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David Tuschel

Stress and strain are terms that are often used interchangeably when discussing the characteristics of materi-

als. Nevertheless, their meanings are different. Stress is a force per unit area applied to an object, and strain 

is the effect on the object from the stress. Specifically, strain is the change in the positions of the atoms or 

the lengths of the chemical bonds within the object that are induced by the application of stress. Here, we 

discuss the distinction of these terms, and their mathematical forms as applied to crystals. Strain is manifest 

in Raman spectra through changes in peak position and bandwidth. We present examples of the identifica-

tion of strain in crystals of several technologically important materials.

Stress, Strain, and 

Raman Spectroscopy

Molecular Spectroscopy Workbench

R
eaders of Spectroscopy have often read how stress or strain 
can be detected by Raman spectroscopy through the shift-
ing or broadening of certain bands. In this installment of 

“Molecular Spectroscopy Workbench,” we delve more deeply into 
this topic, discussing the physics and mathematics of stress and 
strain, and demonstrating their effects on Raman spectra. We begin 
by carefully defining these two terms, and making the proper dis-
tinction between them. Readers interested in a deeper mathemati-
cal explanation of stress and strain are encouraged to read the two 
chapters on these subjects in the classic work by Nye (1).

When external forces are applied to an object that does not move, 
we say that it is under stress. Furthermore, if the forces on the ob-
ject do not vary spatially, then the object is subject to homogeneous 
stress. Stress normally occurs over an area of an object, and not 
just a point location. Therefore, stress is properly understood as 
the force per unit area applied to an object, and is described math-
ematically by the second rank tensor shown in equation 1, where 
σ represents stress:

 [1]

We may consider an ideal object such as a cube with the usual x, 
y, and z axes to better understand the components of the stress ten-
sor. The stress forces applied along the cube’s x, y, or z-axis are said 
to be the normal components of stress, and are associated with the 

tensor elements σxx, σyy, and σzz, respectively. These normal com-
ponent forces can be applied inward, directed towards the center of 
the object, or outward. The former is defined as a compressive stress, 
whereas the latter is a tensile stress. The sign convention that has 
been adopted is that a positive value of σxx, σyy, or σzz corresponds 
to a tensile stress, whereas a negative value indicates a compressive 
stress. Now, it is important to understand and appreciate that the 
stress forces applied to opposite faces of our ideal cube must be 
of equal magnitude, but from opposite directions, for our cube to 
not move. That is why we can describe stress as a static force. The 
magnitudes of the stress forces need not be the same on the x, y, 
or z faces, but they must be the same on the opposite pair of faces.

The diagonal tensor elements σxx, σyy, and σzz are the normal 
components of stress, whereas all of the other off-diagonal tensor 
elements such as σxy, σyx, and σzy are the shear components. The 
shear tensor elements are paired under a condition of static equi-
librium such that

 [2]

For example, σxy = σyx would be shear forces perpendicular to 
the normal component σzz. In summary, the stress tensor diagonal 
elements describe the force per unit area as compressive or tensile 
normal components, and the off-diagonal tensor elements describe 
the shear unit area forces.

http://www.spectroscopyonline.com/
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We have thus far discussed the stress 
tensor with respect to an ideal cubic object. 
We can now take those principles and begin 
to apply them to crystals of real chemical 
compounds or elements, and understand 
the strain induced in the crystal as a result 
of the application of the stress. It is criti-
cally important to understand how stress 
and strain differ. Strain is the change of the 
positions of the atoms, or the lengths of the 
chemical bonds within a crystal that are 
induced by the application of stress. Thus, 
for a cubic crystal such as silicon (Si), we can 
expect that a stress of a given magnitude ap-
plied along a crystallographic axis will pro-
duce the same degree of strain, whether it is 
applied along the x, y, or z crystallographic 
axis. However, for a uniaxial or biaxial crys-
tal where all three crystallographic axes are 
not identical, the amount of strain induced 
by a given magnitude of stress will depend 
on the chemical bonding and forces along 
a particular crystal axis. Therefore, it is ac-
tually the changes in atomic positions and 
chemical bond lengths commensurate with 
strain that are detected in the Raman spec-
trum through the changes in peak position 

or band broadening.
The relationship between a homoge-

neous stress and homogeneous strain as a 
generalized form of Hooke’s Law is given by

 [3]

where εij is the strain tensor and sijkl is the 
elastic compliance constant of the crystal-
line material. The strain tensor is a second 
rank 3 x 3 tensor of the same form as the 
stress tensor shown in equation 1. There-
fore, equation 4 consists of nine equations, 
each with nine components on the right 
hand side. For example, 

 [4]
 

Of course, there will be eight similar 
equations for the remaining εxy, εxz, εyx, 
εyy, εyz, εzx, εzy, and εzz tensor elements. The 
implication of equations 3 and 4 is that, if 
even only one component of the stress is 
nonzero, σyy for example, all of the strain 
elements may be nonzero. Consider what 

that last statement could mean applied to a 
rectangular or even cubic crystal. If a uniax-
ial stress is applied to one face of the crystal, 
it will stretch in the direction of the applied 
force, but may also undergo shearing such 
that the angles between faces may differ 
from the original 90 degrees. In other 
words, strain may be induced in a mate-
rial in a direction other than that of the 
applied stress.

We have discussed compressive and ten-
sile stress, and so we can now understand 
the compressive and tensile strain induced 
in a crystal or material as a result of the ap-
plication of the corresponding stress forces. 
If a crystal is subjected to a tensile stress, we 
can envision the atoms being pulled apart, 
or chemical bonds lengthened, relative to 
their normal positions and lengths in an 
unstressed crystal. As the chemical bond 
length increases, and the force constant 
remains the same, we should expect the 
vibrational frequency to decrease. A shift 
of the Raman peak position to lower fre-
quencies is exactly what is observed from 
materials that have been subjected to a 
tensile stress. Conversely, if a compres-
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sive stress is applied, we would expect the 
atoms in a crystal to move closer together, 
or the chemical bond lengths to be short-
ened, relative to their normal positions and 
lengths in an unstressed crystal. The result-
ing compressive strain in the crystal results 
in Raman peak positions shifted to higher 
frequencies. The lesson to be learned here 
is that compressive and tensile stresses will 
induce corresponding strains in the crystal 
that can be observed as shifts of a Raman 
peak position to higher or lower frequen-
cies, respectively. The magnitude of the 
Raman peak shift will be commensurate 
with that of the stress and corresponding 
strain induced in the material. The degree 
to which the Raman band will shift is de-
pendent on the specific material under 
examination and the elastic compliance 
constant (sijkl) of that chemical compound 
or element, and the specific crystallographic 
axes being probed.

As you can see, the stress–strain ten-
sor relationship in even the most simple 
crystal structures can be complex. Nev-
ertheless, quantitative analysis of stress 
or strain by Raman spectroscopy has 
been performed on a variety of materi-
als, including silicon (2–7), aluminum 
oxide (8–10), barium titanate (11–12), and 
aluminum nitride (13). Now that we have 
reviewed the fundamental physics of stress 
and strain, we can examine how they af-
fect the Raman spectra in various techno-
logically important materials.

Imaging Strain in Polysilicon

Much of the early work on microRaman 
spectroscopy of semiconductors involved 
the characterization of polycrystalline 
silicon (14–17), also known as polysilicon, 
which is still used extensively in fabricated 
electronic devices. Theoretical and ex-
perimental work was directed towards an 
understanding of how strain, microcrystal-
linity, and crystal lattice defects or disorder 
can all affect the Raman band shape, posi-
tion, and scattering strength of single and 
polycrystalline silicon (18–20). The presence 
of nanocrystalline silicon in polysilicon 
was confirmed through the combination 
of transmission electron microscopy and 
Raman spectroscopy, and the effects of ex-
tremely small silicon grain dimensions on 
the Raman spectra were attributed to pho-
non confinement (21–24). As the crystalline 
grain size becomes smaller, comparable to 

the wavelength of the incident laser light or 
less, the Raman band broadens and shifts 
relative to that obtained from a crystalline 
domain significantly larger than the excita-
tion wavelength. This has been explained in 
part by phonon confinement, in which the 
location of the phonon becomes more cer-
tain as the grain size becomes smaller, and 
therefore the energy of the phonon mea-
sured must become less certain consistent 
with the Heisenberg uncertainty principle.

It is important to understand the effects 
of nanocrystallinity on the Raman spec-
trum, so as not to wrongly attribute the 
spectral features of nanocrystals to strain 
in microcrystalline or larger grain sizes. Of 
course, strain can be present in nanocrys-
talline materials. If that is the case, then one 
will not be able to strictly differentiate the 
combined effects of strain and nanocrystal-
linity on the Raman spectrum.

A collection of data from a polysilicon 
test structure is shown in Figure 1. A re-
flected white light image of the structure 
appears in the lower right hand corner, 
and a Raman image corresponding to the 
central structure in the reflected light image 
appears to its left. The plot on the upper left 
consists of all of the Raman spectra ac-
quired over the image area and the upper 
right hand plot is of the single spectrum 
associated with the cursor location in the 
Raman and reflected light images. The 
Raman data were acquired using 532 nm 
excitation and a 100x Olympus objective 
and by moving the stage in 200 nm incre-
ments over an approximate area of 25 μm 
x 25 μm. In this particular case, the Raman 
image is rendered through a color coded 
plot of Raman signal strength of the cor-
responding color bracketed Raman shift 
positions in the two upper traces. 

Raman spectra of the unstrained sub-
strate silicon, microcrystalline and strained 
polycrystalline silicon, and nanocrystalline 
silicon are shown in Figure 2. The substrate 
silicon spectrum consists of the Raman 
band at 521 cm-1 arising from the first 
order optical phonon at the Brillouin zone 
center. The Raman band in the spectrum 
of microcrystalline polysilicon appears at 
515 cm-1, a shift of –6 cm-1 relative to the 
peak position of the unstrained substrate 
silicon, thereby indicating the presence of 
tensile strain. The increased width of the 
polysilicon silicon Raman band indicates 
that there is a distribution of strains, and 

the band shift is not the result of a single 
uniaxial stress. The shoulder at 521 cm-1 
can be attributed to the substrate silicon 
underlying the polycrystalline silicon film. 
The spectrum of nanocrystalline silicon 
manifests substantial broadening with the 
peak centered at 502 cm-1. As a result, the 
substrate silicon signal at 521 cm-1 is now 
better resolved. The substantial broadening 
and peak center shift of approximately –19 
cm-1 are consistent with phonon confine-
ment associated with crystal grain sizes 
with nanometer dimensions. Of course, the 
nanocrystalline silicon can also be strained, 
but the effects of strain cannot be differenti-
ated from those of nanocrystallinity in the 
Raman spectrum.

With respect to our explanation of the 
Raman spectra in Figure 2, we now dis-
cuss the reasoning behind our choice of the 
color-coded brackets to render the Raman 
image, and how they relate to differences 
in the solid-state structure of silicon. If we 
were to have a merely elemental composi-
tional image of this particular structure, 
we would expect it to be entirely uniform 
without spatial variation, because silicon 
would appear in every pixel of the image. 
However, if we distinguish the different 
solid-state structures of the silicon by iden-
tifying unstrained silicon with the Brillouin 
zone center Raman band of 520.7 cm-1 iso-
lated in red brackets, microcrystalline and 
strained polycrystalline silicon in green 
brackets, and a distribution of nanocrys-
tallinity and strain in the blue brackets, we 
can render the Raman image in the lower 
left hand corner. To some degree strain, mi-
crocrystallinity, and nanocrystallinity are 
comingled in the polysilicon regions of our 
images; however, we can make a reasonable 
distinction by attributing the blue regions as 
primarily due to nanocrystalline grain size.

Now we consider what our rendering 
reveals in the Raman image, expanded for 
more detailed examination in Figure 3. The 
red regions consist of either substrate silicon 
or grown single crystal silicon with different 
oxide thicknesses. The spatial variation of 
the single crystal Raman signal strengths 
corresponds precisely with the physical 
optical effects of the oxide thicknesses and 
even small contaminants or defects seen 
in the reflected light image. Furthermore, 
because of the thinness of the polysilicon 
A alone, one can see through the green 
polysilicon A component to the underly-
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ing red substrate silicon, particularly on 
the left and right of the upper and lower 
portions of Figure 3. The spatial variation 
of the microcrystalline and strained poly-
crystalline silicon green component signal 
strength corresponds to both the central 
strip consisting of polysilicon B deposited 
on polysilicon A and the granular variation 
of polysilicon A seen in the reflected light 
image. Note that the polysilicon A bright 
green speckles in the Raman image corre-
spond precisely to black speckles in the re-
flected light image. Careful examination of 
the central strip reveals these same speckles 
in the polysilicon A blurred somewhat by 
the polysilicon B deposited on top of it.

Now let’s turn our attention to the ap-
pearance of nanocrystalline silicon in the 
image. The formation of nanocrystalline 
silicon occurs almost exclusively in poly-
silicon A and only on top of the central 
single crystal silicon structure, and not the 
substrate silicon. Note that the nanocrystal-
linity occurs primarily along the edge of the 
polysilicon A, but is absent as the polysili-
con A continues along the silicon substrate. 
Also, we see that some of the polysilicon A 

speckles appear blue, thereby revealing 
nanocrystallinity over the central structure 
but not over the silicon substrate.

In summary, the intensity variations of 
the single crystal silicon comport with the 

physical optical effects of varying oxide 
film thickness and surface contaminants. 
Also, this Raman image reveals the spatially 
varying nanocrystallinity, microcrystallin-
ity and strain in polysilicon. We can infer 

Figure 1: (a) Raman hyperspectral data set from a polysilicon test structure with (d) white 

reflected light image in lower right corner; (b) a Raman image generated from the spatially 

varying signal strengths between the color coded brackets in the spectral traces; (c) the single 

spectrum corresponding to the cross hairs in the Raman and white reflected light images.
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that these structural differences occur ei-
ther as a result of processing conditions, 
or from interactions with the adjacent or 
underlying materials in which the polysili-
con is in contact. The use of narrow colored 
brackets with our hyperspectral mapping 
data set allows one to differentiate strain 
free, strained microcrystalline, and nano-
crystalline silicon and to render an image of 
these spatially varying solid state structures. 

Strain in Diamond

The fabrication of diamond films by chemi-
cal vapor deposition (CVD) has been under 
development for many years now for appli-
cations including hardened surfaces, opti-
cal windows, and electrodes. The solid-state 
structure of these films has a direct impact 
on the material properties and therefore 
figures of merit of the final product. Crys-
tallinity, single or poly, the number of de-
fects, strain, and even crystal face, can affect 
performance. Furthermore, the uniformity 
of such films can affect the overall utility 
of the final product. Therefore, analytical 
methods are called for that can character-
ize the spatially varying structure of CVD 
diamond films.

To that end, we have made use of Raman 
polarization selection rules for the pur-
pose of simply differentiating single from 
polycrystalline diamond, and to probe the 
extent of lattice defects, spatially varying 
strain, and the degree of disorder present 
in a crystal. We have applied polarization-
orientation (P-O) Raman spectroscopy to 
characterize diamond films for crystallinity 
and strain. The reader is referred to a pre-
vious publication on P-O Raman spectros-

copy to understand the theory and practical 
applications of this method (25).

