differ 
by a factor of 4.2. The key takeaway here is 
that the wavenumber spectral dispersion 
for a given grating will vary linearly and im-
prove with greater focal length.

Another important characteristic related 
to spectral dispersion is spectral coverage. 
The spectral range from the lowest Raman 

shift to the highest Raman shift can be de-
tected by one position of the grating for 
a given focal length and CCD detector 
width. In particular, the greater the spectral 
dispersion is (smaller value of cm-1/pixel), 
the smaller the spectral coverage will be. 
This is easy to understand since the CCD 
detector has a fixed number of pixels and 
total width. For high spectral dispersion, 
each pixel will have a small value of cm-1/
pixel, and the spectral coverage will be 
equal to that value times the number of 
pixels in a single row of the CCD. There-
fore, the spectral coverage will decrease 
as the values of wavenumber spectral dis-
persion in units of cm-1/pixel decrease. So, 
in considering the reduction in spectral 
dispersion values as a function of wave-
length as shown in Figures 2 and 3, we 
can understand why the spectral cover-
age decreases with increasing excitation 
wavelength. Also, the spectral coverage 
will decrease as the grating is positioned at 
longer wavelengths to cover higher wave-
number portions of the Raman spectrum.

To better grasp the relationship be-
tween grating groove density, focal length, 
spectral coverage, and wavenumber spec-
tral dispersion (dṽ/dl) at several Raman shift 
frequencies, see the values listed in Table I. 
The examples given are for two of the more 
commonly used laser excitation wave-
lengths, 532 nm and 632.8 nm. Spectral 
coverage and dispersion values are shown 
for four gratings and for the shortest (200 
mm) and longest (800 mm) focal lengths 
of commonly used Raman spectrometers. 
Note that the spectral coverage is great-
est (7060.49 cm-1) and the dispersion least 
(7.34 cm-1/pixel at Raman shift of 100 cm-1) 
for the lowest groove density grating (600 
gr/mm) and shortest focal length (200 mm) 
using 532 nm excitation. When using 633 
nm excitation with the same grating and 
focal length, the spectral coverage is signif-
icantly less at 4778.68 cm-1 and the disper-
sion at Raman shift of 100 cm-1 is greater 
with a lesser value of 5.13 cm-1/pixel. This 
comparison demonstrates that the spec-
tral coverage will decrease and dispersion 
become greater (smaller values in cm-1/
pixel) when using longer excitation wave-
lengths for a given grating groove density 
and focal length.
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FIGURE 6: Raman spectra of sulfur obtained with various entrance aperture diameters.

Source: Raman spectra courtesy of Dr. Sergey Mamedov of HORIBA Scientific.
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There are some additional patterns that 
we can observe from the progression of 
values listed in Table I. The first progression 
to note is that the spectral coverage de-
creases and dispersion increases (smaller 
values in cm-1/pixel) as the grating groove 
density increases with a fixed focal length. 
A spectrometer will normally have a fixed 
focal length; therefore, the spectral cover-
age and dispersion that is obtained is dic-
tated by the groove density of the grating 
that is selected. Having data such as those 
shown in Table I will help you choose the 
right combination of excitation wavelength 
and grating to achieve the spectral cover-
age and dispersion required for your work. 
The dispersion values for different Raman 
shifts listed in Table I clearly demonstrate 
how they can vary throughout the spec-
trum. In all cases, the spectral dispersion 
will always be less at low frequencies com-
pared to those in the CH stretching fre-
quency region near 3000 cm-1. Therefore, 
a grating with spectral dispersion suitable 
for that portion of the spectrum, where ei-
ther the spectral resolution of two closely 
spaced bands or a small shift of one band is 
important, should be selected. The range of 
spectral dispersion shown in Table I is sub-
stantial, and goes from 7.34 cm1 to 0.06 cm-1. 
Therefore, consider using the listed spec-
tral dispersion values to guide you in the 
selection of excitation wavelength, grating 
groove density, and a fixed focal length to 
perform Raman spectroscopic work to char-
acterize your materials. 

The change in spectral coverage as a 
function of wavelength for different grating 
groove densities can be seen graphically in 
Figure 4. The spectral coverage for a given 
grating and the difference in spectral cov-
erage between two gratings at a specific 
wavelength both increase significantly at 
shorter wavelengths. This is particularly true 
in the ultraviolet range. Therefore, to visually 
appreciate the magnitude of the spectral 
coverage differences between gratings 
in a range in which most spectroscopists 
perform their work, the coverage is plotted 
over a limited wavelength range between 
400 and 1000 nm. The spectral coverage 
plot in Figure 4 along with the specific val-
ues shown in Table I should help the Raman 
spectroscopist select the grating in con-

junction with the focal length best suited 
for the work to be performed. Many 
Raman spectrometers include multiple 
gratings from which to choose for spectral 
acquisition. The spectral coverage along 
with the spectral dispersion can both be 
important considerations when choosing 
a grating for specific experiments or mea-
surements. Spectral coverage that far ex-
ceeds the wavenumber range over which 
vibrational transitions occur means that 
signal will be measured over a spectral 
range with no vibrational information and 
with low spectral dispersion. Ultimately, 
the Raman spectroscopist will want to se-
lect a grating that optimizes or at least is a 
compromise between spectral dispersion 
and coverage.

Spectral Resolution
Thus far, we have discussed the spectral dis-
persion of the Raman spectrometer. Now, 
we advance that discussion relating the 
spectral dispersion to spectral resolution, 
which is the spectrometer performance 
expressed in the actual Raman spectrum. 
Here I quote at length the definition of spec-
tral resolution from the book by Wilfried 
Neumann, containing one of the better dis-
cussions and presentations on this topic (4): 

Unlike other parameters, “resolution” is not 
given by a physical law; it is a definition. We 
can differentiate between the experimental 
resolution R and a grating’s resolving power 
Rp. Resolution is determined by the ratio of 
the center wavelengths λ of a pair of sig-
nals, divided by the difference Δλ between 
the two signals, which can be safely deter-
mined. It is possible to determine resolu-
tion if two signals of equal height and very 
narrow bandwidth are separated by a signal 
drop of 10% below maximum.

Note that Neumann is referring to a saddle 
between the two peaks when he refers to 
“a signal drop of 10% below maximum.” 
In other words, the deeper the saddle be-
tween the peaks, the greater the percent-
age below maximum. However, Neumann 
goes on to explain that the 10% saddle be-
tween two peaks is fine for characterizing 
the spectral resolution of a grating but not 
for a full spectrometer (4): 

Looking into several applications and sim-
ulating some situations, one can see that 
the 10% saddle is just not enough. More 
application-oriented manufacturers apply 
a saddle of 50% to define resolution, which 
is a good number.

Another way of stating this is that the 
spectral resolution R = λ/Δλ, where λ is the 
saddle or midpoint wavelength between 
the two closely spaced peaks and Δλ is 
the separation in wavelength between 
the maxima of the two peaks, can be fairly 
quantitated if the saddle or midpoint be-
tween the two closely spaced peaks is 50% 
or greater below the peaks’ maxima.

The spectral resolution as a property of 
the Raman spectrometer is a function of 
the spectral dispersion in conjunction with 
the spectrometer’s entrance slit. Referring 
back to Figure 1, the spectrometer design 
is such that the light collected from the 
sample is focused on the entrance slit. The 
effect of the entrance slit width on spectral 
band width is shown in Figure 5. The nar-
rower the slit width is, the narrower the slit 
image will be at the detector focal plane. A 
narrower slit image corresponds to higher 
spectral resolution, which manifests as a 
lower value of peak full width at half maxi-
mum (FWHM) in cm-1. One can imagine nar-
rowing the slit width to an extremely small 
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value and achieving increasingly higher 
spectral resolution, but the value of doing 
so will be limited by the width of the pixel. 
Decreasing the slit width to obtain a spec-
tral resolution better than the dispersion for 
the pixel width does not achieve that goal 
and only reduces the amount of light (signal) 
reaching the detector. Consequently, nar-
rowing the slit width to generate a spectral 
image on the detector with a bandpass less 
than the spectral dispersion is counterpro-
ductive. This statement by Richard McCre-
ery describes the complementarity of slit 
and pixel width on spectral resolution: “As a 
rule of thumb, the resolution is determined 
by the larger of the pixel width and the slit 
image width, multiplied by dṽ/dl” (5).

A demonstration of the effect of slit 
width on spectral resolution can be clearly 
seen in the Raman spectra of sulfur shown 
in Figure 6. The spectra were obtained 
using a 50x microscope objective to focus 
632.8 nm excitation on the sample and an 
1800 gr/mm grating to spectrally disperse 

the collected light in an 800 mm focal 
length spectrometer. A variable diameter 
circular aperture placed at the conjugate 
focal plane functioned as the entrance slit 
comparable to that depicted in Figure 1. 
Spectra were acquired with aperture di-
ameters of 1000, 500, 200, 100, 50, and 30 
µm. With the entrance aperture set to 1000 
µm, symmetric and asymmetric peaks ap-
pear at 153 cm-1 and 219 cm-1 respectively. 
The band at 219 cm-1 appears asymmetric 
because of the presence of a shoulder on 
the low energy side. No noticeable spec-
tral differences appear after reducing the 
aperture to 500 µm, indicating that an ap-
erture greater than 500 µm exceeds the 
image diameter at the conjugate focal 
plane where our entrance aperture is po-
sitioned. Reducing the aperture to 200 
µm reveals the presence of multiple peaks 
convolved at the 153 cm-1 band and the 
shoulder of the 219 cm-1 band can now be 
resolved as a separate peak at 214 cm-1. 
Thus, the aperture at 200 µm is beginning 

to encroach on the focused image of the 
collected light. Subsequent reductions 
of the entrance aperture to 100, 50, and 
30 µm yield increasing spectral resolution. 
Having said that, there is little discernible 
improvement of the spectral resolution in 
reducing the aperture from 50 to 30 µm. 
Therefore, using an aperture of less than 
50 µm for this particular combination of mi-
croscope objective and spectrometer de-
sign will only yield a weaker signal without 
significantly improving spectral resolution. 
The important takeaway from the spectra 
in Figure 6 is that it is the spectral disper-
sion in conjunction with the entrance slit 
width that affects the spectral resolution 
observed in the Raman spectra.

The natural bandwidths of vibrational 
modes in Raman spectroscopy are highly 
dependent on the state of the mate-
rial under examination. We refer here to 
whether a sample is in the vapor, liquid, or 
solid state. Furthermore, the bandwidth 
of a Raman active phonon of a solid-state 
material will depend on whether it is amor-
phous or crystalline. The greater the long 
range translational symmetry of the solid, 
the narrower the Raman band will be. The 
state of your sample will to some degree 
determine the spectral resolution required 
for your work. Of course, molecules in the 
vapor phase can be expected to yield 
the narrowest Raman bands because the 
molecular interactions are very weak and 
therefore do not contribute to a broad 
distribution of vibrational energy states. 
Furthermore, with high spectral resolu-
tion, Raman active rotational transitions 
can be observed and resolved as side 
bands in the vibrational Raman spectrum 
of molecules in the vapor phase. Resolving 
the bands in a vibrational-rotational Raman 
spectrum of a gas sample is a good test of 
a spectrometer’s spectral resolution.

Figure 7 shows the vibrational-rota-
tional Raman spectrum of N2 in air and 
in expanded view of the rotational side 
bands. The spectrum was obtained 
using a 40 mm focal length lens to focus 
a 532 nm laser excitation on room air and 
an 1800 gr/mm grating was used to spec-
trally disperse the collected light in an 
800 mm focal length spectrometer. The 
entrance circular aperture functioning as a 

TABLE I: Spectral coverage and wavenumber dispersion (dṽ/dl) for Raman 
spectrometers with various laser excitation wavelengths, grating groove 
densities, and focal lengths. Spectral coverages and dispersions are given 
for the indicated Raman shifts in cm-1 relative to the laser wavelength.

dṽ/dl (cm-1/pixel  
at Raman Shift

Laser 
Wavelength 
(nm)

Grating 
Groove 
Density 
(gr/mm)

Focal 
Length 
(mm)

Spectral 
Coverage 
at 1000 

cm-1 (cm-1)

100 
cm-1

1500 
cm-1 3000 cm-1

532 600 200 7060.49 7.34 6.26 5.20

532 1200 200 3217.50 3.47 2.93 2.40

532 1800 200 1912.89 2.10 1.74 1.38

532 2400 200 1186.19 1.34 1.06 0.78

532 600 800 1702.93 1.84 1.57 1.30

532 1200 800 797.93 0.87 0.73 0.60

532 1800 800 476.79 0.52 0.43 0.35

532 2400 800 296.18 0.33 0.27 0.20

633 600 200 4778.68 5.13 4.23 3.36

633 1200 200 2138.11 2.37 1.92 1.49

633 1800 200 1195.10 1.36 1.06 0.76

633 2400 200 618.06 0.76 0.51 0.23

633 600 800 1165.95 1.28 1.06 0.84

633 1200 800 531.73 0.59 0.48 0.37

633 1800 800 298.25 0.34 0.26 0.19

633 2400 800 154.43 0.19 0.13 0.06
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slit was 100 µm. The spectrum consists of 
the main vibrational symmetric stretch or 
Q branch at 2330.0 cm-1. The O and S ro-
tational branches can be seen on the low 
and high energy sides of the Q branch, 
respectively. The narrow peaks on either 
side of the Q branch correspond to the 
vibrational-rotational Raman active tran-
sitions (6). The expanded intensity scale 
in Figure 7 reveals the alternating 2:1 in-
tensity of the sidebands as predicted by 
nuclear spin statistics. The side bands are 
all separated by 1 J state and originate 
from the even and odd valued J states. 
Meanwhile, the intensities are all evenly 
distributed proportional to the popula-
tions of the original states and with re-
spect to nuclear spin statistics. Note 
how narrow the N2 sidebands are with a 
FWHM of 0.77 cm-1.

Now that we have seen spectra dem-
onstrating how the entrance slit width in 
conjunction with spectral dispersion af-
fects spectral resolution, it is reasonable 
to ask how one might go about evaluating 
the spectral resolution of a spectrometer. 
To the best of my knowledge, there is no 
agreed upon method or standard material 
for measuring or determining the spectral 
resolution of a Raman spectrometer. Cer-
tainly, one way to do so would be to com-
pare the Raman spectra obtained from 
a compound that yields closely spaced 
peaks such as sulfur in Figure 6. However, 
one needs to be cautious when using this 
comparative method with solid samples. 
It is vitally important that the solid-state 
structures of the samples be the same. 
Polymorphism, crystallographic defects 
and impurities, and crystal domain size can 
all lead to different natural bandwidths. If 
the reference samples used for compara-
tive spectral resolution vary in any of these 
respects, the spectral differences could 
be attributed to differences in solid-state 
structure and not the spectral resolution of 
the spectrometers.

A practical alternative for evaluating 
spectral resolution recommended by 
McCreery is to measure the Raman spec-
trometer’s instrumental line width (7). If one 
were to obtain a spectrum of an infinitely 
narrow (monochromatic) light source, then 
the width of the peak that is measured con-

stitutes the instrumental line width. The 
usual manner for comparing such mea-
surements from different spectrometers is 
with the FWHM of the peak. A good light 
source for this purpose is an atomic emis-
sion lamp. McCreery states that: 

The width of atomic emission lines de-
pends on temperature and pressure, but 
is generally less than 0.001 nm. Thus 0.001 
nm width corresponds to <0.03 cm-1 at 600 
nm or 0.01 cm-1 at 1000 nm, much narrower 
than solid or liquid Raman bands. 

Therefore, an atomic emission line ap-
proximates the infinitely narrow light source 
relative to the instrumental line width of 
the Raman spectrometer. Measuring the 
FWHM of atomic emission lines from a 
neon or mercury lamp is a good way to ob-
tain the instrumental line width of the instru-
ment, and comparing their FWHM values 
can be an effective and efficient manner 
of comparatively evaluating the spectral  
resolution of Raman spectrometers.

Conclusion
We explained the importance of a spec-
trometer’s spectral resolution when the 
Raman spectrum of a material under 
analysis contains closely spaced peaks. 
This can be important when characteriz-
ing molecular interactions, differentiating 
polymorphs, studying materials for stress 
or strain effects, and investigating com-
pounds in the vapor phase. We discussed 
the difference between spectral dispersion 
and resolution. The spectral dispersion de-
pends on the grating groove density, spec-
trometer focal length, detector pixel size, 
and the wavelength of light striking the de-
tector. The greater the spectral dispersion 
is (smaller value of cm-1/pixel), the less the 
spectral coverage will be for a fixed grating 
position. Furthermore, the spectral cover-
age will decrease and dispersion become 
greater when using longer excitation wave-
lengths for a given grating groove density 
and focal length.

