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MOLECULAR SPECTROSCOPY WORKBENCH

Assignment of Raman Bands of a Set 
of Biopolymers with Small Increases 
in an Added Functional Group

We recorded the Raman spectra of 
NodaxTM (PHBHx-copolymer of hy-
droxybutyrate) biopolymer class with 
varying amounts of comonomer hy-
droxyhexanoate (Hx). The properties 
of Nodax is controlled by the amount 
of Hx added. Engineering the poly-
mer for specific applications requires 
understanding the effects of Hx on 
the physical and chemical properties, 
and vibrational spectra provide a win-
dow on this information. Inspection 
of the structure of PHBHx indicates 
that the addition of Hx only replaces 
the methyl group with a propyl group 
on the hydroxyhexanoate segments 
of the polymer chains. To utilize the 
vibrational spectra to aid in the pre-
diction of properties, the bands asso-
ciated with these extra groups should 
be identified. The spectra shown 
here were acquired from polymers 
dissolved in deuterated chloroform; 
the carbon–hydrogen band of the 
solvent that would normally overlap 
with the spectrum of the polymer is 
replaced by a carbon-deuterium (CD) 
stretch in a region in which nothing 
else occurs. In solution, the spectra 
of the polymers exhibit the noncrys-
talline disordered phase and can be 
used to evaluate the contributions of 
the various functional groups. 

Fran Adar

The polymers discussed here 
were originally engineered by 
Professor Isao Noda during 

his career at Proctor & Gamble (P&G).  
The goal was to engineer a class of 
polymers that would be biodegradable, 
renewable, and with “attributes includ-
ing polyolefin-like thermomechanical 
properties, polyester-like physicochemi-
cal properties, and interesting biologi-
cal properties” (1). The structure of the 
polymers that we discuss is shown sche-
matically in Figure 1. 

A pure polyhydroxybutyrate (PHB) 
homopolymer would contain only the 
monomer shown on the right of Figure 
1. The pure PHB is quite crystalline and 
difficult to melt or dissolve. When small 
amounts of hydroxyhexanoate (shown 
on the left of the figure) is introduced 
as isolated monomers in the chain, the 
result is a random copolymer, and those 
side chains inhibit crystallization, which 
is excessive in PHB. The importance of 
controlling the degree of crystallinity 
is that it provides control of the physi-
cal and chemical properties. Polymer 
manufacturing is done in a bioreactor 
fermentation process by soil bacteria, 
and control of the side chains is provided 
by feeding appropriate fatty acids under 
specific conditions. Because the entire 
polymerization process is enzymatically 

controlled, the configuration of all the 
carbons are defined. 

Figure 1 shows that the polymer 
segment on the right is formed from 
the monomer hydroxybutyrate, while 
the monomer on the left is formed dur-
ing polymerization with hydroxyhex-
anoate. Regardless of the side chain, 
each monomeric unit has one car-
bonyl group, one methyl group in the 
chain, one methine proton in the chain,  
and either a methyl or propyl side group 
next to the ester linkage. Because the 
substituted amount is typically less 
than one in seven, the likelihood of 
these “extra” monomers being nearest 
neighbors is small, so we consider the 
polymer a random rather than block co-
polymer. It is not difficult to understand 
that the presence of the side groups 
which appear occasionally along the 
chain, interrupts the regularity and thus  
prevents crystallization. 

These polymers are biodegradable 
either aerobically or anaerobically, 
with rates comparable to that of cel-
lulose. Products made, tested, and il-
lustrated in the cited article include 
dinnerware, detergent bottles, clear 
bags, and fibers (1). The develop-
ment of these materials has enabled 
their commercialization by Danimer 
Scientific, Inc.
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Use of Vibrational  
Spectroscopy in Analyzing Nodax
Vibrational spectra encode information 
on functional groups: their bond strength, 
bond order and angles, and interactions 
between groups that are geometrically 
close. For small molecules, calculations 
are straightforward in predicting spectra. 
For polymers, the situation is complicated 
because of the size of the molecule and 
the orientation of the backbone regard-
less of whether it is crystalline; the latter 
two properties can affect interactions 
between groups that change with poly-
mer history. But when vibrational spectra 
can be interpreted, it has the potential 
to aid in the prediction of physical and  
chemical properties. 

In this study, we focused on confirm-
ing the assignments of the bands in the 
carbon–hydrogen region to determine 
if extra bands of the extra methylene on 
the side chain could be differentiated 
from the methylene on the backbone, 
and whether the methyl group on the 

backbone could be differentiated from 
the methyl at the end of the side chain. 
This information will be helpful in under-
standing the crystallization process.

Description of Samples  
and Measurement Protocol
Samples of PHBHx with substitutional 
percentages of hexanoate of 0, 3.8, 5.8, 

6.2, 7.6, 9.4, and 13% were examined. 
Small amounts of the samples were dis-
solved in deuterated chloroform (CDCl3) 
which enabled us to record spectra of 
isolated molecules in solution, without 
interference from the carbon–hydrogen 
band of the solvent. Except for the 0% 
sample, all samples dissolved without 
any intervention. The 0% sample was 

CH3

CH3
(CH2)2

H HH H

HH O

O

O

O
n

* *

FIGURE 1: Structure of Nodax. The polymeric unit on the right (in parentheses) 
is polyhydroxybutanate (PHB), while the monomer on the left (in parenthe-
ses) appears with the incorporation of hydroxyhexanoate in the chain.
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dissolved by heating it while stirring, and 
even then only a small amount of material 
went into solution, so there is significantly 
more noise in the spectrum of this sample 
than the others. First, the intensity of the 
carbon-deuterium (CD) band at 2248 
cm-1 of the solvent in all the spectra was 
normalized to the spectrum of the neat 
solvent so the contributions of the solvent 
could be subtracted. After subtracting 
the solvent spectrum, and normalizing to 

the intensity of the carbonyl band whose 
concentration does not change with 
composition, the behavior in the car-
bon–hydrogen region can be analyzed 
by multiplicative curve resolution (MCR) 
and two-dimensional correlation spec-
troscopy (2D-COS). In all cases, a broad-
ening of the solvent spectrum on the 
high frequency side was observed, and 
this created an artifact in the subtraction; 
however, because there is nothing of in-

terest in this region of the spectrum, it did 
not interfere with the analysis. After the 
solvent contributions were subtracted, 
the spectra of all the samples were scaled 
so that the carbonyl band has the same 
intensity in all the spectra. This pretreat-
ment enables assigning any spectral 
changes to the replacement of the methyl 
side group by the propyl side group. 

Results
Figure 2 shows the spectra overlaid by 
two different methods. The lower plot 
shows the spectra overlaid exactly, and 
little detail can be seen. In the upper 
plot, the different samples have been 
displaced a bit horizontally to determine 
if subtle differences can be observed. 
Note that color coding has been used to 
visualize the increasing hydroxhexanoate 
(Hx) in the composition (brown to purple).

For the purposes of this study, we were 
most interested in the carbon–hydrogen 
region after the solvent subtraction and 
normalization had been completed.  
Figure 3 shows the spectra in this region, 
displayed now in three different ways in 
order to “see” the changes. Inspection 
of these spectra shows changes, but they 
are so subtle that drawing conclusions 
would be suspect. 

In the literature, there is a great deal of 
information on the assignment of the car-
bon–hydrogen bands to symmetric and 
asymmetric methylene stretches, sym-
metric and asymmetric methyl stretches, 
and the methine stretch. In general, as the 
vibrational frequency increases for a given 
compound, the bands appear in the order 
of symmetric methylene stretch, symmet-
ric methyl stretch, asymmetric methylene 
stretch, and asymmetric methyl stretch. 
However, the range of frequencies in dif-
ferent compounds is quite large, so we 
did not assign these bands in the spec-
tra. Rather, we employed two mathemati-
cal methods, 2D-COS and multiplicative 
curve resolution (MCR), to analyze the 
spectra. The results are shown in Figure 4. 

On the left, we have displayed the 
results of the 2D-COS analysis of these 
spectra. Recall that the synchronous plot 
on the left indicates which bands are 
changing simultaneously. In these materi-
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FIGURE 3: Raman spectra of the seven PHBHx samples in the carbon–hydro-
gen region after subtraction of the solvent signal and normalizing to the car-
bonyl band whose concentration is constant throughout the sample set. 
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FIGURE 2: Full Raman spectra of all seven Nodax samples after subtraction 
of the CDCl3 solvent spectrum and scaling to the carbonyl band.  On the bot-
tom right, the spectra are exactly overlaid. On the top left, the spectra are 
displaced for better comparison.
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als, it is the increase in propyl side groups 
that differentiate the samples, so we 
would expect that any changes would all 
be in the same direction, which is what the  
plot shows. 

The right hand plot of the 2D-COS 
analysis shows the asynchronous changes. 
It is important to understand that if all of 
the changes are in phase (that is, they 
occur simultaneously), then the asyn-
chronous plot will be blank. As a result, 
the changes in the asynchronous plot will 
indicate what is changing before what. I 
have drawn horizontal and vertical lines 
to evaluate where the intensity peaks are 
occurring relative to the spectra that are 
displayed above and to the right of the 
2D-COS plots. In the asynchronous plot, 
I have lines at 2870, 2910, 2941, and 2960 
cm-1, with these frequencies read from the 
2D Shige software. These positions do 
not correspond to the highest intensity 
peaks in the spectra, and if you look care-
fully at the spectra at the bottom center 
of Figure 3, you can see that the changes 
are actually occurring between the larg-
est peaks, approximately at the positions 
noted in the 2D-COS plots. Looking 
now at the plots on the right of Figure 4,  
you can see the results of the MCR 
analysis; in fact, the two factors plotted 
this way cannot be easily differentiated.  
But the interesting part is that when I cal-
culated the difference between these two 
spectral factors, I see four little peaks that 

line up fairly closely to the fiduciary lines in 
the 2D-COS plots. My initial reaction was 
“Wow!” because the two mathematical 
manipulations are performing calculations 
on the same data set, the results should 
be consistent. But my understanding of 
these two mathematical algorithms is 
that they are different enough that the 
fact that the results are consistent means 
that the results reflect the reality of the 
changes. As a result, we have changes at 
the wavenumber positions noted earlier 
and shown in the figure. 

As noted earlier, general assignments 
(in increasing vibrational frequency) appear 
as methylene symmetric stretch, methyl 
symmetric stretch, methylene asymmet-
ric stretch and methyl asymmetric stretch.  
If we take these assignments to be relevant 
to this system, and then look at the asyn-
chronous plot, we can start to determine 
how the addition of the methylene group 
on the side chain affects perhaps the geo-
metrical positioning of the methyl group 
on the backbone against the methyl group 
that has moved father from the backbone. 
For instance, the asynchronous plot has 
spots of opposite color at ~ (2910, 2940) 
and ~ (2940, 2910). We tentatively as-
signed this to a methyl symmetric stretch 
and a methylene asymmetric stretch.  
Then, the change (increase) in the methy-
lene comes before the change in the 
methyl because of the placement of the 
methyl farther from the backbone. 

Concluding Remarks
When Professor Noda began develop-
ing the Nodax polymer during his work 
at P&G, he realized that he needed a ro-
bust way to analyze the properties of the 
materials that he was making. This was the 
impetus to develop 2D-COS for analysis 
of vibrational spectra. When one tries to 
analyze spectra using band-fitting algo-
rithms, it quickly becomes evident that 
the “fits” are not unique, which means 
that any conclusions that one draws will 
be subject to some uncertainty. On the 
other hand, after one prepares one’s 
spectra for 2D-COS analysis, then the 
application of the algorithm itself is much 
less subject to “pilot influence.” 

In the example shown here, the goal 
was to use Raman spectra in combination 
with 2D-COS analysis to understand how 
the addition of propyl side groups to the 
polymer backbone influences the struc-
ture of the polymer at the atomic level. 
We saw that even though assignment of 
functional group vibrations using classi-
cal spectroscopic tools was not robust, 
the 2D-COS did provide information on 
where the polymer was changing and 
what happened first. 
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CHEMOMETRICS IN SPECTROSCOPY

Why Does -1 x -1 = 1? 

In high-school mathematics courses 
(such as algebra, Euclidean geom-
etry, trigonometry), we learned that 
mathematics is a formal logic system, 
perhaps the ultimate formal logic sys-
tem. Therefore, foundational primi-
tive elements of this logic system un-
derlie all of the higher developments 
in mathematics. In high school, we 
learned this in connection with the 
subject of the individual courses; 
we then went on to use the results 
developed to create higher levels 
of useful products of the logic sys-
tem, including chemometrics. In the 
process of building the higher levels 
of the mathematical constructs, we 
ignored, and then eventually for-
got, the primitive foundations of the 
mathematics that chemometrics is 
all based on. Those primitive bases 
include the answers to some interest-
ing and important questions that we 
no longer ask ourselves, despite the 
fact that we use the answers to those 
questions all the time. In this col-
umn, we will consider the question:  
Why does -1 × -1 = 1?

Howard Mark and Jerome Workman, Jr.

Everyone knows that -1 x -1 = 1. 
How do we know that? Because 
one of the rules of arithmetic that 

we all learned early in our mathematical 
education, once we progressed beyond 
the four basic arithmetic operations, was 
that -1 × -1 = +1, and of course, that rule 
was generalized to all negative num-
bers. That was one of many rules that we 
learned early on at that time. 

But why is that so? Why does that 
product not equal -1? Why does it not 
equal 0 or some other quantity? Did we 
never wonder about that? Some of us 
may have simply accepted it unquestion-
ingly as one of the mysterious rules of 
mathematical life. Some of us may have 
had vague notions about “two negatives 
canceling each other,” or some similar 
concept. Some may have assumed, as we 
did, that it represents one of the funda-
mental primitive properties of numbers.  
Some may have simply accepted it be-
cause it makes the answers come out right.  
The reasons for the rule were never ex-
plained at the time. However, we learned 
the rule and internalized it, despite lack of 
an explanation.

It’s certainly easy enough to create 
examples that can verify that rule of per-
forming arithmetic. Consider Figure 1, 
which shows a hill that a person (or car) 
can go either up (+) or down (-). In Figure 
1a, the hill has a positive slope, so that, as 
time goes on, the movement is up the hill. 
In reality, we cannot have negative time, 
but we can speak of what happened a 
certain amount of time “ago,” that lets 
us know what happened at a previous 

time, and, in turn, gives us the conceptual 
equivalent of a negative time. In Figure 
1a, positive time corresponds to the trav-
eler increasing their height (or altitude), 
while “negative” time corresponds to  
decreasing altitude.

On the other hand, in Figure 1b, the 
situation is reversed. The hill has a nega-
tive slope, so increasing time gives the 
traveler a decreasing height, and, more 
to the point, looking back to “negative 
time” shows the traveler at increasing 
altitudes as “negative time” increases.  
The two negatives (slope and time) oper-
ating together result in a positive change  
in altitude.