The CVD films consisted of diamond 
clusters whose edge lengths ranged from 
approximately 5 μm to 15 μm. The faces 
of the diamonds are square and triangular 
and presumably correspond to the (100) 
and (111) faces, respectively. We performed 
P-O Raman spectroscopy on the isolated 
square faces for the characterization of 
CVD diamond crystallinity. A reflected 
light image of one such square face from 
which P-O microRaman spectra were ob-
tained is shown in Figure 4.

We obtained P-O Raman spectra of di-
amond films prepared by chemical vapor 
deposition using a 1.6 mW, 488.0 nm laser 
beam focused to a 0.6 μm diameter with an 
Olympus MS Plan 100 (0.95 NA) objective. 
Raman scattered light was collected using 
the same microscope objective (backscat-
tering configuration). An analyzer was 
placed in front of the spectrometer entrance 
slit, and configured either parallel or per-
pendicular to the incident polarization. 
Individual spectra were collected at 5° ro-
tational increments for each analyzer polar-
ization configuration as the sample is then 
rotated within the focal plane. The sensi-
tivities of the microscope and spectrometer 
to the two, orthogonal polarizations were 
characterized against a depolarized white 
light source. Accordingly, corrections were 
made to the intensities of P-O Raman 
spectra obtained at the corresponding 
polarizations.

The P-O Raman spectra shown in 
Figure 5 indicate that the diamond is a 
single crystal that contains substantial 

defects. The orientational dependence of 
the Raman spectra manifest the expected 
sinusoidal response for a single crystal 
diamond rotated in a (100) plane with the 
parallel and perpendicular P-O spectral 
plots 45° out of phase with each other. 
However, the failure of the signal to van-
ish at the minima and the presence of an 
amorphous carbon band at approximately 
1560 cm-1 invariant with orientation reveal 
considerable defects in what is nominally 
a single crystal of diamond. 

In addition to the defect-induced dis-
order manifest in the spectra, crystal ori-
entation dependent strain can be identi-
fied through band fitting. The strain-free 
Raman band of diamond appears at 1333 
cm-1. Previous work by other authors has 
demonstrated the crystallographic orienta-
tional variation of strain in diamond films 
and the use of polarized Raman spectros-
copy to detect it (26−28). Figure 6 shows 
two Raman spectra from the perpendicu-
lar polarization set (Figure 5) separated by 
5 rotational degrees. Band fitting reveals a 
strain-free component at 1333 cm-1, and a 
second component at 1341 cm-1, thereby in-
dicating the presence of compressive strain. 
Note that the relative contributions of the 
strain-free to strained components of the 
diamond Raman band are inverted, even 
though the crystal has been rotated by only 
5°. Indeed, the 3D variation of the strain in 
this crystal contributes significantly to the 
deviation of the experimentally obtained 
P-O diagram from one calculated for an 
ideal crystal. Were the diamond to be free 
of defects and spatially varying strain, we 
would expect the Raman signal strengths 
to be zero at the minima in the P-O plots 
shown in Figure 5.

Strain in Two-Dimensional 

Molybdenum Disulfide

There is a great need for characterization 
of two-dimensional (2D) transition metal 
dichalcogenide crystals because of their 
experimental nature and structural vari-
ability, often within one film. We have dis-
cussed the resonance Raman and photolu-
minescence spectroscopy and imaging of 
few-layer molybdenum disulfide previously 
(29). The spatial variation of the number of 
atomic layers of 2D crystals can often be in-
ferred from the hue or color of the crystal 
when viewed using reflected white light mi-
croscopy, and so there have been develop-

Figure 2: Raman spectra of the substrate silicon (red), microcrystalline and strained polycrystalline 

silicon (green), and nanocrystalline silicon (blue).
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ments to use optical microscopy to rapidly 
identify the number of stoichiometric layers 
that make up the 2D crystal (30). However, 
spatially varying strain in 2D crystals does 
not manifest itself in reflected white light 
images. In this article, we focus on spatially 
varying strain in exfoliated and chemical 
vapor deposition molybdenum disulfide 
revealed by Raman spectroscopy.

Several spectra and a Raman image of a 
large exfoliated molybdenum disulfide few-
layer flake, and a smaller flake nearby, are 
shown in Figure 7. The Raman data were 
acquired using 532 nm excitation and a 
100x Olympus objective and by moving the 
stage in 300 nm increments. The Raman 
image is a rendering of signal strength for 
a particular Raman band as a function of 
position on the sample. In this case, the 
Raman image is rendered through red cor-
responding to the Raman band of substrate 
silicon at 521 cm-1, and green is associated 
with the Raman signal of the molybdenum 
disulfide A1g band at 408 cm-1.

Most of the large flake is strain free; 
however, substantial tensile strain is pres-
ent along a portion of the perimeter. Raman 
spectroscopy is most useful for identifying 
spatially varying and heterogeneous strain 
through the broadening and shifting of 
bands relative to those from areas free of 
strain. Here, the broadening and the shift-
ing to lower wavenumber by 4 cm-1 of the 
E1

2g and A1g bands indicate the presence of 
tensile strain in the small flake and at the 
perimeter of the large flake. An interesting 
observation is that, very often, the structure 
of the perimeter of a few-layer molybdenum 
disulfide flake is quite different from that of 
the interior manifesting differences in both 
Raman scattering and photoluminescence.

Strain is frequently observed at the pe-
rimeters of exfoliated molybdenum disul-
fide few-layer flakes. It can also be detected 
at the perimeters and interfaces of 2D crys-
tals grown by chemical vapor deposition. 
A collection of hyperspectral data and the 
corresponding Raman image from pri-
marily single-layer molybdenum disulfide 
crystals grown on a silicon substrate are 
shown in Figure 8. The Raman data were 
acquired using 532 nm excitation and a 
50x Olympus objective and by moving the 
stage in 1 μm increments over an area of 
approximately 120 μm x 90 μm. The spec-
tra consist primarily of the E1

2g (382 cm-1) 
and A1g (402 cm-1) molybdenum disulfide 

bands, and the first order optical phonon 
from silicon at 521 cm-1. A reflected white 
light image of the sample area appears in 
the lower right hand corner, and a Raman 
image corresponding to the reflected light 
image appears to its left. The large trian-
gular features in the white light image are 
single-layer molybdenum disulfide crys-
tals, and the surrounding lighter area is 
the silicon substrate. The small dark area 
at the center of the upper triangle is two-
layer molybdenum disulfide. The plot on 
the upper left consists of all of the Raman 

spectra acquired over the image area. The 
upper right hand plot is of the single spec-
trum associated with the cross hair loca-
tion in the Raman and reflected light im-
ages; the line cursor is positioned at the E1

2g 
peak of strain-free molybdenum disulfide 
to reveal the strain at the cross hair location. 
The presence of shear E2

2g (21.2 cm-1) and 
inter-layer breathing B2

2g (37.5 cm-1) bands 
in the hyperspectral data set (upper left of 
Figure 8) from the small dark area confirms 
that it is two-layer molybdenum disulfide 
(31). These low frequency bands are absent 
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in the spectra of single-layer molybdenum disulfide. 
The red Raman image in the lower left of Figure 8 corresponds 

to the E1
2g (382 cm-1) molybdenum disulfide band between the red 

brackets seen in the plot in the upper left. The Raman image is a 
rendering of signal strength between the brackets as a function of 
position on the sample. In this particular case, the red brackets have 
been made narrow, and placed around the E1

2g (382 cm-1) band as it 
appears in the interior of the crystal away from both the perimeter 
and crystal interfaces. Narrowing the brackets allows them to func-
tion as a spectral slit in the image generation; Raman bands that 
shift to lower or higher frequency will manifest decreased intensity 
as less of the band will appear between the narrow brackets. Con-
sequently, areas of strain will show diminished signal strength and 
appear darker in the Raman image, because the Raman band has 
shifted to either lower or higher frequency depending on whether 
the strain is tensile or compressive, respectively.

We need to carefully examine the spectra from the Raman map 
in Figure 8 to understand how the narrow brackets function as a 
spectral slit to reveal strain and even the two-layer molybdenum 
disulfide in the Raman image. Representative spectra of the inte-
rior single-layer molybdenum disulfide, perimeter, strained crystal 
interface, and dark two-layer molybdenum disulfide are shown in 
Figure 9. The Raman spectrum of the interior single-layer molyb-
denum disulfide free of strain consists of the E1

2g (381.6 cm-1) and 
A1g (402.1 cm-1) bands. The Raman spectrum of the dark two-
layer molybdenum disulfide consists of the E1

2g (379.9 cm-1) and A1g 
(403.3 cm-1) bands having peak positions -1.7 cm-1 and +1.2 cm-1, 
respectively, relative to those of the single-layer molybdenum 
disulfide. The increased separation of the E1

2g and A1g bands, 
along with the aforementioned presence of the low frequency 
bands, confirms that the small dark area in the upper triangle is 
two-layer molybdenum disulfide. The E1

2g (381.4 cm-1) and A1g 
(401.4 cm-1) bands in the spectrum of the perimeter have shifted 
to -0.2 cm-1 and -0.7 cm-1, respectively, thereby indicating the 
presence of a tensile strain at the perimeter. The E1

2g (382.9 cm-1) 
and A1g (402.7 cm-1) bands in the spectrum of the strained crystal 

interface (the dark areas between the crystals) have shifted to +1.3 
cm-1 and +0.6 cm-1, respectively, thereby indicating the presence 
of a compressive strain. The E1

2g band shift is twice that of the 
A1g band and so the selection to bracket the E1

2g band makes it a 
better choice for revealing spatially varying strain at the crystal 
interfaces in the Raman image.

Now we consider what our rendering reveals in the Raman image 
expanded for more detailed examination in Figure 10. We choose 
a single spectral component color image with spectrally narrow 
brackets to reveal the spatially varying strain associated with the 
chosen Raman band. In this particular case, the red brackets have 
been made narrow, and placed around the E1

2g (382 cm-1) band as it 
appears in the interior of the crystal away from both the perimeter 
and crystal interface. Using a narrow bracket allows it to function 
as a spectral slit in the image generation, thereby differentiating the 
strain-free single-layer molybdenum disulfide from the strained 
areas, as well as the two-layer molybdenum disulfide. As explained 
above, areas of strain appear darker in the Raman image because 
the band has shifted and contributes less signal strength within 
the narrow spectral brackets. The spectra in Figure 9 revealed the 
compressive strain at the interfaces of the triangular molybdenum 
disulfide crystals where the E1

2g band has shifted by as much as +1.3 
cm-1. Consequently, the Raman image of the adjoining single-layer 
molybdenum disulfide crystals appears darkest precisely at the in-
terfaces where the crystals met upon their individual growth. Note 
that the darkness at the interfaces projects diffusely for micrometers 
into the crystal, thereby revealing the projection of spatially varying 
and diminishing strain at some distance from the interface into the 
interior of the crystal. Of course, the spatially varying strain seen in 
the Raman image is not detected in the reflected white light image. 
Raman imaging has revealed a distribution of strain in the crystals 
that could not have been known based upon the appearance of the 
reflected white light image.

Another collection of hyperspectral data and the correspond-
ing Raman image of single-layer, two-layer and three-layer molyb-
denum disulfide crystals grown on a silicon substrate are shown 
in Figure 11. The triangle in the center of the reflected white light 
image (lower right) consists of spatially varying two-layer, and 

Figure 4: Reflected white light image of diamond prepared by chemical 

vapor deposition from which P-O microRaman spectra were obtained.

Figure 3: The Raman image from Figure 1b. Red corresponds to single 

crystal silicon, green to microcrystalline and strained polysilicon, 

and blue to nanocrystalline silicon. Polysilicon B (in the center) was 

deposited on the wider, underlying polysilicon A.
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three-layer molybdenum disulfide, the 
pink circle surrounding the triangle is 
single-layer molybdenum disulfide, and 
the area outside of the circle is the bare sili-
con substrate. The red Raman image in the 
lower left of Figure 11 corresponds to the 
spatially varying signal strength of the E1

2g 
(382 cm-1) molybdenum disulfide band be-
tween the red brackets seen in the spectral 
plots. The plot on the upper right is of the 
single spectrum associated with the cross 
hair location at the interface of the multi-
layer triangle and single-layer molybdenum 
disulfide; note the splitting of the A1g band.

We examine the spectra from the 
Raman map in Figure 11 to understand 
the basis for the contrast between the sin-
gle-layer molybdenum disulfide and the 
spatially varying two- and three-layer mo-
lybdenum disulfide triangle and the bright 
interface around the multilayer molybde-
num disulfide triangle in the Raman image. 
Representative spectra of the single-layer 
molybdenum disulfide, triangle and sin-
gle-layer molybdenum disulfide interface, 
and three-layer molybdenum disulfide are 
shown in Figure 12. The Raman spectrum 

Figure 5: P-O Raman spectra of a (100) face of the CVD diamond shown in Figure 4. The light 

collection analyzer was oriented (a) parallel and (b) perpendicular to the incident polarization.

Figure 6: P-O Raman spectra separated by 5 rotational degrees for (a) versus (b). The spectra are 

fitted for strain-free diamond (~1333 cm-1) and a strain component.
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of the single-layer molybdenum disulfide 
free of strain consists of the E1

2g (382.1 cm-1) 
and A1g (402.3 cm-1) bands. The Raman 
spectrum of the triangular three-layer 
molybdenum disulfide consists of the E1

2g 
(378.2 cm-1) and A1g (404.1 cm-1) bands hav-
ing peak positions –3.9 cm-1 and +1.8 cm-1, 
respectively, relative to those of the single-
layer molybdenum disulfide. The increased 
separation of the E1

2g and A1g (–3.9 cm-1 and 
+1.8 cm-1) bands relative to the separation 
of the two-layer molybdenum disulfide in 
Figure 9 (–1.7 cm-1 and +1.2 cm-1) confirms 
that the area of the triangle from which this 
spectrum was generated is three-layer mo-
lybdenum disulfide. Further support for 
this interpretation is how much broader 
the E1

2g and A1g bands in the spectrum of 
three-layer molybdenum disulfide are rela-
tive to their counterparts in the two-layer 
molybdenum disulfide spectrum. The 
shift of the E1

2g band to lower wavenumber 
away from the narrow brackets centered at 
382.1 cm-1 is the basis for the diminished 
signal strength and dark appearance of the 
spatially varying two-layer and three-layer 
molybdenum disulfide triangle.

The interface of the spatially varying 
two-layer and three-layer molybdenum 
disulfide triangle adjoining the single 
layer molybdenum disulfide presents 
a structurally different case from the 
crystal interface of the single-layer mo-
lybdenum disulfide crystals that have 
grown to meet each other. Here, we see a 
splitting of the A1g band. The E1

2g (381.5 
cm-1) and A1g (402.6 and 406.6 cm-1) 
bands in the spectrum of the triangle 
and single-layer molybdenum disul-
fide interface have shifted to –0.6 cm-1 
and (+0.3 cm-1 and +4.3 cm-1) which is 
very different from either the perimeter 
or strained crystal interface spectra in 
Figure 9. The spectral interpretation at 
this interface is not as straightforward, 
because of the convolution of the mul-
tilayer and single layer molybdenum 
disulfide signals within the same spec-
trum. We may interpret the E1

2g (381.5 
cm-1) and A1g (402.6 cm-1) bands at the 
crystalline interface as consistent with a 
transition from the single-layer to two-
layer molybdenum disulfide. However, 
the second A1g (406.6 cm-1) band is sub-
stantially shifted, +4.3 cm-1, relative to 
the single-layer molybdenum disulfide 
A1g (402.3 cm-1) band, thereby indicat-

Figure 7: Raman spectra of few-layer molybdendum disulfide from different locations on the 

two flakes shown in the inset Raman image. The spectrum from the center is not strained. Note 

the substantial shifts and broadening corresponding to strain in the perimeter and flake spectra.