The spectral resolution was shown to 
be a function of the spectral dispersion in 
conjunction with the spectrometer’s en-
trance slit. The narrower the slit width is, 
the narrower the slit image will be at the 

detector focal plane. A narrower slit image 
corresponds to higher spectral resolution, 
which is manifest as a lower value of peak 
FWHM in cm-1. Raman spectra of sulfur 
and atmospheric nitrogen were shown 
and discussed, demonstrating how the en-
trance slit width in conjunction with spec-
tral dispersion affects the spectral resolu-
tion. Methods regarding the evaluation of 
a spectrometer for spectral resolution were 
also discussed.
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ATOMIC PERSPECTIVES

Multi-Quadrupole ICP-MS:  
Pushing Limits of Detection  
to the Next Decimal

As the limits of detection (LODs) 
for trace metal analysis are increas-
ingly being pushed to the next 
decimal, a need exists to meet 
these new detection requirements 
without compromising accuracy 
or precision. Inductively coupled 
plasma–mass spectroscopy (ICP-
MS) is often the instrument of 
choice for routine applications re-
quiring ultratrace detection limits. 
For a number of elements, spec-
troscopic interferences can have 
a significant impact on the abil-
ity to achieve low detection limits 
by traditional ICP-MS systems. In 
this study we take a look at multi-
quadrupole ICP-MS technology, 
with a focus on the mechanisms 
of removing spectral and other 
interferences to secure the LODs, 
accuracy, and precision needed for 
challenging applications. 

Eve Kroukamp and Fadi Abou Shakra

Every analytical technique has its 
own challenges in terms of interfer-
ences and ways to remove them. 

This also applies to inductively coupled 
plasma–mass spectroscopy (ICP-MS), 
which is known to have a number of well-
characterized spectral interferences that 
are generated from matrix ions, the sol-
vents or acids being used, and the plasma 
gases (1). The presence of these interfer-
ences does not only have a great impact 
on the limits of detection (LODs), but also 
affects the ability to detect and accurately 
quantify analytes at low concentrations. In 
many industries, such quantification is cru-
cial for product safety and quality control. 

Spectral interferences are typically 
categorized into polyatomic (including 
oxides and hydroxides), isobaric, and 
doubly-charged ionic interferences. Al-
though sample cleanup has proven to 
be effective at removing a number of 
matrix-related spectral interferences, this 
approach is not popular because of the 
prohibitive cost and time associated with 
it. In some cases, it is possible to simply 
choose an alternative isotope that does 
not have an interference associated with 
it. However, for monoisotopic elements 
and those at extremely low concentra-
tions, choosing an alternative isotope is 
not always a viable option. Argon-based 
interferences are known to be effectively 

lowered through the use of cold or cool 
plasma conditions (1, 2). Unfortunately, 
this approach is known to suffer from 
matrix (non-spectral) effects, and so its 
use is dependent upon the application. 
Consequently, ICP-MS instrumentation 
was developed and improved over the 
years to effectively reduce and eliminate 
a number of these interferences. 

The most common way to do this is 
through using different modes of analysis 
that are possible using reaction or colli-
sion cell technology. Let’s take a detailed 
look at how reaction and collision cells 
work compared with the more traditional 
ways of reducing interferences.

Principles of Reaction 
and Collision Cells
Standard Mode
The use of correction equations was one 
of the first approaches used in ICP-MS 
analyses to correct for spectral interfer-
ences. Typically used to address isobaric 
and minor polyatomic interferences, the 
challenge with this approach is that it can 
result in overestimating or underestimat-
ing the interference, especially at lower 
analyte concentrations. Therefore, the use 
of correction equations does not always 
provide the level of accuracy needed. The 
name “standard mode” arose with the in-
troduction of a cell before the analyzer 
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  quadrupole. In this mode of operation, the cell, though typically 
pressurized with a gas for other modes of operation, had no gas 
added, serving simply as an ion guide where correction equa-
tions were then applied to the resulting data. 

Collision Mode
The first use of a cell pressurized with gas for ICP-MS application 
was a radio frequency (RF)-only driven cell, which came to be 
known as a collision cell. Collision cells, such as octopoles and 
hexapoles, are often referred to as “passive cells.” This is be-
cause these cells are not designed to have any mass separation 
capabilities. Instead, they were originally developed, and still 
continue to be used in organic mass spectrometry (tandem MS/
MS), to transmit predominantly high mass ions which have re-
sulted from the ion-fragmentation process (3). In collision mode, 
a non-reactive gas, such as helium, is introduced into the cell 
and used to pressurize it. The gas will collide with both the ana-
lyte and the polyatomic interference; however, the polyatomic 
ion interference typically has a larger cross-sectional diameter 
than the analyte ion, and will experience more collisions, lower-
ing its kinetic energy. These polyatomic ions are then removed 
using a kinetic energy discrimination (KED) barrier.

This mode of operation is best used for moderate levels of 
interferences, and, as such, is particularly useful for the analy-
sis of unknown matrices. The challenges associated with this 
mode of operation, however, are losses to analyte sensitiv-
ity and the inability to remove major interferences. For that 
reason, collision mode is limited to cases where the intensi-
ties of polyatomic interferences are less than four orders of 
magnitude higher than the analyte at that mass and where 
the interfering ion has a notably larger cross-sectional area 
than the analyte ion. 

Reaction Mode
Reaction mode is typically used for applications where the inter-
ference exceeds four orders of magnitude, or where the analyte 
is present in extremely low concentrations, and the analysis can-
not afford the signal suppression that would be introduced from 
a collision gas. In reaction mode, a reactive gas is introduced 
into the reaction cell where the choice of gas and its flow rate 
are selected according to reaction dynamics, which are essential 
for efficient interference removal. The reaction gas can either 
react with the interfering ion to completely remove it (exempli-
fied in equation 1) or with the analyte ion to “mass-shift” it to a 
mass where there is no interference (exemplified in equation 2).

Equation 1: 
An example of using a reaction gas to remove an unwanted 
polyatomic interference where both the interference and the 
analyte ions have the same mass. In this example, 35Cl16O and 
51V have the same m/z of 51:

35Cl16O+ + NH3 = ClO + NH3
+ 

51V+ + NH3  = no reaction

Equation 2: 
An example of using a reaction gas to mass-shif t the 
analyte to a new mass. In this example, 40Ar35Cl and 75As 
both have the same m/z 75, but 75As16O+ has a higher 
m/z of 91:

40Ar35Cl+ + O2 = no reaction

75As+ + O2 = 75As16O+ + O

Reaction Cell with Dynamic  
Bandpass Mass Tuning 
One of the many concerns with conventional reaction 
cells is that byproducts of the chemical reactions can 
react with the reaction gas and other ions in the cell to 
form new interferences. When this happens, passive cells 
only have limited applicability, and this is where active 
cells have become extremely useful. Owing to their mass 
filtering capabilities, quadrupole-based collision–reac-
tion cells can be used to eject reaction by-products be-
fore they have a chance to react and form new interfer-
ences. This approach, called dynamic bandpass tuning 
(Universal Cell Technology), provides a clear advantage 
over higher order multipoles which lack the mass filter-
ing capability to control these byproduct side reactions. 
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Further Reduction of  
Spectral Interferences
However, there are other complemen-
tary ways of reducing polyatomic and 
isobaric spectral interferences in ICP-
MS, with the use of additional mass 
separation devices. Let’s take a closer 
look at some of these approaches. 

Quadrupole Ion Deflector (QID)
Most ICP-MS instruments have a number 
of ion lenses that are used to filter the ion 
beam of unwanted photons and neutral 
species before they enter the cell. His-
torically, these lenses were designed in 
tandem with the interface cones. In 2010, 
however, the quadrupole ion deflector 
(QID) was developed (PerkinElmer Inc.), 
where an additional quadrupole was 
placed directly after the cones, replacing 
the traditional lens system. The role of this 
quadrupole was to deflect the ion beam 
90°, while the photons and neutral species 
remain unaffected by the applied voltage 
and are removed via the vacuum. A ben-
efit of this technology is that it behaves 
as an electrostatic analyzer that reduces 

the kinetic energy spread of the ions, and 
can operate with either a fixed or variable 
quadrupole voltage. 

With a fixed voltage, a mass range 
of interest around the analyte ion can 
be transmitted to the cell, whereas ions 
outside this mass range are filtered off. 
This reduces matrix loading onto the cell 
or first quadrupole (depending on the 
instrumentation being used), and lowers 
the chances of new interferences form-
ing in the cell from matrix ions. A good 
example of this would be for zinc (Zn), 
which would typically be reacted with NH3 
to form zinc cluster ions (64Zn [14NH3]3

+) at 
mass 115. By fixing the voltage of the 
QID to the mass window around mass 
64, 114Cd+ and 115In+ ions, if present in 
the sample, are diverted away from the 
cell. As a result, a better S/N ratio for the 
zinc cluster ion at mass 115 is achieved. 

Triple Quadrupole ICP-MS
An alternative approach to reducing inter-
ferences is to use a traditional triple quad-
rupole design whereby a passive cell (Q2) 
is placed between two quadrupole mass 

spectrometers. This approach, popular in 
organic mass spectrometry, where parent 
ions are subjected to collisional induced 
dissociation in the cell, was commercially 
adopted for ICP-MS in 2012. This design 
allows the analyst to select only the nom-
inal mass of interest in the first analyzer 
quadrupole, eliminating other masses 
from the ion beam so that only the ana-
lyte and interfering ions remain. The in-
terference is then removed through the 
use of reaction chemistry, and sometimes 
KED, in the collision–reaction cell (Q2), 
which allows the analyte to be sepa-
rated from the interference in the final 
analyzer quadrupole. One limitation of 
this approach is that the cell is passive, 
and therefore offers no control over 
any potential side reactions between 
the reaction by-products and the gas 
itself or impurities in the cell gas.

Multi-Quadrupole ICP-MS
In a multi-quadrupole design, the passive 
cell of traditional triple quadrupole de-
signs is replaced with an active cell pos-
sessing mass filtering capabilities. Such 
cells can operate in either passive (triple 
quadrupole) or active (multi-quadrupole) 
modes, and offers the ability to reject the 
reaction byproducts before they can po-
tentially generate any new interferences. 
Figure 1 shows the layout configuration of 
the four quadrupoles.

This design allows the ion beam to be 
cleaned up in the first quadrupole (Q0), 
followed by mass selection in the first 
transmission analyzer quadrupole (Q1),  
removing all interferences which are not 
at the desired nominal mass. After this, 
the analyte and any interferences that 
are at the same nominal mass are intro-
duced into the active quadrupole cell 
(Q2) where the dynamic bandpass mass 
tuning capability of the cell effectively 
eliminates reaction byproducts before 
they have a chance to form new interfer-
ences. Thereafter, the interfering and 
analyte ions are efficiently separated in 
the final transmission analyzer quadru-
pole (Q3) in a manner that depends on 
the mode of operation (MS/MS or mass-
shift). In this way, it not only controls the 
ions that enter the cell, but also controls 

Q0

Q1
Q2

Q3

FIGURE 1: Layout of the four quadrupoles (Q0 through Q3) in multi-quadru-
pole ICP-MS technology.
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the reactions within the cell, ensuring that 
byproduct ions are not formed.

Let’s explore the fundamental differ-
ences between a conventional triple quad-
rupole system and the multi-quadrupole 
technology by highlighting the determi-
nation of chromium in an organic solvent, 
which is particularly difficult using a pas-
sive collision–reaction cell. Note that the 
data in this example and all subsequent 
data have been generated on a NexION 
5000 ICP-MS system (PerkinElmer Inc.) (4).

Chromium in an Organic Matrix
Detection limits for chromium tend to 
be poor in organic matrices because of 
the 40Ar12C polyatomic interference that 
forms as a result of the plasma gas and 
organic solvent. Figure 2 shows a product 
ion scan of 1% methanol, where Q1 was 
set to mass 52 and Q3 was set to scan 
the mass region from 4 to 100 amu with 
an NH3 gas flow of 1 mL/min. Pure am-
monia was used for this reaction because 
it is known to produce highly efficient and 

reproducible reactions. In order to dupli-
cate a passive collision cell (triple quad-
rupole mode), a rejection parameter q 
(RPq) value of 0.05 was used. Four peaks 
can be clearly observed at masses 18, 19, 
35, and 52 (m/z 52 ca. 4500 cps) which 
are due to 14NH4

+, 15NH4
+, 14NH4

14NH3
+ 

and 14NH4(
14NH3)2

+ ions respectively. The 

presence of these ions was confirmed by 
peaks at masses 18 and 19, whose abun-
dance has the same relationship as the 
two isotopes of nitrogen (shown in Table 
I) as was determined using the formula 
shown in equation 3. Also contributing 
to the peak at mass 52 are chromium 
impurities in the methanol, as a result of 
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FIGURE 3: Product ion scan with Q1 set to mass 52, Q3 set to scan masses 
4–100 with an RPq of 0.7 “multi-quad mode” and an NH3 gas flow of 1 mL/min.
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the methanol HPLC gradient grade 
being used (≥ 99.8% HiPerSolv Chro-
manorm, VWR Chemicals BDH). 

Equation 3:
Calculated abundance of 15N = (15N 
cps)/ (14N cps + 15N cps) 

As evidenced in Figure 2, it can be 
clearly observed that additional species 
have formed from the NH3 in the cell, 
even though only mass 52 was allowed 
through Q1 and the 40Ar12C interference 
was removed via the reaction mode. 
However, once dynamic bandpass mass 
tuning was applied by increasing the RPq 
(shown in Figure 3), it can be clearly seen 
that all peaks that had been generated 
from the reaction gas are completely 
eliminated, leaving behind a clean and 
significantly smaller peak (ca. 500 cps) at 
mass 52, which equates to ~5 ppt Cr im-
purity, which could be due to the fact that 
methanol has been traditionally stored in 
stainless steel containers. 

By plotting the background equivalent 
concentrations (BECs) against the RPq, 
the benefits of an active cell are apparent, 
as exemplified in Figure 4. Operating in 
“triple quad mode” at an RPq of 0.05, 
the BEC was around 966.7 ppt. By using 
the power of dynamic bandpass mass 
tuning a significant lowering of the BEC 
down to 5 ppt can be clearly observed.

TABLE II: Percentage recoveries of ClinChek I, II, and III whole blood control solutions based on the median of the 
certified ranges (8) 

Element

ClinChek I ClinChek II Clinchek III

Unit
Clinchek I  

Range
ClinChek I 
Analysis

Clinchek II  
Range

ClinChek II 
Analysis

Clinchek III  
Range

ClinChek III 
Analysis

Mg 23.9-29.2 25 31.4-38.5 33.7 38.9-47.6 42.2 mg/L

P 312-467 348 294-441 359 306-459 365 mg/L

Cr 1.03-1.72 1.17 4.20-7.01 5.35 8.44-12.7 10 μg/L

Mn 7.09-10.60 7.59 12.3-18.5 14.5 17.7-26.5 21 μg/L

Co 1.24-1.87 1.46 5.70-8.55 6.88 10.4-15.7 12.8 μg/L

Ni 1.41-2.35 1.72 3.74-5.61 4.17 10.3-15.5 12.2 μg/L

Cu 0.542-0.813 0.65 0.885-1.33 1.11 1.34-2.01 1.72 mg/L

Zn 3.67-5.50 4.4 5.02-7.53 6.12 6.39-9.58 7.67 mg/L

As 4.34-6.51 5.12 7.97-12.0 9.96 15.5-23.2 18.9 μg/L

Se 60.2-90.3 75.3 100-150 128 134-201 170 μg/L

Mo 1.65-2.48 2.02 3.58-5.37 4.43 6.97-10.5 8.18 μg/L

Pd 0.578-0.867 0.71 1.34-2.01 1.62 3.38-5.07 4.05 μg/L

Ag 1.48-2.22 1.74 3.50-5.25 4.22 6.81-10.2 8.55 μg/L

Cd 0.987-1.48 1.24 2.30-3.45 2.9 5.06-7.59 6.28 μg/L

Pt 1.34-2.00 1.67 1.95-2.92 2.44 3.97-5.95 4.96 μg/L

Hg 0.885-1.640 1.3 5.15-8.59 6.86 8.59-12.9 9.23 μg/L

Tl 0.656-0.984 0.82 3.35-5.03 4.02 6.70-10.1 7.69 μg/L

Pb 43.6-65.3 54.5 176-263 212 340-510 406 μg/L
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FIGURE 4: Lowering of background equivalent concentrations (BECs) (ppt) for Cr 
with increasing RPq.