This example conforms to all of our ex-
pectations of how mathematical opera-
tions behave, especially that a negative 
(slope) times another negative (time) gives 
a positive result (altitude, in this example).

However, we know that mathematics 
doesn’t depend on examples to prove 
anything, because no matter how thor-
ough you might have tried to be, you 
may have missed the one case that would 
constitute the key counterexample that 
disproves the generality of the rule that 
is being examined.

So how does mathematics prove any-
thing beyond question, so that we can rely 
on it for all possible cases and conditions, 
and further, to be able to use it to prove 
other rules beyond question? For the an-
swer to that question, we have to go back 
to our high school elementary classes in 
algebra, geometry, and trigonometry that 
all started with the basic fundamentals of 
how these mathematical constructs are 
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developed. You’ll recall that we all started with a minimal set of 
“undefined terms” (points, lines, and numbers, for example) that 
could be used in conjunction with strict rules of logic to define 
more complicated mathematical objects. 

Simultaneously, we learned about self-evident rules (such as 
“anything is equal to itself” and “two things that are equal to the 
same thing are equal to each other”), that were called axioms or 
postulates. These could be used, also, in accordance with the 
strict rules of logic, to unequivocally prove more advanced and 
complicated rules that we call propositions or theorems. We did 
that explicitly at the time, and since then, we have used those 
rules, constructs, and thought processes to create the chemo-
metrics (and other complicated mathematical structures) we use 
today. We justified every step we took by showing that each step 
is the result of applying a basic principle, axiom or previously 
proven theorem. However, we rarely think about those underly-
ing principles any more, despite that we rely on them constantly.

Recently, we were reminded of all this when we learned about 
the real reason behind the rule that tells us that -1 × -1 = +1.  
When we were taught that rule in our first course in elementary 
algebra, the rule was simply presented to us without further ex-
planation, along with a few dozen other similar rules that enabled 
us to tackle the types of problems we were supposed to learn to 
solve. At the time, we learned it that way because we were not 
nearly sophisticated enough to understand, much less appreci-
ate, the nuances involved. Later, once our general knowledge 
of mathematics grew and we might have understood and ap-
preciated it, that rule was simply part of our mental toolbox that 
we could pull out and use when we needed it without further 
consideration of its origin. As a result, we were all led to believe 
that the property of multiplication that caused -1 × -1 to equal 
+1, and similarly for multiplication of other negative numbers, 
was simply one of those basic principles.

That may have led some of us to wonder about it and ask 
ourselves the questions that we started this column off with.  
Even so, it never went further than that, and we dropped the 
question in favor of other, more pressing issues. The only correct 
selection from the set of reasons proposed at the beginning of 
this article is “none of the above.” But if the result is not an axiom 
or  a definition (which it isn’t), then what is it? And the correct 
answer to that question is that it must be a theorem.

So it was with ourselves, until one fine day, we heard a lec-
ture from a mathematician, who explained that the behavior 
of multiplying two negative numbers to give a positive result 
was not a fundamental principle, but a theorem. Considering 
the relationship as a fundamental principle opens the door 
to puzzlement and question “Why that rule?” It certainly isn’t 
self-evident, as most of the other fundamental principles are. 
If it’s not a fundamental principle and is, as claimed, a theo-
rem, then it must be unique and inevitable, and accepted 
without question. Before we can do that, however, it must be 
proved, and proved using only the fundamental principles or 
previously proven theorems. If it’s a theorem, then we should 
be able to prove it.

Before we can do that, though, we need to review what 
the fundamental principles that we will rely on are, and also 
some other definitions, axioms, and theorems that are uni-
versally accepted and that we can therefore use to prove 
other mathematical results. We will not present an exhaus-
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FIGURE 1: Schematic illustration of movement on a hill. In both 
parts of the figure, time is positive going toward the right, and 
height is positive upward. In part (a), movement with increasing 
time is up the hill (+), while in part (b), movement is down the 
hill (-). In both cases, moving toward “negative time” inverts the 
nature of the change in altitude.
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tive list, but we will include the ones 
we need to use now, in our own proof. 
So here goes:

The axioms we need are:
• Axiom #1: Everything is equal to itself 

(Identity).
• Axiom #2: Things equal to the same or 

equal things are equal to each other 
(this is needed to justify multistep deri-
vations).

• Axiom #3: If the same or equal quan-
tities are added to equal quantities,  
the results are equal.

• Axiom #4: If the same or equal quanti-
ties are subtracted from equal quanti-
ties, the results are equal.

• Axiom #5: If the same or equal quanti-
ties are multiplied by equal quantities, 
the results are equal.

The definitions and undefined terms 
we need are:
• Definition #1: The counting numbers (1, 

2, 3, ,4 ...). These come from antiquity 
and represent the first mathematical 
objects known to have been created, 
albeit for practical reasons. For ex-
ample, a farmer needed to know and 
keep track of how many goats were in 
his herd.

• Definition #2: The number zero.  
The number zero has the properties 
that when it is added to any other num-
ber, the result is the same as the other 
number it was added to, and when 
multiplied by any other number, the 
result is also zero.

• Definition #3: The addition operation, 
which is proven by counting.

• Definition #4: The multiplication opera-
tion, which defines repeated addition 
(3 × 5, for example, = 5 + 5 + 5 = 15;  
4 × a = a + a + a + a = 4a).

• Definition #5: The commutative 
rule for addition, which states that  
a + b = b + a.

• Definition #6: The commutative rule 
for multiplication, which states that  
a × b = b × a.

• Definition #7: The distributive rule, 
which states that A × (B + C) = (A × B) 
+ (A × C). This is also a theorem. Proofs 
can be found on the internet.

Having now set out the background 
(and ground rules of allowable operations) 
for our derivation, we are ready to start.

Our first step is to define (-1). While 
not normally done, for the duration of 
this derivation, we will surround (-1) (and 
other negative numbers) with paren-
theses to emphasize that it is a num-
ber that is a distinct entity unto itself.  
Our definition, expressed in words, is “(-1) 
is a number such that when it is added to 
1, the result is zero.” Having defined (-1), 
other negative numbers can be expressed 
by applying definition 4: [for example,  
(-3) = 3 × (-1) = (-1) + (-1) + (-1)] 

Converting the verbal statement to 
mathematical notation, the stated defini-
tion of (-1) is:

Definition #8: 1 + (-1) = 0          [1]

We can now begin our derivation. We 
use axiom 5 to multiply both sides of 
equation 1 by (-1):

(-1) × (1 + (-1)) = (-1) × 0            [2]

We then apply the commutative rule 
(Definition 6) to the right-hand side (RHS) 
of equation 2:

(-1) × (1 + (-1)) = 0 × (-1)           [3]

and from the multiplication property of 0, 
highlighted in Definition 2:

(-1) × (1 + (-1)) = 0               [4]

We now apply the distributive rule 
(Definition #7) to the left-hand side (LHS) 
of equation 4:

(-1) × 1 + (-1) × (-1) = 0          [5]

 And apply the commutative rule 
(Defintion #6) to the first term on the LHS 
of equation 5:

1 × (-1) + (-1) × (-1) = 0          [6]

Using the definition of multiplication 
(Definition 4) for the first term on the LHS 
of equation 6:

(-1) + (-1) × (-1) = 0            [7]

Using axiom 3, we now add 1 to both 
sides of equation 7:

1+ (-1) + (-1) × (-1) = 1 + 0            [8]

From the definition #8 of (-1) we see 
that “1 + (-1)” on the LHS of equation 8 
= 0:

0 + (-1) × (-1) = 1 + 0                [9]

Applying the additive property from 
the definition of zero (definition #2) to 
both sides of equation #9, we come up 
with our final result:

(-1) × (-1) = 1                   [10] 

Q.E.D. (Quod erat demonstrandum;  
“that which was to be demonstrated”)

So, there we have it. We’ve proved 
that -1 × -1 = +1 using only the funda-
mental principles and previously proven 
statements. And our fingers never left  
our hands! 

Now we know, finally and defini-
tively, why (-1) x (-1) = 1: Because we’ve  
proved it!
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PEER-REVIEWED RESEARCH

Raman Spectroscopy as a Tool 
for the Quantitative Estimation of 
Chromium Aluminum Oxide  
Content in Chromite 

Raman spectroscopy has been applied 
to study a range of chromites (Fe2+, 
Mg)(Cr, Al, Fe3+)2O4 with variable chro-
mium to aluminum to iron contents to 
ascertain conclusions about possible 
correlations between the chromium con-
centration and the position of the main 
Raman peaks within this mineral. Our in-
tention was to examine chromite grains 
from different paragenesis, which vary 
significantly in their chromium content, 
to observe changes in the Raman spec-
tra of this mineral. It was found that a 
negative correlation exists between the 
chromium number, calculated from the 
electron microprobe data, and the Raman 
peak number. Chromite grains with high 
chromium numbers show a low Raman 
peak, whereas samples with low chro-
mium number show a higher Raman peak. 
Therefore, it is possible to infer a relation-
ship between the mineral composition 
and Raman bands for this type of spinel. 
The measurements have clearly shown 
that it is possible to draw precise conclu-
sions about the chromium content of the 
mineral based on the Raman peak alone. 
This finding supports a possible applica-
tion of portable Raman devices on Earth 
or in space for asteroids and planets. 

Melanie Kaliwoda, Daniele Giordano, Miriam E. Krüger, Ibrahim Uysal,  
Melih R Akmaz, Viktor Hoffmann, Rupert Hochleitner, and Wolfgang W. Schmahl

Raman spectroscopy has 
gained increasing importance 
in almost all areas of earth and 

material sciences. This is particularly 
true in studies of mineralogy, petrology, 
and volcanology. Raman spectroscopy 
has also gained increased importance 
in studying the geology of ore deposits 
and extraterrestrial materials, where both 
qualitative and quantitative estimates 
of the mineral content are essential. 
Moreover, it is emerging as a powerful 
and critical tool for analyzing the struc-
tural, chemical, and physical properties 
of crystalline solids, liquids, and glassy 
materials in a very effective and mostly 
nondestructive way (1–4). In earth sci-
ence research, Raman spectroscopy 
provides simple and inexpensive utility 
in the characterization of structural modi-
fications, elemental concentrations, or 
polytypism, and polymorphism in some 
of the major rock-forming minerals (3,5,6). 
For example, Raman peak shifts can be 
used to correlate spectral and chemical 
features, either in the laboratory or in 
the field (with portable Raman devices). 
In fact, given its versatile character, it is 
conceivable that one could construct 
miniaturized Raman systems that could 

readily be installed in planetary “rovers,” 
thereby facilitating quantitative surface 
analyses of other terrestrial planets or 
small bodies (4,7). However, to convert 
the Raman results into quantitative in-
formation, it is sometimes necessary 
to compare those results with compo-
sitional analysis achieved using other 
methods of mineral analysis (such as 
electron probe microanalysis [EPMA] or 
X-ray diffraction analysis [XRD]).

In this study, 10 highly chemically 
variable chromite grains (S1–S10) ob-
tained from ophiolites, serpentinites, 
and a range of ore bodies here on 
Earth (Table I) were analyzed by micro-
Raman spectroscopy to explore the re-
lationships between Raman peak shifts 
and mineral chemistry, as determined  
by EPMA.

The chromium, aluminium, and iron 
content of the chromite was defined 
and correlated in various ways. For the 
calculation of the investigated chro-
mites, we used the general formula for 
this mineral, (Fe2+, Mg)(Cr, Al, Fe3+)2O4, 
and calculated the chromite number 
(#Cr), as:

              #Cr = Cr/(Cr + Al)                 [1]

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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Chemical and Spectral  
Features of Chromites
The most important host rocks for chro-
mites are ultramafic mantle rocks, such as 
the obducted peridotite and serpentinite 
bodies found within ophiolite complexes 
(8–10). Chromite may also be found in ul-
tramafic igneous rock sequences, in ore 
complexes, or in metamorphic terrains. 
Because of its comparatively high hard-
ness, density, and stability, this mineral 
can also be found in the heavy mineral 

fraction of sedimentary rock within ba-
sinal sequences. 

Chromite belongs to the spinel group 
of minerals (11), where magnesium fre-
quently substitutes for iron (2+) and 
chromium substitutes for aluminum or 
iron (3+) in the crystal lattice. The peak 
shift in chromite is a function of relative 
proportions in chromium and alumi-
num (iron). Chromite has a spinel-type 
structure AB2O4 belonging to the Fd3m 
space group, where two formula units  

(Fe2+, Mg2+)IV and (Cr3+, Fe3+, Al3+)VI 

comprise its primitive unit cell (12,14,15). 
Normal spinel and chromite have a cu-
bic-closed packing structure, where ox-
ygen anions, along with trivalent metal 
cations (chromium, aluminium, and ferric 
iron), occupy half of the octahedral inter-
spaces, and other divalent cations (fer-
rous iron and magnesium) occupy one-
eighth of the tetrahedral interspaces (12). 

Figure 1 shows a typical Raman dou-
ble peak for chromite. Two clear princi-
pal peaks can be observed at 555 cm-1 
and 687 cm-1 (with a margin of error of 
less than ±1 cm-1), and represent the 
main distinguishing feature in the identi-
fying chromite by Raman spectroscopy. 
The typical Raman spectral pattern, as 
determined for end-member chromite, 
consists of a major broad peak near 
685 cm-1 with a weak shoulder, and a 
secondary peak near 650 cm-1. It has 
been shown that the strongest peak 
(in this work ascribed as peak I) may 
vary between 678 cm-1 and 727 cm-1 
(Table I), with its assignment to the A1g 
mode (14). This feature presumably is 
generated by the bonds in the (Cr3+, 
Al3+, Fe3+) 6-compound octahedron.  
Figure 2 shows how the weaker peak 
(herein peak II) may also vary its posi-
tion from 529 to 601 cm-1. Peak II could 
be assigned to F2g mode (13). 

This study focused on the positions of 
peak I and peak II for chromite minerals 
and, where relevant, identified the displace-
ment of these peaks relative to endmember 
chromite. It became clear that the shift of 
these two peaks reflects the chemical com-
position of the respective chromite mineral 
(Figure 2). The position of the small shoul-
der, which partly occurs on peak I, at lower 
wavenumbers than the peak maximum was 
not included in this analysis.