Figure 8: (a) Raman hyperspectral data set from molybdendum disulfide grown on silicon 

with (d) white reflected light image in lower right corner. (b) Raman image generated from the 

spatially varying signal strengths between the red brackets in the hyperspectral plot. (c) The 

single spectrum corresponding to the cross hairs in the Raman and white reflected light images; 

the line cursor is positioned at the E1
2g

 peak of strain-free MoS
2
.

Figure 9: Raman spectra obtained from different locations of sample shown in Figure 8: Interior 

single-layer molybdendum disulfide (red), perimeter (green), strained crystal interface (blue), 

and dark two-layer molybdendum disulfide (brown).
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ing a compressive strain at the interface.
The symmetry species and the direc-

tions of the atomic motions of the phonon 
modes affected by stress can help us to 
understand the differences observed in 
the images and spectra of Figures 8–12. 
The E1

2g band arises from in plane (xy-
axes) atomic motions whereas the A1g 
band is associated with vibrations along 
the z-axis (31). Therefore, these bands 
will be sensitive to strain in orthogonal 
directions in the crystal, the doubly de-
generate E1

2g band in the xy-plane and 
the A1g band along the z-axis (32–33). 
The large shift of +4.3 cm-1 for the second 
A1g band in the spectrum of the triangle 
multilayer–single-layer molybdenum di-
sulfide interface is indicative of a signifi-
cant compressive strain along the z-axis, 
whereas there is no indication of strain 
in the xy-plane based upon the peak 
position of the E1

2g band. This is quite 
different from the interfaces created by 
the growth of single-layer molybdenum 
disulfide crystals meeting each other. In 
the case of the contiguous single-layer 
molybdenum disulfide crystals, the E1

2g 

and A1g bands in the spectrum of the 
strained crystal interface (the dark area 
between the crystals) have shifted by as 
much as +1.3 cm-1 and +0.6 cm-1, respec-
tively, thereby indicating the presence of 
a compressive strain in the xy-plane and 
along the z axis. In contrast, a compres-
sive strain of far greater magnitude ap-
pears only along the z-axis at the triangle 
multilayer–single-layer molybdenum di-
sulfide interface.

Conclusion

Stress and strain were defined, and a 
mathematical description of their re-
lationship was provided, making the 
proper distinction between the two 
terms. Stress is a force per unit area 
applied to an object, and strain is the 
effect on the object from the stress. 
Specifically, strain is the change in the 
positions of the atoms, or the lengths of 
the chemical bonds within the object 
that are induced by the application of 
stress. Compressive and tensile stresses 
will induce corresponding strains in the 
crystal, which can be observed as shifts 
of a Raman peak position to higher or 
lower frequencies, respectively. The 
magnitude of the Raman peak shift will 

be commensurate with that of the stress 
and corresponding strain induced in 
the material. The degree to which the 
Raman band will shift is dependent 
upon the specific material under exami-
nation, the elastic compliance constant 
(sijkl) of that chemical compound or ele-
ment, and the specific crystallographic 
axes being probed.

Raman spectroscopy is sensitive to 
strain, and has therefore been success-
fully used for the characterization of 
strain in materials. Raman spectra of 

the unstrained substrate silicon, micro-
crystalline and strained polycrystalline 
silicon, and nanocrystalline silicon from 
a silicon device test structure were pre-
sented and formed the basis of a Raman 
image. The Raman image of the test 
structure revealed the spatially varying 
nanocrystallinity, microcrystallinity 
and strain in polysilicon. Strain was also 
identified in diamond films prepared 
by chemical vapor deposition. We have 
applied polarization-orientation Raman 
spectroscopy to characterize diamond 
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films for crystallinity and strain. Band fitting reveals a strain-
free component at 1333 cm-1 and a second component at 1341 
cm-1, thereby indicating the presence of compressive strain.

Lastly, we discussed spatially varying strain in exfoliated and 
chemical vapor deposition molybdenum disulfide revealed by 
Raman spectroscopy. Most of the exfoliated flake is strain free; 
however, substantial tensile strain is present along a portion of 
the perimeter. Raman spectroscopy is useful for identifying 

spatially varying and heterogeneous strain in exfoliated mo-
lybdenum disulfide through the broadening and shifting of 
bands relative to those from areas free of strain. Strain was also 
detected at the perimeters and interfaces of 2D crystals grown 
by chemical vapor deposition. The Raman image of adjoining 
single-layer molybdenum disulfide crystals revealed strain at 
the interfaces where the crystals met upon their individual 
growth. The strain projects diffusely for micrometers into the 
crystal. The strain is greatest at the crystal interface and spa-
tially varies and diminishes at some distance from the interface 
into the interior of the crystal. Here, the E1

2g and A1g bands 
in the spectrum of the strained crystal interface have shifted 
by as much as +1.3 cm-1 and +0.6 cm-1, respectively, thereby 
indicating the presence of a compressive strain in the xy-plane 
and along the z-axis. The spatially varying strain seen in the 
Raman image is not detected in the reflected white light image. 
Contrast was observed in a second Raman image between the 
single-layer molybdenum disulfide and the spatially varying 
two- and three-layer molybdenum disulfide triangle and the 

Figure 11: (a) Raman hyperspectral data set from molybdendum 

disulfide grown on silicon with (d) white reflected light image in lower 

right corner. The Raman image (b) was generated from the spatially 

varying signal strengths between the red brackets in the spectral plots. 

(c) The single spectrum corresponds to the cross hairs in the Raman and 

white reflected light images.

Figure 10: The Raman image from Figure 8b. Red corresponds to the 

narrow bracketed E2
g2

 band centered at 381.6 cm-1. The interfacial areas 

appear dark because the E2
g2

 band has shifted to higher wavenumber 

due to compressive stress.

Figure 12: Raman spectra obtained from different locations of sample 

shown in Figure 11: Surrounding single-layer molybdendum disulfide 

(red), triangle and single-layer molybdendum disulfide interface (blue), 

and three-layer molybdendum disulfide (green).
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bright interface around the multi-layer molybdenum disulfide 
triangle. We interpret the E1

2g (381.5 cm-1) and A1g (402.6 cm-1) 
bands at the crystalline interface as consistent with a transition 
from the single-layer to two-layer molybdenum disulfide. How-
ever, the second A1g (406.6 cm-1) band is substantially shifted, 
+4.3 cm-1, relative to the single-layer molybdenum disulfide A1g

(402.3 cm-1) band, thereby indicating a compressive strain at 
the interface. Compressive strain appears only along the z-axis 
at the triangle multilayer–single-layer molybdenum disulfide 
interface. This is quite different from the interface created by the 
growth of single-layer molybdenum disulfide crystals meeting 
each other. 
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Focus on Quality

P.A. Smith and R.D. McDowall

Analysis of 47 FDA Form 483 observations and warning letters for infrared spectrometers reveals a spectrum 

of data integrity problems and a lack of laboratory procedures for the technique. Is this your laboratory?

Analysis of FDA Infrared 483 

Citations: Have You a Data 

Integrity Problem?

S
ince the Able Laboratories data falsification case in 2005 
(1), there has been a regulatory focus on the lack of data 
integrity with chromatography data systems. This scrutiny 

has focused on inappropriate access privileges with conflicts of 
interest, deletion of data files, failure to configure the application, 
testing into compliance, and failure to review audit trail entries 
(2). More recently, inspection focus has moved to the use of peak 
integration to integrate into compliance and masking potential 
impurities (3). There have been many warning letters as a result 
of these noncompliances and poor data management practices; 
this is due to chromatography being a major technique that can 
comprise between 40–70% of a laboratory’s workload. You may 
ask, “Why the focus on chromatography in a publication on spec-
troscopy?” Just think of chromatography as sample preparation 
for spectroscopy!

In contrast, there are relatively few FDA warning letters in-
volving spectroscopic techniques. An analysis of FDA warning 
letters citing infrared spectrometers was published in 2014 (4). 

Originally, we were going to write a column looking at 
some of the data integrity issues that could occur with Fourier 
transform infrared spectroscopy (FT-IR) analysis, with a few 
regulatory citations to illustrate each point. However, given the 
bonanza of Form 483 observations and warning letters that 
have been issued by the FDA, we realized that an analysis of 
these would provide a great overview of the current regulatory 
problems facing the technique, before discussing specific topics 
in the future. 

Understanding Our Approach

In this column, we present an analysis of 47 Form 483 observations 
and warning letters issued between 2012 and 2018 (5–51). It should 
be noted that many of these Form 483 observations are not gener-
ally available publicly. Therefore, these observations, the regulatory 
focus on infrared, and the conclusions we have drawn may be new 
to laboratories that only review FDA warning letters. We have taken 
each citation or observation and broken it down into one or more 
data integrity areas; therefore, a single observation can have one or 
more data integrity noncompliances. For example:
• The application does not have an audit trail. This is a single 483 

observation and a single data integrity issue.
• In contrast, here is a more complex citation: System audit trails are 

not available on the two FT-IR instruments, and quality control 
(QC) operators have the option of not saving the IR data. This 
citation will be classified into two entries; one of no audit trail, 
and another of application software design because data are not 
automatically saved. This is a simple example of compound data 
integrity problems, but some citations can be far more detailed 
and complex. 
Therefore, there is not a one-to-one correlation between all non-

compliances analyzed and the data classification presented here.
The noncompliances have resulted in a total of 104 separate cita-

tions for IR analysis that have been classified and discussed below. 
Some of these are self-explanatory, and will not be discussed in part 
due to space considerations and because the solution is obvious 
(such as no software validation, for example). In the references, we 
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have included the FDA Facility Establish-
ment Identifier (FEI), which is the way the 
FDA identifies a specific site in a company. 
Where there are different FEI numbers for 
the same organization, this means that two 
sites or facilities were inspected.

Our main challenge in this analysis is 
to interpret a regulatory citation, because 
we don’t know all the circumstances at the 
time of the observation by an inspector. For 
example, we don’t know the functionality of 
the application software, so the observation 
of no system audit trails available as shown 
above could be a true software design limi-
tation, or, more likely, it could be that the 
users did not enable this function. We have 
used our experience and best judgement in 
classifying each citation in this analysis. 

We do not claim that this noncompliance 
review reflects the total number of 483 ob-
servations issued, but, based on the signifi-
cant number, it is reasonably comprehensive 
to draw firm conclusions on regulatory gaps 
involving IR analysis. Enjoy reading about 
the calamities of others. If any noncompli-
ance mentioned here applies to your labora-
tory, what are you going to do? We suggest 
that you remediate the problem before you 
are included in a future update of this article!

Citations Before the 

Operational Use of the Instrument 

One of the surprises of our analysis is that 
42% of the 483 citations occur before the 
instrument and the associated software 
application are supposed to become opera-
tional. You may doubt this statement, but 
look at both Table I and Figure 1 and you 
will see two main areas: inadequate soft-
ware architecture, and design and failure 
to qualify, calibrate, or validate the system. 
The interpretation of these nonconfor-
mance data is based on the wording of the 
483 observations.

The biggest area, at 37% of the total 
noncompliances, appears to be due to in-
adequate architecture and design of the ap-
plication software that has been purchased 
by the regulated laboratories. The main 
problems with the application software are 
that, as implemented, there are inadequate 
controls for ensuring data integrity, no audit 
trail, and the architecture where data files 
are stored in directories within the operat-
ing system and users can delete data with-
out any record in the data system. Again, 
this is based on the wording inspectors 

included in each Form 483 report, which 
represents a high level conclusive sum-
mary of the inspection findings, and not 
a detailed analysis of the root cause as-
sociated with each observation. In par-
ticular, this represents the inspector’s 
interpretation of what was found about 
how software was implemented, and 
not the full compliance capabilities of 
each software package. In line with FDA 
warning letters, in many instances, the 

manufacturer and name of the software 
was included in many of the examples we 
reviewed, but we have redacted these in 
this column.

Some of the citations for poor software 
design are:
• The UV and FT-IR analytical instru-

ments are both equipped with com-
mercial software that does not prevent 
accidental or intentional deletion of files 
containing data.

Figure 1: Infrared spectroscopy Form 483 citations occurring before operational use of the instrument and 

software.
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• QC operators have the option of not sav-
ing the IR spectra. 

• With the FT-IR instrument (QC/FT-
IR/201), it was noted that the redacted 
software had an option to enable or dis-
able automatic saving of measurement 
available to the chemist.

• FT-IR spectrophotometers used in iden-
tity testing were observed to have a “de-
lete” option available to the user. 

• The lack of an audit trail was one of the 
largest number of citations; there was no 
audit trail in 16 out of 104, or 15%, of all 
citations. 

The use of directories in the operating 
system for data storage where a user can 
delete spectral files without any record in 
the application software (assuming there is 
a function capable of this) gave rise to 17 
citations out of 104, or 16%.
• There were no controls to prevent dele-

tion of data and deleted FT-IR data was 
observed in the computer recycle bin. 

• Data can be deleted off the FT-IR used in 
the testing of active pharmaceutical in-
gredient (API). The data can be deleted 
off the computer systems hard drive, out-
side of the system software, and therefore 
not captured by the systems audit trail.

• Laboratory personnel can change and 
save changes to the date and time setting 
in the Windows operating system.
The first problem is that regulated 

laboratories are purchasing IR applica-
tion software that appears not to have any 
or inadequate data integrity controls. For 
example, all data should be saved, and 
there must be an audit trail built into the 
system which, once implemented, cannot 
be turned off. However, suppliers are mar-
ket driven, and if users don’t ask for these 
features, or help into how to implement 
them, then they won’t be delivered. The 
responsibility of the supplier to help cus-
tomers implement a compliant solution is 
becoming increasingly important. There 
is also the overall market that a supplier is 
developing its software for both regulated 
and unregulated industry sectors. What 
should occur is that suppliers should be 
selling configurable software, and also 
providing assistance in the form of white 
papers informing users how to configure 
the software or providing professional ser-
vices to help implement compliant solutions. 
The second issue is the overall architecture 
of the system: Almost all IR software is de-
signed for standalone operation, or can be 
implemented as a standalone system. Many 
standalone systems involve files storage in 
directories in an operating system, and not 
a database. If the software is designed to 
support networked implementation, using 
database storage on a secure network server, 
this should be implemented. This would re-
move many of the limitations of standalone 
systems, such as backup, as this would be 
performed by the IT department.