TABLE I: Calculated relative abundance of peaks at mass 18 and 19 equating 
to 14N1H4

+, 15N1H4
+

Isotope CPS
Theoretical 

Relative 
Abundance

Calculated 
Relative 

Abundance
14N 591019 99.6337% 99.6174%
15N 2270 0.3663% 0.3826%
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Figure 4 highlights why, despite the effective way that triple 
quadrupole designs deal with interferences, it is challenging 
for these systems to reach sub-1 ppt BECs for some elements 
using hot plasma conditions. However, with the use of multi-
quadrupole technology, BECs of <1 ppt in a hot plasma can 
easily be achieved. 

Let’s take a more detailed look at two very important ap-
plication segments for ICP-MS where ultra-low detection 
capability and interference reduction is critically impor-
tant—semiconductor and biological applications.

Semiconductor Industry
As can be expected, the cleanliness of chemicals in the semi-
conductor industry is critical to guaranteeing the quality and 
improved yields of semiconductor products (7). Ultrapure water 
is one such chemical and is used in a variety of different pro-
cesses throughout this industry. For this reason, the Semicon-
ductor Equipment and Materials International (SEMI F63-0918) 
(5) and American Society for Testing and Materials International 
(ASTM D5127-13) (6) have developed standards associated with 
the production and point of delivery of ultrapure water. The SEMI 
F63-0918 “Guide for Ultrapure Water Used in Semiconductor 
Processing,” for example, has set a target value of <1 ppt for the 
maximum allowable concentrations of 26 metallic contaminants 
with the exception of boron (50 ppt) and nickel (3 ppt). 

As described by Pruszkowski (7), using the multi-quadru-
pole ICP-MS instrument in hot plasma mode and 100% NH3 
or O2 (depending upon the analyte) as reaction gases, the 
detection limits for all 26 elements essential to the semicon-
ductor industry were found to be <0.3 ppt (shown in Figure 
5), easily satisfying the 1 ppt requirement of SEMI and ASTM 
standards (7). The BECs for most of these elements were in 
fact found to be less than 0.5 ppt and as such demonstrates 
the efficiency of spectral interference removal (7).

Biological Samples
Another application area where accuracy at low levels is ex-
tremely important is in the measurement of trace metals in 
whole blood and serum. Blood is a complex mixture of water, 
red and white blood cells, proteins, hormones, glucose, and 
mineral salts (8). Serum is derived from blood via centrifuga-
tion, and has a similar composition despite lacking in red and 
white blood cells and fibrinogens (8). Aside from being a very 
complex mixture, blood panels are typically run to make de-
cisions about the health of the patient where sometimes the 
presence of extremely low concentrations of the metal in the 
patient can lead to adverse effects, hence the need for good 
accuracy with low method detection limits (8). As described 
by Pruszkowski (8), Figure 6 demonstrates that, despite the 
complex matrix of the blood samples and diluent being 
used (1% HNO3 + 0.05% Triton X), extremely low MDLs were 
achieved (Note: MDLs were determined by analyzing the 
diluent 7x, and the resulting standard deviations multiplied 
by 50 (the dilution factor) and 3.14 (99% confidence limit)) (8).

To demonstrate the accuracy of this methodology, ClinChek 
Levels I, II, and III whole blood control standards were analyzed 
using the same sample preparation procedure and comparing 
them against calibration curves prepared by 50x, 100x, and 
200x dilutions of a ClinCal calibration standard (8). The re-
sults in Table II show percent recoveries compared to the 
normalized results of the mean certificate values. It can be 
seen that recoveries are well within the certified values (8).
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FIGURE 5: Detection limits (DLs) and BECs of ultrapure wa-
ter in ppt for 26 essential elements for the semiconductor 
industry measured in “hot plasma” mode (7).  
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Conclusion
In conclusion, multi-quadrupole ICP-MS 
technology offers a distinct advantage 
over traditional approaches in the removal 
of spectral interferences, by not only con-
trolling the ions that enter the cell, but 
also the reaction products within the cell. 
For example, there is an improvement of 
approximately two orders of magnitude 
in the background equivalent concentra-
tions when the bandpass is applied for 
chromium, which has a direct impact on 
the detection limit. This allows for the ac-
curate sub-ppt quantification of analytes 
in the semiconductor industry even in the 
hot plasma mode, which does not suffer 
from the same non-spectral matrix effects 
as are often observed when using cold 
plasma conditions. Furthermore, this tech-
nology can be extremely useful in the field 
of biomonitoring studies, effectively re-
moving the spectral interferences to pro-
vide high accuracy at low levels in complex 
sample matrices. The application of this 
technology is not limited to these applica-
tion fields, but can be extended to other 
applications where spectral interferences 
are a significant limitation such as envi-
ronmental, geochemical, petrochemical,  
and academic research. 
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IR SPECTRAL INTERPRETATION WORKSHOP

Organic Nitrogen Compounds X: 
Nitro Groups, An Explosive Proposition

Our final look at the infrared spec-
tra of organic nitrogen functional 
groups will be of the nitro, or NO2, 
group. This group has two strong 
and characteristic infrared fea-
tures, making it easy to identify. 
However, attaching a NO2 group 
to a molecule scrambles its elec-
tronic structure, which is why these 
compounds are explosive, and why 
nitro groups make some of the 
infrared interpretation rules we 
learned irrelevant. 

Brian Smith

Over the several years that I 
have been writing these articles, 
there have been large sections 

of material devoted to the spectroscopy 
of functional groups that contain specific 
chemical bonds. When I began discuss-
ing organics containing nitrogen, I stated 
that the stretching and bending of N-H 
bonds would be important in determining 
whether or not there was nitrogen present 
in a molecule (1). We subsequently used 
N-H stretching and bending peaks to an-
alyze the spectra of amines (2,3), amides 
(4,5), imides (6), and urethanes (7).

The nitro group is going to be the odd 
man out in this discussion. This functional 
group consists of a nitrogen atom with 
no hydrogens, but with two oxygens and 
a carbon attached, as seen in Figure 1.

Note that the nitrogen in the NO2 
group is called the nitro nitrogen, and that 
the carbon atom singly bonded to the 
nitro nitrogen is called the alpha carbon. 
Depending on whether the alpha carbon 
is saturated, or part of an aromatic ring, 
nitro molecules can be divided into satu-
rated and aromatic nitro compounds.

The chemical bonding of the NO2 
group is unusual. Normally, oxygen 
atoms form two chemical bonds (8). 
However, there is also a C-N bond in the 
nitro group, as seen in Figure 1. Given 
that nitrogen normally forms three bonds 

(8), how do we apportion the electrons in 
a nitro group to keep these compounds 
from falling apart?

There are three bonding electrons 
shared between the two oxygens in the 
nitro group, giving what are essentially 
two “bonds and a half,” as seen in Figure 
1. The dashed lines in Figure 1 represent 
the half bonds. These NO bonds are simi-
lar to the carboxylate C-O bonds and a 
half discussed in a previous column (9). 
Neither oxygen atom has its full comple-
ment of two full chemical bonds, making 
the nitro groups unstable. Saturated nitro 
compounds such as nitroalkanes, other-
wise known as rocket fuel (8), are rarely 
analyzed by infrared spectroscopy be-
cause they are liable to detonate during 
analysis. We will not study them further.

However, nitro groups attached to 
benzene rings can be relatively stable, 
assuming not too many nitro groups 
are attached. The chemical structure 
of trinitrotoluene, a commonly used 
explosive known as TNT, is shown in 
Figure 2.

The presence of the three nitro 
groups destabilizes the benzene ring, 
resulting in TNT’s explosive proper-
ties. Di-nitrotoluene and mono-nitro-
toluene are stable. We will restrict our 
discussion to non-explosive aromatic 
nitro compounds.
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The Infrared Spectroscopy  
of the Nitro Functional Group
The infrared spectrum of an aromatic 
nitro compound, meta-nitrotoluene, is 
seen in Figure 3. Recall that highly polar 
bonds have intense infrared features due 

to the large change in dipole moment 
with respect to bond length, dµ/dx, dur-
ing a vibration (10). Oxygen is more elec-
tronegative than nitrogen; therefore, the 
N-O bonds in the nitro group are relatively 
polar, and as a result, their asymmetric and 

symmetric stretching peaks are unusually 
large. The details of these vibrations are 
shown in Figure 4.

The asymmetric NO2 stretch typically 
falls from 1550 to 1500 cm-1, and is seen 
in Figure 3 labeled A at 1527 cm-1 (assume 
all peak positions are in cm-1 units, even if 
not labeled as such). The symmetric stretch 
is seen in Figure 3 labeled B at 1350 cm-1, 
and, in general, this peak appears from 
1390 cm-1 to 1330 cm-1. Note how peaks 
A and B in Figure 3 are the two most in-
tense peaks in the spectrum, and they stick 
down like eye teeth in the middle of the 
spectrum. The combination of a pair of in-
tense peaks in these wavenumber ranges 
is unique, making the presence of a nitro 
group in a sample easy to spot. 

The nitro group also exhibits a scissors 
bending vibration, similar to that of the 
methylene group (11). This gives rise to a 
medium intensity peak from 890 cm-1 to 
835 cm-1. It can be seen in Figure 3 labeled 
C at 881 cm-1.

The good news about the nitro group 
is that it has two strong infrared bands 
that are easy to spot. The bad news is 
that whenever the nitro group is attached 
to a benzene ring, it makes it difficult to 
determine the substitution pattern on the 
benzene ring. Recall that the benzene ring 
out-of-plane C-H bend band, in combina-
tion with the presence or absence of the ar-
omatic ring-bending band at 690 cm-1, can 
be used to determine the substitution pat-
tern on a benzene ring (12). The presence 
of a nitro group makes it difficult to apply 
these rules. This is caused by the unique 
electronic structure of the nitro group, and 
how it interacts electronically with the ben-
zene ring. Suffice it to say, one may need 
to use an analytical technique other than 
infrared spectroscopy to determine the 
substitution pattern on nitro-substituted 
aromatic rings.

Note that the structure of meta-nitro-
toluene does contain a methyl group. We 
have learned that the diagnostic pattern for 
a methyl group includes saturated carbon 
asymmetric and symmetric stretches near 
2962 cm-1 and 2872 cm-1, and the umbrella 
mode at 1375 cm-1 (13,14). Note in Figure 
3 that the saturated C-H stretches fall at 
2926 cm-1 and 2866 cm-1. Under normal cir-
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FIGURE 1: The structural framework of the nitro functional group. The dashed 
lines denote nitrogen-oxygen “bonds and a half.”

TABLE I: The group wavenumbers of the nitro functional group

Vibration Aromatic

NO2 asymmetric stretch 1550–1500

NO2 symmetric stretch 1390–1330

NO2 scissors 890–835

NO2

NO2

CH3

O2N

FIGURE 2: The chemical structure of trinitrotoluene (TNT).

100

80

60

40

20

0

%
Tr

an
sm

it
ta

nc
e

Wavenumbers (cm-1)
4000 3500 3000 2500 2000 1500 1000 500

NO2

CH3

A

B

C

B
A 1527

1350
881C NO2 Scissors

NO2 Symmetric stretch
NO2 Asymmetric stretch

m-NitroToluene

30
92

.8

29
26

.4
28

66
.1

15
84

.8
15

61
.8

14
80

.9

14
62

.5
12

14
.9

15
27

.3

13
50

.2

10
43

.8

92
6.

5
90

6.
0 8

81
.7

80
1.

5
72

9.
7

67
2.

2

10
96

.8
10

81
.6

14
62

.0

FIGURE 3: The infrared spectrum of meta-nitrotoluene.

Asymmetric

N
O

O

Symmetric

N
O

O

FIGURE 4: The asymmetric and symmetric stretches of the NO2 functional 
group.



http://www.kosi.com


26  Spectroscopy 35(9)   September 2020 www.spectroscopyonline.com

cumstances, we would interpret these two 
peaks as the asymmetric and symmetric 
stretches of methylene groups, because 
they have peaks at 2926 cm-1 and 2855 
cm-1 (14). In this case, that interpretation is 
wrong, because the nitro groups scramble 
the electronic structure of the molecule, 
throwing off these peak positions. If you 
notice the nitro peaks first, it will give you a 
heads up that the saturated C-H stretches 
may be troublesome. Normally we can de-
pend on the methyl group umbrella mode 
to indicate that the saturated C-H stretches 
could be an issue. However, in this case, the 
intense nitro symmetric stretching peak at 
1350 cm-1 is sitting on top of it. Unfortu-
nately, then there is nothing in this spec-
trum clearly showing the presence of the 
methyl group. As stated above, the nitro 
group throws off some of the interpreta-
tion rules we have learned. 

The diagnostic pattern for the presence 
of a nitro group in a sample then is a pair of 
intense peaks at about 1550 cm-1 and 1350 
cm-1, along with the scissor peak around 
850 cm-1. Table I summarizes the group 
wavenumbers for the nitro group.

Conclusions
The nitro group consists of a nitrogen 
atom with two oxygens and one carbon 
attached. The two nitrogen-oxygen 
bonds are “bonds and half” that desta-
bilize nitro compounds, making their anal-

ysis an explosive proposition. The large 
dipole moments for the NO bonds give 
two strong peaks around 1550 cm-1 and 
1350 cm-1, as a result of the asymmetric 
and symmetric stretching of the NO2 func-
tional group. This is an unusual pattern, 
and is easy to spot. There is also a scissor-
ing peak around 850 cm-1. Nitro groups 
tend to scramble the electronic structure 
of molecules, making the interpretation of 
their spectra problematic.
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Your Next Infrared Spectral Interpretation Challenge
Using everything you have learned in this and previous columns, deter-
mine the functional groups present in the Figure i spectrum and try to 
determine the chemical structure of this compound. Remember that inclu-
sion of a peak position in the table does not necessarily mean that it will 
be useful in the structure determination.

Because this is a particularly tricky problem, answer these questions 
about the spectrum in this order to guide you. In all cases, be sure to 
justify your answer.

1. Is there a nitro group present?
2. If so, is there a benzene ring present?
3. Are there any other functional groups present?
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Figure i: The mid-infrared spectrum of a 
liquid measured using the capillary thin 
film method.
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FOCUS ON QUALITY

Spreadsheets: A Sound Foundation 
for a Lack of Data Integrity? 

Universally available on desk-
top computers, easy to use, and 
universally loved by analytical 
chemists, spreadsheets are used 
to collate lists of instruments and 
perform a multitude of calcula-
tions in many regulated laborato-
ries. But spreadsheets also pres-
ent an auditing and inspecting 
opportunity to find abundant in-
stances of noncompliance and can 
lead to problems and unnecessary 
risk. Why is the use of spread-
sheets heavily discouraged in a  
regulated laboratory? 

R.D. McDowall 

If you turn on any workstation in your 
laboratory, you will probably find a short-
cut to a spreadsheet program. When 

presented with this icon of temptation 
and seduction, a willing analyst is happy to 
open Pandora’s spreadsheet box and navi-
gate between Scylla and Charybdis. Cha-
rybdis is the whirlpool of quality assurance 
where you have the challenge of specify-
ing, building, and validating each spread-
sheet template. Alternatively, steer the 
course to Scylla, the six-headed monster 
of regulatory noncompliance. With Scylla, 
if the unvalidated spreadsheet you have 
written and used is found, you are dead.  
Spreadsheets are often used to perform 
GMP–related calculations, trend data, 
plan calibration and qualification work, 
and manage laboratory assets. I have even 
seen spreadsheets used to document the 
test steps for validating software—and 
the least said about that the better. This 
article discusses why spreadsheets should 
be eliminated as much as possible from 
performing GXP work to increase busi-
ness efficiency and reduce regulatory 
risk. Note that business efficiency came 
before reducing regulatory risk in the last 
sentence. This column is dedicated to all 
spreadsheet lovers, or in the words of that 
great analytical chemist, William Shake-
speare, “I come to bury spreadsheets, not 
to praise them.”

Regulatory Problems  
with Spreadsheets 
One of many companies that have sailed 
into Scylla and been cited for noncompli-
ant spreadsheets is Tismore Health, as 
seen in a Federal Drug Administration 
(FDA) warning letter in December 2020 (1). 
I hope this does not happen in your labora-
tory. Citation 3 is against 21 CFR 211.160(b) 
(2), although I would have raised the cita-
tion against 211.68(b) for failing to verify for-
mulas. However, that is the problem with 
the FDA’s last century GMP regulations:

Your firm failed to establish laboratory 
controls that include scientifically sound 
and appropriate specifications, standards, 
sampling plans and test procedures de-
signed to assure that components, drug 
products conform to appropriate stan-
dards of identity, strength, quality, and 
purity (21 CFR 211.160(b)).