Methods and Materials
Electron Microprobe
For EPMA measurements, we utilized a 
Cameca SX 100 electron probe that was 
equipped with five wavelength-dispersive 
spectrometers and an advanced micro-
beam automation for the EPMA analy-
ses. The probe was also equipped with 
a back-scattered electron (BSE) detector. 
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For the analyses, an accelerating voltage 
of 15 kV was applied with a beam current 
of 20 nA and a nominal beam diameter 
of 1 μm. A range of natural minerals and 
synthetic samples were used as standards 

for crystal calibration and peak assign-
ments: Wollastonite was the standard for 
calcium and silicon, synthetic nickel oxide 
for nickel, periclase for magnesium, sphal-
erite for zinc, corundum for aluminum, 

hematite for iron, escolaite and chromite 
for chromium, ilmenite for manganese and 
titanium, albite for sodium, and orthoclase 
for potassium. Matrix correction followed 
the procedures outlined in the literature 
(15,16). The reproducibility of standard 
analysis was <1% for each element rou-
tinely analyzed. The measurements were 
performed on polished grain mounts of 
chromite embedded in epoxy; samples 
were coated with a thin carbon layer. 

Raman Spectroscopy
Raman spectroscopic investigations were 
carried out using a XploRa One micro-
Raman instrument (Horiba Jobin Yvon) 
operating with the software LabSpec5.  
The spectrometer was equipped with edge 
filters, a Peltier cooled CCD detector, and 
three different lasers, working at 532 nm 
(green), 638 nm (red), and 785 nm (near-IR), 
respectively. To characterize the chromite 
crystals, a green 2ω – Nd:YAG laser (532 
nm) was used in an attenuated mode (50% 
laser power), belonging to 5.5 + 0.1 mW 
on the sample surface. Focusing was com-
pleted through a 100 x LWD (long work-
ing distance) objective, resulting in a 0.9 
µm laser spot-size on the sample surface.  
The wavelength calibration of the green 
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FIGURE 3: Correlation of Raman peak and chromium content of the sample. Figures 
(a) and (b) show that all chromite mineral samples display a clear negative trend be-
tween their chromium aluminum content and the two Raman peak numbers (peak I 
and peak II). The same negative correlation is obvious for the chromium, aluminum, 
and iron contents versus the Raman peak number (peak I and peak II), as shown in 
Figures (c) and (d). It is possible to demonstrate a clear correlation between the 
chromium content of each mineral and the peak shift of the Raman measurement. 
The observation is true for both mineral formula calculations, with and without iron. 

TABLE I: Shown are the sample number, sample location, and the host rock information of each measured chromite 
sample, as well as the chromium to aluminum and chromium to aluminum to iron ratios for each measured chromite, 
and the peak I and peak II position numbers measured in this study by Raman spectroscopy.

Sample 
Number Chromite Sample Location Chromite Host Rock 

Information
Cr/

(Cr+Al)
Cr+Fe) /

(Cr+Fe+Al)
Peak I
(cm-1)

Peak II
(cm-1)

S1 Grube Schwarzen Berg, Zobten  
Mountains, Poland

Gabbro with  
Serpentinite chasm 0.65 0.72 727

S2 Grass Valley Mining, VG2, 
Mokopane, South Africa Chromium Ore (Mining) 0.84 0.90 690 550

S3 Sant Stefan ob  
Leoben, Styria, Austria Ultramafite with Chromite Ore 0.92 0.94 678 543

S4 Baltimore, Bare Hills, 
Maryland, USA Serpentinite 0.58 0.68 718 597

S5 Woods Chrome Mine, Lan-
caster Co, Pennsylvania, USA Serpentinite, Chrome Deposit 0.91 0.95 693 529

S6 Volos, Tsangli Mine, 
Thessaly, Greece

Sulfides associated  
with bodiform Chromite 0.66 0.73 708 591

S7 Neukaledonien, New 
Caledonia, Pacific

Ophiolite with Chromite  
in Ultramafite 0.85 0.87 694 564

S8 Beresowska, Ural, Russia Serpentinite, Chromite Ore 0.86 0.89 687 555

S9 Northfjord, Norway Peridotite 0.82 0.85 693 566

S10 Kraubath an der Mur, 
Styria, Austria

Serpentinite,  
Ultramafite, and Chro-

mite Ore Body
0.56 0.64 724 601
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laser was performed by manual calibra-
tion with a pure silicon wafer chip. The main 
peak intensity was centered interval 520 
cm-1 ±1 cm-1. The wave number reproduc-
ibility was checked several times through-
out the analytical runs, providing for a 
deviation of <0.2 cm-1. Monthly deviation 
for this set up was in the range of 1 cm-1 be-
fore calibration. The hole and slit openings 
were set to 300 and 100 µm, respectively.  
A 1800-T grating was used to obtain better 
spectral resolution. Short counting times (2 
x 8 s) were chosen to minimize the heating 
or oxidation effects of the chromite speci-
mens. The precision for determining the 
Raman peak positions by this method is 
estimated to be ±1 to ±1.5 cm-1.

Within a single Raman spectroscopic 
measurement, the composition of a min-
eral is not measured directly but can be 
extracted by Raman peak position shifts 
(3,14,17). The major Raman peak position of 
a particular mineral of interest is subjected 
to systematic and measurable peak shifts 
in the order of 2–15 cm-1. Such peak shifts 
can subsequently be used to calculate 
the cationic ratios through comparison of 
the minerals chemical composition, typi-
cally determined by EPMA. The errors of 
the Raman system are very low, usually on 
the order of ±.5 cm-1. Because the Raman 
system errors are low, it is feasible to use 
Raman spectra to identify and character-
ize the peak shift, and to correlate this 
with mineral chemistry and composition.  
Thus, we may use this method to help es-
tablish a correlation between oxide con-
centration and Raman peak position (Table 
I and Figure 3) in minerals such as chromite. 
Thanks to this tool, future Raman spectro-
scopic measurements will allow for the 
rapid determination of chromite chemistry. 

Sample Material
Ten single chromite grains (100 to 800 µm 
in size), representative of a range of differ-
ent chromite paragenesis from various lo-
calities (Table I), were separated from their 
host rocks and embedded in 2.5 cm round 
epoxy resin holders for EPMA and Raman 
spectroscopy analytical work. 

EPMA measurements for each chromite 
grain were determined on single points 
and across X–Y traverses, to assess the 

presence or absence of mineral chemical 
zoning. No evidence of prominent zon-
ing was observed during the microprobe 
measurements. Table I shows a sample de-
scription and locality, the chromite content,  
as well as the peak I and peak II wavenum-
bers. Table II displays mean chemistry for 
each sample as measured on an oxide and 
weight percent basis with EPMA (16).

Corresponding Raman measurements 
were made on the same chromite mineral 
grains. Care was taken to measure each 
grain with the same approach (single point 
measurements and grain traverses) to be 
able to completely map the composition 
of the grains and to compare these with 
the results obtained with the EPMA mea-
surements. Within each of the chromite 
grains, we did not observe any significant 
variation in the Raman peak positions, 
within a deviation error of ±1.5 cm-1 for 
this method. Furthermore, there was no 
peak deviation observed between the 
analysis of the grain core and rim. This 
result is in agreement with the EPMA 

measurements. In contrast, we were able 
to detect a significant change in the peak 
position (peak I and peak II) of different 
chromite grains from different localities. 
Table I lists the two principal Raman peak 
assignments for each grain. Thereby, each 
peak number represents the average of at 
least eight measurements per grain. In our 
discussion, there was an aim to concen-
trate on the significance of the stronger 
peak (peak I). 

Results
Raman spectra for each investigated chro-
mite sample are presented in a single plot 
of Raman shifts versus peak intensity (see 
Figure 2). The position of peak II ranged 
from 529 cm-1 to 601 cm-1, and the peak I 
position ranged from 678 cm-1 to 727 cm-1.
Such a large variation in Raman peak shifts 
suggested a strong coupling between the 
Raman effect and the mineral chemistry 
and composition of the various chromites.

Figures 3a and 3b demonstrate a clear 
negative correlation between the chro-
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TABLE II: The respective oxide content and the measured weight percentages for ten different chromite samples (S1 
to S10) investigated for this study. The values were measured with the electron microprobe at the Ludwig-Maximilians 
University Munich (LMU). In addition, the typical values for one chromite sample were used to calculate the respective 
chromium to aluminum and chromium to aluminum to iron ratios for each mineral analysis. 

Measured 
Element S10 S9 S8 S7 S6 S5 S4 S3 S2 S1

Na2O 0 0 0.01 0.01 0 0.02 0.02 0 0 0.01

MgO 16.58 14.90 13.18 15.16 16.43 6.64 15.17 8.00 7.23 16.14

SiO2 0.02 0.03 0.004 0.03 0.03 0 0.01 0.01 0 0.03

Cr2O3 34.06 54.29 57.45 58.42 41.86 49.34 35.11 61.08 45.19 40.81

FeO 12.79 14.03 16.57 12.79 12.87 35.39 16.08 22.79 32.71 14.13

NiO 0.27 0.18 0.17 0.11 0.31 0.29 0.18 0.05 0.15 0.17

MnO 0 0 0.15 0 0 0.03 0 0 0.01 0

Al2O3 35.64 15.84 12.29 13.41 27.99 6.10 32.69 7.21 11.69 28.17

K2O 0 0.001 0.01 0.01 0 0 0.01 0.01 0.01 0

CaO 0.02 0.03 0.004 0 0 0.002 0.03 0 0 0.01

TiO2 0.08 0.19 0.05 0.05 0.08 0.41 0.29 0.19 1.25 0.08

ZnO 0.08 0.08 0.07 0.11 0.02 0.46 0 0.001 0.16 0.03

Total 99.54 99.57 99.96 100.10 99.59 98.68 99.59 99.34 98.40 99.58

(wt.%)

Na 0 0 0.01 0.01 0 0.02 0.02 0 0 0.01

Mg 1.00 8.98 7.95 9.14 9.91 4.00 9.15 4.83 4.36 9.73

Si 0.01 0.02 0.002 0.02 0.01 0 0.003 0.01 0 0.02

Cr 23.30 37.14 39.31 39.97 28.64 33.76 24.02 41.79 30.92 27.93

Fe 9.94 10.90 12.88 9.94 10.01 27.51 12.50 17.71 25.43 10.99

Ni 0.21 0.15 0.13 0.09 0.25 0.23 0.14 0.04 0.12 0.13

Mn 0 0 0.12 0 0 0.03 0 0 0.01 0

Al 18.86 8.38 6.51 7.10 14.81 3.23 17.30 3.82 6.19 14.91

K 0 0.001 0.01 0.01 0 0 0.01 0.01 0.004 0

Ca 0.02 0.02 0.003 0 0 0.001 0.02 0 0 0.01

Ti 0.05 0.11 0.03 0.03 0.05 0.25 0.17 0.12 0.75 0.05

Zn 0.06 0.06 0.05 0.09 0.01 0.37 0 0.001 0.13 0.03

O 37.08 33.79 32.96 33.72 35.90 29.30 36.25 31.03 30.50 35.80

Total 99.53 99.55 99.96 100.12 99.59 98.70 99.58 99.36 98.41 99.61

Cr/(Cr+Al) 0.55 0.82 0.86 0.85 0.66 0.91 0.58 0.92 0.83 0.65

(Cr+Fe)/
(Cr+Fe+Al) 0.64 0.85 0.89 0.88 0.72 0.95 0.68 0.94 0.90 0.72

mium number [Cr/(Cr+Al)] for each sample 
and the Raman peak shift for both peaks I 
and II (Table I). 

This observation is true when iron is and 
is not included in the determination of the 
chromium content (Figure 3). as follows: 

 (Cr + Fe)/(Cr + Al + Fe)          {2}

It is possible to observe the Raman shift 
in both peak numbers, as they reflect the 
variable chemical composition of each 
chromite sample. By extension, these 

measurements show that it is possible to 
differentiate and quantify the chromium 
and aluminum content of a single spinel 
group mineral (as was the case for chro-
mite) through collection and interpreta-
tion of the two main peaks for this mineral 
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group using Raman spectroscopy. Never-
theless, users are encouraged to measure 
the composition of at least one chromite 
grain using EMPA to establish a baseline 
for the application of these Raman shifts.

Such new findings represent an im-
portant advancement for the applica-
tion of Raman spectroscopy, both to the 
study of spinel mineral species and their 
compositional variability as well as poten-
tially in the interpretation of other mineral 
phases using this method. From our ob-
servations, it would be sufficient to take 
only the strongest Raman shift (peak I),  
because the data relating to mineral 
compositional variability for peak II 
yielded similar information. Our mea-
surement campaign has clearly revealed 
an observable negative correlation 
between the chromium content and 
the Raman peak I shift as this relates to 
the A1g mode in chromite (Figure 3).  
The minor peak II could be assigned to 
F2g mode respectively (13). 

If the chromium number is low (0.555 to 
0.661 cm-1), then peak I will be high (707 to 
727 cm-1), as seen in Figure 3. The reverse is 
true: If the chromium number is high (0.863 
to 0.917 cm-1), then the Raman shift peak 
I will be low (678 to 693 cm-1), as seen in 
Figure 3. This observation also holds true 
for the chromium–iron number.

Discussion and Conclusions
Raman spectroscopy has proven to be a 
quick and powerful method to examine 
and identify minerals and other materials. 
Its utility to the study of minerals, espe-
cially in planetary sciences, will increase in 
the near future, particularly if we develop 
better portable Raman devices.

The investigation of chromite samples 
from different localities allowed us to infer 
the chromium content of these phases 
just through the determination of the 
Raman shift for peak I. Moreover, it has 
been possible to demonstrate a negative 
correlation between the chromium con-
tent and the major Raman peak number 
(peak I) of each sample. By compiling a 
more comprehensive range of chromite 
samples demonstrating a full spectrum 
of mineral compositional variability,  
it would be possible to calibrate the chro-

mium content of each mineral because of 
the Raman peak number. Subsequently, 
it would be enough to measure only the 
Raman shift (peak I) within a chromite 
grain of unknown composition to deter-
mine the chromium content of this spe-
cial grain. Therefore, one could potentially 
replace EPMA analysis of this mineral 
by Raman spectroscopy, at least in less 
chemically complex mineral systems. For 
this reason, Raman spectroscopy has the 
potential to become an outstanding tool 
for fieldwork in the future, especially in the 
remote study of planetary and near-Earth 
object exploration. The Mineralogical 
State Collection Munich already houses 
a large amount of new Raman spectros-
copy data on minerals within its collection 
(numbering ~600 so far), that may provide 
a comprehensive reference database for 
those future Raman determinations, be 
these terrestrial or from the exploration of 
space. Our goal is to help in the creation 
of a key database coupled with our own 
Mineralogical State Collection Raman da-
tabase (MSC-RD) that could be requested 
and freely accessed by other scientists.
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The Hydrogen Bonding Mode of 
5-Fluorouracil-Proline Co-Crystal 
(5F-P) Studied by Terahertz (THz) 
Spectroscopy and Density  
Functional Theory (DFT) 

The hydrogen bonding mode of 
5-fluorouracil-proline co-crystal 
(5F-P) was investigated using tera-
hertz time-domain spectroscopy 
(THz-TDS) and density functional 
theory (DFT). The THz spectrum of 
5F-P is significantly different from 
the monomer of 5-fluorouracil (5-
FU) and proline within the range of 
0.25–2.6 THz. This result indicates 
that the two monomers react to form 
a new phase. Based on unit cell sim-
ulation, the theoretical spectrum of 
configuration 2 (N1–H1•••O4) is the 
most consistent with the experimen-
tal spectrum. Furthermore, configu-
ration 2 carries the lowest amount of 
total energy and exhibits the most 
stable structure. Therefore, the hy-
drogen bonding mode of configura-
tion 2 is closest to 5F-P. This work 
shows that the combination of THz-
TDS and DFT can provide an effec-
tive method to investigate the hydro-
gen bonding mode of the new phase.