Part of the problem is that many soft-
ware applications require a range of ex-
pertise to implement compliant solutions, 

Table I: Infrared spectroscopy Form 493 citations Part 1: citations occurring before operational 

use of the instrument

Noncompliance Citation Number

No qualifi cation, validation, or 

calibration (6%)

No validation 1

No instrument qualifi cation 3

No performance qualifi cation 2

Inadequate software architecture 

and design (37%)

Lack of data integrity controls 5

No audit trail 16

Failure to protect records 17

Total citations before operational use of instrument 

(42% of total citations)
44

Table II: Infrared spectroscopy Form 483 non compliances Part 2: operational use of 

the instrument

Noncompliance Citations Number

Poor security and 

access control (11%)

Shared identities, confl icts of interest, all 

users are administrators
11

Data falsifi cation or testing 

into compliance (8%)
Data deletion, repeat testing 8

No audit trail review (7%)
When there is an audit trail, the entries 

are not reviewed
7

Failure to backup data (7%)
Backup not performed, or backup is 

inconsistent
7

Work not scientifi cally sound (6%) Unscientifi c use of the instrument 6

Inadequate instrument log 

book entries (5%)

Instrument log book entries, not 

performed, inadequate, not done, or 

entries not reviewed

5

Lack of procedures (4%)
Procedures are not written, or do not 

document current working practices
4

Failure to maintain complete 

data (3%)
Data lost, or no data for a test found 3

Raw data defi ned as paper 

(3%)

Focus on paper printouts, and not 

electronic records as the GMP records
3

Inadequate OOS 

investigations (3%)

No scientifi c basis for the conclusion of 

the investigation
3

Miscellaneous (3%)

Lack of a data integrity review program 1

No data assessment after calibration 

failure
1

No verifi cation of a compendial test 1

Total citations during operational use of instrument 

(58% of total citations)
60
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so that an expert in the analytical technique, someone with a 
detailed understanding of the software capabilities and strong IT 
and Part 11 knowledge, is required. From the number of Form 
483 observations, it is clear that this multidisciplinary collabora-
tion has not occurred.

What are Performance Qualification 

Tests for IR Instruments?

The second area for noncompliance before operational use of the 
instrument (6%) is due to failure to qualify or calibrate the instru-
ment or validate the software. This is a fairly straightforward area, 
and we were not going to discuss this, with the exception of two cita-
tions about the performance qualification of an IR instrument, one 
of which is:

No Performance Qualification (PQ) is required before use to ensure 

the performance of the <redacted> FT-IR; only the . . . operation 

qualification is performed. In addition, the SOP # <redacted> does 

not require such a test.

United States Pharmacopoeia (USP) general chapter <1058> on 
Analytical Instrument Qualification (AIQ) was recently updated 
(52), and contains new requirements compared with the 2008 ver-
sion. The key issues are that: 
• Users must write a user requirements specification (URS) that 

contains the operating parameters for the IR spectrometer and 
the instrument software.

• These parameters are verified in the Operational Qualification 
(OQ).

• Performance Qualification (PQ) needs tests that either directly 
or indirectly confirm that the instrument continues to operate 
in compliance with the operating parameters in the URS (52). 
The difference between an instrument OQ and PQ is typically 

the area of greatest discussion when considering analytical instru-
ment qualification. It is important to first understand that, because 
an OQ and PQ test different attributes of instrument performance, 
both are required. 

Uniquely for FT-IR, the subject of calibration also needs to be 
considered because of confusion that can arise around interpreta-
tion of this word. First, in simple terms, the instrument perfor-
mance attributes that are associated with an OQ and PQ are:
• OQ: Documents how the instrument satisfies user requirements 

before operational release and at regular intervals, typically after 
an annual preventative maintenance service.

• PQ: Demonstrates the instrument continues to work under ac-
tual conditions of use as documented in the user requirements 
specification.
The reader must consider what these terms mean for an FT-IR 

instrument, and be able to defend this interpretation during regula-
tory inspections.

For an FT-IR instrument, apart from replacing the internal des-
iccant that removes water vapor from sealed instrument enclosure, 
there are typically no user serviceable components. Therefore, it 
would be more appropriate to label regular testing of instrument as 
performance verification checks for wavelength accuracy, resolu-
tion, and signal-to-noise, rather than calibration. However, for an 
FDA inspector, calibration is most likely to be the name used for in-

strument performance checks, because this is specified in the Good 
Manufacturing Practice regulations in 21 CFR 211.160(b)(4) (53). 

Tests performed on analytical instruments during qualification 
typically fall under the following categories:
• metrology-based tests (not needed for an FT-IR instrument, un-

less temperature controlled)
• reference material-based tests
• detector noise-based tests
• usage-based tests (recording spectra).

We will return to this topic in a later “Focus on Quality” col-
umn, where we will address OQ and PQ requirements for FT-IR 
in more detail. 

Citations During 

the Operational Phase

The main citations for IR systems found by FDA inspectors during 
the operational phase are listed in Table II, and shown diagram-
matically in Figure 2. In general, these citations mirror those found 
with chromatography data systems (CDS) such as:
• Poor Security and Access Control: This is the biggest problem 

with issues identified such as no security, all users have the 
same identity, and password thus making attribution of action 
impossible and conflicts of interest where all laboratory users 
have administrator rights. Some people will never learn! This 
is especially true when these citations against CDS have been 
made for the past 10–15 years. What is interesting in this case 
is that some laboratories have been cited because management 
had administrator access, confirming a requirement for applica-
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tion administration to be independent 
of the laboratory.

• Data Falsification/Testing into Com-
pliance: This is another classic area for 
citations that is not limited to CDS, and 
are also found with IR systems. Citations 
here include data deletion, and retesting 
until a passing result is obtained. Some 
people never learn.

• No Audit Trail Review: Even when 
you have an audit trail in the appli-
cation, it is ether turned off or if it 
is turned on the entries are not re-
viewed. There is even one citation 
where the audit trail is stored on a se-
cure network, but the laboratory and 
QA staff cannot access it!

• Failure to Backup Data: This is a major 
problem when a laboratory is left to 
backup its own GMP records, and fails 
to do so. It is always better to get the IT 
department to back the data up on se-
cure network drives.
In addition, there are the following gems 

of noncompliance:
• Work Not Scientifically Sound: A variety 

of novel and unscientific approaches to 
charm FDA inspectors, such as use of IR 
analysis for cleaning validation where 
lack of sensitivity to detect an analyte 
was the issue (for example, using an 
identification algorithm to compare 
spectra of cleaning wash samples with 
pure solvents). On the bright side, every 
cleaning validation passes.

• Inadequate Instrument Log Book Entries: 
The instrument log book was featured in 
an earlier “Focus on Quality” column 
(54); here there were five citations for in-
adequate log book entries, including the 

failure of a second person to review them. 
• Lack of Procedures: Another evergreen 

classic of noncompliance. No procedure 
or work instruction available, and natu-
rally no training records, either—two 
citations for one noncompliance! Come 
on, how easy do you want to make it for 
an auditor or inspector?

• Failure to Maintain Complete Data: 
Although closely associated with data 
falsification, the writing of the citations 
indicate that this is due to a laboratory 
error, such as losing rather than deleting 
electronic records. Also, there are signed 
paper printouts, but no accompanying 
electronic records—oops! 

• Raw Data Defined as Paper: One of 
the main data integrity messages is 
that paper cannot be raw data when a 
computerized system is involved (55); 
unsurprisingly, this message has not got 
through to some laboratories, who then 
receive a 483 observation.

• Inadequate OOS Investigations: In-
validated OOS results are a key quality 
metric that the FDA have selected for 
GMP laboratories as part of their qual-
ity metrics program (56), and it is the 
lack of root cause analysis or finding a 
scientifically sound assignable cause for 
invalidating an OOS result that gains an 
inspector’s attention. 

Contributory Factors

Some of the factors that contributed to the 
observations reported in this article are:
• Historical IT perspective: Protection of 

the corporate network
• Deskilling of the analyst workforce: The 

move from specialist to generalist

• Pharmacopeia requirements are not har-
monized for FT-IR.
Historically, the IT departments in many 

companies had a policy that made it harder 
for laboratories to attach instrument control 
computers to the corporate network. In prin-
ciple, this was to protect the network, but the 
outcome can be proliferation of standalone 
systems, irrespective of the system capabil-
ity. A busy laboratory can follow the path of 
least resistance, and implement standalone 
systems with the consequential impact of 
poor data backup and access control, for 
example. Some of the principal reasons for 
originally writing this article was the data 
integrity risks of identification by FT-IR 
spectroscopy; in particular, because there 
is a skill associated with the manual task of 
sample preparation, it will always be a higher 
risk from a data integrity perspective. How 
are decisions made about the quality of the 
sample preparation recorded and differenti-
ated from identification failure? 

Analysts in busy laboratories have tended 
to move away from specialist skills (in IR 
spectroscopy, for example), toward being 
more generalists. This trend contributes to 
some of the citations in this article, such as 
inappropriate and unscientific use of the 
technique. The difference between an IR 
spectroscopist and a part-time user was well 
documented over 20 years ago (57).

Another contributory factor, which is 
compounded by the deskilling of analysts, 
is the lack of harmonization of the pharma-
copeia general chapters on identification by 
IR spectroscopy. 
• How large should a difference between 

two infrared spectra be, before action 
needs to be taken? 

• Where differences occur, some drug 
monographs require the sample and the 
reference material to be recrystallized to 
confirm the identification; how many 
laboratories do this? 

• Even the process used to perform the 
identification can be different; some 
pharmacopeias include reference spec-
tra that can be used, while others require 
that a reference material spectrum is re-
corded concordantly. 
Where there is a lack of harmonization, 

the simplest route can be to ignore specific 
pharmacopeia requirements.

The fundamental challenge for iden-
tification by infrared (either IR or FT-IR 
spectroscopy) is the decision about how the 

Figure 2: Infrared spectroscopy Form 483 observations as found by FDA inspectors during operational work. 
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comparison should be made. If spectra are compared by algorithms, 
the library and the limits used need to be validated. Ironically, if the 
decision is based on manual comparison of sample and reference 
spectra, this can be best accomplished using large printed spectra, 
with the investment focus on analyst training compared to library 
and algorithm validation. Although there are some other citations, 
as seen in Table II, we have chosen not to discuss them as they are 
single observations and may not be indicative of a trend.

Summary

In this column, we have taken 104 regulatory noncompliances 
for infrared analysis issued by the FDA and analyzed them for 
trends. Interestingly, 42% of noncompliances can occur before an 
instrument is operational, due to the purchase of poor software 
functions, or failure to validate, qualify, or calibrate the system. 
Noncompliances when an instrument is operational vary widely, 
but mirror those found with CDS, such as inadequate access con-
trol, data falsification, lack of complete data, inadequate backup, 
and no audit trail review.

Based on this review and the non-conformance findings in the 
Form 483 observations, it is apparent that identification by FT-IR 
spectroscopy is an area of focus during laboratory audits, and that it is 
a high-risk area with poor implementation of compliant solutions. As 
an example of this regulatory focus, Yunnan Hande received an FDA 
warning letter in 2015. The Form 483 observations include a range 
of data integrity observations, but the warning letter only focuses on 
identification by infrared (58).
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 IR Spectral Interpretation Workshop

Brian C. Smith

The nitrogen of amines is basic, and can react with strong acids to form what are called amine salts. These 

compounds are very important in the pharmaceutical industry, as many active pharmaceutical ingredients 

are amine salts. The amine salt functional group contains ionic bonding, and is extremely polar, giving rise 

to a number of intense and uniquely placed peaks that makes them easy to identify. In this article, the amine 

salts of primary, secondary, and tertiary amines will be discussed.

Organic Nitrogen Compounds V: 

Amine Salts

T
his is the fifth installment in our examination of the 
infrared (IR) spectra of organic nitrogen−containing 
functional groups. In previous columns, I introduced the 

topic, and we studied the spectra of primary amines, second-
ary amines, tertiary amines, and nitriles (1–4). The nitrogen 
of amines possesses a lone pair of electrons. This lone pair is 
somewhat basic, and can react with strong acids to form what 
are called amine salts (5). Primary amines, secondary amines, 
and tertiary amines can react with strong acids to from what are 
called primary amine salts, secondary amine salts, and tertiary 
amine salts. The reactions of these three amines with hydrochlo-
ric acid to form amine salts is illustrated in Figure 1.

Note the unusual structure of amine salts seen in Figure 1. The 
lone pair of electrons on the amine reacts with the proton from 
the acid, forming a new N-H bond. Thus, the primary amine NH2

group is protonated to give a NH3
+ unit, a secondary amine N-H is 

protonated to give a NH2
+ functional group, and a tertiary amine 

is protonated to give a NH+ unit. As a result, the amine salt func-
tional group is highly polar, with a positive charge on the nitrogen 
that is balanced by the negative charge from the anion of the acid. 
In the case of hydrochloric acid, this is the chloride ion, Cl–.

Recall that, in a classical acid-base reaction, one of the products 
is called a salt (5). For example, the reaction of HCl and NaOH 
literally gives salt (NaCl) and water. The reactions in Figure 1 
are acid-base reactions, hence the designation of one of the prod-
ucts as an amine salt. Although many strong acids can be used 

to form amine salts, in my observation, hydrochloric acid is most 
frequently used. In this case, the amine salt is a hydrochloride salt, 
and the name hydrochloride is added to the name of the com-
pound. For example, the reaction of methylamine with hydro-
chloric acid forms methylamine hydrochloride.

Because we have full positive and negative charges in the amine 
salt functional group, we have ionic bonding instead of the covalent 
bonding found in amines. Ultimately, we have two large charges 
separated by a distance, which means that amine salts have large 
dipole moments. Recall that one of the things that determines IR 
peak intensity is dμ/dx, the change in dipole moment with respect 
to distance during a vibration (6). Given that amine salts have large 
dipole moments, their vibrations have large values of dμ/dx, and so 
their spectra have intense peaks, as we will see below.

Amine salts are very important in medicinal chemistry, and any 
number of legal (and illegal) drugs contain the amine salt func-
tional group. The reason for this is water solubility; a water soluble 
molecule is more easily taken in by the human body, and is more 
bioavailable than a water insoluble molecule. Many drug substances 
are large organic molecules, which tend to be nonpolar and water 
insoluble. Additionally, many drug substances contain amine 
groups. By simply reacting the drug molecule’s amine functional 
group with a strong acid like HCl, the amine salt is formed, and the 
compound is rendered water soluble, and thus more bioavailable.

Being able to distinguish amines from amine salts even has 
legal implications. Cocaine is found in two forms, the hydrochlo-
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ride amine salt and the amine or “free base” 
with the street name crack cocaine (7). In 
the United States, possession of these two 
illicit substances carries different penalties, 
as the crack version is considered more dan-
gerous. One of the major uses of Fourier 
transform infrared spectroscopy (FT-IR) 
in forensic labs is distinguishing cocaine 
hydrochloride from cocaine. Fortunately, 
this is easy as can be seen in Figure 2, which 
shows an overlay of the IR spectra of co-
caine base and cocaine HCl.

The IR Spectra of Amine Salts

Overview

In addition to intense peaks, we would 
expect amine salts to have broad peaks as 
well. Recall that, in IR spectra, peak width 
is determined by the strength of intermo-
lecular bonding (6). Nonpolar functional 
groups, like benzene rings, have narrow 
peaks, while molecules that have strong in-
termolecular bonds, such as water, which 
is hydrogen bonded, have broad peaks (6). 
Amine salts are highly polar; their mol-
ecules interact strongly producing very 
broad peaks. This is seen in the spectrum of 
cyclohexylamine hydrochloride in Figure 3.

The tall and broad feature labeled A 
centered near 3000 cm-1 (going forward, 
assume all peak positions listed are in cm-1 
units, even if not specifically stated) is an 
envelope of absorbance due to the stretch-
ing vibrations of the NH3

+ group. All amine 
salt spectra exhibit a broad envelope, like 
the one seen in Figure 3, which we will 
generically call the “NH+ stretching enve-
lope.” This feature is broad enough, intense 
enough, and appears at an unusual enough 
position that, by itself, can be indicative of 
the presence of an amine salt in a sample. 
The position of this envelope varies with 
the type of amine salt, as discussed below.