Your firm failed to validate the spread-
sheet used to perform the assay calcu-
lation for your <redacted>. Your proce-
dures lacked guidance on how to check 
and manually verify the calculation sheets. 
During the inspection, our investigator 
identified a calculation error within the 
spreadsheet. The incorrect formula for av-
eraging the Internal Standard peak area 
was used (1). 
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If you really want to descend into 
the abyss of compliance hell, let an 
inspector find an error in a spread-
sheet. You will receive a comment like 
this: “There is no assurance that the 
associated assay results recorded are 
reliable and accurate.”

It is not the best situation having an 
inspector that thinks that all of your 
data are garbage. Also, if there is one 
calculation problem in unvalidated 
spreadsheets, then there are bound to 
be more, because there is a total lack of 
control when using spreadsheets. 

During the review, you identified another 
error within your spreadsheets. The assay 
test result for <redacted> batch <re-
dacted> was incorrect due to a transcrip-
tion entry error for active peak area. Your 

firm used a new spreadsheet and entered 
the correct active peak area. The result 
was recalculated, and the final result was 
reported. The product had already been 
released with test results using the incor-
rect calculation although the recalculated 
test result was still within specification. 
You have committed to manually check 
calculations until the spreadsheet has 
been validated (1).

In the last sentence, we see a way 
to resolve the problem: You should 
manually check all calculations until the 
spreadsheet is validated. How useful are 
the unvalidated spreadsheets now? Read 
the full warning letter to see the extent 
of the remediation required by FDA (1). 
However, the approach taken by the 
company to manually check calculations 

(which is error prone in itself) misses the 
point about spreadsheets: They are a 
hybrid system that has major business 
process efficiency issues as well as regu-
latory compliance problems, as we shall 
see later in this column.

Epic Spreadsheet Failures
Here goes a list of the spreadsheet screw-
ups. That well-known pharmaceutical 
company, Enron Corporation, used spread-
sheets for a number of activities, and after 
the company went bankrupt, more than 
15,000 spreadsheets were analyzed from 
the archive of 65,000 e-mails by two aca-
demics, Felienne Hermans and Emerson 
Murphy-Hill (3). Their main conclusions were:

• Out of all the spreadsheets used, 76% of 
them used the same 15 functions. 

TABLE I: Eleven reasons why spreadsheets don’t belong in a regulated laboratory

1. Regulatory risk. As seen in this article, regulatory risk can fall into a number of categories, such as unlocked cells 
and spreadsheets, failure to validate the template or macro, calculation errors, failure to follow existing procedures, 
and failure to save the resulting file.

2. Not using a spreadsheet template leads to errors. Allowing users to use the spreadsheet application with-
out a spreadsheet template is an open invitation for disaster. How do you know the calculation is cor-
rect, and that any rounding applied follows your corporate standard operating procedures (SOPs)?

3. Macro language in spreadsheets is the highest risk category of software. There are probably several people 
in the back of your laboratory who are the spreadsheet gurus who want to show their expertise in program-
ming macro language. The warning lights should be flashing in the quality control department now as you are in 
the hidden software factory writing Good Automated Manufacturing Practice (GAMP) category 5 applications 
(5). This is the highest risk software there is, and Scylla, licking six pairs of lips, awaits the spreadsheet gurus.

4. A spreadsheet is a hybrid system (6). It consists of an electronic record linked to a signed paper printout. The World 
Health Organization (WHO) guidance document states that hybrid systems should be replaced as a priority (7).

5. Poor audit trail functionality. For the pedants among you, there is an audit trail in a spreadsheet, but in the words 
of that great spectroscopist Commander Spock, not as we know it. It is not fit for purpose in a regulated environ-
ment and does not comply with the requirements of either 21 CFR 11 (8) or EU GMP Annex 11 (9).

6. Signature linking. When a hybrid system is used in an FDA-regulated environment (and a spreadsheet is a hybrid 
system; see point 4 above) there is an explicit requirement for linking between the completed electronic record 
(spreadsheet file) and the signed paper printout under 21 CFR 11.70 (8). How should this be handled? More impor-
tantly, have you saved the spreadsheet file, and how is it linked to the signed paper printout?

7. Lack of business efficiency. For a moment, think about how data entry is performed with a spreadsheet. Usually, it 
involves typing the data from a printout from an analytical instrument, such as a balance or a spectrometer (anoth-
er hybrid system!), into the spreadsheet template. This is a very inefficient, slow, and error-prone process that also 
includes the second-person review.

8. Second person review will take longer. Including a spreadsheet in any analytical process will increase the time 
for the second person review because both the printout and electronic record will need to be checked against the 
printouts from the analytical instrument. Sometimes, the second-person review can take longer than the actual 
analysis because of the number of records from different sources to be assessed (10).

9. Spreadsheets only have a single account and password. A major problem with spreadsheet templates and mac-
ros is that there is only a single account and password. How would this be handled in a regulatory environment?

10. Uncertainty related to storage and retrieval. How will the completed spreadsheet files be named, and how will 
they be stored to ensure retrieval in the case of an audit or inspection?

11. Uncertain readability in the future. If the file format of the spreadsheet changes, will the electronic file still be 
readable? If the record retention horizon is five years, then it may be alright. However, if the retention horizon is 
20 years, then this may not work because the current spreadsheet version will probably not support an old file 
version. This happened to me earlier this year when I wanted to open an old Word file from the last century and 
had to resort to www.zamzar.com to convert an unsupported file version. Is the process, validated, transparent, or 
under change control?
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• In regards to spreadsheets with at least one formula, 24% of 
them contained an error.

• Spreadsheets were a frequent topic of e-mail conversation with 
10% of emails either referring to or sending spreadsheets and 
frequently discussing errors in and updates to spreadsheets.

Just like in your laboratory! In fact, if spreadsheets are well 
embedded into your culture, a spreadsheet developed in the 
morning could be the department standard by the afternoon. 
If so, I’m assuming you are steering a course for Scylla rather  
than Charybdis.

In a study that had a major impact on governments, two emi-
nent economists, Carmen Reinhart and Kenneth Rogoff, pub-
lished an article “Growth in a Time of Debt,” which concluded 
that counties with a high amount of debt to Gross Domestic 
Product (GDP) (>90%) have slow economic growth. This resulted 
in austere policies to reduce debt and simulate growth in some 
countries, including the United Kingdom. Unfortunately for the 
two intrepid economists, they published in a non-peer reviewed 
part of a journal and used a spreadsheet to perform their calcula-
tions. And guess what happened? There were a few problems 
with the spreadsheet and the major conclusion was reversed (see 
Wikipedia for more details). 

If you really want to understand the scope of spreadsheet disas-
ters, take a look at Ray Panko’s website (www.panko.com). Panko 
is a University of Hawaii academic who has studied spreadsheets 
and errors associated with them for about 25 years. On his website, 
there is a page on spreadsheet errors that states the following (4):

• Humans are very accurate when we work. When we create a 
spreadsheet formula, we are correct 95 to 99% of the time.

• Unfortunately, we are not as good at finding errors. When we 
look diligently for errors, we only find 40 to 90%, and finding 
90% is rare. 

We would like to know how effective we are at finding errors 
when we inspect a spreadsheet. This is not just an “academic” 
concern. If our spreadsheets have as many errors as they seem 
to have, then we must test them more. One way to do this is to 
inspect them cell by cell. Many people believe that if we are careful 
enough, and if we spend enough time, we can find all of the errors 
in a spreadsheet. However, this ability is not realistic. If detection 
rates are too low, then a team inspection is necessary to catch 80 
to 90% of the errors (4).

The inability to find and resolve spreadsheet errors is a worrying 
problem. How should we resolve it? The obvious one is that more 
resources need to be put into specifying the spreadsheet and how 
the formulas are built and tested. As Panko’s website suggests, 
more effort should be placed in checking the formulas. However, 
there is a simpler way, which is explained later on in this article.

Exterminate, Exterminate…
In a section guaranteed to ensure that many readers will want to 
stick large pins into my effigy, I am advocating that spreadsheets 

be exterminated from use in a regulatory laboratory. This is not be-
cause a spreadsheet application is bad per se, but in a regulated 
environment it is a recipe for potential disaster, for many reasons, 
as outlined in Table I.

Are You a Masochist?
I’m not interested in your personal life, but look at your business 
process in the laboratory when you are using a spreadsheet. Fig-
ure 1 shows the tasks of a general quantitative analytical process 
in the middle in green. If you use a spreadsheet, you’ll follow the 
left hand side of Figure 1: Prepare the sample, analyze it along 
with standards, interpret the data in the spectrometer data sys-
tem, print the results, manually type data into your (hopefully) 
validated spreadsheet, print the results out, and then type the 
result into a laboratory information management system (LIMS) 
or similar informatics application. But just look at the mess of the 
process and the number of records that you have created. You are 
a laboratory masochist.

Second Person Review Nightmare 
Job done? No, enter the poor sap who is the second person re-
viewer. Just look at the mess this person has to review: the num-
ber of transfers between computerized systems, and the need to 
check for transcription errors each time data are entered manually 
into a different computerized system with checks of both elec-
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tronic records and paper printouts. Wel-
come to death by compliance: transcrip-
tion error checking by the reviewer, which 
is also an error-prone process. If you are 
really unlucky, the second person review 
takes longer than the analysis (10)!

Simpler, Compliant,  
and Faster Working
Guess what? Instead of the mess on the 
left-hand side of Figure 1, many calcula-
tions you have spent time incorporating 
into a spreadsheet can be done by the in-
strument data system—except few people 
bother to read the manual. You can avoid 
the need to print and manually enter data 
into a spreadsheet followed by the conse-
quential transcription error checks. Take 
the time to specify and validate the calcu-
lations, and you can save much time and 
effort in performing the analysis and the 
subsequent second person review. Look 
at the right-hand side of Figure 1 and com-

pare with the left-hand side and immedi-
ately you’ll see my point. You only have the 
sample preparation records, the manual 
input of data into the data system, and the 
electronic records in the data system. Add 
electronic signatures and your process is 
sped up immeasurably, and you only have 
a single location to check records. Why 
would you want to do anything differently? 

More Detail to Kill Spreadsheets
As mentioned earlier, let us discuss two of 
the main problems with spreadsheets in 
more detail, which are hybrid systems and 
single accounts and passwords.

A Hybrid System
A spreadsheet macro or template is a 
hybrid system—an electronic record 
of the saved and completed file with a 
hand-signed paper printout. Poor de-
sign means that data are typically input 
manually, and there is a large transcription 

error checking burden placed on both the 
analyst and the second person reviewer. 
One typical omission in laboratories I have 
audited is the lack of record signature link-
ing between the paper printout and the 
electronic record that generated it. It is 
not an option to state that the paper is 
the GXP record; the spreadsheet file is a 
key component of the record set of any 
analysis. Please read question 12 of the 
FDA data integrity guidance to under-
stand what is required:

12. When does electronic data become a 
CGMP record?

When generated to satisfy a CGMP re-
quirement, all data become a CGMP 
record. You must document, or save, the 
data at the time of performance to create a 
record in compliance with CGMP require-
ments, including, but not limited to, §§ 
211.100(b) and 211.160(a) (11). 

This is very easy to understand and fol-
low: Save the spreadsheet file or book an 
appointment with Scylla.

Spreadsheet Single Account 
and Password
One of the issues with spreadsheet secu-
rity is that there is only a single account and 
password for a template. Once the devel-
oper has locked the spreadsheet (this can 
be individual worksheets as well as the 
whole template) with one or more pass-
words, what are you going to do? This is 
one case when you will write the password 
down and follow the steps below:
 
• The developer needs to write the spread-

sheet name and version along with the 
passwords, and place the paper into an 
opaque envelope, write the spreadsheet 
and version name on the front, seal the 
envelope, then sign and date over the 
seal. This is to indicate if the envelope 
has been opened. 

• The envelope should be placed in a 
secure location, typically a fireproof 
safe, until the spreadsheet needs to  
be updated.

• The envelope is unsealed, the spread-
sheet maintained and revalidated, and 
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FIGURE 1: Comparison of a spectroscopic analysis using a spreadsheet with an 
electronic process incorporating calculations in the spectrometer software.
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the new passwords start the process 
over again. 

• The whole process is governed by  
an SOP.

If you find this a bit of a pain, then get rid of 
the spreadsheet.

OK, There Are Some Exceptions
Having spent all this time saying that you 
should eliminate spreadsheets, I must ac-
knowledge that there are some exceptions 
to this rule. There are situations where cal-
culations across analyses cannot be per-
formed by instrument data systems and, in 
the absence of a LIMS, a spreadsheet may 
be the only option for calculating results. 
However, do you want to input data manu-
ally, and what about tracking changes to 
data? Ideally, a validated spreadsheet 
should be used within an electronic lab 
oratory notebook (ELN) or equivalent en-
vironment. Here, data should be imported 
and loaded electronically with a validated 
process to eliminate transcription error 
checking, and any changes are moni-
tored by the audit trail of the informatics 
application. Calculated results should be 
transferred electronically to the next part 
of the process for speed and to eliminate 
transcription error checking.

Summary
When it comes to persuading laboratories 
to use alternative ways of calculating other 
than spreadsheets, I feel like King Cnut, an 
11th Century King of England and Denmark, 
who commanded the sea to retreat. This 
was an obvious exercise in abject failure. 
However, never mind regulatory risk. Look 
at your business processes and see what 
they look like; it may not be a pretty sight. In-
corporate calculations into instrument data 
systems or use informatics applications such 
as ELN or LIMS to move away from spread-
sheets into an electronic way of working. 
Slaughter spreadsheets, please. You know 
it makes sense.
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Multichannel Raman Spectral  
Reconstruction and Fast Imaging Based 
on Global Weighted Linear Regression 

Raman imaging is a nondestructive 
spectral imaging technique that is 
widely used in the biomedical field. 
However, slow data acquisition has se-
riously hindered the expansion of its 
application for fast dynamic systems. 
In this study, we completed the recon-
struction of Raman spectra and imag-
ing based on multichannel Raman im-
aging. First, we optimized the training 
samples, and made a global assignment 
weighted to the optimized samples to 
establish the linear regression function. 
Second, normalization and polynomial 
regression were introduced to improve 
the accuracy of reconstructed spectra 
based on the multichannel imaging of 
each pixel. Third, Raman imaging with 
high signal-to-noise ratio was estab-
lished by the area or intensity of char-
acteristic peak. Benzonitrile was used 
in the experiment and the accuracy of 
the reconstructed Raman spectrum 
was evaluated in terms of relative root 
mean square error (RMSE). The results 
show the accuracy of the Raman spec-
trum reconstructed by this algorithm is 
58% higher than that of the pseudo-in-
verse, and 44% higher than the Wiener 
estimation. Therefore, this algorithm 
provides theoretical support for the ap-
plication of Raman imaging technology 
in fast dynamic systems.

Xian-Guang Fan, Long Liu, Zhe-Ming Kang, Ying-Jie Zeng, 
Yu-Liang Zhi, and Xin Wang

Raman spectroscopy is a pow-
erful label-free spectral imag-
ing technique for biomedical 

applications (1–2). As a result, it has 
become a diagnostic or analytical tool 
for various diseases (3–4). However, 
slow data acquisition of Raman spec-
tra has seriously hindered the expan-
sion of its application. As a result, we 
researched how to improve the speed 
of data acquisition of Raman spectra, 
and how to improve the resolution of  
Raman imaging.

To date, two methods (5) have been 
explored. The first method is line scan-
ning: A laser spot is concentrated on 
the surface of the sample by scanning 
along a line, and the corresponding 
Raman spectral signals are imaged on 
the charged coupled device (CCD) of 
the spectrometer. Line scanning si-
multaneously collects multiple spectra 
and improves the speed of scanning. 
However, it is still a time-consuming 
process. Simultaneously, the resolution 
of Raman imaging can only reach the 
submicrometer level.

The second method is wide-field 
imaging. By exciting the sample in a 
wide field, Raman scattering is directly 
coupled to the surface of CCD, and 
the wavelength of the passed signal is 
converted to single wavelength imag-

ing using a liquid crystal tunable filter 
(LCTF) (6). Compared to line scanning, 
wide-field imaging can achieve higher 
resolution and better dynamic perfor-
mance. However, it can only collect 
spectra of a single wavelength at two  
spatial dimensions.