Zhenqi Zhu, Yujing Bian, Xun Zhang and Bin Yang 

L-proline (L-Pro) has a unique 
structure among the 20 amino acids 
normally found in proteins because 

it is the only imino acid among them.  
The unique cyclic structure leads to the 
conformational rigidity and specific imino 
functionality compared to amino acids (1,2).  
The amino nitrogen binds with the side 
chain, with the α-carbon leading to a pyr-
rolidine ring. This structure restricts the 
conformations that proline can adopt within 
a peptide or protein, giving it a unique 
role in the secondary and tertiary struc-
tures of proline-containing proteins (3,4).  
Given this conformation, proline is often 
found in complex proteins. It plays a bind-
ing role in collagen, which has a high proline 
content. Proline-rich regions in proteins are 
also found in many kinase binding sites and 
are linked to many other cellular processes 
(5–8). Proline is an amphoteric substance 
with both carboxyl and amino groups. 
Its solubility in aqueous solutions is more 
soluble than other amino acids. Proline 
has also been shown to have strong water 
absorption in inelastic incoherent neutron 
scattering studies (9). Proline contains an 

imino (-NH-) group and a carboxyl (-COOH) 
group, which can form both intramolecular 
hydrogen bonds and intermolecular hydro-
gen bonds with other molecules (10). 

In 1957, Heidelberger and others (11) first 
discovered 5-fluorouracil (5-FU). They re-
placed the hydrogen atom at the fifth posi-
tion of uracil with a fluorine atom of similar 
size. The obtained fluoride is not only similar 
in volume to the original compound but also 
the carbon–fluorine bond formed is very sta-
ble, which is not easy to decompose during 
metabolism and can interfere with normal 
metabolism at the molecular level. 5-FU is 
an antimetabolic tumor drug, and its ac-
tive metabolite inhibits thymidine synthase 
(TS), which is the primary mechanism for its 
antitumor effect (12). However, its actual ef-
ficacy is affected to a certain extent because 
of the low solubility of 5-FU. Because proline 
is nontoxic and soluble in water, it is an ideal 
co-crystal former (CCF). It can effectively im-
prove the solubility of 5-FU by co-crystalliza-
tion of 5-FU and proline (5F-P). However, its 
toxicity and anticancer need further research 
in medicine. The molecular structure of pro-
line and 5-FU is shown in Figure 1.

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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The drug co-crystal refers to a crystal 
formed by combining active pharmaceuti-
cal ingredient (API) and CCF in a particular 
proportion under the action of hydro-
gen bonds or other non-covalent bonds 
(13–15). 5-FU, as an active pharmaceutical 
ingredient, combines with proline to form 
a co-crystal through hydrogen bonding. 
The hydrogen bond is usually expressed as 
A—H•••B. Although hydrogen bonding is 
a weak interaction, it plays a vital role in af-
fecting biomolecules’ physical and chemical 
properties. In recent years, researchers have 
done a lot of research on noncovalent inter-
actions among molecules, including experi-
mental methods such as infrared, Raman, 
and nuclear magnetic resonance spectros-
copy, as well as calculation methods such 
as molecular dynamics simulation (16–18). 

As a novel technique, terahertz (THz) 
spectroscopy is regarded as an advanced 
approach that studies new aspects of 
molecular structure and distinguishes 
polymorphic pharmaceutical, which is 
especially useful when studying biomol-
ecules, which contain rich hydrogen-bond 
interactions (19–22). THz spectroscopy 
could directly collect helpful informa-
tion on low-frequency vibrations shown 
within specific molecular structures and 
intermolecular hydrogen bonding interac-
tions. Meanwhile, computational methods,  
such as solid-state density functional the-
ory (DFT), have shown potential as reliable 
approaches to studying these low-energy 
lattice vibrational motions (23–26). Thus, 
the combination of DFT and experimen-
tal data is a very effective method to study 
the molecular geometry and intermolecu-
lar interactions. Applications of terahertz 
time-domain spectroscopy (THz-TDS) on 
weak interaction and co-crystal have been 
reported in previous studies. Sean P. Del-
aney and others demonstrated that the co-
crystal of flufenamic acid and nicotinamide 
has better overall binding energy by THz-
TDS and solid density (27). Chihiro Funaki 
and others proved that the existence of 
three different kinds of weak C-H•••O=C 
interactions in poly (ε-caprolactone) by 
THz-TDS (28). Qi Zhou and others charac-
terized the co-crystal of carbamazepine 
with nicotinamide, saccharin, and fumaric 
acid by THz-TDS and DFT (29).

In this study, we successfully obtained 
the co-crystal of proline and 5-FU by 
evaporating the solvent. As a new phase, 
5F-P co-crystal has no detailed report 
on its hydrogen bonding mode, which is 
significant for studying the properties of 

substances. Therefore, we investigated 
the hydrogen bonding mode of 5F-P by 
using THz-TDS and DFT. Furthermore, we 
also verified the accuracy of the hydrogen 
bonding model of 5F-P through the stabil-
ity of the system.

(a) (b)
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FIGURE 1: Molecular structure of (a) proline and (b) 5-FU.

TABLE I: Hydrogen bonding geometry of L-Pro and 5-FU

Molecule D-H•••A D-H 
(Å)

H•••A 
(Å)

D-H•••A 
(Å)

D-H•••A 
(°)

L-proline
N1-H1B•••O1(a) 0.91(4) 1.82(4) 2.703(3) 165(3)

N1-H1A•••O2(b) 0.87(4) 2.01(4) 2.759(3) 144(3)

5-fluo-
rouracil

N33-H33•••O28 0.81(2) 2.01(2) 2.817(2) 173(2)

N31-H31•••O17(c) 0.85(2) 1.96(2) 2.808(2) 174(2)

N23-H23•••O38 0.82(3) 2.00(3) 2.816(2) 176(2)

N21-H21•••O7(d) 0.81(2) 2.01(2) 2.813(2) 170(2)

N13-H13•••O8(e) 0.86(2) 1.93(2) 2.793(2) 177(2)

N11-H11•••O27(f) 0.82(2) 1.96(2) 2.775(2) 173(2)

N3 -H3•••O18(g) 0.85(2) 1.97(2) 2.818(2) 178(2)

N1-H1•••O37(h) 0.85(2) 1.99(2) 2.837(2) 172(2)

Symmetry codes:: (a): -x+1, 1/2+y, 1/2-z; (b): x+1, y, z; (c): -x, -y-1, -z+1; (d): x+1, y, z;  
(e): -x, -y+1, -z; (f): -x+1, -y+, -z+1; (g): -x, -y+1, -z; (h): x, y-1, z
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FIGURE 2: Powder X-ray diffraction (PXRD) pattern of (a) proline, (b) 5-FU, (c) 
5F-P and (d) the simulated PXRD pattern of 5F-P.
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Materials and Methods
L-Pro (purity > 98%), 5-FU (purity > 98%) 
and polyethylene (PE, particles size 
40–48 μm) were purchased from Sigma-
Aldrich. All chemicals were used without  
further purification.

Proline and 5-FU were placed in a 100 
mL beaker at a 1:1 molar ratio (690 mg:780 
mg) and added 70 mL of a methanol:ethyl 
and an acetate:acetone mixed solvent 
in a volume ratio of 1:1:1 to the mixture.  
It was then heated and stirred in a constant 
temperature water bath for about 2 h at 
60 °C. Finally, the obtained solution was fil-
tered under reduced pressure to remove 
insoluble matters to get clear solution.  
It was slowly evaporated at normal tem-
perature for about three days to collect the 
solid phase. The obtained solid phase was 
dried overnight to obtain 5F-P in a constant 
temperature environment at 25 °C.

Sample Preparation
Samples and PE were weighed into agate 
mortar at 1:5 (weight of sample/weight of 
PE = 40 mg/200 mg) and ground gently 
into fine particles with a pestle to thor-
oughly mix samples with PE. The sam-
ples were then compressed into a pellet 
(about 1.9 mm in thickness and 13 mm in 
diameter) with a hydraulic press using 10 
tons pressure for 3 min.

Terahertz Time-Domain Spectroscopy
The THz-TDS used in the experiment 
was made by Daheng Optoelectronics.  
The center wavelength of the CIP-TDS 
spectrometer was 800 nm, and the repeti-
tion frequency was 84 MHz. The effective 
spectral band was 0.2–3 THz. The sam-
ples were placed into the THz system, 
purged with high-purity nitrogen and 
kept at the relative humidity <1%. The 
THz spectrum of each sample was mea-
sured at room temperature (20 °C), and 
PE was taken as a reference. Each spec-
trum was an average of three measure-
ments. One measurement included 1024 
scan numbers. The time-domain of the 
THz electric field was recorded for the 
reference and each sample. The fast Fou-
rier-transform (FFT) operation obtained 
the time-domain spectrum, and the THz 
spectral absorption was obtained by di-

TABLE II: The matching degree between theoretical and experimental spec-
tra of 5F-P (continued...)

Configuration Exp/THz Cal/THz Intensity
(km/mol)

Frequency 
Shift/THz
(∆F=Cal-
Exp)

Shift 
Degree 
(%)
(D=∆F/
Exp)

1

0.98 0.86 21.08 -0.12 12.24

1.11 1.16 21.45 0.05 4.50

1.32 - - - -

1.55 - - - -

1.99 2.09 17.69 0.1 5.03

2

0.98 1.01 20.62 0.03 3.06

1.11 1.13 6.5 0.02 1.80

1.32 1.35 41.26 0.03 2.27

1.55 1.55 3.82 0 0.00

1.99 2.2 32.27 0.21 10.55

3

0.98 - - - -

1.11 1.15 18.46 0.04 3.60

1.32 - - - -

1.55 1.5 4.13 -0.05 3.23

1.99 1.99 4.59 0 0.00

4

0.98 - - - -

1.11 1.08 24.46 -0.03 2.70

1.32 1.41 1.98 0.09 6.82

1.55 - - - -

1.99 1.89 14.78 -0.1 5.03

5

0.98 1 13.19 0.02 2.04

1.11 - - - -

1.32 1.33 3.8 0.01 0.76

1.55 1.6 10.54 0.05 3.23

1.99 2.08 8.89 0.09 4.52

6

0.98 - - - -

1.11 1.22 0.99 0.11 9.91

1.32 1.33 0.75 0.01 0.76

1.55 - - - -

1.99 2.11 6.48 0.12 6.03

7

0.98 0.98 8.06 0 0.00

1.11 1.2 2.59 0.09 8.11

1.32 - - - -

1.55 1.59 9.57 0.04 2.58

1.99 2.19 18.89 0.2 10.05

*Selection rules for the number of matching absorption peaks: Deviation degree <15%.
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viding the sample frequency response by 
that of the reference.

Powder X-ray Diffraction (PXRD)
The PXRD was purchased from Thermo 
ARL, Switzerland, for this experiment. 
The X-ray source was a copper shoe, 
and the working voltage was 40 kV.  
The working current was 40 mA. The 
scanning range was 5 to 50°, and the 
scanning speed was 0.2°/step. 

Quantum Chemical Calculation
The theoretical calculations in this study 
were all performed using the Cambridge 
Sequential Total Energy Package (CASTEP)
(30). There was no virtual frequency in all 
simulation calculations, which indicates 
that the optimized structure achieved 
a stable structure corresponding to the 
lowest molecular energy. The exchange-
related functional used generalized 
gradient approximation–Perdew-Burke-
Ernzerhof (GGA–PBE) (31). The quality 
of the energy calculation was ultra-fine.  

The quality of the plane wave cutoff energy 
was ultra-fine, and the energy cutoff was 
830 eV. Norm conserving was selected as 
the pseudopotential. The quality of the 

k-point set was fine. The convergence 
thresholds for energy, maximum force, 
stress, and maximum displacements was  
5.0 × 10-6 (eV/atom), 0.01 eV/Å, 0.02 GPa and  

TABLE II: The matching degree between theoretical and experimental spec-
tra of 5F-P (continued)

Configuration Exp/THz Cal/THz Intensity
(km/mol)

Frequency 
Shift/THz
(∆F=Cal-
Exp)

Shift 
Degree 
(%)
(D=∆F/
Exp)

8

0.98 0.84 0.76 -0.14 14.29

1.11 - - - -

1.32 - - - -

1.55 1.55 22.61 0 0.00

1.99 2.07 6.11 0.08 4.02

9

0.98 0.9 21.12 -0.08 8.16

1.11 1.17 14.74 0.06 5.41

1.32 - - - -

1.55 1.58 3.64 0.03 1.94

1.99 2.25 4.6 0.26 13.07

*Selection rules for the number of matching absorption peaks: Deviation degree <15%.

Next generation Raman imaging 

High performance Raman systems for a range of applications

Visit www.renishaw.com/raman

Renishaw, Inc. 1001 Wesemann Drive, West Dundee, Illinois, 60118, United States
T +1 847 286 9953 F +1 847 286 9974 E raman@renishaw.com

www.renishaw.com

Raman spectroscopy produces chemical and structural images to help you understand more about the 

material being analyzed. Renishaw has decades of experience developing flexible Raman systems that 

give reliable results, for even the most challenging measurements. With Renishaw’s suite of Raman 

systems, you can see the small things, the large things and things you didn’t even know were there.

AD216(EN)-01-A (For inc).indd   1AD216(EN)-01-A (For inc).indd   1 12/20/2019   9:36:12 AM12/20/2019   9:36:12 AM

http://www.renishaw.com/raman
mailto:raman@renishaw.com
http://www.renishaw.com


28  Spectroscopy 36(2)   February 2021 www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

5.0 × 10-4 Å, respectively. The Grimme cor-
rection was also added to the calculation 
task to evaluate weak interactions, such as 
hydrogen bonds among molecules (32).