The right-hand side of this envelope 
has superimposed upon it a number of 
peaks that are due to overtone and com-
bination bands. Recall that overtone and 
combination features are usually weak 
(8). However, in the case of amine salts, 
their high polarity means that the dμ/
dx values for these overtone and com-
bination vibrations are large enough for 
these peaks to appear easily in the spec-
tra of amine salts.

A note on the spectra of anions in 
amine salts: For hydrochloride salts, where 
the anion is the chloride or Cl– ion, due to 
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Figure 1: The reaction of a primary amine, secondary amine, and a tertiary amine with hydrochloric 

acid to form a primary amine salt, secondary amine salt, and a tertiary amine salt.

Figure 2: An overlay of the infrared absorbance spectra of cocaine and cocaine HCl.
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Figure 3: The infrared absorbance spectrum of cyclohexylamine hydrochloride.
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its mass, peaks from vibrations involving 
this ion generally fall below 400, where 
most FT-IR spectra cut off. However, 
amine salts made from acids with poly-
atomic anions, such as sulfuric acid, do 
exhibit anion peaks in the mid-IR region. 
This is illustrated by the spectrum of d-
amphetamine sulfate, which is made by 
reacting amphetamine with sulfuric acid, 
and whose spectrum is seen in Figure 4.

The broad envelope centered around 
1050 is due to the stretching of the bonds 
in the SO4

–2 unit. The even broader enve-
lope that extends from 3500 to 2000 is the 
NH+ stretching envelope.

Primary Amine Salt Spectra

A primary amine salt features the NH3
+ 

unit, with the resultant broad intense NH+ 
stretching envelope seen in Figure 3. For 
primary amine salts, generally this envelope 
falls from 3200 to 2800. We already know 
that alkane C-H stretches also fall in this re-
gion (9). As is common in IR spectroscopy 
(10), if a broad peak and a narrow peak fall 
in the same wavenumber range, the narrow 
peak may be seen on top of or as a shoulder 
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Figure 4: The infrared absorbance spectrum of d-amphetamine sulfate.

Table I: The Group Wavenumbers of Primary, Secondary, and Tertiary Amine Salts

Amine Salt N-H Stretches Overtone/Combi. Bands N-H Bends

Primary NH3
+ 3200-2800 2800-2000

1625-1560

1550-1500

Secondary NH2
+ 3000-2700 2800-2000 1620-1560

Tertiary NH+ 2700-2300 2800-2000 –
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on the broader peak. This is why the CH2 
stretches of the cyclohexyl group sit on top 
of the NH+ stretching envelope. As already 
mentioned, there is a series of overtone and 
combination bands on the right hand side 
of the NH3

+ stretching envelope. These fea-
tures are common for all amine salt spectra, 
and the fall in the range from 2800 to 2000. 
Recall that carboxylic acids have a similar 
series of overtone and combination bands 
in this region, also caused by the extreme 
polarity of this functional group (11).

Table I lists the N-H stretching enve-
lope positions for the three different types 
of amine salts. Note that there is some 

overlap, particularly between primary 
and secondary amines.

This means that the position of the NH+ 
stretching envelope will not always disclose 
whether an amine salt is primary, second-
ary, or tertiary. So what are we to do?

Fortunately, like many other functional 
groups, amine salts have multiple IR fea-
tures, and these come to the rescue here. 
In addition to NH+ stretching vibrations, 
amine salts also have NH+ bending vibra-
tions as well. The NH3

+ grouping of pri-
mary amine salts features two peaks from 
the asymmetric and symmetric bending 
vibrations, labeled B and C in Figure 2. In 

general, the asymmetric bend falls from 
1625 to 1560, and the symmetric bend 
from 1550 to 1500. Strangely enough, these 
peaks are small in sharp contrast to the in-
tense NH+ stretching envelope. This is all 
due to the difference in dμ/dx between the 
stretching and bending vibrations of the 
amine salt functional group.

Secondary Amine Salt Spectra

Secondary amine salts contain the NH2
+ 

group. The IR spectrum of a secondary 
amine salt, diisopropylamine hydrochlo-
ride, is seen in Figure 5.

The NH+ stretching envelope is labeled 

The spectrum from the last interpretation challenge is seen in 
Figure ii.

Reading the spectrum from left to right, the first signifi-
cant peak we encounter is at 3065. Based on previous knowl-
edge (13), we can conclude that this is the C-H stretch of a 
functional group containing unsaturated carbons. The lack 
of C-H stretches between 3000 and 2800 means there are 
no saturated carbons present, and the molecule is said to be 
totally unsaturated (13).

Both alkenes and benzene rings have C-H stretches be-
tween 3100 and 3000 (13). The way to distinguish them is that 
alkenes have a C=C stretching peak from 1680 to 1630 (13), 
and benzene rings have sharp, intense “ring modes” from 1620 
to 1400 (14). There are no significant peaks between 1680 and 
1630, but there is a series of sharp, strong peaks between 1620 
and 1400, namely at 1598, 1490, and 1447. These indicate that 
the unsaturated carbons are part of a benzene ring.

The next thing we need to determine is the substitution 
pattern around the benzene ring. Recall that this is done using 
the position of the aromatic C-H wagging peak between 1000 

and 700, and the presence or absence of an aromatic ring bend 
at 690 (14). In Figure ii, the C-H wagging peak is at 758, and 
the ring bend is at 687, indicative of mono-substitution. The 
four benzene fingers (15) between 2000 and 1600 confirm this 
is a monosubstituted benzene ring.

The final question to answer, then, is what is the substitu-
ent on the benzene ring? The biggest peak in the spectrum is 
the answer, the sharp feature at 2228. We learned in the last 
column (1) that nitriles have 
large, sharp C=N stretching 
peaks around 2200. Specifi-
cally, aromatic nitriles absorb 
between 2240 and 2220. The 
peak at 2228 then is assigned 
as the C=N stretch of an aro-
matic nitrile. Thus, we have 
a monosubstituted benzene 
ring with a nitrile substitu-
ent. There is only one mole-
cule that fits this description, 
benzonitrile, whose structure 
is seen in Figure iii.

The correct peak assignments for the problem are seen in 
Table i.

For long time readers of this column, the spectrum of ben-
zonitrile should look familiar; it has appeared in a few previous 
columns as an example of a spectrum with narrow peaks (6,14). 
Hopefully, you found this helpful.

Answers to Previous Infrared Spectral Interpretation Challenge
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Figure ii: The infrared transmittance spectrum of a liquid—the 

sampling technique is thin film.

Figure iii: The chemical structure 

of benzonitrile, the answer to 

last column’s Infrared Spectral 

Interpretation Challenge.

Table i: The correct peak assignment for benzonitrile.

Peak Assignment

3065 Aromatic C-H Stretch

2228 Aromatic C≡N Stretch

1598, 1490, 1447 Aromatic ring modes

758 Out-of-plane C-H bend

687 Aromatic ring bend
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A. Note that it is broad and strong, like the 
ones seen in Figures 3 and 4. As in Figure 3, 
the C-H stretches here also fall on top of the 
NH+ stretching envelope. It also has the ex-
pected complement of overtone and com-
bination bands on its lower wavenumber 
side. For secondary amine salts in general, 
this envelope is found from 3000 to 2700. 
Note that there is some overlap between 
the envelopes of primary and secondary 
amines. However, secondary amine salts 
only have one NH+ bending band com-
pared to primary amine salts. This feature 
typically falls from 1620 to 1560, and is la-
beled B in Figure 5. Thus the position and 
number of NH+ bending bands is what 
determines whether a sample contains a 
primary or secondary amine salt.

Tertiary Amine Salt Spectra

Tertiary amine salts contain the NH+ group, 
as seen in Figure 1. The IR spectrum of a 
tertiary amine salt, 2,2’,2’’-trichloroethyl-
amine hydrochloride, is seen in Figure 6.

The NH+ stretching envelope is Figure 
6 is labeled A. Note that it is lower in wave-
number than for primary and secondary 
amine salts, and that the C-H stretches fall 
as shoulders to left of the envelope peak. 
Given that the NH+ stretching envelope 
for tertiary amines falls squarely in the 
overtone-combination range from 2800 to 
2000, these peaks show up on top of and as 
shoulders to the right of the NH+ stretch-
ing envelope. In general, for tertiary amine 
salts, this envelope falls from 2700 to 2300. 
The size, width, and position of this peak is 
practically unique in IR spectroscopy—in 
my decades of experience, I have never seen 
a peak like it (10). Thus, this peak by itself is 
strongly indicative of their being a tertiary 
amine salt in a sample. Tertiary amine salts 
do not have any NH+ bending peaks, so the 
lack of peaks from 1625 to 1500 can also be 
used to distinguish tertiary amine salts 
from primary and secondary salts.

We discussed previously that tertiary 
amines have no strong, unique peaks, and 
thus are difficult to detect using IR spec-
troscopy (12). This contrasts with tertiary 
amine salts, whose NH+ stretching enve-
lope sticks out like a sore thumb. A way of 
detecting a tertiary amine in a sample then 
is to treat 1 mL of liquid tertiary amine, or 
tertiary amine dissolved in an organic sol-
vent, with 1 mL of 50:50 HCl in ethanol. If 
there is a tertiary amine present, the amine 
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Figure 6: The infrared absorbance spectrum of a tertiary amine salt, 2,2’,2’’-trichloroethylamine 

hydrochloride.
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Figure 5: The infrared absorbance spectrum of a secondary amine salt, disopropylamine 

hydrochloride.

Your next Infrared Spectral Interpretation Challenge is seen in Figure i. Given its 
complexity, you only need to determine if there is an amine salt present. If so, justify 
your answer, and then determine the type of amine salt. Happy interpreting!

Your Next Infrared Spectral Interpretation Challenge
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Figure i: The infrared absorbance spectrum of a solid.
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salt will form and precipitate as a solid 
from solution (12). Collect the precipi-
tate via filtration, dry, and measure its 
IR spectrum. If you see a big, whopping 
NH+ stretching envelope like the one 
seen in Figure 6, your original sample 
contained a tertiary amine.

The group wavenumber peaks for amine 
salts are listed in Table I.

Conclusions

Amine salts are made by reacting amines 
with strong acids. Primary amine salts 
contain the NH3

+ group, secondary 
amine salts the NH2

+ group, and tertiary 
amine salts the NH+ group. Amine salts 
are important, because they are used to 
make drug substances water soluble, and 
hence more bioavailable. 

All amine salts contain an intense, 
broad NH+ stretching envelope that is a 
rather unique infrared feature. The enve-
lope position overlaps for primary and sec-
ondary amine salts, but is unique for ter-
tiary salts. Primary and secondary amine 
salts can be distinguished by the number 
and position of NH+ bending peaks.
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Combined Raman 

Spectroscopy and Rheology for 

Characterizing Polymer Melts
During phase transition, the physical as well as chemical properties of polymers change dramati-

cally. While the viscoelastic properties can usually be characterized with a rheometer, no chemi-

cal information is obtained by the mechanical testing. The interpretation of rheometric results 

often relies on empirical models and a more phenomenological approach. For directly relating 

the changes in rheological behavior to chemical changes, we employ Raman spectroscopy in 

situ with rheology. The phase transition from the crystalline to liquid state for different polymers 

was monitored for a temperature range from 70 to 150 °C. This phase transition resulted in a 

higher viscosity, as well as an alteration of vibrational bands in the Raman spectrum, reflecting 

the conversion from a crystalline to an amorphous structure. Having both viscoelastic and spec-

troscopic information on a sample allows a detailed characterization, and interpretation of the 

sample behavior on the molecular level.

Frederik Fleissner, Katharina E. Napp, Boris Wezisla, and Loredana Völker-Pop

Melting and crystallization of polymers play a pivotal role in 
modern industrial production processes, such as molding or ex-
trusion. Phase transitions are often characterized by the changes 
in the viscoelastic properties of the material, which are deter-
mined by rheological measurements (1). However, this method 
only provides an indirect measure of the molecular changes, and 
the interpretation of results has to rely on empirical assumptions 
(1). This gap can be bridged by molecular spectroscopy, such as 
infrared (IR) or Raman spectroscopy, as these are sensitive to 
the chemical composition and conformation of a substance (1). 

Previous studies have shown the advantage of a combina-
tion of rheology with spectroscopic techniques. Several research 
groups used home-built Raman-rheo setups to study the influ-
ence of tensile deformation on the C-C bonds (2) and CH2 bend-
ing modes (3,4) in polyethylene. Epoxy curing was investigated 
by Farquharson and associates by simultaneously measuring the 
dynamic mechanical rheology and Fourier-transform Raman 
spectroscopy to correlate between the degree of crosslinking 
and macroscopic parameters such as gelation and vitrification 
(5). Recently, the group of Kotula at the U.S. National Institute 
of Standards and Technology (NIST) showed the application 
of a rheometer and coupled Raman microscope to study the 
crystallization of high-density polyethylene (6) and polycap-
rolactone (7). 

In this study, we demonstrate the benefits of combined rheol-
ogy and Raman spectroscopy, by comparing phase transitions in 
different types of polyethylene (PE). Polyethylenes are semicrys-
talline thermoplastics and are some of the most commonly used 
polymers in industry. Due to their favorable properties, such as ease 
of processing, toughness, and chemical resistance, polyethylenes 
have a broad range of applications, including films and packaging 
containers, cable insulations, and household plastics (8). Their dif-
ferent forms are commonly distinguished by their density (9). The 
main forms are high-density PE (HDPE), low-density PE (LDPE), 
and linear low-density PE (LLDPE). HDPE has a high molecular 
weight of more than 300,000, and consists of mostly unbranched 
polymer chains leading to a dense packing, and therefore a high 
degree of crystallinity in the solid state. LDPE, on the other hand, 
exhibits large branches with nonuniform lengths (8). The degree 
of crystallinity in a polymer is defined by the fractional amount of 
polymers in the crystalline phase present in the sample (10). Be-
cause the crystallinity of polyethylenes and their densities have a 
linear relationship, one usually refers to the density of the polymer.

To analyze the Raman spectra obtained during phase tran-
sitions in different PEs, we employ a chemometric approach 
called multivariate curve resolution by alternating least squares 
(MCR-ALS) (11,12). This approach does not require a manual 
selection of Raman spectra that reflect the phase transition, but 
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instead calculates the “pure component 
spectra,” and their respective contribu-
tion of the amorphous and crystal phase 
at each temperature.

Methods
Instrumentation

An air-bearing-based Modular Compact 
Rheometer (MCR 302) (Anton Paar) was 
used to measure the viscoelastic proper-
ties of the samples in a plate-plate geom-
etry. The sample temperature was varied 

by a Peltier temperature device (PTD) 
below and above the sample area, to en-
sure temperature homogeneity within the 
sample. To prevent thermal degradation, 
the sample chamber was rinsed with ni-
trogen continuously during experiments. 

A temperature sweep test from high 
to low temperature, and back to high 
temperature, was performed in oscilla-
tion at a constant frequency of 1 Hz. At 
high temperatures, when the sample is 
in melt state, a strain of 1% was applied. 

Figure 1: Schematic of the experimental setup. 

Figure 2: Comparison of the viscoelastic behavior of (a) HDPE, (b) LDPE, (c) PE Mw 
~4,000, and (d) PE Mw ~35,000 over the temperature sweep measurement. The lower 
limit for the measurement of G’ and G’’ is 10-4 for the rheometer used.