Therefore, it is important to develop 
a Raman imaging approach that is cost-
effective and achieves fast data acquisi-
tion. Multichannel Raman imaging tech-
nology (7) is an effective way to solve this 
problem, and its principle is shown in 
Figure 1. First, the multichannel Raman 
spectroscopy images are simultaneously 
obtained using different filters and the 
area array CCD. Second, the full Raman 
spectrum of each pixel is quickly recon-
structed based on the measurements of 
different narrow bands. Finally, Raman 
imaging with a high signal-to-noise ratio 
is obtained by the area or intensity of 
characteristic peak.

It can be seen from Figure 1 that the 
reconstruction of a Raman spectrum is 
the key to this system. At present, the 
algorithms capable of spectral recon-
struction are pseudo-inverse (8) and 
Wiener estimation (9). Although these 
methods are simple and easy to carry 
out, they are susceptible to nonlinear 
factors such as noise and vibration 
when applied to the reconstruction. Be-

PEER-REVIEWED RESEARCH
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cause these algorithms are derived from the reconstruction 
of spectral reflectance simultaneously, the number of training 
samples is relatively large and bad samples will be included. 

Therefore, we propose a specialized algorithm for the re-
construction of Raman spectra. First, we perform polynomial 
regression on the multichannel measurements to reduce the 
influence of nonlinear factors. Second, we establish a lin-
ear regression function by optimizing the training samples 
and making a global assignment weighted to the optimizing 
samples. Finally, we introduce normalization, and we achieve 
fast reconstruction of Raman spectra. In addition, the quality 
of the reconstruction of Raman spectra will be determined 
based on the root mean square error (RMSE). 

Algorithm
The Raman spectra set R of sample A (as shown in Figure 1) is 
obtained by using a conventional Raman spectrometer, and 
these spectra are used as training samples. The corresponding 
multichannel measurements in set U are achieved by calculating 
the inner product between each Raman spectrum of R and the 
spectral response function matrix of the bandpass filters at the 
wavenumber of the characteristic peak. And so far, the prepara-
tion for solving the transform matrix W of sample A has been 
completed. In the process of solving for W based on global 
weighted linear regression, R goes through three phases: a 
preprocessing stage, a calibration stage, and a test stage.

Preprocessing Stage
Polynomial Regression of Set U
In actual situations, multichannel measurements will be af-
fected by various nonlinear factors such as noise and vibra-
tion. Those factors will reduce the accuracy of reconstructed 
spectra. Therefore, polynomial regression is introduced (10). 

We can take second-order polynomial regression to any 
element ui of the U to get ūi. Given that the number of chan-
nels is four, the result of ūi is as shown in equation 1:

ūi = [1, ui1, ui2,..., ui4, ui1, ui1, ui1 ui2,..., ui1 ,ui4, ui2 ui2,..., ui2 ui4,..., 
ui3 ui4, ui4 ui4]’  [1]

Optimizing Training Samples 
If the spectrum of training samples is close to the spectrum 
of sample A, this spectrum will make a greater contribution 
to the Raman spectra reconstruction based on the Wiener 
estimation. Therefore, eliminating bad samples and simplify-
ing the capacity of samples is very important before solving 
for W, and will improve the speed of calculation.

First, the reconstructed spectrum r is quickly recon-
structed from the multichannel measurements u of sample 
A based on the Wiener estimation. Second, r is normalized. 
Third, introducing the Tanimoto coefficient (11) and calculat-
ing the degree of similarity λi between r and any spectrum 
of ri, we get the training samples set R:

	 									λi = T(r,ri ) = (r*r)/(||r||2 - r*ri) [2]

Setting a threshold value λ0, if the degree of similar-
ity of sample r i is less than λ0, sample r i is directly de-
leted. Thereby, training sample set R is optimized, and 
turns into R . Simultaneously, the corresponding set U 
is also optimized and denoted as Ū. The λi is assigned to 
the corresponding element of the R , as well as Ū; that is,  
ri	=	λiri,   ui = λiui. After this operation, R  and Ū are defined 
as follows:

  R = {r1, r2, ..., ri,...,rk}  [3]

	 	 Ū	=	{u1, u2,..., ui,..., uk} [4]

Calibration Stage 
In this paper, we establish a linear regression (12–15) function 
between R and Ū:

          r = W*u+e  [5]

To get the values of W and e, we do as follows: Taking the 
element ui of Ū into equation 5, we get the corresponding 
Raman spectrum ri. That is, ri = W * ui + e.

We set a parameter of opt imizat ion judgment  
k
∑(ri - r )2α =
i = 1

, where k represents the sample size of R . When 
the value of α is the smallest, we can get the result as shown 
in equation 6:

 = 0
∂α
∂W  = 0

∂α
∂e  [6]

According to equation 6, we get the values of W and e:

k

k

∑(ri - r )(ui - u)T

∑(ui - u)T(ui - u)
 e = r – WuW = i = 1

i = 1  [7]  

where 
k
∑ ri ,   u =  r = 

i = 1

k
∑ uii = 1

1
k

1
k

and the superscript “T”  

indicates the matrix transpose.

Test Stage
In the calibration stage, the Raman spectrum can be quickly 
reconstructed from the multichannel measurements of sam-
ple A, by using equation 5. The overall process is shown in 
Figure 2.

Simulation and Experiment 
Simulation 
For the simulation, we used benzonitrile as an experimental 
sample, and measured the sample many times using a con-
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ventional Raman spectrometer (with a 
532 nm laser source). The Raman spec-
tra set is obtained, and k represents the 
number of measurements. To improve 
the accuracy of the experiment, the B-
spline is used to eliminate the fluores-
cent background (16) and the process-
ing results are shown in Figure 3.

The characteristic peaks of ben-
zonitrile are concentrated on the 
wavelength range of 540 to 610 nm, 
as shown in Figure 3. Four commer-
cial narrow-bandpass filters with the 
central wavelengths (bandwidths) 
of 550 nm/10 nm (FB550-10, Thor-
labs), 560 nm/10 nm (FB560-10, Thor-
labs), 570 nm/10 nm (FB570-10, Thor-
labs), and 580 nm/10 nm (FB580-10, 
Thorlabs) are selected to achieve 
the multichannel measurements set  
U={u1, u2 ...,ui ...,uk}. The sets R and U 
become R and Ū following the prepro-
cessing step, which we have proposed 
as above. 

Inserting any multichannel measure-
ment elements ūi of the optimized set 
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Raman imaging

Reconstruction
algorithm

Raman spectra set R
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corresponding
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Reconstruction of
Raman spectra r = Wu

Raman spectrum
of sample A

FIGURE 1: Schematic of the multichannel Raman imaging system.

TABLE I: RMSE comparison between reconstructed spectra and the training 
samples by three methods

Methods r1 r2 r3 Average

Pseudo-inverse 0.1075 0.0798 0.0877 0.0917

Wiener estimation 0.0924 0.0858 0.0726 0.0836

Global weighted 
linear regression 0.0665 0.0489 0.0581 0.0578

http://www.intertek.com/allentown
http://www.intertek.com/allentown
mailto:web.allentown@intertek.com


36  Spectroscopy 35(9)   September 2020 www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

Ū into equation 5, the Raman spectrum 
ri  can be quickly reconstructed. After-
ward, ri  is normalized and compared 
with the actual spectrum ri. Simultane-
ously, the pseudo-inverse and Wiener 
estimation are also used to complete 
the reconstruction. The results of re-
construction are shown in Figure 4.

It can be seen from Figure 4 that 
our algorithm has better accuracy in 
the reconstruction of Raman spectra 
compared with pseudo-inverse and 
Wiener estimation. To make a quan-
titative evaluation of our algorithm,  
RMSE is introduced, where:

k
∑ ri  r = 

i = 1

1
k

and where the superscript “T” indi-
cates the matrix transpose. We then 
have:

RMSE = (( r i - ri )
T * ( r i-ri )/N)1/2 [8] 

where ri  is the reconstructed spec-
trum, r i is the actual spectrum, and N 
is the length of the Raman spectrum. 
The average RMSE between recon-
structed spectra by our algorithm and 
the sample is 0.0578, which is slightly 
better than the other two methods, as 
shown in Table I. The samples r1, r2, and 
r3, represent a random selection from 
the optimized training sample. Table I 
shows how our algorithm improves the 
accuracy of the reconstructed spectrum 
compared with the pseudo-inverse and 
the Wiener estimation, with the rates of 
improvement being 58% and 44%, re-
spectively. It illustrates that our algo-
rithm has better performance in sup-
pressing nonlinear factors.

Experimental
For our research, we used a four-chan-
nel Raman imaging system built by our 
laboratory. The system is mainly com-
posed of two sets of 2×2 lens arrays, 
one set of 2×2 bandpass filters—which 
are in different bands for a CCD camera 
(Dhyana95: Tucsen)—with 2048×2048 
pixels, and a 532 nm laser with a power 
of 50 mW. Benzonitrile was used as an 
experimental material.
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FIGURE 3: Comparison of the original spectra of benzonitrile and the spectra 
after eliminating background fluorescence.
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Results and Discussion
The narrow-band images of benzonitrile are simultane-
ously obtained based on the multichannel imaging system 
that is built by our laboratory, as shown in Figure 5. It can 
be clearly seen that the brightness of each narrow-band 
image is different and Figure 5b is the clearest because 
the peak of the benzonitrile Raman spectrum is mainly 
at a wavelength of ~560 nm. Because the sample is com-
posed of solid particles and the particle density distribu-
tion is uneven, the narrow-band image exhibits bright and 
dark areas. Each pixel of the image represents a Raman 
spectrum; simultaneously, Raman imaging with different 
wavelengths can be obtained by accomplishing the com-
plete reconstruction of Raman spectroscopy for each pixel. 
Therefore, the validity and accuracy of the reconstruction 
algorithm determines the quality of Raman imaging.

For the purpose of verifying the feasibility and accu-
racy of our algorithm, the four-channel narrow-band mea-
surements u corresponding to one pixel in Figure 6a are 
taken to complete the reconstruction of Raman spectrum 
based on the global weighted linear regression, pseudo-
inverse method, and Wiener estimation algorithm. Figure 
6b shows that the peaks of the reconstructed spectrum 
based on pseudo-inverse appear to be higher than the 
actual spectrum at the wavelength of 548 nm, 554 nm, and 
568 nm. Simultaneously, the peaks of the reconstructed 
spectrum based on Wiener estimation appear to be lost at 
the same positions. However, our algorithm does not have 
those problems, and shows a stronger anti-interference 
ability and better performance.

To verify the advantages of our algorithm for fast im-
aging, Raman imaging at wavelength 560 nm/10 nm has 
been reconstructed by pseudo-inverse, Wiener estima-
tion, and our algorithm, as shown in Figures 7b, 7c, and 
7d, respectively. Figure 7a represents the image area to be 
reconstructed, including 131×131 pixels. The overall varia-
tion in the Raman image obtained by the global weighted 
linear regression is averaged, and is most similar to the 
image to be reconstructed. Simultaneously, our algorithm 
reduces interference from the laser and the fluorescent 
background better than the other algorithms do, as seen 
in the results.

Simultaneously, the time required for reconstructed 
Raman imaging based on our algorithm is less than 
that of traditional imaging methods, such as point or 
line scanning imaging, as shown in Table II, providing a 
theoretical basis of studying the rapid changes in fast 
dynamic systems.

Conclusion
In this work, we developed a fast algorithm for the recon-
struction of Raman spectra, based on global weighted linear 
regression from multichannel imaging measurements. This 
algorithm improves reconstruction accuracy by optimiz-
ing the training samples and making a global assignment 
weighted to the optimizing samples. According to the RMSE, 
the consistency between the reconstructed spectra and the 
original spectra is fine. Simultaneously, the Raman image re-
constructed by the global weighted linear regression reduces 
interference from the laser and the fluorescent background 
better than pseudo-inverse and Wiener estimation. Therefore, 
the results of the study may promote the application of Raman 
imaging technology in fast dynamic systems and enhance re-
searchers’ understanding of the dynamic processes.
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TABLE II: Time required for reconstructed Raman using different imaging formats
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FIGURE 7: Reconstruction images of benzonitrile based on multichannel nar-
row-band measurements: (a) the area of Raman image to be reconstructed; 
(b) the reconstruction of Raman image based on pseudo-inverse; (c) the re-
construction of Raman image based on Wiener estimation; (d) the reconstruc-
tion of Raman image based on global weighted linear regression.
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band image taken using filter 560 (10 nm); (b) reconstruction of Raman spec-
tra in the experiment based on three algorithms.

(a) (b) (c) (d)

FIGURE 5: The multichannel narrow-band image of benzonitrile: (a) narrow-
band image taken using filter 550 (10 nm); (b) narrow-band image taken using 
filter 560 (10 nm); (c) narrow-band image taken using filter 570 (10 nm); (d) 
narrow-band image taken using filter 580 (10 nm).
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The 2020 Emerging Leader in 
Molecular Spectroscopy Award

This year’s molecular spectros-
copy award recipient, Markita 
Landry, is an outstanding young 
researcher in spectroscopy, bio-
technology, and nanotechnology. 
Landry works at the intersection 
of single-molecule biophysics and 
nanomaterial-polymer science and 
has developed new tools for un-
derstanding biological systems. 
Using a combination of nanopar-
ticles, imaging, and spectroscopy, 
her work has led to the discovery of 
aspects of neuromodulation in the 
brain, and for the delivery of ge-
netic materials into plants for crop  
biotechnology applications.

Jerome Workman, Jr.

Markita Landry, PhD, is an as-
sistant professor at University of 
California-Berkeley. She is the 

winner of the 2020 Emerging Leader in 
Molecular Spectroscopy Award, which 
is presented by Spectroscopy magazine. 
This annual award, selected by an inde-
pendent scientific panel, recognizes the 
achievements and aspirations of a talented 
young molecular spectroscopist who has 
made strides in his or her career toward 
the advancement of molecular spectros-
copy techniques or applications. The win-
ner must be within 10 years of receiving 
his or her highest academic degree in the 
year the award is presented. The award 
was scheduled to be presented to Landry 
at the SciX 2020 conference in October, 
where she was to give a plenary lecture 
and be honored in an award symposium. 
Due to the COVID-19 pandemic, the con-
ference is now scheduled to be a virtual 
one, and Landry’s award presentation will 
be part of that virtual event. 

Landry received her PhD from the Uni-
versity of Illinois at Urbana-Champaign in 
2012. She then served as a postdoctoral 
researcher at the Massachusetts Institute 
of Technology before taking her current 
position at the University of California 
Berkeley. She is also currently a faculty sci-
entist with the Lawrence Berkeley National 
Laboratory, an investigator at the Chan-

Zuckerberg Biohub in San Francisco, and 
an investigator with the Innovative Genom-
ics Institute in Berkeley.

Landry’s research lies on the intersec-
tion of single-molecule biophysics and 
nanomaterial–polymer science, focus-
ing on developing new tools to probe 
and characterize biological systems. Her 
research has generated nanoparticle– 
polymer conjugates for imaging and 
spectroscopic detection of neuromodu-
lation in the brain and for the delivery 
of genetic materials into plants for crop  
biotechnology applications. 

She has developed a near-infrared (NIR) 
fluorescent probe as a tool that enables 
imaging of the chemical communication 
between neurons in the brain at the spatial 
(micrometer) and temporal (millisecond) 
scales that the brain uses to communicate. 
This NIR nanoscale catecholamine probe 
molecule can be used to image the neuro-
modulator dopamine in the brain, and has 
been validated against “gold standard” 
techniques in neuroscience, including elec-
trophysiology and optogenetics. Landry 
and her group also developed a generic, 
high-throughput approach for generating 
nanosensors for molecules for which mo-
lecular recognition elements do not exist. 
She and her team have demonstrated the 
utility of a single-walled carbon nanotube-
based sensor platform to develop a sero-
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tonin nanosensor that can support explo-
rations of serotoninergic imaging in the 
brain, as well as the effects of drugs at the 
level of individual nerve synapses, where 
signals pass from one neuron to another. 

In her plant research, Landry has de-
veloped a new approach to genetic engi-
neering using nanomaterials and their as-
sociated surface chemistries to controllably 
graft and quickly deliver functional biomo-
lecular cargoes, such as whole DNA plas-
mids to agriculturally relevant plants. These 
tools accomplish nanoparticle-mediated 
heterologous and transient expression of a 
protein in plants, and, unlike in genetically 

modified organisms (GMOs), there is no 
transgenic DNA integration into the host 
plant genome. This DNA plasmid delivery 
approach provides host cells with selec-
tive genetic advantages. For example, her 
group has developed a new way to achieve 
targeted downregulation of plant or pest 
proteins to confer disease resistance  
to crops. 