Results and Discussion
Powder X-ray Diffraction  
(PXRD) of Proline, 5-FU and 5F-P
Figures 2a, 2b, and 2c shows the PXRD pat-
terns of proline, 5-FU and 5F-P. Figure 2d is 
the simulated PXRD based on the unit cell 
of 5F-P. The diffraction peaks of proline are 
located at 15.28°, 18.2°, 19.72°, 24.94°, 30.76°, 
32.34°, and 39.96°, respectively. The diffrac-
tion peaks of 5-FU are located at 11.22°, 
15.7°, 16.12°, 18.83°, 21.69°, 28.43°, 32.69°, 
and 36.95°. The results are consistent with 
previous reports (33,34). The PXRD of 
5F-P is significantly different from the two 
monomers. The comparison of PXRD with 
the Materials Data Inc. (MDI) Jade 6.5 PDF 
standard card showed that the proline is 
orthorhombic with space group P212121, 
a = 11.626 Å, b = 9.024 Å, c = 5.246 Å,  
α = β = γ = 90° (PDF #21-1805), but the 
5-FU is triclinic with space group P-1, a = 
9.22 Å, b = 12.66 Å, c = 12.67 Å, α = 89.7°, 
β = 43.9°, γ = 98.6° (PDF #39-1860). Since 
5F-P is a new phase, the crystal structure 
does not appear in the Cambridge Crystal-
lographic Data Center (CCDC). We used 
the Reflex module to index the co-crystal 
based on the PXRD diffraction peak.  
The result after further refinement is that 
the 5F-P is triclinic, the space group is 
P-1 with a = 11.13 Å, b = 8.12 Å, c = 6.21 
Å, α = 88.65°, β = 104.89°, γ = 107.43°. As 
shown in Figure 2d, the simulation PXRD 
pattern based on indexed data is consis-
tent with the experimental pattern of 5F-P.  
Therefore, these results show that the sim-
ulated unit cell of 5F-P is reasonable.

THz Absorption Spectra of
Proline, 5-FU, and 5F-P
The THz experimental spectrum of mono-
mers, co-crystal and mixture (mixed at 
1: 1 molar ratio) are shown in Figure 3.  
The THz spectrum of proline exhibits a 
noticeable absorption peak at 1.99 THz, 
while 5-FU has a strong absorption at 2.46 
THz, as shown in Figure 3a. There are few 
absorption peaks of proline and 5-FU.  
From Figure 3b, it can be seen that the THz 

TABLE III: Total cell energy information of different configurations

Configuration Total Energy 
(eV/cell)

Dispersion 
Correction Total 
Energy (eV/cell)

Hydrogen Bond 
Length (Å)

2 -9560.1906 -9561.9103 LH1•••O4=1.69

5 -9560.6376 -9562.1784 LH12•••O2=1.79

7 -9560.2522 -9561.9939
LH1•••O3=1.64

LH11•••O1=2.18

9 -9560.6673 -9562.4716
LH2•••O3=1.56

LH11•••O2=2.06

TABLE IV: Vibrational modes assignment of 5F-P

Exp/THz Cal/THz Vibration Modes Assignments

--- 0.63 Mainly from translation (N1-C3-N2) + (-C4=O1); 
Partly from translation (C5O3O4-)

0.98 1.01 Mainly from libration (5-fluorouracil); Partly from 
translation (C5O3O4-) + (N3H11H12+) + (C9H9H10)

1.11 1.13 Mainly from translation (5-fluorouracil) + (proline)

1.32 1.35 Mainly from libration (5-fluorouracil); Partly 
from translation (C5O3O4-) + (N3-C9-C8-C7)

1.55 1.55 Mainly from rotation (C6-C7-C8-C9-N3)

1.99 2.2 Mainly from translation (proline) + (N1-C3-N2-C2)

(a) (b)

(-0.675e)

(-0.611e)

(+0.477e)

(-0.694e)
(-0.612e)

(+0.423e)

(-0.564e)

(-0.650e)

(-0.605e)

(+0.418e)

FIGURE 4: The atomic charge distribution of (a) Pro and (b) 5-FU. (The blue 
dashed line is hydrogen bonding). The various atoms are identified in the figure. 
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FIGURE 3: The THz absorption spectra of (a) Pro, 5-FU. (b) The THz absorp-
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absorption spectra of 5F-P display four 
visible absorption peaks, which are 0.98, 
1.32, 1.55, and 1.99 THz, respectively. Fur-
thermore, there is a weak absorption peak 
observed at 1.11 THz, which gives rise to a 
shoulder peak with the absorption peak at 
0.98 THz. The THz spectrum of the mixture 
shows a weak absorption band at 1.99 THz. 
Besides, there is a suspicious absorption 
peak at 2.46 THz. It can be demonstrated 
that the absorption peak of the mixture is 
a simple superposition of two monomers. 
The THz absorption spectra of 5F-P is sig-
nificantly different from the monomers 
and their mixture. Therefore, both the THz 
spectrum and PXRD show that the new 
solid phase is a co-crystal of the two re-
actants rather than a simple polymorphic 
transition of the single crystal. The crystal 
structure of the co-crystal has changed 
to some extent. Furthermore, a series of 
new absorption peaks appeared after 
the co-crystallization, which is attributed 
to the hydrogen bonding between the 
two molecules. Because the THz absorp-

(a) (b)

(c) (d)

(e) (f)

(g)

(i)

(h)

FIGURE 5: The hydrogen bonding mode of theoretical configuration (a) 1, (b) 2, (c) 
3, (d) 4, (e) 5, (f) 6, (g) 7, (h) 8, (i) 9. The color code for atoms is given in the figure.
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tion peak of 5F-P is much more than two 
monomers, 5F-P produces more vibra-
tion modes. The formation of hydrogen 
bonds changes the arrangement of elec-
trons, while the THz band is highly sen-
sitive to hydrogen bonding interactions 
and collective vibrations of molecular 
lattices (35,36), thus resulting in corre-
sponding changes in vibration intensity 
and frequency. The new absorption vi-
bration peaks indicate that new hydro-
gen bonding interactions are produced 
in the co-crystal. Apart from that, the THz 

spectrum also can intuitively reflect the 
occurrence of intermolecular vibration.

Natural Bond Orbital (NBO)  
Calculation of Charge Distribution
First of all, we have investigated potential 
intermolecular hydrogen bonding sites 
of 5F-P by the NBO calculation. NBO 
analysis is an effective tool for studying 
charge transfer, electronic transitions, 
and conjugate interactions. NBO atomic 
charge distribution was calculated at the 
B3LYP/6-311++G (d,p) level. Figure 4 shows 

the charge distribution of the stronger 
electronegative atoms in the proline (a) 
and 5-FU (b). There are two stronger polarity 
and negatively charged oxygen atoms O1 
(-0.611e) and O2 (-0.694e) observed on the 
carboxyl group of proline. In addition, there 
is a stronger electronegative nitrogen atom 
N1 (-0.675e) spotted on the amino group. 
Also, there are strongly electronegative 
atoms on 5-FU, including two carbonyl 
oxygen atoms O1 (-0.564e), O2 (-0.612e) 
and two nitrogen atoms N1 (-0.650e), N2 
(-0.605e). According to previous reports, 
both amino and carboxyl groups are more 
active groups. The highly electronegative 
atoms present on proline and 5-FU cause an 
uneven charge distribution. Therefore, there 
is the possibility of hydrogen bond forma-
tion between proline and 5-FU. In addition, 
proline is an effective co-crystal former.  
All these indicate that proline can easily 
form hydrogen bonds with 5-FU.

Theoretical Configuration of 5F-P 
Table I shows the intermolecular hydrogen 
bond network of proline and 5-FU through 
previous reports (37,38). It can be seen that 
the imino and carboxyl groups on proline 
form intermolecular hydrogen bonds. The 
carbonyl oxygen atoms and imino groups 
on 5-FU participate in forming the inter-
molecular hydrogen bond network. This 
result is consistent with the NBO analysis 
in section 4.3. Therefore, the theoretical 
configuration is based on the formation of 
hydrogen bonds between strongly elec-
tronegative groups. In this study, 11 rea-
sonable hydrogen bonding modes were 
obtained. The theoretical configuration 
of 5F-P was constructed based on these 
modes. We further optimized the unit 
cell of 11 theoretical configurations, two 
of which failed to achieve convergence. 
Therefore, we have obtained nine stable 
theoretical configurations of 5F-P and 
their hydrogen bond modes are shown in 
Figure 5. The hydrogen bonding modes 
of configurations 1–9 are N2–H2•••O4 
(C1), N1–H1•••O4 (C2), N2–H2•••O3 
(C3), N1–H1•••O3 (C4), N3–H12•••O2 
(C5), N3–H12•••O1 (C6), N1–H1•••O3/
N3–H11•••O1 (C7), N1–H1•••O3/N3–
H11•••O2 (C8), and N2–H2•••O3/N3–
H11•••O2 (C9). 
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THz Theoretical Spectrum of 5F-P
We have calculated the theoretical spec-
tra based on nine different unit cells, as 
shown in Figure 6. There are four obvi-
ous absorption peaks in the theoretical 
spectrum of C1, which are 0.86, 1.16, 2.09, 
and 2.21 THz, respectively. There are six 
absorption peaks in the spectrum of C2, 
of which four absorption peaks are ap-
parent, and two characteristic absorp-
tion peaks are weak. C3 has five obvious 
characteristic absorption peaks, located 
at 0.58, 1.15, 1.5, 1.99, and 2.35 THz.  
Compared with the other eight configu-
rations, the theoretical absorption peak 
of C4 is the most, and there are seven 
absorption peaks. The absorption peaks 
of C5 are located at 0.55, 1, 1.33, 1.6,  
and 2.08 THz. There are four weak ab-
sorption peaks in the theoretical spec-
trum of C6, which include one relatively 
strong absorption peak located at 2.28 
THz. The number of theoretical absorp-
tion peaks of C7, C8, and C9 is 6, 5, 
and 5. There are significant differences 

in the theoretical spectra of different 
hydrogen bonding modes. This is be-
cause different hydrogen bond modes 
lead to different strengths of hydrogen 
bonds in the unit cell. The hydrogen 
bond itself is a noncovalent interaction.  
The stronger the noncovalent interac-
tion, the more intense the intermolecular  
motion-induced (39). 

Moreover, the matching degree be-
tween theoretical and experimental 
spectra calculated by different hydrogen 
bonding modes are significantly different. 
As shown in Table II, the corresponding 
absorption peak numbers of the nine 
theoretical spectra are 3, 5, 3, 3, 4, 3, 4, 
3, and 4, respectively. Based on the num-
ber of matching absorption peaks and the 
shifting degree of absorption peaks, it can 
be concluded that the hydrogen bonding 
modes of C2, C5, C7, and C9 are closer to 
the actual situation. It is worth noting that 
the N1–H1•••O4 hydrogen bond mode 
in C2 is theoretically the most consistent 
with the hydrogen bond of 5F-P.

Total Energy and Stability of 5F-P
The four systems of C2, C5, C7, and C9 
have atoms. The covalent bonds in the 
unit cell are also the same. The difference 
among them lies in the mode of hydrogen 
bonding. Because the hydrogen bond is 
only a non-covalent interaction and not a 
chemical bond, its strength cannot affect 
the overall stability. Besides, a complete 
system always tends to the lowest energy 
because the lower the total energy of a 
substance, the weaker its ability to react. 
This substance can continue to exist in 
the most stable state. Therefore, the more 
stable a substance is, the lower the total 
energy it carries (40). In this study, the total 
energy of the four better configurations 
(C2, C5, C7, and C9) was calculated by 
PBE+Grimme to compare their stability 
and further verify the accuracy of the con-
clusion in section 4.5. Table III shows that 
the total energy is 2 < 7 < 5 < 9 before cor-
rection, and the total energy after disper-
sion correction is the same as 2 < 7 < 5 < 
9. Therefore, the system with C2 as the unit 
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cell is the most stable. The intermolecular 
hydrogen bonding mode of 5F-P is most 
inclined to C2. This result is consistent with 
the results of THz spectroscopy. 

Vibration Assignment of 5F-P
The comparison of the theoretical and 
experimental spectrum of 5F-P, as shown 
in Figure 7. The absorption peaks of 0.98, 
1.11, 1.32, 1.55, and 1.99 THz in the experi-
mental spectrum correspond to 1.01, 1.13, 
1.35, 1.55, and 2.2 THz of the theoretical 
spectrum. It shows that the theoretical 
spectrum calculated by C2 simulates all 
the experimental absorption peaks of 5F-P. 
However, the theoretical absorption peak 
at 0.63 THz does not appear in the experi-
mental spectrum. The reason is that the 
effect of water molecules cannot be elimi-
nated entirely from the actual process and 
the low signal-to-noise ratio (S/N) of the 
equipment. As shown by the black arrow, 
the absorption peak at too low or too high 
frequency is annihilated by noise, making it 
difficult to detect accurately. Except for the 
absorption peak at 1.55 THz, other theo-
retical absorption peaks are blue-shifted 
to varying degrees relative to the experi-
mental absorption peak. The reasons can 
be primarily attributed to the difference 
between the experimental (293 K) and 
the simulation temperature (0 K) (41,42).  
The change in temperature affects the size 

of the unit cell (43). The peak position and 
peak width of the theoretical spectrum will 
change accordingly. Because of the ther-
mal expansion effect, the intermolecular 
distance increases with the temperature 
increasing, as does the bond length.  
The thermal expansion of the crystal lattice 
weakens the strength of the intermolecular 
interactions, resulting in the red-shift of the 
absorption peak (44,45). On the contrary, 
the absorption peak is blue-shifted. There-
fore, the temperature difference affects unit 
cell simulation. It makes the frequency posi-
tion of each absorption peak fluctuate to a 
certain extent, which is directly manifested 
as the theoretical absorption peak of C2 
moving to a higher frequency. Some vibra-
tion modes exhibit an obvious red-shift with 
the increase of temperature, while others 
are less affected by temperature (46). The 
theoretical absorption peak at 1.55 THz 
does not have a blue-shift. This may be 
because the absorption peak originates 
from intramolecular and intermolecular vi-
brations in the THz band. The weak interac-
tions have little effect on the vibration mode 
at this frequency. Therefore, the change in 
temperature cannot significantly affect the 
position of this absorption peak. In addition, 
another reason is the difference between 
actual and theoretical crystal structure. The 
simulation is based on the perfect crystal 
structure. However, it is difficult to reach the 

ideal degree in the experiment (47–49). The 
temperature effect and sample difference 
make the crystal parameters of experiment 
and theory not match exactly. It is mani-
fested directly in the difference between 
experimental and theoretical spectra.