Table I: Polyethylene samples investigated in this study 

Sample 
Name

Characterization Melting Point (°C) Density in g/mL (at 25 °C)

LDPE Low density 116 0.925

HDPE High density 125–140 0.952

PE Mw 4000
Average Mw ~4000

Average Mn ~1700
92 0.92

PE Mw 35,000
Average Mw ~35,000

Average Mn ~7700
90 0.906
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The strain was logarithmically reduced 
with decreasing temperature, so that at 
the lowest temperature only a strain of 
0.01% was applied. The strain ramp was 
chosen in a way that the sample response 
to the strain is strong enough to result in 
a proper signal strength, but low enough 
not to influence the sample behavior. 
When reaching the minimum tempera-
ture, a constant temperature was kept, in 
order to avoid thermal inertia effects. 

In order to follow not only crystalliza-
tion, but also the melting behavior of the 
sample, the temperature was increased 
up to the initial temperature with a heat-
ing rate of 1 °C/min.

To measure Raman spectra in situ, a 
quartz glass plate (B&M Optik GmbH), 
that was shown not to cause an unwanted 

f luorescent background, was used as 
a bottom plate of the rheometer con-
figuration. Below, an optical fiber probe 
resistant up to 200 °C and with a long 
working distance of 20 mm, optimized 
for the excitation wavelength of 785 nm, 
and free from unwanted silica back-
ground (Inphotonics) (13) was mounted 
on a stage moveable in a radial direc-
tion, as well as along the z-axis (Figure 
1). Raman spectra were acquired with a 
Cora 7200 Raman spectrometer (Anton 
Paar) with an excitation wavelength of 
785 nm and an optical resolution of 7 
cm–1. A laser power of 300 mW and an 
acquisition time of 3 s were employed. A 
spectrum corrected by a dark spectrum 
was obtained every 30 s over the course 
of the rheological test. The spectrometer 

was calibrated according to the ASTM 
E1840 Standard Guide for Raman Shift 
Standards for Spectrometer Calibration 
using  benzonitrile. 

Sample Preparation

Different types of polyethylene were ob-
tained from Sigma-Aldrich (see Table I), 
and used without further pretreatment. 
Before each measurement, the measur-
ing cell was preheated to the set initial 
temperature. Subsequently, the granu-
late polymer sample was applied to the 
heated plate, and the hood was closed. 
The polymer was fully molten as judged 
by the normal force, a trimming was con-
ducted, and we waited another 5 min to 
ensure temperature equilibrium. 

Table II lists the parameters used for 
the rheological characterization of each 
polymer. For PE Mw ~4,000, the strain 
changed from 10% (in the liquid-like 
phase) to 0.01% in the rubber elastic state. 
For HDPE, a serrated plate of 15 mm di-
ameter was used to prevent slippage of 
the sample.

Raman Data Processing

The spectral data of each experiment 
were pooled into a single data matrix, and 
processed further in self-written Python 
scripts. First, Raman spectra were base-
line corrected with an iterative Savitzky-
Golay filtering algorithm (14) to remove 
unwanted contributions from fluores-
cence. Spectral decomposition into two 
components was performed by using the 
pyMCR package (15). 

Furthermore, only a rough selection of 
the different component spectra is nec-
essary prior to the analysis. In the case 
of this study, it was assumed that there 
are two different phases in the systems 
studied, a liquid−amorphous and a crys-
talline phase. 

Results and Discussion
Rheological Characterization

Figure 2 shows a comparison of the 
rheological characterization of all four 
polymer samples. The samples are par-
tially crystalline polymers, showing a 
partially homogeneous superstructure 
where crystalline zones are combined 
with amorphous regions. An increas-
ing temperature increases the mobility 
of the macromolecules in the amor-

Figure 3: Raman spectra of HDPE in the liquid (red) at 150 °C and solid state (gray) at 100 °C. 
Both spectra were normalized to the maximum of the CH band between 2800 to 3200 cm-1. 

Figure 4: Raman spectra of the four polyethylene samples in the solid state.
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September 2019   Spectroscopy 34(9)  41www.spec t roscopyonl ine .com

phous regions, which leads to a decrease 
of the storage modulus G ,́ and the loss 
modulus G .̋ When reaching the melting 
temperature, the crystalline zones in the 
polymer start to melt as well. The inter-
section where G˝ becomes larger than G´ 
indicates the molten state predominantly 
showing a viscoelastic behavior.

Each type of PE shows an individual 
trend of G´ and G˝ during cooling and 
heating (see Figure 2a–d) as they differ 
greatly in their crystallization properties. 
Furthermore, crystal structure and the 
degree of crystallization depend strongly 
on the heating and cooling rate, and there-
fore on the thermal history, of the sample. 
Comparing the viscoelastic properties of 
LDPE and HDPE (Figures 2a and 2b), it 
can be seen that HDPE exhibits a higher 
stiffness than LDPE. This is due to its 
lower degree of branching, and therefore 
higher degree of crystallinity. For HDPE, 
it can be expected that the crystals are 
also larger and more uniform than those 
of LDPE. Figure 2c shows the rheological 
characterization of the PE sample with av-
erage molecular weight of 4000. Due to the 
very short average chain length (average 
1700 monomers per polymer), this sample 
exhibits the lowest viscosity of the tested 
PEs. The rheological characterization of 
the sample with average molecular weight 
of 35,000, and the highest polydispersity 
is shown in Figure 2d. The shape of the G´ 
and G˝ curves is very smooth, which con-
firms its lower crystallinity (1) compared 
to the other three samples.

Determination of 

Melting Points from 

Rheological Measurements

During the oscillatory tests, both the 
storage modulus G´ and the loss modu-
lus G˝ are recorded. While G´ describes 
the elastic behavior of the material, G ,̋ 
gives information about the viscous con-
tribution of the material’s behavior, due 
to deformation energy which is lost by 
the relative motion between molecules, 
structures, and crystals (1). 

The solidification temperature, which 
is the crystallization temperature in case 
of crystal forming materials such as PE, is 
determined by cooling a molten sample, 
and finding the intersection of G (́T) and 
G (̋T). Below the crystallization tempera-
ture, the sample is in a rubbery state, G´ is 

larger than G ,̋ and the material responds 
essentially as an elastic solid. When heat-
ing the sample, the melting point is de-
termined in a similar way by the point of 
intersection. 

Table III shows the comparison of 
melting and crystallization points for 
the tested PE samples. The rheologically 
determined melting and crystallization 
points show the same trend as the values 
stated by the manufacturer. However, 
the respective values differ substantially, 
which might be caused by undercooling 
and overheating of the samples. 

Raman Characterization

Raman spectra differ between solid and 
liquid HDPE. The phase transition from 
the solid to the liquid state is reflected by 

several changes in the Raman spectra, 
as shown in Figure 3: The band at 1064 
cm–1 shifts to higher wavenumber, and 
gets broader and lower in peak height. 
The peaks at 1130 cm–1 and 1171 cm–1 
vanish completely. Those three bands 
are associated with the C-C stretching 
vibrations, the first is the symmetric and 
the last the asymmetric C-C stretching 
of the consecutive trans conformations 
within the polymer chain (3). In the solid 
state, the trans conformation is preferred, 
due to the better packing ability, while in 
the liquid state less ordered structures 
with many different conformers and a 
low proportion of consecutive trans con-
formations are present so that bands as-
sociated with trans conformation vanish 
(16). A similar behavior is found in the 

Figure 5: Raman spectra and “pure” component spectra obtained by MCR-ALS for (a)
liquid and (b) solid-crystalline HDPE, showing identical spectral features. 

Figure 6: Correlation of the storage modulus G’ from the rheological measurement and 
component c2 from the MCR-ALS analysis of the Raman spectra for the four different 
polyethylene samples.

http://www.spectroscopyonline.com/
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region between 1250 cm–1 and 1450 cm–1. 
Bands associated with the crystalline 
state vanish (1422 cm–1), or shift to higher 
wavenumber (1298 cm–1 and 1441 cm–1). 
A shift to higher wavenumber indicates 
a stronger intramolecular bond, which 
may be caused by weaker intermolecular 
interactions present in the liquid phase 
compared to the solid phase (17). Table 
IV lists the peak positions and their cor-
responding assignment to vibrational 
bands for the solid and liquid states.

Spectral Comparison

of the Four Polyethylenes

in the Solid State

The four polyethylene samples provide 
similar Raman spectra, yet several peaks 
vary in relative intensity (Figure 4). The 
polymers with a lower degree of crystal-
linity result in a spectral signature, which 
contains contributions of Raman peaks 

assigned to the crystalline and amor-
phous state. From their relative intensities, 
the following qualitative order for the de-
gree of crystallinity may be deduced:

HDPE > LDPE ≈ PE Mw 4000 >
PE Mw 35,000

The lower degree of crystallinity of 
PE Mw 35,000 compared to PE Mw 4000 
matches their polydispersity indices. Fur-
thermore, the order of crystallinity deduced 
from the Raman spectra is in good agree-
ment with the density values given by the 
manufacturer. Because density and crys-
tallinity are linearly correlated, the Raman 
spectra can be used to determine the den-
sities of the samples relative to each other.

MCR-ALS Analysis

MCR-ALS is a popular chemometric al-
gorithm for decomposing spectral data 

matrices of mixtures into a set of pure 
components and their respective load-
ings, as it requires only little prior infor-
mation about the mixture (12,19). Similar 
to principal component analysis, MCR 
finds a maximal explained variance in 
the spectral data of one experiment, but 
additionally considers constraints such 
as non-negativity (11,19). This is advan-
tageous over the manual selection of 
unique Raman peaks, as the entire spec-
trum is considered to represent the target 
component. Furthermore, the influence 
of random noise is reduced by this tech-
nique as any uncorrelated signals will be 
ignored. For HDPE, the resulting two 
components representing the crystalline 
and liquid phases are fully reconstructed 
by the MCR-ALS algorithm, as shown in 
Figure 5, in direct comparison with the 
Raman spectra of the chosen state. 
From the obtained loadings of both 
components in each measurement a 
concentration curve over the tempera-
ture was obtained.

Correlation of the Spectral and

Rheological Characterization

The component loadings found by MCR-
ALS were compared with the simultane-
ous rheological characterization of each 
sample. Because the storage modulus G´ 
and component 2 are both associated 
with the solid state of the polymers, a 
qualitative analysis of the sample prop-
erties is possible. Figure 6 shows the 
storage modulus G´ and the behavior 
of component c2 over the temperature 
range. While G´ monitors the elastic be-
havior of the sample, c2 is a measure for 
the crystalline polymers present in the 
sample.

For HDPE (Figure 6a), the cooling 
curves of both parameters show a large 
increase at approximately 110 °C, which 
indicates a direct correlation of the crys-
tallization with the storage modulus. For 
the subsequent heating curve, this corre-
lation is less pronounced. The component 
c2 already decreases above temperatures 
of 123 °C, whereas the storage modulus 
stays high until a temperature of 127 °C.

The Raman data show that HDPE al-
ready undergoes a transition from the 
semicrystalline to the fully amorphous 
state, while still being a solid material 
of high storage modulus. Given that the 

Table II: Rheological characterization parameters

Sample

Maximum 

Temperature 

(°C)

Minimum 

Temperature 

(°C)

Cooling and 

Heating Rate 

(°C/min)

Plate 

Diameter 

(mm)

Measuring 

Gap (mm)

LDPE 150 100 1 15 1

HDPE 130 80 1 25 1

PE Mw 4000 130 70 1 20 1

PE Mw 35,000 110 70 1 25 1

Table III: Comparison of rheologically determined melting points with the manufac-
turer’s statement

Melting Points (°C) Rheo (Cooling) Rheo (heating) Manufacturer’s Literature

HDPE 111 127 125–140

LDPE 100 113 116

PE Mw 4000 95 107 92

PE Mw 35,000 83 98 90

Table IV: Raman signals of the solid and liquid state of HDPE with assignment to the cor-
responding molecular vibration. Band assigment in accordance with references (3,16,18)

Solid State (Semi-Crystalline) Liquid State (Amorphous)

Position (cm–1) Assignment Position (cm–1) Assignment

1064 νas (C-C), trans 1083 ν (C-C)

1130 νs (C-C), trans 1305 (C-C) twisting

1171 ν (C-C) 1445 δ (CH2)

1298 (C-C) twisting, crystalline 2855 νas (C-H)

1370 δ (CH2) 2896 νs (C-H)

1422
δ (CH2), ω (CH2), 

orthorhombic
2925 ν (C-H)

1441
δ (CH2) intermediate 

(amorphous and trans)
---- ----

2721 ν (C-H) ---- ----

2852 νas (C-H) ---- ----

2885 νs (C-H) ---- ----

http://www.spectroscopyonline.com/
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Raman signals of amorphous solid and 
liquid do not differ substantially, the two 
states are not distinguished as different 
components in the MCR-ALS analysis.

For LDPE (Figure 6b), the determined 
G´ and component c2 differ substantially. 
While the rheological measurement 
shows a typical hysteresis with a steep 
transition region, the curve for compo-
nent c2 shows a very shallow slope. Kempf 
and colleagues monitored the transition 
of LDPE via rheo-Raman in 2017. Their 
approach featured a lower cooling rate 
near the transition temperature of 0.2 

°C/min. They used two distinct bands of 
the crystalline and amorphous phases for 
Raman characterization. With this ap-
proach, good coincidence between rheo-
logical and Raman peak intensity curves 
was obtained (20). Therefore, we assume 
that, in the case of this experiment, the 
measurement parameters were not opti-
mally chosen. The cooling and heating 
rate was too large for the LDPE sample. 
The crystallization seems to be kinetically 
hindered. A further study with a smaller 
cooling rate might resolve the difference 
in behavior.

PE with a molecular weight of ap-
proximately 4000 (Figure 6c) results in a 
behavior similar to that shown by HDPE. 
The Raman curve is shifted to lower tem-
perature for the cooling as well as the 
heating process. Again, this fact may be 
correlated to a crystalline amorphous 
transition.

For the fourth tested sample, PE Mw 
35,000 (Figure 6d), which exhibits a large 
polydispersity, we find that the difference 
in the start temperatures of the transi-
tions between rheological and Raman 
curves is even larger than for the sample, 
PE Mw 4000. Here, the amount of crys-
talline phase within the fully solidified 
polymer is the lowest of the four samples 
studied. Therefore, the crystallization 
starts at a very late point in the mea-
surement. The rheological curve is very 
smooth, which indicates that the polymer 
exhibits a larger number of amorphous 
regions than the other three samples (1).

The loading of component c2 never 
reaches zero for sample PE MW 4000 
and PE MW 35,000. Because the spectra 
of the fully solidified samples (defined as 
component c2 = 1) are a superposition of 
the crystalline signals with a substantial 

number of amorphous signals, this is an 
expected behavior.