Landry is a recent recipient of 17 early 
career awards from the Brain and Behav-
ior Research Foundation, the Burroughs 
Wellcome Fund, The Parkinson’s Disease 
Foundation, the Defense Advanced Re-
search Projects Agency (DARPA) Young 

Investigator program, the Beckman Young 
Investigator program, and the Howard 
Hughes Medical Institute. She is also a 
Sloan Research Fellow and a Foundation 
for Food and Agriculture Research (FFAR) 
New Innovator.

Creating Single-Walled Carbon 
Nanotube-Based Sensors 
Sensors developed by Landry and col-
leagues provide a new path for discovery 
of the functions of neuromodulator path-
ways in living cells. Daniel Heller, an as-
sociate member and associate professor 
at the Memorial Sloan Kettering Cancer 
Center–Weill Cornell Medicine at Cornell 
University, has known Landry since gradu-
ate school. He and Landry began collabo-
rating on spectroscopy-related projects 
when they were both doctoral students, 
where they became friends. 

“Markita has developed exciting opti-
cal nanosensors that allow the mapping of 
neurotransmitter release from within living 
neuronal tissues,” Heller said, describing 
her elegant approaches to develop new 
optical sensors for important new bioana-
lytical targets. “She has done much to raise 
the profile and excitement of this field, due 
to her publications that show how single-
walled carbon nanotube-based sensors 
enable important discoveries in the fields 
of neuroscience and plant biology and 
biotechnology. She is clearly a rising super-
star who has clearly chosen problems very 
well, tackling several areas in which she is 
already making a huge impact.” 

Margaret Rice is a professor and the vice 
chair for research at the New York Univer-
sity (NYU) Grossman School of Medicine. 
She first met Landry in July 2016, when 
Landry was an invited speaker in the Skir-
ball Molecular Neurobiology Seminar  
Series at NYU. 

“She gave an outstanding talk, and I 
spoke with her briefly afterwards to say 
how impressed I was with the tools she 
is developing to visualize transmitters,”  
Rice said. 

Rice later had the chance to meet with 
Landry and hear her speak several more 
times through the Parkinson’s Founda-
tion. Landry received one of the founda-
tion’s prestigious Fahn Fellowships in 

FIGURE 1: Landry in her laboratory with a single molecule microscope that her 
group uses for neuroimaging research designing experiments in single-walled 
carbon nanotube-based technologies.

Source: Photo courtesy of Prabir Patra

FIGURE 2: Landry at her laboratory optical bench on the UC Berkeley campus 
in 2020. 

Source: Photo courtesy of Prabir Patra
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2017, which provided three years of sup-
port for her project titled, “Direct Imaging 
of the Cause and Treatment of Parkin-
son’s Disease with Synthetic Modulatory  
Neurotransmitter Nanosensors.”

As a Fahn Fellow, Landry was invited to 
speak at the foundation’s annual Grantee 
Summit in 2018 and 2019. 

“I am co-chairing the 2022 Basal Ganglia 
Gordon Research Conference, and based 
on Markita’s exciting work and her engag-
ing speaking style, we invited her to be 
one of the speakers for this international  
conference,” Rice said. 

Given her own extensive research study-
ing factors that regulate dopamine release, 
Rice appreciates the impact of Landry’s 
work. Rice’s work in this area used electro-
chemical sensors, which record dopamine 
at a single site, but Landry has developed 
infrared dopamine nanosensors that can 
detect the dynamic and spatially discrete 
increase in brain dopamine in real time.

“The methods Landry has intro-
duced, and is continuing to refine and 
optimize, allow examination of multiple 
release sites simultaneously,” Rice said. 
“This will be a game changer for inves-
tigating the roles and regulation of this  
important neurotransmitter.” 

Landry is now expanding this approach 
to detect other transmitters, broadening 
the impact of her novel methods. 

Prabir Patra is the chair of Biomedical 
Engineering, and a professor of Biomedi-
cal Engineering and Mechanical Engineer-
ing at the School of Engineering at the Uni-
versity of Bridgeport, in Connecticut. 

“Markita is one of the finest research-
ers, engineers, and collaborators that I 
have ever come across,” Patra said. “She 
is an asset to the scientific community and 
academia as a whole.” 

Patra and Landry began working to-
gether on a project two years ago. Given 
their shared interest in developing nano-
technologies to advance understanding of 
biological systems, they undertook a proj-
ect looking at polynucleotide adsorption 
on fluorescent graphene quantum dots. 
They discovered that the degree of oxi-
dation on the surface is what determines 
the extent to which polynucleotides can 
adsorb. These findings are exciting be-

cause noncovalent conjugation of poly-
mers to graphene quantum dots enables 
a new class of materials to be used for  
biological imaging. 

“Markita has developed the first near-
infrared probe to image dopamine in the 
brain. This is a tour-de-force body of work 
showing that nanomaterials can be used 
to image brain chemistry, which has signifi-
cant implications for neuroscience in being 
able to study psychiatric disease,” Patra 

said. “Markita’s dopamine imaging probe 
has enabled neuroscientists to image 
dopamine communication at the level of 
individual neurons and the effects of phar-
macological drugs for the first time.” 

Landry’s Most Cited Research
Landry’s most cited research papers have 
already received more than 1200 citations, 
according to Google Scholar (1–8). Her 
most cited references involve her work 
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as a postdoctoral researcher at the Mas-
sachusetts Institute of Technology; these 
are summarized below, starting with her 
most-cited papers. 

In her most cited research, Landry and 
colleagues created single-walled carbon 
nanotubes (SWNTs) that were inserted into 

the lipid envelope of extracted plant chlo-
roplasts to promote higher photosynthetic 
activity and maximum electron transport 
rates (1). In this work, SWNTs allowed NIR 
fluorescence monitoring of nitric oxide 
both ex vivo and in vivo (nitric oxide is an 
important physiological signaling mole-

cule in plants), demonstrating that a plant 
can be altered to function as a photonic  
chemical sensor.

In other highly cited work, Landry used 
corona phase molecular recognition 
(CoPhMoRe) to identify adsorbed poly-
mer phases on fluorescent single-walled 
carbon nanotubes (SWCNTs) for the selec-
tive detection of neurotransmitters, such 
as dopamine (2). This research suggests 
that polymer–SWCNT constructs may be 
useful as fluorescent neurotransmitter sen-
sors, potentially within living tissue. Landry 
and coworkers have also published highly 
cited work on synthetic heteropolymers, 
constrained onto a single-walled carbon 
nanotube using chemical adsorption, 
forming a new corona phase that exhibits 
highly selective recognition for specific 
important physiologically active molecules 
(3). As examples, recognition complexes 
were developed for sensing riboflavin, 
L-thyroxine, and estradiol, using carbon 
nanotube photoemission within the NIR 
spectral region. 
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Landry has demonstrated that high-
powered, NIR laser beams are useful as 
optical tweezers (4). Work was performed 
to determine the potential damage caused 
by using these optical traps or “tweezers” 
for DNA molecules tethered between 
optically trapped polystyrene micro-
spheres. The use of optical tweezers is im-
portant for the study of molecules using 
laser-based spectroscopic methods. This 
work is important due to the most recent 
involvement of the study of DNA as an  
analyte molecule. 

Landry’s work on carbon nanomaterials, 
also highly cited, has been shown to be 
useful in biomedicine for imaging, sensing, 
targeting, delivery, therapeutics, catalysis, 
and energy harvesting (5). The carbon scaf-
fold and a selected biological moiety are 
used to form a complex interface; such 
an interface presents a physiochemical 
challenge for achieving efficient and ro-
bust binding, while preserving biological 
activity of molecules. There is important 
discovery research still required to under-
stand carbon nanomaterials as protein 
carriers in order to maintain the molecular 
performance and activity of the biological 
moieties. Landry’s team has performed 
research demonstrating these concepts 
and is moving closer to discovering basic 
functionality and further applications. 

Nanosensor arrays are known to provide 
ultralow detection limits in reagent solu-
tions when an analyte is in close proximity 
(6). In Landry’s work in this area, label-free 
detection arrays were demonstrated to be 
capable of measuring individual proteins 
from Escherichia coli (bacteria) and Pichia 
pastoris (yeast) that were immobilized 
within a microfluidic chamber, enabling the 
measurement of protein efflux from single 
organisms in real time. These sensor arrays 
are fabricated using non-covalent conjuga-
tion of an aptamer-anchor polynucleotide 
sequence to NIR fluorescence emissive 
single-walled carbon nanotubes. Such 
a sensor produces a fluorescence signal 
when activated by the analyte species.

Corona phase molecular recognition 
(CoPhMoRe) consists of a heteropolymer 
adsorbed onto a nanoparticle surface to 
recognize a specific target analyte, such 
as fibrinogen (7). Landry and her cowork-

ers developed a variant of a CoPhMoRe 
screening procedure using single-walled 
carbon nanotubes (SWCNTs), and tested 
it against a panel of human blood proteins, 
revealing a specific corona phase that rec-
ognizes fibrinogen with high selectivity 
and good sensitivity.

In other work by Landry and colleagues, 
SWCNTs allowed the development of ra-
tiometric fluorescent sensors for the first 
time (8). Single chirality SWCNTs were in-

dependently functionalized to detect ei-
ther nitric oxide (NO), (a transient cellular 
signaling molecule), hydrogen peroxide 
(H2O2) (another known biological signal-
ing molecule), or no analyte (remaining in-
variant), to create optical sensor responses 
from the ratio of distinct fluorescent emis-
sion peaks. This SWCNT ratiometric sens-
ing platform is providing the detection 
of trace analytes in strongly scattering 
media, such as found in biological tissues. 

Your Sample Prep Partner for 
Cannabis Testing

H E L P I N G
C H E M I S T S

MILESTONE

milestonesci.com |  866.995.5100Mercury Analysis Digestion  | Clean Chemistry |  Ashing  |  Extraction |  Synthesis

Time doesn’t stand still. Neither do we.

Milestone’s market-leading DMA-80 evo sets the standard for 
mercury analysis, o� ering more than double the productivity 
of traditional cold vapor techniques at a fraction of the cost 
per sample. Simple push-button operation and no sample prep 
provides built-in e�  ciency, generating accurate results in just 5 
minutes. 

Time in your lab is valuable. Let the DMA-80 evo help you 
make the most of it.

Call us today at 866.995.5100 or visit www.milestonesci.com/evo
to learn more.

Results in just 5 minutes

No sample prep required

Up to 70% cost reduction

Introducing
DMA-80 evo
Direct Mercury Analyzer

powered bypowered by

IT’S ABOUT
T I M E

http://www.milestonesci.com/evo
http://www.milestonesci.com


44  Spectroscopy 35(9)   September 2020 www.spectroscopyonline.com

FEATURED ARTICLE

Such sensors are unique and noteworthy in  
biomedical research.

Recent Research
Landry’s most recent research has demon-
strated that specially covalently function-
alized SWCNTs will maintain their intrinsic 
fluorescence-based molecular recognition 
for selected neurotransmitter and protein 
analytes (9). Her group discovered that a 
targeting ligand, such as biotin, allowed 
the SWCNTs to self-assemble on passiv-
ated microscopy slides for future use in 
multiplexed analyte sensing and imaging 
applications. This work is leading to the de-
velopment of robust biomolecule sensors. 

Landry and her coworkers have re-
cently demonstrated time-resolved 
measurements of exchange dynamics 
between solution-phase and adsorbed 
corona-phase DNA and protein biomol-
ecules on SWCNTs to study protein co-
rona dynamics on ssDNA-SWCNT–based  
dopamine sensors (10).

In other current work, a responsive and 
reversible generic platform was developed 
to provide synthetic molecular recognition 
of the neuromodulator serotonin on the 
surface of NIR fluorescent SWCNT signal 
transducers (11). The results suggest that 
such nanosensors could be developed 
for other important neuromodulators in 

tissue, to study the fundamental aspects  
of neurotransmission.

Her exciting work in genetic engineer-
ing is described in papers published last 
year (12,13). In these papers, Landry’s 
group has demonstrated the application of 
nanomaterial variants and associated sur-
face chemistries to controllably graft and 
quickly deliver functional “biomolecular 
cargo,” such as whole DNA plasmids, into 
various agriculturally important plants. 

“We accomplish nanoparticle-medi-
ated heterologous and transient expres-
sion of a protein in plants, and show that 
there is no transgenic DNA integration into 
the host plant genome,” Landry explains. 

This research has been demonstrated 
to enable gene expression in a series of 
agriculturally meaningful plants, includ-
ing Nicotiana benthamiana (tobacco, a 
model dicot plant), Eruca sativa (arugula, 
a non-model dicot plant); Triticum aes-
tivum (wheat, a non-model monocot 
plant), and Gossypium hirsutum (cotton,  
a non-model dicot plant). 

“Wheat and cotton are cash crops; cot-
ton, in particular, are challenging to geneti-
cally transform with current technologies,” 
she notes. “We further demonstrate with 
single-molecule imaging that the process 
of grafting DNA on nanoparticles pre-
vents DNA degradation by nucleases, 

providing a complete picture of how this 
nanotechnology both promotes delivery of 
functional biomolecules to plants, and also 
protects cargo from enzymatic degrada-
tion en route to its intracellular function.”

Exceptional Teacher and Mentor
Landry spends significant time and effort 
teaching, mentoring, and carefully devel-
oping her graduate students’ research and 
scientific maturity. 

“In addition to the impressive scholar-
ship produced by Dr. Landry’s laboratory, 
so early in her career her lab has already 
produced several faculty members at 
top institutions,” said Heller. “She is an 
exceptional mentor and inspiration to  
young scientists.” 

Patra agrees,.“In addition to her science, 
I think it is impressive that the graduates 
from Markita’s lab are achieving excep-
tional success in their careers,” he said. 

As examples, he notes that Landry’s 
former student leading the brain imag-
ing work is now a professor at the Howard 
Hughes Medical Institute (HHMI) Janelia 
Research campus, that another former 
student who was leading nanosensor de-
velopment is now a scientist at Gordian 
Biotechnology, and a former student who 
was leading plant genetic transformation 
work will soon be a professor at Caltech. 

The Future
Complex research involving the develop-
ment of nanosensors is a fascinating field, 
and Landry appears poised to continue to 
make important contributions in this area. 
“I have watched with awe as Dr. Landry’s 
academic career has taken off due to 
her impressive scholarship in the field of 
nanotechnology, specifically in the area 
of single-walled carbon nanotube-based 
technologies,” Heller said. “I think Marki-
ta’s career will lead to a bright future.”

Rice agrees. “Markita is already a leader 
in the field—indicated by her being a 
sought-after speaker at international 
meetings,” she said. “I have no doubt this 
upward trajectory will continue as she con-
tinues to pioneer novel detection methods 
for important molecules.” 

Patra also looks forward to Landry’s 
continued research. “Markita is an early 

FIGURE 4: Landry’s UC Berkeley group from 2019, from left to right: Markita 
Landry, Abraham Beyene, Gabriel Dorlhiac, Alison Lui, Sanghwa Jeong, Nich-
olas Ouassil, Ian McFarlane, Sarah Yang, Nicole Navarro, Madeline Klinger, 
Darwin Yang, Natalie Goh, Eduardo Gonzalez Grandio, Rebecca Pinals, Fran-
cis Ledesma, Linda Chio, Jeffrey Wang, Gozde Demirer, Josh Hubbard, Huan 
Zhang, Frankie Cunningham, Chris Jackson.

Source: Photo courtesy of M. Landry
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career researcher but has already estab-
lished herself as a world leader in the field 
of nanotechnology, neuroscience, and ag-
riculture,” he said. “The science that has 
come out of the Landry lab since its start 
four years ago is nothing short of extraor-
dinary, so wherever she chooses to take 
her career next I’m sure will be at least  
as exciting.”
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How to Create Scalable NIR Solutions with an Affordable,  
Smart Spectrometer and Machine Learning Platform

Stratio, Inc.
“Data is a precious thing and will last 

longer than the systems themselves.” 

 – Tim Berners-Lee

These words from the World Wide Web inventor 

ring true for any industry though the common 

challenge facing most is to create real world ap-

plications from the data. The near-infrared (NIR) 

spectroscopy field is no different, promising 

many opportunities in agriculture, food science, 

pharmaceuticals, and more, but faces the chasm 

that exists between data collection and market 

offering. A breakthrough in this process is the pro-

duction of “smart” spectrometers that emphasize 

low cost and miniaturization, such as LinkSquare 

by Stratio.