Figure 8 shows the vibration modes of 
the theoretical absorption peaks in the unit 
cell, corresponding to 0.98, 1.11, 1.32, 1.55, 
and 1.99 THz of the experimental absorp-
tion peaks, respectively. The vibration of 
C2 at 1.01 THz is mainly caused by the li-
brational vibration of 5-FU along the b-axis. 
The vibration at 1.13 THz is attributed to the 
strong reverse translational vibration of Pro 
and 5-FU. The vibration at 1.35 THz is similar 
to 1.01 THz, mainly caused by the librational 
vibration of 5-FU along the b-axis, but the 
one-sided translational vibration of the 
five-membered ring on proline at 1.35 THz 
is more obvious. The absorption peak at 
1.55 THz, assigned in rotational vibration of 
the five-membered ring on proline. In addi-
tion, it can be seen that the hydrogen bond 
vibration of N1–H1•••O4 between proline 
and 5-FU is close to zero. This result proves 
that the theoretical absorption peak at 1.55 
THz does not blue-shift because the weak 
interaction has little effect at this position. 
The vibration at 2.2 THz is caused by the 
translational vibration of proline and unilat-
eral 5-FU in the same direction. 

Conclusion
In this work, an investigation was con-
ducted into the hydrogen bonding modes 
of 5F-P by combining THz-TDS and DFT. 
We found that the THz spectrum of 5F-P 
in the range from 0.25 to 2.6 THz is signifi-
cantly different from the two monomers. 
Based on NBO analysis and hydrogen 
bond network structure, we constructed 
nine stable theoretical configurations of 
5F-P. The THz theoretical spectra of differ-
ent hydrogen bond modes are obtained 
by unit cell simulation, and the theoretical 
spectra of configuration 2 is the most con-
sistent with the experimental spectra. The 
total energy of configuration 2 is the lowest 
and the structure is the most stable, which 
was determined by calculating the total 
energy of the system. Therefore, it can be 
seen that the proline and 5-FU in the 5F-P 
are connected by N1–H1•••O4 hydrogen 

(a) (b)

(c) (d)

(e)

1.01THz→0.98THz

1.35THz→1.32THz

2.2THz→1.99THz

1.55THz

1.13THz→1.11THz

O N F C H

FIGURE 8: The vibration mode of C2 at (a) 1.01, (b) 1.13, (c) 1.35, (d) 1.55, and 
(e) 2.2. THz (Black arrows represent translational vibration, red arrows repre-
sent librational vibration and blue arrows represent rotational vibration). The 
color code for atoms is given in the figure.



http://us.endress.com/process-analytical-technology


34  Spectroscopy 36(2)   February 2021 www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

bonding based on THz spectroscopy and 
system stability. These results demonstrate 
that THz-TDS can well characterize the for-
mation of new phases. The combination of 
THz-TDS and DFT can effectively study the 
connection mode of hydrogen bonds. 
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Using Nanopore Sensors to Analyze 
and Characterize Heparin and Other 
Therapeutic Polysaccharides
Jerome Workman, Jr.

Solid-state silicon nitride (SiNx) 
nanospore sensors can be used 
to analyze natural and synthetic oli-

gosaccharides and polysaccharides like the 
anticoagulant drug heparin. SiNx sensors 
are providing an understanding of nano-
pore electrokinetics–mechanisms impor-
tant for capillary electrophoresis with often 
outsized importance on the nanoscale. 
Recent work in nanopores is providing a 
platform for new assay development appli-
cable to clinical analysis for many therapeu-
tic molecules. Recently, we spoke to Jason 
R. Dwyer of the University of Rhode Island 
and a Federation of Analytical Chemistry 
and Spectroscopy Societies (FACSS) In-
novation Award winner from the 2019 SciX 
conference, regarding his work in this field. 

In a recent paper, you discuss the 
complexities of therapeutic oligo- 
and polysaccharides (1). Character-
izing polysaccharides is a daunting 
task for conventional chemical anal-
ysis, as details such as contamina-
tion, monomer composition, stereo-
chemistry, polymer length, monomer 
sequence, polymer branching, and 
monomer linkage types are required 
to understand the structure and func-
tion of these molecules. Where did 
you have the initial idea to investigate 
nanopore sensors for polysaccharide 
characterization, rather than typical 
separation methods combined with 
mass spectrometry? How did you de-
cide to investigate polysaccharides, 
and specifically heparin?
When I started my independent academic 
career, the development of nanopore-

based sequencing of DNA was in full swing, 
and was being pushed by an intrepid few 
toward protein analysis. I remember read-
ing about the heparin crisis and thinking 
that on some level (a very simplistic level, 
mind you), that the heparin molecule is just 
a charged biopolymer like DNA, and that 
we might be able to apply the single-mole-
cule sensing performance of nanopores to 
a pressing and important problem. What 
differentiates nanopores in this application 
compared to more sophisticated conven-
tional chemical analysis tools is that they 
hold the promise of low-cost, high-perfor-
mance sensing in a platform that relies on 
a very basic principle of operation. While 
simple in principle, it took a lot of develop-
ment effort to bring the idea to fruition. Re-
ally talented students doing this hard work 
afforded me the luxury of considering what 
I wanted to do in the nanopore world. I had 
always been interested in turning nanopore 
sensors into sensors that were general and 
not restricted to only a particular class of an-
alyte. At the same time, I reflected that my 
training as a chemist had helped me make 
unique contributions to my past research in 
ultrafast science–developing femtosecond 
electron diffraction and exploring the hy-
dration dynamics of DNA by femtosecond 
infrared spectroscopy. It’s probably fair to 
say that if you can make a nanopore car-
bohydrate analyzer, you’re not too far away 
from a general chemical sensor platform. 
Given the importance of carbohydrate 
analysis, and the opportunities I saw from 
a chemistry and materials science perspec-
tive, it seemed like nanopore carbohydrate 
sensing was a very exciting and promising 
area on which to focus.

How is your work on nanopore sens-
ing different from what others have 
done previously?
The work for which we won the FACSS In-
novation Award involved discovering and 
optimizing a way to chemically tune nano-
pore sensing performance. Early demon-
strations in the field required special mate-
rials or significant expertise to surface coat 
nanopores. In our paper, we functionalized 
more than 100 pores. I think more than had 
been reported functionalized in a decade 
of thin-film, solid-state nanopore literature. 
I can best summarize our approach as “bul-
letproof.” It opens up the palette of organic 
chemistry to nanopore science in a very 
straightforward way.

In the domain of nanopore carbohydrate 
sensing we were the first to do two things: 
First, we used thin-film nanopores made 
with a material that is ubiquitous in consumer 
electronics. Using a conventional micro- and 
nanofabrication material means fewer barri-
ers to commercialization of our discoveries. 
Second, getting reliable tools into the hands 
of end users is a focus of our work, and there-
fore, we performed a survey study of a range 
of carbohydrates exhibiting properties that 
both revealed key mechanisms to exploit and 
showed that nanopore sensing could be opti-
mized to cope with the incredible diversity of 
carbohydrate properties. This carbohydrate 
sensing work underscored the importance 
of our work on chemically functionalizing 
nanopores; the native nanopore composi-
tion, alone, would be hard-pressed to cope 
with the chemical diversity of carbohydrates.

In your nanopore sensing device you 
use a voltage-driven passage of a 
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sample molecule that can pass into, 
across, or through an electrolyte-
filled nanopore. Would you explain 
how this device can be used for ana-
lyte detection and characterization? 
The passage of electrolyte ions through 
the nanopore gives a steady “open pore” 
current whose magnitude is determined by 
the size and surface chemistry of the nano-
pore, the electrolyte composition, and the 
applied voltage. When an analyte passes 
into the nanopore (or near it), it displaces 
those electrolyte ions, giving rise to a cur-
rent perturbation whose magnitude is de-
pendent on those same parameters, plus 
size and charge distribution of the analyte. 
When the nanopore is small enough to 
force a biopolymer to pass linearly through 
a nanopore, each monomer constrained 
in the nanopore will contribute uniquely 
to the overall current perturbation. In the 
nanopore DNA-sensing world especially, 
considerable effort has gone into pulling 
out this sequence-specific information 
from the total signal.

Is the device and technology associ-
ated with nanopore sensors mostly 
applicable to spectroscopic appli-
cations, or could it also be used in 
conjunction with separation meth-
ods, such as chromatography or 
sample partitioning for mass spec-
trometry? Do you foresee nano-
pore devices being designed for 
specific assays and providing spe-
cific tests for low cost, yet accurate 
analysis of therapeutic molecules? 
I think that nanopores have a tremendous 
amount of potential in a stand-alone sense, 
especially when suitably chemically tuned 
to optimize sensitivity and selectivity for a 
particular analyte. They offer single-mole-
cule sensing without the need for chemical 
labelling or spectroscopic readout since 
the properties the nanopore is sensitive 
to—size and charge—are inherently their 
own labels. Of course, nanopore sensing 
could be implemented after a chromato-
graphic separation step, thereby increas-
ing the selectivity. Nanopore sensing can 

also be used in conjunction with fluorescence 
detection, or with electron tunneling detec-
tion, for example. More broadly, nanopores 
can trap and manipulate single molecules in 
solution, and this capability can be exploited 
in a number of ways, and in combination with 
a number of other analysis tools. Nanopores 
already have a very strong foothold in DNA 
sequencing, and I can imagine that they will 
find application in a wide range of other sens-
ing areas. We are really optimistic about their 
use for glycomics.

In another paper (2), you discuss 
nanofabricated thin-film platforms 
and their analytical applications using 
techniques such as visible or infrared 
spectroscopy, electron energy loss 
spectroscopy, X-ray photoelectron 
spectroscopy, and single molecule 
sensing. In this paper, your focus 
was on the thin film structure being 
common across platforms, rather 
than the nanopore being a focal ele-
ment. What are the required differ-
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Quantitative Methods for 
Multielemental Analysis in 
Low-Volume Biofluids 
John Chasse 

Tobias Konz of Nestlé Research, 
Lausanne, Switzerland, and various 
associates have developed and 

validated what they describe as a reliable, 
robust, and easy-to-implement quantitative 
method for multielemental analysis of low-
volume samples. The inductively coupled 
plasma mass spectrometry (ICP–MS)-
based method comprises the analysis of 20 
elements (Mg, P, S, K, Ca, V, Cr, Mn, Fe, Co, 
Cu, Zn, Se, Br, Rb, Sr, Mo, I, Cs, and Ba) in 
10 μL of serum and 12 elements (Mg, S, Mn, 
Fe, Co, Cu, Zn Se, Br, Rb, Mo, and Cs) in less 
than 250,000 cells, and involved the analysis 
of elemental profiles of serum and sorted 
immune T cells derived from tumor-bearing 
mice. The results indicate a tumor systemic 
effect on the elemental profiles of both 
serum and T cells. Konz and his colleagues 
believe their approach highlights promis-
ing applications of multielemental analysis 
in precious samples, such as rare cell popu-
lations or limited volumes of biofluids, that 
could provide a deeper understanding of 
the essential role of elements as cofactors 
in biological and pathological processes. 
Konz spoke to us about this work. 

In your paper (1), you state that single-
cell ICP–MS (sc-ICP–MS) is an emerg-
ing methodology that holds promise 
to enable multielemental analysis of 
low-volume samples in the future. Can 
you explain why you believe this?
In my view, sc-ICP–MS has become a hot 
topic in the field of elemental analysis, and 
rightly so. Scientists working in the field of 
bioanalytics applied this approach to look 
into the smallest units of life. As a matter 
of fact, most biochemical processes take 

place in cells. Elemental bioanalysis in cells 
makes it possible to obtain deep insights 
into cellular processes and the biologi-
cal status of specific cells. In comparison, 
the analysis of bioliquids mainly provides 
insights on a systemic level of the corre-
sponding organism. Over the last decade, 
many scientists applied ICP–MS to study 
the elemental composition in all kinds of 
biofluids and tissues. Because of the latest 
technical developments, it is now possible 
to achieve ever lower detection limits. Thus, 
it is now possible to examine individual cells 
and their elemental composition—at least 
partially. This may open a completely new 
field of application for ICP–MS and there are 
many scientists who are about to prove this.

Why is ICP–MS generally considered 
being the method of choice for mul-
tielemental analysis as compared to 
other ICP techniques (atomic emis-
sion spectroscopy [AES] or optical 
emission spectroscopy [OES]) or more 
traditional atomic absorption (flame 
atomic absorption [F-AAS] or graphite 
furnace atomic absorption [GF-AAS])?
ICP–MS is unarguably the gold standard 
for elemental and especially multiele-
mental analysis. This is mainly because of 
the fact that this technique is extremely 
versatile compared to ICP–OES/AES and 
atomic absorption spectroscopy. Most 
AAS devices apply element-specific ra-
diation sources (hollow cathode lamps) 
that enable the detection of a single ele-
ment at the same time. Although there are 
some commercially available AAS instru-
ments that allow the detection of 10–20 
elements simultaneously, sensitivity limi-

tations hamper the analysis of most trace 
and ultratrace elements. ICP–OES allows 
multielemental analysis, is relatively easy to 
setup, and well-suited for high-throughput 
analysis—however, spectral interferences 
can be challenging. ICP–MS allows high-
throughput, multielemental analysis with 
the lowest-possible detection limits. It of-
fers a linear detection range of up to 10 or-
ders of magnitude, enables isotopic analysis 
(isotope dilution analysis for quantification, 
control of spectral interferences), and it is 
possible to analyze any type of sample ma-
terial (gases, liquids, solids). Furthermore, 
high-resolution separation techniques, 
such as high-performance liquid chroma-
tography (HPLC), gas chromatography (GC), 
and capillary electrophoresis (CE), can be 
hyphenated to the ICP–MS. Overall, this 
makes ICP-MS the most powerful and ver-
satile technique for elemental analysis.

What are some cancer-specific mul-
tielemental profiles that you have 
identified? 
In the mouse cancer modes under evalu-
ation, the presence of the tumor influ-
ences the serum concentration levels of 
various elements. Some elements, such 
as sulfur, calcium, manganese, zinc, stron-
tium and molybdenum, were not affected 
significantly by the presence of the tumor.  
On the other hand, elements such as phos-
phorous and copper were increased in the 
serum samples of tumor bearing mice, in-
dependently of the tumor type. Iron, on 
the other hand, was depleted. These re-
sults seem to indicate that the presence of 
tumor systemically influences the concen-
tration levels of some serum elements, in-
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dependently from the tumor type. On the 
contrary, elements such as vanadium, chro-
mium, bromine, rubidium, cesium and co-
balt show trends for tumor-specific concen-
tration changes. Furthermore, our results 
show that different immune T cells (CD4+ 
and CD8+) have specific mineral profiles 
reflecting their specific immune function. 
Moreover, the presence of a tumor seems 
to have an impact in the mineral contents 
of T cells. Indeed, we observed elemental 
modulations within CD8 cells that could be 
associated with presence of cancer, such as 
higher levels of magnesium and manga-
nese and lower levels of iron, cobalt, and 
rubidium. These findings might indicate 
an increased metabolic need of immune 
cells for manganese and magnesium in the 
presence of a tumor.