Conclusion
A simultaneous rheo-Raman character-
ization of four different types of poly-
ethylene was conducted by coupling a 
Raman spectrometer to a rheometer, via 
an optical fiber probe. Raman spectra of 
PE in its solid state yielded a trend on the 
crystallinity, which correlates with the 
density of the tested samples. By employ-
ing a chemometric analysis of the Raman 
data, additional information on the 
change of the crystallization state with 
temperature was obtained. It was shown 
that the transition to the solid phase, 
observed from the rheological charac-
terization, starts at higher temperatures 
than the crystallization indicated by the 
Raman data. We therefore conclude that 
PE for the employed parameters first un-
dergoes a transition from the amorphous 
liquid to an amorphous solid state, and 
later on starts to crystallize.
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Stokes and anti-Stokes modes at 5 cm-1 and up 
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 PRODUCTS & RESOURCES
I n-situ reaction monitoring analyzer
ABB’s MB-Rx in situ reaction 
monitoring analyzer is 
designed to provide plug-and-
play analyses for research 
laboratories and pilot plants. 
According to the company, the 
analyzer offers chemists direct 
access to real-time experiment 
data via an insertion probe and 
an intuitive software interface. 
ABB Measurements & 
Analytics,
Quebec, Canada; 
www.abb.com/analytical

 Raman spectroscopy biological analysis 
brochure
A brochure available from 
Renishaw (BR015(EN)-01-A) is 
designed to provide information 
and answers to questions about 
the use of Raman spectroscopy 
and imaging in biological analy-
sis. Topics and applications dis-
cussed in the brochure include 
research and clinical, cytology, 
proteomics and genomics, tis-
sue and biofluid diagnostics and 
pathology, and bone, teeth, and cartilage, and the company’s RA816 bio-
logical analyzer. Renishaw plc, Gloucestershire, UK; www.renishaw.com

 Graphite furnace tubes
REFLEX Analytical’s precision 
fabricated atomic absorption 
(AA) graphite furnace tubes 
are designed with high-purity, 
high-density graphite and coated 
with a layer of pyrolytically-
deposited graphite. According to 
the company, the graphite tubes 
provide a dense and durable 
surface that is impervious to sample, vapor, or solvent.
REFLEX Analytical Corporation, Ridgewood, NJ; 
www.reflexusa.com/pycogrfutu.html

C RMs for spectrophotometer qualification
Starna’s range of certified ref-
erence materials (CRMs) for 
UV-visible spectrophotometer 
qualifications are designed to 
provide tailored solutions, advice, 
and support for a given situation. 
According to the company, the 
CRMs can help users of UV-vis 
spectrophotometers comply with the new editions of U.S. Pharmacopeia 

Chapter <857> and European Pharmacopoeia Chapter 2.2.25. 
Starna Cells Inc., Atascadero, CA; www.starnacells.com
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Microwave Digestion and Trace Metals Analysis of Cannabis 
and Hemp Products
Samuel Heckle and Leanne Anderson,  CEM Corporation

In 1970, marijuana was designated a Schedule 1 drug, 

under the Controlled Substances Act, making it nearly 

impossible for laboratories to perform cannabis re-

search. However, medicinal use of cannabis is now le-

gal in Canada and 33 U.S. states. With the passage of 

the Farm Bill in 2018, it is now federally legal to grow 

and process hemp in all 50 states. All of this interest 

in medical cannabis and cannabidiol (CBD) has high-

lighted the need for good analysis methodology in 

this relatively young market. Cannabis analysis is still 

developing standardized protocols, requirements, and 

acceptable testing practices. Typical testing require-

ments for cannabis and its products include analysis 

of heavy metal, pesticide residues, and the potency of 

active ingredients such as tetrahydrocannabinol (THC). 

The terpene content of cannabis is also important. Ter-

penes have been shown to have benefi cial uses for 

treatment of conditions ranging from cancer and in-

fl ammation to anxiety and sleeplessness. It is believed 

that the combination of terpenes and cannabinoids in 

cannabis produce a synergistic effect with regards to 

medical benefi ts.

C
ertain heavy metals can cause adverse eff ects on human 

health. Toxic heavy metals such as arsenic, cadmium, lead, 

and mercury are persistent once released into the environment 

and can accumulate in cannabis plants. Since hemp is a strain 

of cannabis that contains very little THC, it is susceptible to 

bioaccumulation of heavy metals like its THC-containing relative.  

Cannabis-based products such as foods, oils, tinctures, and salves 

should be tested for the presence of heavy metals to ensure patient 

safety and product quality. Cannabis and CBD-infused products 

have grown in popularity in states that allow recreational use of 

cannabis and hemp. Th is application note details the digestion 

and analysis of various forms of hemp and cannabis products.

Instrumentation

A CEM MARS™ 6 microwave digestion system was used to digest the 

varied cannabis and hemp sample types. Th e MARSXpress™ Plus vessels 

with disposable glass inserts uses a vent and reseal design, which allows 

for acid vapors to be exhausted while maintaining the sample integrity 

and elements within the vessel. Th e 110-mL vessel volume provides for 

a larger headspace, allowing a larger sample size for a more homogenous 

sample. Th e MARSXpress Plus vessel design uses only three pieces that 

are easily assembled and placed in a 24-position turntable, prior to 

placing into the MARS 6 system. Th e glass insert provides an inexpensive 

disposable vessel that eliminates the need for vessel cleaning.

Procedure and Method

All samples required special preparation, based on the qualities of 

each sample, in order to obtain a homogenous 0.25 g approximate 

Table I: Preparation of hemp and cannabis samples

Sample Preparation

Peanut butter Placed on plastic spatula to deposit on bottom of vessel

CBD oils Deposited on bottom of vessel with plastic pipette

Fruit snack Cut in half with ceramic scissors

Topical cream Placed on plastic spatula to deposit on bottom of vessel

Granola bar Crushed 

Chocolate raisins Whole

Flower Torn into small pieces

Table II: ICP-OES conditions

Parameter Agilent 5110 ICP-OES

Plasma viewing mode Axial

Read time 30 s

Measurement replicates 3

RF incident power 1400 W

Plasma argon fl ow rate 12 L/min

Nebulizer argon fl ow rate 0.7 L/min

Auxiliary argon fl ow rate 1.0 L/min

Inner diameter of the torch injector 2.0 mm

Nebulizer type Concentric glass (Meinhard)

Spray chamber type Class cyclonic spray chamber

Stabilization time 25 s

Table III: Spike recoveries of cannabis samples

Sample As (%) Cd (%) Hg (%) Pb (%)

Topical cream 104.7 105.6 101.8 102.2

Fruit snack 105.0 106.1 99.7 91.0

Cannabis fl ower 106.8 102.0 95.6 102.5

CBD oil 4.5k 101.5 101.3 92.3 102.6

CBD oil 6k 100.9 100.4 91.9 101.8

http://www.cem.com
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sample weight. It is important to carefully deposit the oil, cream, 

and peanut butter, in order to not get the sample stuck to the sides 

of the vessel. For peanut butter and cream, a long plastic spatula 

was used to deposit the sample on the bottom of the liner. For 

the oil, the sample was deposited to the bottom of the vessel with 

a plastic pipette. Th en, the inside of the liner was washed down 

with the acid to make sure all the sample got to the bottom. Table 

I shows the seven samples that were digested and the preparation 

method used, prior to placing them into the vessels.

Ten mL of HNO3 was added to each vessel and then allowed 

to predigest for 15 min prior to sealing and placing the vessel 

in the turntable. Th e turntable was then placed in the MARS 6 

and the Glass Cannabis One Touch™ Method was chosen on the 

touchscreen. Th e MARS 6 then counted the number of vessels 

and applied the precise power required to achieve the optimal 

digestion temperature of 200 °C. Th is temperature ensured the 

complete digestion of the samples, prior to analysis.

Samples were prepared in two batches. One batch was spiked 

with a spike solution containing between 0.4 and 1 ppm As, Hg, 

Cd, and Pb. Th e second batch was left unspiked. All samples were 

run in triplicate with blanks in each run. Upon successful digestion 

all samples were diluted to 50 mL with deionized water for analysis.

All samples were analyzed on an Agilent 5110 ICP-OES to 

determine spike recoveries and actual sample content of the “big 

four” heavy metals of As, Cd, Hg, and Pb. Instrument conditions 

are detailed in Table II.

Results and Discussion

Th e MARS 6, with MARSXpress Plus vessels with disposable 

glass inserts, was able to successfully digest all samples in a mixed 

batch. All of the samples were completely digested, yielding clear 

and particulate-free solutions upon dilution with deionized water. 

Th e MARS 6 is an ideal digestion system for the cannabis industry 

because it is able to successfully digest batches of mixed materials, 

including foods, oils, tinctures, creams, and plant materials, in as 

little as 35 min.

After confi rmation of the method through a spike recovery 

study, unspiked samples were analyzed for their total trace metals 

content using the same technique. Table IV shows the trace metals 

content of unspiked samples. Table V contains the California 

action levels for medical cannabis samples. It is worth noting that 

all of the unspiked samples contained far less than the maximum 

allowable limit for each element.

Conclusions

Th e MARS 6 with MARSXpress Plus vessels with disposable glass 

inserts was able to digest a wide variety of cannabis and hemp 

samples in mixed batches producing digestate that was suitable for 

analysis. Analysis of all samples showed excellent spike recovery 

and gave great confi dence in the actual levels of trace metals in 

the unspiked samples.

CEM Corporation
P.O. Box 200, Matthews, NC 28106

tel. (704) 821-7015, fax (800) 726-3331

Website: www.cem.com

Table IV: Elemental content of samples

Sample As (μg/g) Cd (μg/g) Hg (μg/g) Pb (μg/g)

Topical cream 0.0003 0 0.0013 0.0003

Fruit snack 0.0050 0 0.0007 0.0003

Cannabis fl ower 0.0033 0.0020 0.0007 0.0003

CBD oil 4.5k 0.0007 0 0 0.0007

CBD oil 6k 0.0013 0 0.0003 0.0003

Table V: Medical action levels for the state of California

Medical Action Levels* As (μg/g) Cd (μg/g) Hg (μg/g) Pb (μg/g)

Edible cannabis products 1.5 0.5 3.0 0.5

Inhaled cannabis products 0.2 0.2 0.1 0.5

Topical products 3.0 5.0 1.0 10.0

http://www.cem.com
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High Voltage Accuracy and Precision 
on Small Compact X-ray Sources
Sterling Cornaby,  Moxtek

Moxi™ X-ray source is calibrated to within ±250 V 

over all settings between 5 to 50 kV. This impressive 

accuracy and precision is achieved spectroscopically, 

by measuring an X-ray spectrum’s bremsstrahlung 

edge and storing correction high voltage offset infor-

mation on each source.

O
ne optimization desired by manufactures of X-ray fl uorescent 

(XRF) instruments is X-ray sources that are spectroscopically 

identical. A spectroscopically identical X-ray source allows one to 

switch out an X-ray source in an instrument with no other changes to 

the instrument, for example, with minimal or no recalibration of the 

instrument. Th is benefi t is desired by handheld XRF manufacturers, 

which reduces XRF calibration eff ort and service time for XRF 

instruments. Each Moxi™ X-ray source is calibrated to within ±250 

V over all settings between 5 to 50 kV. Th is voltage accuracy is tight 

enough to allow for XRF equivalence for several XRF applications.

Experimental Conditions

In order to calibrate an X-ray source, two basic requirements are needed:

•  A meaningful and accurate way to measure the high voltage.

•  A way to store the high-voltage calibration information on 

    each X-ray source, off setting source-to-source diff erences due

    to variance in the source’s electrical components.

Th e X-ray source’s high voltage is measured by collecting an X-ray 

spectrum from the tube’s anode. Th e source is pointed directly at an 

energy-dispersive detector, with a pinhole in-between to limit the 

intensity from the X-ray source. Th e spectrum’s bremsstrahlung edge is 

fi t with a proprietary algorithm, giving the value of the bremsstrahlung 

edge in keV. Th is measurement provides the “spectroscopic” voltage 

in keV, while the electronic monitors on the X-ray source give an 

electronically measured voltage in kV. Th e diff erence between the two 

gives a correction factor, which can be used to tighten the accuracy 

and precision between these two values. Th is test is repeated over 

several tube voltage settings between 5 and 50 kV.

Th e variance in the electronic components in aggregate is 

the major driving factor for the high-voltage inaccuracy of 

any particular X-ray source. Th e electronic components have a 

partially nonlinear relationship with high voltage. Th e Moxi™ 

X-ray source has an onboard memory which can hold a correction 

factor to correct for the nonlinear relationship.

Results

Comparing Figures 1 and 2 shows the accuracy and precision of 

the high voltage on the X-ray sources is drastically increased by 

the high-voltage calibrating procedure. Th ese graphs are inten-

tionally at the same scale to easily show the improvements. 

Conclusions

Moxi™ X-ray sources are an “XRF equivalent” X-ray source for 

XRF instrument manufacturers. Th e key aspect for achieving this 

source’s spectral equivalence is the high-voltage calibration of the 

source. Each digital X-ray source is calibrated to within ±250 V over 

all settings between 4 to 50 kV. Th e high accuracy and precision is 

achieved spectroscopically by measuring the bremsstrahlung edge and 

storing high-voltage off set information on each source. Th is benefi t 

is very much desired by handheld XRF manufacturers and reduces 

XRF calibration eff ort and service time for XRF instruments. Th is 

quantifi cation has practical backing; it is working as intended in next-

generation XRF handheld instruments sold today.

Moxtek, Inc.
452 West 1260 North, Orem, UT 84057

tel. (801) 225-0930, fax (801) 221-1121

Website: www.moxtek.com

Figure 1: This graphic shows the offset between the tube’s 
set voltage and bremsstrahlung edge over seven setting’s 
precalibration, on over 100 separate X-ray sources. Precalibration, 
the high voltage is typically offset by 800 V, and can vary by up 
to ±1000 V (@35 kV).

Figure 2: This graphic shows the offset between the tube’s 
set voltage and bremsstrahlung edge over seven settings post-
calibration, on over 100 separate x-ray sources. Post-calibration, 
the high voltage is typically offset by 100 V, and can vary by up 
to ±250 V (@35 kV).

MOXTEK
®

http://www.moxtek.com
http://www.moxtek.com
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Analysis of Organic Chlorides in 
Crude by ASTM D4929 PART C
 Applied Rigaku Technologies, Inc.

The analysis of organic chloride in crude is demonstrated 

per ASTM D4929 Part C using Monochromatic EDXRF 

(MEDXRF).

C
hlorides in crude contribute to corrosion in the piping at 

refi neries during cracking as well as mid-stream in pipelines. 

Organic chlorides do not naturally occur in crude, however inorganic 

chlorides in the form of salts as well as residual organic chlorides from 

various natural sources as well as adulteration can contaminate crude. 

Contracts at the pipelines may contain clauses limiting the amount 

of organic chloride allowed in the crude. And at the refi nery after 

desalting and desulfurization, crude needs to be analyzed for any 

residual organic chlorides possibly still entrained in the feedstock to 

avoid potential damage during the refi ning process.

Experimental Conditions

Instrumentation

Type:  Monochromatic EDXRF (MEDXRF) 

  90º Cartesian Geometry Polarization 

Model:  Rigaku NEX CG 

X-ray tube:  50 W Pd-anode 

Detector:  Silicon drift detector (SDD) 

Sample tray:  15-position Autosampler 

Film:   Polypropylene (4 um) 

Analysis Time:  300 s 

Environment:  Helium

Sample Preparation

ASTM D4929 is designed for the measurement of residual organic 

chlorides in crude. Th e crude sample is fi rst prepared by distillation 

and wash to remove H2S and inorganic chlorides. After distillation 

and wash processes the resulting naphtha fraction is analyzed for Cl 

content by XRF using Part C methodology. Th e naphtha fraction is 

typically stable containing less than 1000 mg/g S. XRF calibration is 

made using mineral oil calibration standards, as mineral oil models 

naphtha for X-ray response.