LinkSquare offers a clear path to scalable solu-

tions, combining a pocket sized (4.5”×4.5”×1.0”) 

spectrometer and AI techniques. The spectrom-

eter design is portable and affordable (starting at 

$549), to enable field-use with multiple devices. 

When connected wirelessly with the data collec-

tion software on a Windows/MacOS/Android/

iOS device, LinkSquare collects and exports 

spectral data of vis/NIR (LinkSquare 1, 400–1000 

nm) and NIR (LinkSquare NIR, 700–1050 nm) 

wavelengths.

To bridge the data-to-market chasm, the 

x-factor is AI Platform—LinkSquare’s machine 

learning algorithm platform that converts the 

collected spectral data into downloadable 

smartphone applets based on classification/

regression models.

To demonstrate this process, the 5 steps below 

use LinkSquare and AI Platform to create a solu-

tion for portable and non-destructive evaluation 

of freshness in salmon, tuna, and beef (1).

1. Obtain data portably and non-destructively 

• Reflectance spectral responses were 

obtained from tuna, salmon, and beef sam-

ples using scans from LinkSquare 1.

• For accurate data, scans were perpen-

dicular to sample surface and within 5 

mm to ensure sufficient reflectance to the  

scanning window.

2. Construct reference spectral response 

database  

• Data is collected and stored locally into 

smart devices connected through Wi-Fi 

utilizing the LinkSquare app (iOS/Android). 

• The LS Collector software (Windows/

macOS) allows data export to third-party 

programs and spectrum analysis.

3. Train spectral data through CNN-based 

machine learning algorithms 

• To create classification models for freshness, 

the spectral data was trained through the AI 

Platform service. 

• A conventional model based on monitor-

ing pH levels, TBARS assay to measure fat 

lipid degradation, and Staphylococcus 

Aureus cultures of samples (a common 

biological indicator of freshness), was used 

to categorize freshness and verify results.  

4. Convert classification model into applet 

• For future classification sampling, AI Plat-

form converts the trained model into a 

usable applet within the LinkSquare app. 

• Total accuracy when comparing with pH-

based modelling was 85% for salmon, 88% 

for tuna and 92% for beef (1).

5. Deploy applets and scale solution towards 

application

• Applets are stored locally and can be shared 

between smart devices to allow wireless 

deployment through multiple LinkSquare 

devices for in-field use. 

• LinkSquare and AI Platform APIs are avail-

able for white label solutions.

Discover LinkSquare and AI Platform for your 

applications at: https://linksquare.io/
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Data analysis using CNN 
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FIGURE 1: Overview of food freshness estimation process using LinkSquare, a 
portable visible/near-infrared (vis/NIR) spectrometer. The spectral responses 
are collected over time with a LinkSquare device (above), and the pH values are 
measured at the same time (below) to determine the freshness of samples. The 
spectral response data is used to train a machine learning model for food fresh-
ness estimation which results in the usable mobile applet (right).
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Diode-pumped laser
Hübner Photonics’ Cobolt 
Rogue 640 nm continuous-
wave diode pumped laser 
is designed for super-
resolution microscopy. 
According to the company, 
the multi-mode laser 
complements its Cobolt 
05-01 single-frequency 
lasers, and has a multi-
longitudinal mode in a 
perfect TEM00 beam with 1 W of output power. 
Hübner Photonics, Solna, Sweden.  
www.hubner-photonics.com.

Bioprocess probe
The Kaiser Raman bIO-PRO 
KS probe is designed as an 
adaptation of its Raman bIO-
PRO, a specially designed 
bioprocess probe. According 
to the company, the bIO-PRO 
KS probe is optimized to fit 
the BioPAT Spectro platform 
by Sartorius, providing an 
interface to high throughput 
development through single-
use commercial manufacturing.  
Kaiser Optical Systems, Inc., Ann Arbor, Michigan. 
www.kosi.com.

AA Lamps
REFLEX Analytical’s selec-
tion of hollow cathode 
lamps for atomic absorp-
tion (AA) spectroscopy is 
designed to complement 
its available series of tung-
sten lamps, deuterium 
lamps, xenon lamps, pho-
toionization detector lamps, mercury, and mercury-xenon 
ultraviolet detector lamps. According to the company, a 
selection of more than 1000 lamp types for AA and a variety 
of other instrumentation and equipment is available.  
REFLEX Analytical Corp., Ridgewood, New Jersey.  
www.reflexusa.com.

Compact UV Raman spectrometer
The WP 248 stand-alone 
ultraviolet (UV) Raman 
spectrometer from 
Wasatch Photonics is 
designed with free space 
input and an f/2.0 design 
for high throughput detec-
tion. According to the 
company, the spectrome-
ter covers a range of 400–3200 cm-1 with a 15 cm-1 resolution 
and can be used for fluorescence-free Raman spectroscopy 
and UV resonance Raman (UVRR) spectroscopy.  
Wasatch Photonics, Morrisville, North Carolina.  
www.wasatchphotonics.com.

Oxygen and carbon dioxide sensor 
system
Oxigraf’s carbon dioxide 
sensor system is designed 
to provide oxygen 
measurements over a 
range of 0–100% levels 
and resolutions of up to 
0.01% with accuracy and 
repeatability. According 
to the company, the 
sensor uses laser diode absorption technology to measure 
oxygen concentration in the gas sample.  
Oxigraf, Sunnyvale, California.  
www.oxigraf.com.

Grating-based spectrometer
The C14384MA-01 com-
pact grating-based spec-
trometer from Hamamatsu 
is designed for measuring 
sugar content in fruit. 
According to the company, 
the spectrometer has a 
spectral response range 
of 640 to 1050 nm, a 
resolution of 17 to 20 nm 
(depending on the wavelength), and is suitable for pocket 
(consumer) spectrometers and handheld instruments.  
Hamamatsu Corporation, Bridgewater, New Jersey.  
www.hamamatsu.com.

Raman Spectroscopy Laser
Lasers from RPMC are 
designed for Raman 
spectroscopy applications, 
from components to 
modules to systems. 
According to the company, 
a selection of wavelengths, 
output powers, and 
package options from 
TO-Can, 14-pin BF, OEM 
modules with electronics, 
and turnkey systems are available. 
RPMC Lasers, Inc., O’Fallon, Missouri.  
www.rpmclasers.com.

Tungsten and deuterium lamps
REFLEX Analytical’s deuterium 
lamps, prealigned deuterium 
lamps, tungsten halogen lamps, 
and mounted tungsten halogen 
lamp assemblies are designed to 
complement the company’s xenon 
lamps, hollow-cathode lamps, photoionization detector (PID) 
lamps, mercury lamps, and mercury-xenon ultraviolet (UV) 
detector lamps. According to the company, more than 1000 
lamp types for UV-vis-NIR spectrometers, HPLC detectors, 
atomic absorption instrumentation, photochemical process-
ing, fluorimetry, mercury analyzers, medical and environmental 
equipment, and fixed wavelength detectors are available.  
REFLEX Analytical Corp., Ridgewood, NJ. www.reflexusa.com.
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Nebulizer selection is a critical but often overlooked 
aspect of inductively coupled plasma–optical emission 
spectroscopy (ICP-OES) analyses. There are many 
different nebulizers available for ICP-OES, and 
choosing the optimal one can be confusing and difficult. 
To achieve peak performance from your ICP, it is 
essential to choose the proper nebulizer based on your 
sample types in addition to any necessary accessories 
to maintain long-term performance. In this study, we 
compare the performance of Glass Expansion’s most 
popular concentric nebulizer designs for ICP-OES 
applications as well as a parallel-path nebulizer from 
another vendor, providing a complete selection guide 
based on performance and design.

Nebulizer selection is challenging because there are 
many types available: concentric, parallel-path, and 

cross-flow, to name a few. By far, concentric nebulizers 
are the most common type on instruments today, as they 
generally provide the best performance. Even within the 
narrower category of concentric nebulizers, there is quite 
a range of designs. Glass Expansion offers the largest 
range by any manufacturer, each model having a variety 
of applications for which it is ideally suited (1). 

It is important to note that all concentric glass nebuliz-
ers are not the same. Glass Expansion’s designs feature 
a unique VitriConeTM sample capillary (Figure 1a), which 
is machined from a thick-walled capillary, resulting in a 
highly reproducible geometry and consistent internal di-
ameter (i.d.). Since the thickness is not compromised, the 
capillary resists harmonic vibration caused by the high-
velocity argon flow, giving the best short-term precision. 
Non-Glass Expansion designs typically use a hand-drawn 
sample capillary, resulting in an i.d. that varies over the 
length, preventing a laminar flow and creating points 
where particulates can lodge. The designs also are frag-
ile and susceptible to harmonic vibrations.

Glass Expansion nebulizers also feature a direct connection 
(DC) gas line, as seen in Figure 1b, which features a ratchet 
fitting on one end, and an instrument-specific gas fitting 
on the other. The ratchet fitting provides a reliable, leak-
free gas connection to the nebulizer, maintaining optimal 
backpressure for consistent performance.

The SeaSprayTM nebulizer is a glass concentric nebulizer 
that features a self-washing tip with smooth surfaces to avoid 
build-up of salt crystals. It provides outstanding nebulization 
efficiency and excellent tolerance up to 20% of dissolved sol-
ids without compromising detection limits.

The ConikalTM glass concentric nebulizer is a high-precision 
nebulizer for routine analysis of aqueous and organic samples.

The HF-resistant DuraMistTM concentric nebulizer (Figure 
1c) is manufactured from inert PEEK materials. It offers high 
sensitivity with excellent short-term precision and the high-
est tolerance to total dissolved solids (TDS) of any concentric 
nebulizer. It is a great “all-rounder” and the choice for analy-
sis of diverse sample types.

The SlurryTM glass concentric nebulizer is designed for 
analysis of slurries, suspensions, and wear metals. It provides 
the excellent sensitivity and short-term precision of a glass 
concentric nebulizer, and it is tolerant to particulates up to 
150 µm in diameter.

Parallel-path (or v-groove) nebulizers vary greatly in cost 
and performance. The large-bore capillary is designed to re-
sist blockages, but this results in larger droplets and a wider 
drop size distribution, affecting both efficiency and precision. 

High-Performance ICP-OES Sample Introduction: How 
to Choose and Use the Best Nebulizer for Your Analysis
Justin Masone, Ryan Brennan, Glyn Russell, and Terrance Hettipathirana, Glass Expansion, Inc.

Figure 1: Glass Expansion concentric nebulizer design features.

http://www.geicp.com
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Parallel-path designs also typically suffer from poorer repro-
ducibility in performance from one nebulizer to the next.

Results
In this study, we compared the performance of the SeaSpray, 
Conikal, DuraMist, Slurry, and a non-Glass Expansion 
parallel-path design. Some of the criteria that need to 
be considered when selecting a nebulizer for ICP-OES 
applications are listed below:

• tolerance to TDS
• tolerance to particulates
• tolerance to hydrogen fluoride (HF)
• precision (RSD)
• sensitivity (signal-to-root background ratio, SRBR).
Short-term analytical precision (%RSD) is one of the most 

critical figures of merit for ICP-OES applications. With 
RSDs, the lower the figure, the better, as this represents less 
variability in the analytical signal. In Figure 2, the SeaSpray 
nebulizer shows the best short-term precision of 0.26% RSD, 
whereas the parallel-path nebulizer gives the worst precision 
at 1.3% RSD. Due to the design of the parallel-path nebulizer, 
precision can be improved at higher sample flow rates 
(1.5–2 mL/min). However, higher sample flow rates are not 
desirable in many ICP applications, due to plasma stability 
issues, limited sample volumes, or autosampler capacity.

With a solid-state detector, the most reliable figure of merit 
for detection limits is the signal-to-root background ratio 
(SRBR), because measuring detection limits with multiple 
solutions and a large number of replicates is both slow and 
prone to significant statistical variation. With SRBR, the higher 
the value, the lower the limit of detection. In Figure 3, the 
SeaSpray offers the highest SRBR value (indicating the lowest 
detection limits), with the DuraMist giving the next best results. 
The Slurry and Conikal are similar and followed closely behind, 
with the parallel-path offering the lowest SRBR values (and 
worst detection limits) of the nebulizers examined.

In order to maximize the lifetime of these performance ben-
efits, it is important to select accessories that will mitigate the 

effects of certain sample types. For high-TDS samples, pair-
ing the SeaSpray or DuraMist with the Elegra argon humidifier 
will help maintain analytical performance (2). Humidifying the 
nebulizer gas helps to alleviate salt deposits in the nebulizer 
and torch injector, allowing uninterrupted and maintenance-
free operation. In order to prevent any issues with clogs or 
blockages due to particulates, the Guardian inline particle fil-
ter can be installed to eliminate the risk of particulates getting 
trapped in the nebulizer or capillary tubing (3).

Lastly, to keep your nebulizer in good condition, always 
follow the manufacturer-recommended maintenance 
procedure, and do not use wires or sonicating baths. Glass 
Expansion’s Eluo Nebulizer Cleaning Tool provides a safe 
and convenient way to remove blockages (3).

Conclusion
If you want the best performance your ICP-OES can provide, 
it is essential that you choose the proper nebulizer to meet 
the demands of your sample types, in addition to following 
recommended maintenance procedures to ensure consistent 
performance and long life. In this application note, we 
presented a selection guide based on several performance 
criteria. However, if you require any further assistance 
selecting a sample introduction system, please contact us at 
enquiries@geicp.com or visit www.geicp.com.

References
(1) “A Nebulizer Update,” Glass Expansion (Pocasset, Massachusetts, 

2013).

(2) “The Elegra Argon Humidifier: Uninterrupted and Maintenance-Free 

ICP Operation.” Glass Expansion (Pocasset, Massachusetts, 2016).

(3) “Considerations when Analyzing Real-World Samples by ICP 

Spectrometry.” Glass Expansion (Pocasset, Massachusetts, 2017).

Figure 3: Comparison of SRBR at 0.7 L/min nebulizer gas flow. 

Glass Expansion, Inc.
31 Jonathan Bourne Dr., Unit # 7, Pocasset, MA 02559

tel. (508) 563-1800, fax (508) 563-1802
Website: www.geicp.com 

Figure 2: Comparison of short-term analytical precision of 
5 ppm Mn at 0.7 mL/min sample uptake. 
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Material Identification for standard ASTM and JIS alloy 
tables and user-definable custom identification tables 
is enabled by Rigaku Material Identification software.

Material identification, also called positive material 
identification (PMI), is used to analyze and identify 

materials for quality assurance and quality control to verify 
proper alloy or material is being used. Material identification 
can also be used to quickly sort unknown alloys and 
other materials, including powders and liquids. It is also 
used in industrial forensics and failure material analysis 
identification. By looking at the structure of the elemental 
constituents in a sample, material identification verifies 
material type by comparing differences in composition 
that define the specific types of materials being analyzed. 
X-ray fluorescence (XRF) offers a non-destructive means for 
material identification. 

Experimental Conditions
Energy dispersive X-ray fluorescence (EDXRF) systems 
from Applied Rigaku Technologies offer the standard alloy 
identification tables as well as the capability for the user to 
create a custom table defined for any material where the 
types of materials can be differentiated by differences in 

element composition. The ASTM and JIS standard alloy 
tables for ferrous, aluminum, and copper alloys are included. 

Rigaku Material Identification software allows the user 
to create and define a custom identification table for any 
material where the types of the material are differentiated by 
elemental composition. For example, for an identification 
for sorting unusual auto cats, the material types and 
criteria for differentiating are determined by the user to 
best fit the specific needs at the facility.

The user creates a new standard table, defines the 
category, and lists the major elements in the material that 
are used to differentiate the various material types. Next, 
the types of material are listed and the elemental limits that 
define the differences among each type are entered.

Conclusion
Rigaku Material Identification software gives the user a tool 
for alloy PMI as well the ability to create custom identifica-
tion tables for material verification and sorting applications.

Material Identification
Applied Rigaku Technologies, Inc.

Figure 1: Example of identification of SiC diesel auto cat sample.