What are the biggest challenges that 
you encounter in this analysis method? 
While the analysis of small amounts of bio-
fluids is quite straightforward (centrifugation 
to remove particles and a simple dilution 
step), the analysis of cells is more chal-
lenging. In fact, one hurdle we faced dur-
ing method development was to remove 
the cell sorting buffer (containing a high 
concentration of various elements of inter-
est) from the cells. As large volumes of this 
buffer are required for a single cell-sorting 
experiment (roughly 10 L in our case), it was 
not possible to prepare a buffer solution 
based on reagents which are suitable for 
trace elemental analysis. For a washing step, 
we applied filters or considered osmosis for 
buffer removal, but none of these sample 
preparation strategies proved to be suit-
able. Finally, applying a mild centrifugation 
step to form a cell pellet, followed by remov-
ing the supernatant with a pipette, provided 
satisfying results. However, the removal of 
a few microliters from an Eppendorf tube, 
and at the same time maintaining the integ-
rity of a tiny cell pellet, remains the Achilles 
heel of the method, and requires some fi-
nesse and experience.

With such small samples, is contami-
nation an issue?
Contamination is always a challenge in 
ultratrace elemental analysis. Acid-wash-
ing, working in a clean environment and 

under a fume hood are the minimum re-
quirements to obtain high quality results.  
However, contamination is not more chal-
lenging in this method, as compared to 
most other ICP–MS based methods deal-
ing with trace and ultratrace analysis. This 
is mainly due to the fact that a relatively 
moderate sample dilution of (1:10) and 
few sample preparation steps are applied. 
Contamination could arise, for example, 

from plastic materials. We mitigate this risk 
by applying an acid-washing step up front. 
Another often underestimated source of 
contaminants are chemicals and reagents 
applied during sample preparation.  
They often contain elements (for example, 
iron) that enter the sample in this way and 
thus mix with the analytes. Because of the 
inherent properties of elemental mass 
spectrometry, it is then no longer possible 
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to distinguish easily between endogenous 
and exogenous elements. This can lead to 
an overestimation of the element concen-
tration. In our study, we only apply buffer 
solutions and nitric acid during sample 
preparation. Thus, the overall contamina-
tion risk is relatively low.

Can you briefly summarize the results 
that you have achieved so far?
We have developed a quantitative ana-
lytical strategy that enables the analysis 
of 20 biologically relevant elements in 
low-volume samples (10 µL) of serum. 
By applying an optimized workflow,  
the method is also applicable for the quan-
tification of 12 elements in a low number 
of sorted cells (250,000 cells). In our paper, 
we give detailed descriptions of the ex-
perimental setup. This enables scientist 
to apply the approach to study biolog-

ical-relevant elements (major trace and 
ultratrace elements) in very small sample 
volumes. Applied to tumor cells, we could 
demonstrate that the presence of certain 
cancer types influences differentially the 
elemental composition of serum concen-
trations. Furthermore, we could show that 
different immune T cells (CD4+ and CD8+) 
have specific mineral profiles reflecting 
their specific immune function. Last but 
not least, the presence of a tumor effects 
the mineral composition of T cells.

What are your next steps in this work? 
I am now working in a company which is 
rather focused on elemental analysis is 
food and pharmaceutical products. How-
ever, my former colleagues are continuing 
our research work and other scientist are 
working on different approaches to study 
trace- and ultratrace elements in cells. I am 

confident that rather sooner than later we 
will see new findings in this field, both in 
pre-clinical and clinical studies. 
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● Continued from Page 37

What are the required differences 
in the nanopore sensor device itself 
when applied to these different ana-
lytical methods, and how can the 
nanopore devices be extended for 
imaging applications?
To specifically address your question, 
we craft well-defined, near molecular-
sized channels through thin films of sili-
con nitride to create optimal nanopore 
sensors. Those channels can be used for 
nanopore-based sensing, to hold single 
molecules for study by other techniques, 
or as well-defined access ports to the 
contents of a sample cell bounded by 
the thin film. For conventional nanopore 
single-molecule sensing, the diameter 
of the nanopore should in general be 
not much larger than the dimensions of 
the conformation of interest of the given 
analyte. These same films that house 
the nanopores, when left intact, can 
serve as ~10–100 nm-thick windows for 
sample chambers that allow interroga-
tion with a variety of techniques using 
optical and charged-particle beams. 
When even this sample wall thickness is 
too thick, well-defined access ports can 
be formed through the film-on the same 
scale or larger than the nanopores used 

for sensing-in order to permit access to 
the underlying sample.

What are the main sampling limita-
tions, if any, when using these nano-
pore sensing devices? 
Broadly speaking, the nanopore sensor will 
detect every single molecule that passes 
through the pore. The trick is to make sure 
that the molecules of interest make it to the 
nanopore in a reasonable amount of time-
an area benefiting from significant research 
effort. In nanopore DNA sequencing work, 
electrophoresis has been the easiest way to 
control the biopolymer motion. In our work 
on carbohydrates, the possibility of charge-
neutral biopolymers has eliminated electro-
phoresis as a possibility, and we are relying 
on electroosmosis.

Nanopore sensing is not limited to solu-
tion-phase samples, although that is how the 
majority of the studies are carried out. In leav-
ing the solution phase behind, the role of the 
nanopore might well change to be a single-
molecule orifice to inject sample into a differ-
ent type of detector, for example. But even in 
the solution domain, it’s really interesting to 
think about what the insolubility of a sample 
might mean for a detector that simply relies 
on passage of a molecule through a channel.

What are your next steps in this work? 
We are pushing onward in using chemically 
tuned nanopores to advance nanopore 
carbohydrate analysis, carrying out funda-
mental work and trying to develop applica-
tions. Our recent “ABC Highlights” article 
outlines our perspective on this question 
of the next steps (3)
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GUEST EDITORIAL

How Pharmaceutical  
Innovation Is Saving the World
Michael J. Hennessy

Nine months. 

 In March 2020, the United 
States was in the early stages 
of the COVID-19 pandemic. 

We shut the entire country down, and 
ground the economy to a halt, in an 
effort to slow the spread of the virus.  
Think back to March, and how much un-
certainty we were living under.

Nine months later, the FDA approved 
two COVID-19 vaccines under emergency 
authorization. Before New Year’s Day, 
millions of Americans had received the 
vaccine, including front-line physicians, 
health care providers, and nursing home 
patients, our most vulnerable citizens.

Nine months. Take a moment to let 
that sink in.

The mainstream media has crafted 
a narrative around the COVID-19 pan-
demic that is almost entirely negative. 
For the purpose of ratings, they have 
described the U.S. response to the pan-
demic as blundering from one mistake 
to the next. This narrative is false.

There is another way—a more accurate 
and underappreciated way—to tell the 
story of the last nine months. It is a story of 
heroism, innovation, and precise science, 
performed under unbelievable pressure.

Let’s not mince words: The United 
States and the world needs to appre-
ciate the role of the pharmaceutical 
industry—the researchers, physicians,  
and business leaders—who are rescuing 
the world from COVID-19. It’s the medi-
cal breakthrough of our lifetime. 

Instead of dwelling on why many in 
the media are ignoring this, let’s review 
some facts:
• Since the discovery of COVID-19, here is 

what scientists have accomplished: They 
identified a novel virus, unlocked and 

sequenced its genetic code, created new 
therapies to save lives, and developed 
multiple safe and effective vaccines using 
messenger RNA technology, a technol-
ogy hopefully applicable to future vac-
cine development. Margaret Liu, MD, a 
member of the MJH Life Sciences COVID 
Coalition, called it a breakthrough for 
mRNA vaccines.

• The United States has two vaccines 
approved for emergency use, one 
from Pfizer/BioNTech and another 
from Moderna, and the AstraZeneca/
Oxford vaccine has been approved 
for emergency use in the United King-
dom. In addition, there are 64 vac-
cines undergoing clinical trials at the 
moment, including 20 in phase 3 trials. 
In the United States and around the 
world, the pharmaceutical industry has 
answered the call and invested heavily 
in this effort. 

• This was the fastest vaccine develop-
ment program in history, and it’s not 
even close. David Pride, MD, a micro-
biologist at the University of California 
San Diego, estimates that vaccines 
typically take 10–15 years to develop. 
Until the COVID-19 pandemic, the 
fastest development timeline was four 
years, for the mumps vaccine.

• Many government systems moved 
quickly to lessen the burden of oner-
ous regulations, and provide funding 
so that vaccines could be developed 
quickly, but with still rigorous stan-
dards. Perhaps it should be a lesson to 
all of us that regulation and innovation 
can be calibrated more effectively dur-
ing “normal” times as industry races to 
develop new therapies for our world’s 
other pandemics—cancer, diabetes, 
heart diseases, and more.

The next step of the process—distribu-
tion of the vaccine—will be as challenging 
as the development phase, if not more so. 
But again, the pharmaceutical industry is ris-
ing to the occasion. Factories around the 
world are working in overdrive to produce 
hundreds of millions of vaccine doses.

Already, more than 15.4 million doses of 
vaccine have been distributed across the 
country, and more than 4.6 million people 
have received their first dose, according 
to CDC data. Many patients are already 
receiving their second dose. 

While 15.4 million doses are impressive, 
some expected 20 million doses. But even 
that is moving the goal line a bit, as six 
months ago many observers didn’t think 
we’d get a vaccine until 2021. 

Members of our COVID Coalition told us 
that the holidays slowed the rollout consid-
erably. Nancy Messonnier, MD, a physician 
with the National Center for Immuniza-
tion and Respiratory Diseases at the CDC, 
expects a rapid jump in administered vac-
cines during these first few days of 2021.

Every day, more people will be vacci-
nated. After health care workers and our 
most vulnerable citizens, other frontline 
workers will be next. Teachers will be vacci-
nated so our children can return to school. 
And soon, all Americans will be able to go 
to their doctor, or walk into a CVS or Wal-
greens, and receive the vaccine.

Remember, we did all this in nine 
months, with the help, dedication, and 
expertise of our pharmaceutical industry 
heroes. Next time you turn on the tele-
vision and see negativity, turn it off and 
imagine instead where we will be nine 
months from now. 

Michael J. Hennessy is the founder 
and Chairman of MJH Life Sciences. 
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Raman microscope
Nanobase’s XperRAM 
S Raman microscope 
is designed to provide 
researchers with precise 
spectrum peak acquisition, 
wide area image scanning, 
and an easy-to-control 
software suite. Accord-
ing to the company, the 
microscope features a 
transmission spectrometer 
to increase spectrum peak 
efficiency to over 90%, 
and a wide and fast image 
scanning experience for 
over 200 μm x 200 μm. 
Nanobase, Inc., Seoul, South Korea. www.nanobase.co.kr

PRODUCTS & RESOURCES

CMOS camera
The Velocity Pro comple-
mentary metal-oxide-
semiconductor (CMOS) 
camera from EDAX is 
designed to provide high-
speed electron backscat-
ter diffraction (ESBD) 
mapping with high index-
ing performance on real-
world materials. According 
to the company, the cam-
era is powered by a CMOS 
sensor that is optimized for high-speed ESBD.
EDAX, Inc., Mahwah, NJ. www.edax.com

ATR accessory
The IRIS diamond 
attenuated total reflection 
(ATR) accessory from 
PIKE is designed for 
infrared (IR) spectroscopy. 
According to the 
company, the accessory 
provides access to the full 
mid-IR spectral range, and 
provides spectra covering 
a range of samples, 
including gels, liquids, 
solids, and more.
PIKE Technologies,  
Madison, WI.  
www.piketech.com

AA graphite furnace tubes
AA precision-fabricated 
graphite furnace tubes 
from REFLEX are 
designed with shrouds 
and contacts made from 
high-purity, high-density 
graphite, and coated with 
a layer of pure, pyrolyti-
cally deposited graphite. 
According to the com-
pany, the tubes provide a dense and durable surface that is 
impervious to sample, vapor, or solvent. 
REFLEX Analytical Corporation,  
Ridgewood, NJ. www.reflexusa.com

Particle analysis module
Renishaw’s particle 
analysis software module 
for its inVia confocal 
Raman microscope is 
designed to automate 
the microscope so that 
it can identify particles 
on images, and then 
chemically analyze them 
using Raman spectroscopy. According to the company, the 
software provides chemical information on each particle and 
its morphology statistics. 
Renishaw,  
West Dundee, IL. www.renishaw.com

WDXRF spectrometer
Rigaku’s Supermini200 
benchtop sequential wave-
length dispersive X-ray 
fluorescence (WDXRF) 
spectrometer is designed 
for elemental analysis of 
solids, liquids, powders, 
alloys, and thin films. 
According to the company, 
the spectrometer incorpo-
rates EZ Analysis, a soft-
ware feature designed to simplify everyday routine operation.
Rigaku Corporation,  
Austin, TX. www.rigaku.com

Budget-Friendly Spectroscopy Solution
Jireh Scientific Imaging 
introduces an affordable 
spectroscopy solution for 
professional performance! 
The Zion 256 Cooled 
Charged Coupled 
Device (CCD) detector 
was developed as an 
innovative scientific camera to be the optimal solution, 
both economical and the answer to your research obstacles 
as well. Finally, a fresh camera design you can appreciate 
without any financial regrets. We have combined our 
innovative, high-performance Zion Spectroscopy Camera 
with a high-precision, wavelength accuracy monochromator 
and spectrograph to provide researchers with the best 
budget-friendly spectroscopy solution! JSI’s Navima™ series 
of Czerny-Turner monochromators provide a customizable 
range of high-quality direct-drive scanning monochromator 
systems. With focal lengths from 200 mm to 750 mm, and 
multi-grating turret design features, we can provide the 
appropriate system for low, medium, and high-resolution 
spectroscopy applications. Design excellence. Delivered. 

Jireh Scientific Imaging
A Jireh Technologies, LLC Company,
Trenton, NJ.
www.jirehscientific.com
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In 1970, marijuana was designated a Schedule I drug 
under the Controlled Substances Act, making it near-
ly impossible for laboratories to perform cannabis 
research. However, medicinal use of cannabis is now 
legal in Canada and 36 U.S. states, with more joining 
every year. 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 CBD has highlighted the need for good analysis 
methodology in this relatively young market. Can-
nabis analysis is still developing standardized proto-
cols, requirements, and acceptable testing practices.  
Typical testing requirements for cannabis and its 
products include heavy metal analysis, pesticide resi-
due, and the potency of active ingredients such as 
tetrahydrocannabinol (THC). The terpene content 
of cannabis is also important. Terpenes have been 
shown to have beneficial uses for treatment of condi-
tions ranging from cancer and inflammation to anxi-
ety and sleeplessness. It is believed that the combi-
nation of terpenes and cannabinoids in cannabis 
produce a synergistic effect with regard to medical 
benefits, further elevating its popularity worldwide.