To prepare a sample for XRF analysis simply place 4.0 g of the 

naphtha sample in a standard 32-mm XRF sample cup and measure 

directly.

ASTM D4929 Calibration: Part C XRF

Empirical calibration was made using commercially available 

mineral oil standards. For optimum calibration, the standards 

contain both S and Cl, with S content ranging from 100 to 1000 

mg/kg (Table I). Alpha corrections are automatically employed to 

compensate for sulfur’s eff ect on chlorine X-rays. 

Precision and Repeatability

To demonstrate recovery, precision, and repeatability of the 

measurement, a few calibration standards were selected with 

results shown in Table II.

Detection Limits

Th e empirical method is used to determine detection limits using 300 

s measurement time. Ten repeat analyses of a blank mineral sample are 

taken with the sample in static position and the standard deviation (σ) 

is determined. Th e lower limit of detection (LLD) is then defi ned as 

three times the standard deviation (3 σ) as in Table III.

Conclusions

Th e performance shown here demonstrates NEX CG provides 

excellent sensitivity and performance for the measurement of 

chromium conversion coatings on aluminum.

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

tel. (+1) 512-225-1796

Website: www.RigakuEDXRF.com

Table I: D4929 Part C XRF Calibration

Element: Cl

Units: mg/kg

RMS: 0.212

Correlation: 0.99999

Sample ID Standard Value Calculated Value

1 0.0 0.0

2 2.0 2.0

3 5.0 5.3

4 10.0 9.8

5 25.0 25.3

6 50.0 49.8

7 75.0 74.9

8 100.0 100.1

Table II: Precision and Repeatability

Element: Cl                                        Units: mg/kg

Sample 

ID

Standard 

Value

Average  

Value

Standard Deviation 

(1σ)

Instrument 

r

D4929-17 Part C 

MEDXRF r

2 2.0 1.86 0.09 0.25 0.8

3 5.0 4.97 0.09 0.25 1.2

4 10.0 10.1 0.1 0.28 1.6

8 100 99.3 1.1 3.1 4.5

Table III: Detection Limits

Element LLD

Cl 0.18 mg/kg

Lower Limit of Detection (LLD)

http://www.RigakuEDXRF.com
http://www.RigakuEDXRF.com
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T
ribology—the study of friction, wear, and lubrication—is 

important in mechanical, electromechanical, and biological 

systems. Changes in materials due to abrasion, friction, lubrication, 

erosion, and corrosion result in failures of the moving components 

during use. Th ese eff ects are usually minimized by careful surface 

fi nish design and lubrication. Recycling and refi nishing surfaces can 

extend the lifetimes of components. By examining worn surfaces, 

better methods can be developed to prevent wear. Th is applications 

note uses infrared spectroscopy to study tribology changes in steel.

Experimental

Th e sample investigated was 28 mm in diameter by 8 mm thick 

with a carbon-based coating. Th e sample was lubricated, tested, 

and then cleaned with n-heptane, leaving chemisorbed species in 

the wear scratches on the surface.

 Th e spectra of the disc were measured on an FT-IR spectrom-

eter equipped with the Harrick VideoMVP™ (see Figure 1). Th e 

background spectrum was collected from the clean ATR crystal. 

Th en the sample was placed, face down, on the diamond crystal 

and positioned over the area of interest using the image on the 

display.  Th e pressure applicator was lowered to apply ~240 N of 

force to compress the sample against the crystal. Th e spectrum 

and image were then recorded. All spectra were collected from 

4000 to 400 cm-1 using 32 scans at 8 cm-1 resolution. 

Results and Discussion

Figure 2 shows spectra measured from a section with wear 

scratches in comparison to a shiny smooth section, along with 

photographs of the areas of each sample that were examined. Th e 

infrared spectrum of the wear scratches show a weak broad band 

in the –OH stretching region and additional bands at 1450 cm-1, 

1165 cm-1, 943 cm-1, and 605 cm-1, all of which are not present 

in the unworn section. Th is indicates that a residue from the 

lubricant or chemisorbed species remains in the worn area. More 

detailed analysis could be used to identify the chemisorbed species. 

Conclusion

Th e results presented here clearly show that diamond ATR can be 

used to examine tribology materials. Th e viewing capabilities and 

small sampling area of the VideoMVP allow for inspection of the 

wear scratches in comparison to the unworn areas.

A Diamond ATR Study of Worn Surfaces on Metal
Susan Berets,  Harrick Scientifi c Products, Inc.

Harrick Scientifi c Products, Inc.
141 Tompkins Ave., Pleasantville, NY 10571

tel. (914) 747-7202, fax (914) 747-7409

Website: www.harricksci.com
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 Figure 1: The VideoMVP™ Diamond ATR.

Figure 2: ATR spectra and photographs of an unworn area (red) 
and a worn area (blue) of a fl at metal part.

http://www.harricksci.com
http://www.harricksci.com
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Trace-Level Pesticide Detection Utilizing 
Surface-Enhanced Raman Spectroscopy (SERS)
Anne-Marie Dowgiallo,  Ocean Insight

Several pesticides were detected at parts-per-million 

levels on apple skin using a unique swabbing method 

and surface-enhanced Raman spectroscopy (SERS).

C
ommonly used pesticides, such as organothiophosphates and 

fungicides, can attack the central nervous system, posing a 

risk to humans and other animals upon exposure (1). SERS has 

been investigated as a technique to detect trace levels of pesticides 

on food items, and off ers reduced instrument size, fast measure-

ment times, non-destructive sampling, and simple implementa-

tion compared to the traditionally used methods, such as HPLC 

and GC–MS (2). In this study, we utilize a swabbing technique 

that has the potential to be a testing platform for fi eld use to de-

tect trace levels of pesticides on apple skin.

Experimental Conditions 

Pesticide-containing apple skin pieces are swabbed and added to 

colloidal gold nanoparticles. Th e mixtures are interrogated with 

785 nm excitation laser with 3 s integration time and 350 mW 

laser power, and the Ocean Insight QE Pro spectrometer.

Results

Th e pesticides examined in this study were thiram, malathion, 

acetamiprid, and phosmet. Th e SERS spectra of each pesticide 

after being applied to apple skin and swabbed are presented in 

Figure 1. Th e observed peaks are consistent with reports in the 

literature.

Conclusions

We present a swabbing technique that has the potential to be a 

testing platform for fi eld use and utilizes colloidal gold to detect 

trace levels of several pesticides on apple skin. Th is technique can 

detect each pesticide down to 1 ppm, where the pesticide residue 

tolerances on apples are 5 ppm, 8 ppm, 1 ppm, and 10 ppm 

for thiram, malathion, acetamiprid, and phosmet, respectively 

(3). Th e results presented here indicate that SERS coupled with 

the swab method is a valuable tool, and has signifi cant potential 

for identifying pesticide residues on the surface of fruits for food 

quality and safety control.

References

 (1) M. Stoytcheva, InTech, 30–48 (2011). doi: 10.5772/1003.

 (2) M.L. Xu, Y. Gao, X.X. Han, and B. Zhao, J. Agric. Food Chem. 65, 

6719–6726 (2017). 

 (3) Office of the Federal Register, Electronic Code of Federal Regulations, 

2018, https://www.ecfr.gov (8 January 2019).

Ocean Insight
8060 Bryan Dairy Road, Largo, FL 33777

tel. +1 (727) 733-2447

Website: www.oceaninsight.com

 Figure 1: SERS spectra of swabs of 1 ppm (a) malathion, (b) 
acetamiprid, (c) phosmet, and (d) thiram on apple skin.

https://www.ecfr.gov
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Observation of Methanol in Ethanol Using Automated ATR 
Spectroscopy
Kyle J. Czech and Jenni Briggs, Ph.D,  PIKE Technologies

Mixtures of methanol in ethanol were investigated 

using an automated ATR accessory. The spectral bands 

of methanol and ethanol were evaluated showing 

the expected absorbance changes. 

Q
uantitation of contaminants and toxins within human-

consumable products is a critically important aspect of ensuring 

consumer safety. Methanol contamination of consumable alcoholic 

beverages is particularly concerning due to the acute toxicity of 

methanol, with 4 mL of ingested methanol leading to irreversible 

vision loss and 30 mL of methanol potentially resulting in death 

(1). Recently, headlines discussing deaths and injuries linked to 

methanol contamination of commercially available liquors at popular 

resorts have emphasized the importance of methanol screening and 

quantitation methodologies.

Here, we use PIKE Technologies’ automated ATR accessory, the 

AutoATR, to observe the spectral changes over various concentrations 

of methanol in ethanol (Figure 1). Th e AutoATR uses 24 unique 

Si ATR elements, which have a thickness of 500 microns. Th e thin 

profi le of the ATR crystal minimizes absorption of the IR source by 

the Si phonon bands which, in combination with the accessory’s base 

optics, results in high energy throughput and reproducibility.

Sampling automation is made possible by the AutoPRO7 software 

package. AutoPRO7 streamlines the collection of all background 

and sample spectra, reducing the required user involvement to the 

distribution of samples after the background spectra acquisition has 

completed.

Experimental Details

A series of fi ve concentrations of methanol in ethanol were investigated, 

including 0, 10, 20, 30, and 40% v/v methanol in ethanol. Each   

mixture was created using an Eppendorf micropipette and high-

purity methanol and ethanol. After each mixture was created, a clean 

micropipette tip was used to distribute 120 μL of each solution into 

the AutoATR well plates after the background spectra acquisition was 

completed.

Results

Th e ATR spectrum of each methanol/ethanol sample is shown in 

Figure 2. Th e dominant spectral bands of ethanol correspond to the 

1087 and 1046 cm-1, while methanol exhibits a characteristic spectral 

band at 1033 cm-1. Th e complementary change in concentration of 

the two species is highlighted by the isosbestic point at 1036 cm-1 of 

the ATR spectra.

Conclusions

Quantitation of contaminants and toxins such as methanol is critically 

important to ensuring the well-being of consumers. In order to 

streamline these measurements, automated technologies such as the 

AutoATR provide a uniquely accurate and high-throughput approach 

to ATR-based chemical identifi cation. Th e AutoATR has proven 

capable of spectrally distinguishing methanol from ethanol and is 

well-suited for quantifying individual species in mixed solutions.

References

 (1) A. Dasgupta and A. Wahed, Clinical Chemistry, Immunology and Laboratory 

Quality Control (Elsevier, San Diego, California, 2014), pp. 317–335.

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

tel. (608) 274-2721, fax (608) 274-0103

Website: www.piketech.comFigure 1: PIKE AutoATR automated ATR accessory.

Figure 2: ATR spectra of each % v/v methanol in ethanol, collected 
with the AutoATR.
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Microparticles in Focus
Miriam Böhmler, Damon Strom, and Eleni Kallis,  WITec GmbH

High-resolution measurements of particles are of great 

interest in many fi elds of application. With ParticleScout, 

WITec has developed a tool that makes it possible to 

fi nd, classify, and identify particles automatically.

W
e encounter microparticles in many everyday products and in 

the environment. Th e analysis of fragments between 0.1 μm 

and 1 mm is challenging. Large areas have to be scanned, and even 

the most miniscule components must be recognized. Th e particles 

of interest need to be determined, classifi ed according to selected 

properties such as shape or size, and fi nally their chemical composition 

has to be identifi ed. Th e easiest and quickest way to perform this task 

is to use an automated and standarized microscopic inspection and 

chemical analysis. WITec ParticleScout, an advanced microparticle 

analysis tool, in combination with Raman microscopy, now off ers this 

capability.

Experimental conditions

Two experiments were carried out with ParticleScout coupled to 

an alpha300 R confocal Raman microscope. Raman spectra were 

analyzed with the TrueMatch Raman database management system 

(all WITec). Th e excitation wavelength was 532 nm.

Sludge from a wastewater treatment plant was analyzed for the 

presence of microplastic particles (sample courtesy of Dieter Fischer, 

Leibniz Institute of Polymer Research, Dresden, Germany). Fifty 

grams of the sludge was pretreated and purifi ed, then fi ltered in a two-

stage process through silicon fi lters with 50- and 10-μm pore sizes, 

respectively. Raman spectra of a subset of found particles were acquired. 

In a second experiment tungsten disulfi de (WS2) nanoparticles 

several micrometers long and a few hundred nanometers thick were 

examined (sample courtesy of Reshef Tenne, Weizmann Institute, 

Israel, provided through the Institute of Physical Engineering at Brno 

University of Technology [CEITEC], Czech Republic). Fragments 

shorter than 5 μm were located, then nanowires were classifi ed by 

their aspect ratio, which was greater than 2.5.

Results

Microparticles were sucessfully discovered and classifi ed using 

confocal white-light microscopy with the ParticleScout software. In 

the sludge sample, Raman spectra were acquired from 18,000 of the 

tens of thousands of microparticles that could be seen in the dark-

fi eld microscopic image (Figure 1). Forty six were plastic fragments: 

Polyethylene (25 pieces) and polypropylene (12 pieces) were the most 

abundant types of microplastic. Th eir sizes varied from 5 to more than 

50 μm (circular equivalent diameter). Additionally, many diff erent 

pigments and titanium dioxide particles were found.

In the WS2 sample 3,135 nanoparticles were detected and imaged 

(Figure 2). From these, 218 were classifi ed as nanowires according 

to their aspect ratios. Th e Raman peak at 420 relative wavenumbers 

(cm-1) indicates the orientation of the nanowires with respect to the 

polarization of the laser light.

Conclusions

Using a confocal Raman microscope equipped with ParticleScout, 

large numbers of particles were easily located and classifi ed into 

categories, as demonstrated using two samples from the fi elds of 

microplastic pollution and materials science. Raman spectra were 

measured automatically for all particles of interest. Th e seamlessly 

integrated TrueMatch database management software enabled quick 

identifi cation of the particles. Reports summarize the results and 

describe the materials in terms of physical properties.

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

tel +49 (0)731 140700

Website: www.witec.de

 Figure 1: A 10 × 10 mm2 dark-fi eld overview of a fi lter with 
microparticles from sludge was stitched together from 1089 images 
(left). From the selected area (right), Raman spectra were acquired 
from 18,000 fragments. The particles were automatically located 
and measured using the ParticleScout software.

Figure 2: Under the microscope, WS2 nanoparticles were imaged 
automatically with ParticleScout. A subset of 3135 detected 
fragments is shown (A). Of these, 218 granules had an aspect ratio of 
greater than 2.5 and were therefore classifi ed as nanowires (B). (C) 
shows Raman spectra for two nanowires with different orientations. 
The intensity at 420 relative wavenumbers depends on the angle 
between the nanowire and the polarization of the laser.
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Going Beyond Spectrometers 

to Build Complete Solutions

At Metrohm, we understand that you 

aren’t looking for a spectrometer, you 

need answers that provide a complete 

solution. 

Our team works with you from feasibility, 

to installation and beyond to deliver an 

application that works from the start. 

This coupled with our rugged handheld 

spectrometers, easy to use benchtop 

instruments, or powerful process analyzers 

turns instruments into solutions for:

• Raw materials inspection

• Quality assurance

• Process control

• And more

Find out more at
www.metrohm.com/spectroscopy
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Introduces the world’s first palm spectrometer VIS-NIR-SWIR 
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spectral engine. Breeze is an one-button operation,  
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chemical analysis anywhere, anytime.
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