Applied Rigaku Technologies, Inc.
9825 Spectrum Drive, Bldg. 4, Suite 475, Austin, TX 78717

tel. (+1) 512-225-1796
Website: www.RigakuEDXRF.com
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Polarization in FT-IR ATR
Susan Berets and Jeffrey Christenson  
Harrick Scientific Products, Inc.
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Figure 2: ATR spectrum of tunicin measured with s-polar-
ization (red) and p-polarization (blue). 
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Figure 1: ATR spectra of water recorded with the polarizer 
set to 90 (red) and 0 (blue).
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Figure 3: ATR spectrum of a 16 Å thick photoresist ultrathin 
film on a silicon wafer, measured with unpolarized (black), 
s-polarized (red), and p-polarized (blue) incident radiation.

ented thin film on silicon was examined with the VariGATR at a 
65° grazing incidence.

Results and Discussion
Figure 1 shows the ATR spectra of water, measured with the 
two perpendicular orientations of the polarizer. Clearly, the 0 
setting gives bands that are roughly twice as strong as those 
for the 90 setting, indicating that the former gives p-polarized 
radiation.

Figures 2 and 3 show spectroscopic differences resulting 
from polarized measurements. In Figure 2, the O-H and C-H 
stretching regions change with polarization, suggesting differ-
ent orientations of functional groups on the surface. Figure 3 
shows differences at 1500 cm-1 and 1250 cm-1. These bands are 
not visible with s-polarization but are with p-polarization, which 
probes bonds perpendicular to the interface. This shows the 
preferential orientation of functional groups on the surface.

Conclusion
Combining a polarizer with ATR measurements provides 
valuable information about the sample. It also determines that 
the polarization delivered is straightforward. Polarization can 
enhance band intensities and provide information on oriented 
functional groups.

References
(1) N.J. Harrick, Internal Reflection Spectroscopy (Wiley, New York, 1967).

Many polymers and thin films on semiconductors are de-
signed with specific molecular orientation to take advan-

tage of mechanical, chemical, or physical properties. Some 
plastics, for example, exhibit different mechanical strengths 
depending on the orientation. Molecular orientation can be 
extracted from polarized ATR measurements.

This application note demonstrates determining the cor-
rect orientation of the polarizer for these measurements and 
illustrates the importance of polarized measurements in spe-
cific examples.

Experimental
For all measurements, a Harrick Wire Grid Polarizer (KRS-5 
substrate) was used. The polarizer was oriented in the same 
position for both background and sample measurements. All 
spectra were collected using an FT-IR spectrometer at an 8 
cm-1 resolution, averaging over 32 scans.

Harrick’s Horizon, Seagull, and VariGATR accessories were 
used here. Such accessories redirect the infrared to and from 
the sample via mirrors, changing the direction of the electric 
field, which makes it tricky to ascertain the polarizer position 
for s- or p-polarization. For ATR, the polarizer orientation is 
straightforward to determine. The effective thickness for p-po-
larization is nearly twice that for s-polarization at a 45° incident 
angle (1), which is directly reflected in band intensity.

Three samples were investigated. An unoriented liquid, wa-
ter, was used to demonstrate the method used to determine 
polarizer orientation with the Horizontal multiple reflection 
ATR. Then, two oriented samples were examined: Tunicin was 
measured with the Seagull at a 45° incident angle and an ori-

http://www.harricksci.com
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The Oxigraf state-of-the-art Oxygen Deficiency 
Monitor, the Model O2iM, is a responsive, accurate, 
and reliable safety monitor for oxygen displacement 
monitoring in quantum computer laboratory, MRI, 
NMR, and liquid nitrogen and helium storage facilities. 
Our reliable solid-state sensor does not require routine 
maintenance or factory calibration, and the O2iM is 
equipped with an automatic, programmable auto-
calibration system. The system easily interfaces with 
alarm system and building management systems. 

Oxigraf Case Study

State-of-the-art helium (and other rare gases) recovery, 
purification, and liquefaction systems are required 

for operation of helium-3/helium-4 milli Kelvin dilution 
refrigerators in modern quantum computer laboratories, 
liquid helium superconducting magnets, MEG systems for 
medical applications, cryogenic measurement cryostats, and 
various size helium and cryogenic vacuum facilities.

The Problem
Reliable solutions for sampling gas from remote locations in a 
helium processing facility are needed to monitor equipment 
and personnel safety. During their operations, helium 
processing facilities deal with the presence of cryogenic 
nitrogen and helium, presenting oxygen deficiency hazards. 
Oxygen deficiency in the workplace can lead to blackouts, 
cause falls, and present more serious health risks—some of 
which can be fatal. The Oxigraf expert team can be brought in 
to help eliminate the risk of oxygen depletion.

The Solution
The Oxigraf Model O2iM has a high-flow pump option and 
allows for sampling from long distances. This sensor allows 
for continual monitoring of the clients’ facilities atmosphere 
from a safe location and provides local alarms and interfaces 
with sophisticated safety features to prevent hazards such 
as cryogenic spills, which can lead to rapid displacement of 
breathing air. Oxigraf’s top-of-the-line oxygen deficiency 
monitor is flexible and efficient, and it provides the client 
with a reliable, immediate oxygen alarm for concentrations 
of less than 19.5%. It also eliminates the need for frequent 
recalibration or replacement of oxygen sensors as well as the 

comprehensive, time-consuming maintenance often involved 
in sampling systems. The risk of false alarms and alarm failures 
can also be eliminated.

The Result
It can be determined that O2iM allows reliable performance 
24/7. Oxigraf customers are particularly impressed with the 
unique engineering of the “Pre-Fetch” high-flow pump option, 
which allows for the monitoring of distant sample locations 
while maintaining fast response times.

Learn More
Oxigraf has over 20 years of experience producing laser gas 
sensors and instruments and is the leading manufacturer 
of laser absorption spectroscopy sensors for oxygen 
gas measurement and analysis. Oxigraf O2iM Oxygen 
Safety Monitors have been widely adapted in hundreds of 
facilities since 2004, replacing a wide range of less reliable 
electrochemical sensors. Oxigraf O2 and CO2 sensors in 
particular have been widely adapted by OEM manufacturers 
of medical respiratory gas monitors in order to measure 
breath waveforms, end-tidal gas values, anaerobic thresholds, 
VO2 max, and non-invasive cardiac outputs. 

For more information on our sensors, or to speak with an expert 
about your specific monitoring needs, contact the team today.

Quantum Computer Helium Laboratory Oxygen 
Deficiency Monitor O2iM from Oxigraf
Oxigraf, Inc.

Figure 1: Oxigraf state-of-the-art Oxygen Deficiency 
Monitor, Model O2iM.

Oxigraf, Inc.
238 E Caribbean Dr., Sunnyvale, CA 94089

tel. (650) 237-0155, fax (650)237-0159
Website: www.oxigraf.com

http://www.oxigraf.com
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The concentration of ethanol in hand sanitizer was 
determined using a calibration developed with an 
automated ATR sampling accessory.

Ethanol-based hand sanitizers have been used to hamper 
the spread of infectious diseases for decades, especially 

by healthcare providers. More recently, in response to the 
COVID-19 pandemic, hand sanitizers have become a popular 
household item and are now being used routinely by the general 
public. To effectively destroy viruses such as SARS-CoV-2, the 
concentration of ethanol must be greater than 60% in volume. 

Fourier transform infrared (FT-IR) spectroscopy with 
attenuated total reflectance (ATR) requires no sample 
preparation and is an ideal way to determine the concentration 
of ethanol in a popular hand sanitizer. Here we created 
a calibration curve from prepared standards, using the 
PIKE Technologies’ AutoATR—an automated 24-well plate 
accessory that is designed for rapid calibration development 
and validation.

Experimental Methods
Ethanol standards were prepared with 99.5% anhydrous 
ethanol at concentrations of 0.00, 50.00, 75.00, 79.17, 85.00, 
and 90.00% ethanol (v/v). Each solution was covered and 
allowed to degas while thoroughly mixing.

FT-IR spectra were collected on a commercial FT-IR 
spectrometer equipped with a DLaTGS detector, and using the 
AutoATR sampling accessory. Then, 32 scans were co-added 
and the spectral resolution was 4 cm-1. The PIKE AutoPRO7 
software was used to control the X-Y stage of the accessory 
and to signal the FT-IR instrument to collect each background 
at each sample position prior to the introduction of the sample 
aliquots. After background collection was complete, sample 
aliquots were distributed into the 24-well ATR microtiter tray, 
and covered with an airtight seal to prevent evaporation of 
ethanol and water within each well. Each sample spectrum 
was collected and a transmittance spectrum was automatically 
calculated using its corresponding well-specific background 
spectrum, as directed by AutoPRO7.

Results
The two prominent ethanol spectral bands located near 
1045 and 1087 cm-1, corresponding to C–O stretch modes, 

were analyzed (Figure 1a). The calculated area across the 
975−1150 cm-1 spectral region of each standard solution 
was used to generate a calibration plot. A linear regression 
of the calibration series exhibiting an R2 = 0.9992 was then 
used to determine the %ethanol (v/v) of a popular ethanol-
based hand sanitizer. Based on the linear regression equation 
shown in Figure 1b, the %ethanol (v/v) of the tested hand 
sanitizer was determined to be 82.7%.

Implementing automation in the laboratory offers an 
opportunity to increase laboratory efficiency by significantly 
decreasing calibration-and-validation development time. In 
the case of the AutoATR, up to 24 samples in a single run may 
be analyzed with high reproducibility and speed, resulting in 
high-quality spectra.

Conclusion
To effectively combat pathogens like SARS-CoV-2, 
manufacturers of hand sanitizers must determine the 
concentration of components in mixtures. The AutoATR 
makes these spectroscopic analyses easy and efficient by 
speeding the calibration development and model validation, 
while allowing for rapid sample data collection.

Quantifying Ethanol Concentration in Hand Sanitizer 
via Automation
Kyle J. Czech and Jenni Briggs, PhD, PIKE Technologies

PIKE Technologies, Inc.
6125 Cottonwood Drive, Madison, WI 53719

tel. (608) 274-2721
Website: www.piketech.com
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Figure 1: (a) Absorbance spectra of ethanol/water 
standards (green lines) and the analyzed hand sanitizer 
(black line). (b) Calibration plot showing the area of 
the absorbance bands of ethanol (green markers) with 
the absorbance area of the hand sanitizer shown by the 
black marker. 
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How Does Concatenation Enhance Raman 
Spectroscopy?
Michael Meyer, RPMC Lasers, Inc.
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Figure 1: Concatenated Raman spectra for cyclohexane 
obtained with a 680 nm/785 nm laser pair. 

RPMC Lasers, Inc.
8495 Veterans Memorial Pkwy, O’Fallon, MO 63368

tel. (636) 272-7227
Website: www.rpmclasers.com

In general, many Raman measurements suffer 
from fluorescence, which forces the use of longer 

excitation wavelength (lower photon energy) 
lasers to prevent the fluorescence signal from 
overwhelming the Raman signal. However, this 
results in reduced sensitivity of low-cost silicon 
CCD detectors at higher wavenumbers, making 
it difficult (or impossible) to observe the “stretch” 
portion of the Raman spectra (for example, 2000–
4000 cm-1). This reduced sensitivity is particularly 
true for excitation wavelengths greater than 760 
nm. In addition, longer wavelength excitation lasers 
result in a reduced Raman excitation cross-section, 
making it challenging to observe and perform 
quantitative analysis in the “fingerprint” portion 
of the Raman spectra (for example, 0–2000 cm-1). 
Raman concatenation overcomes these difficulties 
and allows a user to visualize the entire Raman 
spectra from 0 to 4000 cm-1 by using two lasers with 
a single-grating-spectrometer and a single probe. 
As an added benefit, because a shorter wavelength 
(higher photon energy) laser is used to collect the 

“stretch” portion of the spectrum, an enhanced 
signal is observed in this region, which allows for 
greater quantitative accuracy.

The second shorter wavelength laser is selected 
to probe the “stretch” region of the spectrum using 
the same spectrometer detection wavelengths. In 
this example, a 680 nm excitation laser corresponds 
to a 2000–4000 cm-1 Raman shift. The probe filters 
are selected to allow excitation and collection at 
both wavelengths.

In operation, each portion of the Raman spectrum is 
sequentially collected, then the composite spectrum 
is “concatenated” or stitched together. Figure 1 
shows an example of a concatenated spectrum 
collected on cyclohexane using a 680 nm/785 nm 
laser pair. Note the significant enhancement and 
improved peak discrimination of the Raman signal 
strength in the stretch portion of the spectrum.

The ~10X enhanced signal and signal-to-noise 
ratio in the stretch region of the spectrum (Figure 
1, right side) makes Raman concatenation ideal for 

quantitative process control of CH, OH, and NH 
molecules in many applications. Finally, it should be 
noted that longer wavelength laser pairs can also be 
selected if fluorescence is still an issue at 680/785 
nm. For example, a 735/830 nm laser pair can be 
utilized with a silicon-based spectrometer, while an 
830/1064 nm laser pair can be used with an InGaAs-
based spectrometer. The Raman concatenation 
system is patented by Innovative Photonic Solutions 
(IPS) under US 10,359,313 and is patent pending in 
the EU.

The R series of wavelength-stabilized, single-
mode and multimode laser diodes offer a narrow 
wavelength spectrum in wavelengths from 633 nm to 
1064 nm. Package options range from components 
as basic as a TO-56 or 14-pin BF packaged diodes, 
to OEM modules including electronics, to UL/CE 
and IEC certified turnkey systems.

http://www.rpmclasers.com
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This study describes how Raman imaging and 
correlative Raman scanning electron (RISE) 
microscopy can characterize and visualize layer 
numbers in 2D MoS2 and WSe2 samples.

Transition metal dichalcogenides (TMDs) exhibit unique 
electronic and optical properties, and these differ 

depending on the number of layers of material. Raman 
imaging can quantify layers by these differences. Raman 
microscopy can also be combined with other techniques, 
such as scanning electron microscopy, for a more 
comprehensive view.

Experimental
An investigation of a tungsten diselenide flake quickly pro-
duced high-resolution images with a WITec alpha300 apyron 
fully automated Raman microscope.

Molybdenum disulfide monolayer crystals were examined 
with a WITec RISE system featuring a common vacuum 
chamber for both Raman and SEM measurements.

Results

Ultrafast Raman Analysis  
of Tungsten Diselenide (WSe2)
Figure 1B shows a measurement of a WSe2 flake that was 
acquired in approximately 2 min. It is a clear and detailed 
75 × 75 µm² Raman image consisting of 10,000 spectra. The 
same data after smoothing are also shown. A measurement 
made in about 17 min of 100,000 spectra produced an even 
sharper image.

RISE Microscopy Investigation  
of Molybdenum Disulfide (MoS2)
RISE microscopy reveals structure as well as crystalline 
and exciton dynamics of few-layered transition metal 
dichalcogenides (TMDs). Twin crystals of MoS2 on SiO2/Si appear 
in the SEM image as star-shaped forms (Figure 2A). The Raman 
spectra of MoS2 monolayers show the characteristic E’/E2g  
and A’1/A1g Raman band modes of MoS2 at 385 and 403 
relative wavenumbers (cm-1) respectively (Figure 2C). With an 
increasing number of layers, the two Raman bands drift apart 
due to in-plane and out-of-plane (inter-layer) vibrations.

The grain boundaries visible in the SEM image correlate 
with the areas where Raman signals indicate crumpled or 
overlapping edges, highlighting the effectiveness of RISE 
microscopy (Figure 2B) for characterizing MoS2 crystals.

Conclusion
Raman microscopy and the combination of Raman imaging 
with scanning electron microscopy offer researchers fast 
and versatile tools for determining the number of layers in 
transition metal dichalcogenide samples. High-resolution 
images of tungsten diselenide and molybdenum disulfide 
crystals can show edges, boundaries, folds, wrinkles, and 
other structures in clear, precise detail. This capability will be 
of great use as 2D materials and TMD research continues.

TMD Layer Characterization  
with Raman and RISE Microscopy
WITec GmbH

A B C D

Figure 1:  WSe2 flake A: White light image. B: Raman image 
of 10,000 spectra acquired in about 2 min. C: Smoothed 
version of B. D: Raman image of 102,400 spectra acquired in 
about 17 min. Color code: single-layer (red), bi-layer (green), 
multi-layer (blue). 

WITec GmbH
Lise-Meitner-Str. 6, 89081 Ulm, Germany

tel. +49 731 140 70 0, fax +49 731 140 70 200 
Website: www.witec.de 
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Figure 2: MoS2 crystals A: SEM image of MoS2 crystals. 
B: Color-coded Raman image derived from the spectral 
information overlaid on the SEM image to produce the RISE 
image. C: Raman spectra of MoS2: green = 1L MoS2, blue and 
red = edges and defects. 
(Sample courtesy of Ting Yu, Nanyang Technological 
University, Singapore.)  
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