Certain heavy metals can cause adverse effects on hu-
man health. Toxic heavy metals such as arsenic, cad-

mium, 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 counterparts. Can-
nabis-based products such as foods, oils, tinctures, and 
lotions should be tested for the presence of heavy metals 
to ensure consumer safety and product quality. Cannabis 
and CBD-infused products have grown in popularity in 
states that allow medicinal and recreational use of can-
nabis and hemp. This application note details the diges-
tion and analysis of various forms of hemp and cannabis 
products for determination of trace metals content.

Instrumentation
A CEM MARS™ 6 microwave digestion system was 
used to digest varied cannabis and hemp sample types.  

The MARSXpress™ Plus vessels use a vent and reseal design, 
which allows for acid vapors to be exhausted while maintaining 
the sample integrity and elements within the vessel. The 110 
mL vessel volume provides for a larger headspace, allowing 
a larger sample size for a more homogenous sample.  
The 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.

All samples were analyzed by ICP-MS on a Shimadzu 
ICPMS-2030 instrument.

Microwave Digestion and Trace Metals Analysis of 
Mixed Cannabis and Hemp Products 
Samuel Heckle and Leanne Anderson, CEM

Figure 1: Samples selected for digestion and analysis.

TABLE I: Shimadzu ICPMS-2030 Operational Conditions

Parameter Setting

Radio Freq. Power 1.20 kW

Sampling Depth 5.0 mm

Plasma Gas 8.0 L/min

Auxiliary Gas 1.10 L/min

Carrier Gas 0.70 L/min

Mix Gas 0.00 L/min

Cell Gas 6.0 mL/min

Cell Voltage -21 V

Energy Filter 7.0 V

Chamber Temp. 5 °C

http://www.cem.com
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Procedure and Method
A variety of 11 hemp and hemp-containing samples were 
obtained from local retailers. Samples ranged from edi-
bles to lotions to plant material. Solid samples required 
minimal particle size reduction in order to obtain a rep-
resentative sample. Liquid and semi-liquid samples were 
digested as received.

A 0.5 g sample was weighed into a MARSXpress Plus 
vessel taking care to deposit the entire sample onto the 
bottom of the vessel. A combination of 9 mL HNO3 and 
1 mL HCl was added to each vessel before the vessels 
were sealed and placed into the microwave. Using the 
preprogrammed Cannabis One Touch Method, the sam-
ples were digested at 210 °C for a total run time of 45 min, 
including a 20 min ramp to temperature, a 15 min hold 
at 210 °C, and a 10 min cool down. Upon completion 
of the run, samples were diluted to 50 mL with DI H2O.  
All samples were run in duplicate with duplicate blanks.

A second batch of samples was run identically to the first 
except for the addition of a spike solution containing 5 ppb 
Pb, As, Cd, and Hg to all samples, duplicates, and blanks. 
Figure 1 shows the 11 samples analyzed in this study.

All samples were analyzed on a Shimadzu ICPMS-2330 
system to determine spike recoveries and actual sample 
content of the “big four” heavy metals of As, Cd, Hg, and 
Pb. Instrument conditions are shown in Table I.

Results and Discussion
The MARS 6, with MARSXpress Plus vessels, was able to 
successfully digest all 24 samples and blanks in a single 
batch. All of the samples were completely digested, 
yielding clear and particulate-free solutions upon dilu-
tion with deionized water. The MARS 6 is an ideal diges-
tion 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 45 min.

The clear and particulate-free digestate solutions that 
were analyzed by ICP-MS showed excellent spike recov-
ery and RSDs, as shown in Table II, indicating complete 
matrix decomposition by microwave digestion.

Conclusions
The MARS 6 with MARSXpress Plus vessels 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 
repeatability. Laboratories faced with a large number of 
samples will be able to confidently digest a mixed batch of 
samples in under 1 h.

 CEM Corporation
3100 Smith Farm Road, Matthews,NC 28104

Tel. (800) 726-3331
Website: www.cem.com

TABLE II: Spike recovery results

75As 111Cd 200Hg 208Pb

Hard 
candy

Mean value 5.12 4.92 5.05 5.13

RSD (n = 3) 3.51 1.68 0.19 1.74

Recovery (%) 102 98 101 102

Granola 
bar

Mean value 4.55 5.07 5.09 5.06

RSD (n = 3) 13.53 1.61 1.58 1.15

Recovery (%) 91 99 102 101

MCT oil

Mean value 5.39 5.04 5.13 4.94

RSD (n = 3) 1.36 1.54 1.24 1.89

Recovery (%) 108 101 103 99

Ghee

Mean value 5.46 5.05 5.15 5

RSD (n = 3) 3.8 2.01 1.19 1.73

Recovery (%) 109 101 103 100

Hemp 
oil

Mean value 5.27 5.18 5.2 5.09

RSD (n = 3) 11.91 1.53 2.1 1.5

Recovery (%) 105 104 104 100

Lotion

Mean value 4.96 5.09 5.16 5.03

RSD (n = 3) 11.08 1.21 3.12 2.62

Recovery (%) 99 102 103 101

Froggy

Mean value 4.76 4.9 4.83 5.07

RSD (n = 3) 0.95 0.74 1.46 1.92

Recovery (%) 95 98 97 101

Hemp 
flower

Mean value 4.81 5.05 5.11 5.15

RSD (n = 3) 9.68 1.22 0.6 1.48

Recovery (%) 96 101 102 100

Beef 
jerky

Mean value 4.81 5.07 5.06 5.22

RSD (n = 3) 7.54 1.17 1.25 1.86

Recovery (%) 96 100 101 103

Peanut 
butter

Mean value 5.22 5.28 5.13 5.11

RSD (n = 3) 5.32 1.08 1.45 2.93

Recovery (%) 104 103 103 101

Conc. 
CBD oil

Mean value 5.41 5.17 4.93 5.05

RSD (n = 3) 10.43 0.7 2.03 2.74

Recovery (%) 108 103 99 100

http://www.cem.com
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The analysis of gemstones is demonstrated, using 
low-power 50W EDXRF with indirect excitation.

Elemental measurement is important in gemology for
identification, classification, and characterization of both 

natural and synthetic gemstones. Minor and trace levels 
of metals, especially the transition metals, as well as alkali 
elements and alkaline earth elements, help to establish the 
geographic region and environmental conditions during the 
formation of a gemstone. Other elements can be used to 
indicate processing requirements of synthetics.

EDXRF (Energy-dispersive X-ray fluorescence) is a simple, 
non-contact, non-destructive analysis technique that is ideal 
for use in precious materials testing. It is useful in quantifying 
the elements that occur in many gem materials, as well as other 
elements that are evidence of certain treatment processes. 
The benefit of using low power 50W EDXRF is that the X-ray 
source will not damage the gems. Secondary targets and 
polarization also make the analysis simple by eliminating most 
or all of the extraneous background scatter X-rays. 

Experimental Conditions
Each gemstone was placed in a small plastic XRF sample 
cup using a special insert made of Teflon to center the stone 
sample and provide no extraneous fluorescence. 

A fundamental parameters (FP) method was developed 
from Rigaku’s RPF-SQX Metals Template. The RPF-SQX 
method uses an advanced FP program that automatically 
deconvolutes spectral peaks and models the sample matrix 
using fundamental XRF equations. This provides an estimate 

Analysis of Gemstones Using EDXRF
Applied Rigaku Technologies, Inc.
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Figure 1: RX9 (HOPG polarizer) secondary target

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

Tel. (+1) 512-225-1796
Website: www.RigakuEDXRF.com

of the percentage of the sample that cannot be measured 
and yields more accurate analytical results for the remaining 
elements that can be measured, affording a semi-quantitative 
measurement of elemental concentrations without the need for 
a large suite of known assayed calibration standards. A matrix-
specific matching library can be created using one assayed 
sample of each gemstone to further optimize analytical results.

Instrumentation
Model: Rigaku NEX CG 
X-ray tube: 50 W Pd-anode 
Excitation: Indirect with 
polarization 
Detector: High-performance 
SDD 

Analysis Time: 500 s 
Environment: Helium Purge 
Standard: 15-position Sam-
ple Tray (32 mm) 
Options: Teflon sample cup 
insert  

Results
The Rigaku NEX CG spectrometer combines indirect excitation 
with secondary targets, polarization targets and a high-
performance SDD to give the operator a powerful and versatile 
analysis tool with a very simple to operate software interface. 
In contrast to conventional EDXRF systems, indirect excitation 
removes virtually all the background and thus affords spectra 
with a very high characteristic signal-to-noise ratio. This allows 
for much lower detection limits and a higher degree of accuracy.

The results shown here use standardless analysis and indicate 
excellent performance without the use of a Matching Library.

Conclusion
The Rigaku NEX CG analyzer using the RPF-SQX fundamental 
parameters method yields excellent performance for the 
elemental analysis of gemstones. Indirect excitation and 
polarization give the gemologist an excellent low-background 
tool, and low 50 W power ensures no damage to the gemstone 
during analysis. The use of RPF-SQX eliminates the need for 
calibration standards, and, if desired, quantification can be 
optimized with matching libraries based on one assayed sample 
of each gemstone.

http://www.rigakuedxrf.com
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The TacticID-1064 ST has dedicated software 
and hardware designed to measure materials 

through both transparent and opaque containers.  
These through-barrier measurements remove the 
need for active sampling of potentially dangerous 
compounds such as fentanyl, leading to safer 
operations and reduced wait time for clear results. 
The 1064 nm laser is also an advantage for analyzing 
fluorescent or impure material. A Raman system with 
a 785 or 830 nm laser may generate fluorescence 
from these samples, which can overwhelm the 
Raman signal and make identification impossible. 
In this application note, we explore some of the 
capabilities of the TacticID-1064 ST.

Experiment
The TacticID-1064 ST is equipped with a see-through (ST) mode 
scan function that allows users to identify chemicals behind 
thick and opaque barriers with the use of an ST sampling 
adapter. A hit quality index (HQI) is used to match the unknown 
sample to a library spectrum. The HQI calculation ranges from 
100 (best match) to 0 (worst match). The system employs an 
automatic integration time. The laser power is adjustable,  
but was set to 90% for these measurements. The number of 
hits can also be adjusted.
Materials tested:
• Fentanyl: highly toxic opioid that is often mixed with 

heroin and other street drugs
• N-acetylanthranilic acid: Drug Enforcement 

Agency List I controlled drug precursor, used in 
synthesis of methaqualone, highly fluorescent with 
785 nm excitation

• Caffeine: stimulant often used as a cutting agent in 
drug manufacturing

Containers:
• manila envelopes
• padded shipping packages
• high-density white polyethylene (HDPE) bottles

Results
Fentanyl citrate powder inside a thin plastic bag was placed 
inside a manila envelope and tested with the TacticID-1064 
ST. Fentanyl citrate was successfully identified directly through 

the manila envelope with an HQI of 85.0. N-acetylanthranilic 
acid is a light brown compound that is used in the synthesis 
of methaqualone and mecloqualone, both Schedule I drugs. 
According to the International Narcotics Control Board (INCB), 
10.4 metric tons of N-acetylanthranilic acid have been seized 
globally since 2000. When measured with a 785 nm laser, the 
Raman signal is completely overwhelmed by the generated 
fluorescence (Figure 1, red trace), making identification 
impossible with Raman. The 1064 nm laser of the TacticID-1064 
ST does not generate fluorescence (Figure 1, blue trace), 
and a good Raman spectrum can be collected and used for 
identification against the spectral library.

The ST mode on the TacticID-1064 ST was used to measure 
N-acetylanthranilic acid through a white plastic (HDPE) bottle 
with an HQI of 92.2.

Conclusion
The TacticID-1064 ST puts operator safety first, removing the 
need to actively sample from opaque packaging to identify 
illicit substances. The 1064 nm laser excitation removes 
fluorescence issues generally associated with 785 nm  
Raman systems.

See-Through Measurements of Illicit Substances in 
Commercial Containers with the TacticID®-1064 ST
Kristen Frano, B&W Tek, LLC
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Figure 1: Comparison of Raman spectra of N-acetylanthranilic 
acid with (a) 785 nm and (b) 1064 nm laser excitation.
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Raman Spectroscopy as a Tool for Studying  
Polymer Phase Transitions 
Angela Flack, Edinburgh Instruments

In this application note, we investigate the phase 
transitions occurring in polyethylene and nylon-6 
using the Edinburgh Instruments RMS1000 Raman 
Microscope and a temperature stage.

Semicrystalline polymers, such as polyethylene, are 
the largest group of commercially produced plastics. 

Heating and cooling between phase transitions is used in 
industry for shaping these polymers into their final product. 
A phase transition occurs when a substance changes into a 
different state, such as from a solid to a liquid.

Raman spectroscopy can be used to determine the glass 
transition temperature, melting transition temperature, 
and estimation of crystallinity. Peak intensities prove useful 
in identifying changes in the sample’s molecular organiza-
tion, and therefore the temperature of transition such as the  
glass transition.

Experimental
Polyethylene and nylon-6 powders were analyzed using 
an Edinburgh Instruments RMS1000 Raman Microscope 
equipped with a 785 nm laser and a temperature stage. 
Raman spectra were acquired for each polymer at increasing 
temperatures as the sample reached a transition state. 

Results
Figure 1 shows the Raman spectra for polyethylene at four 
different temperatures. The crystalline phase, shown here at 
30 °C, has characteristic narrow Raman bands. This is due 
to the strict organization of the polymer in this state with 
trans-rich conformation. As the polymer is heated, it moves 
into the amorphous state and the polymer becomes more 
disorganized with gauche-rich conformation, meaning 
the Raman bands become broader. It can clearly be seen 
from these Raman spectra that by 144 °C the polyethylene 
sample has gone through the melting transition and is in the 
amorphous phase.

Nylon-6 was heated to gain spectral measurements for 
both the glass transition and subsequent melting. From the 
spectra in Figure 2a, a decrease in Raman intensity of key 
peaks is seen as we increase the temperature to the melt-
ing point. The changes in peak intensity during heating can 

be used to determine the phase transition temperature.  
Figure 2b shows the intensity of the 1450 cm-1 Raman band 
against increasing temperature and the glass transition can 
clearly be seen by the sudden drop followed by a steep in-
crease in intensity at 50 °C.

Conclusion
Raman spectroscopy is a great method to study phase transi-
tions in polymers and to determine the temperature at which 
such transitions begin. This information is critical for ensur-
ing their efficient use in industry. In this case, temperature-
controlled Raman spectroscopy reveals spectral changes 
when the polymer transitions from the crystalline state into 
the amorphous state, for both melting and glass transitions.
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Figure 2: a) Raman spectra of nylon-6 at increasing 
temperatures, b) Intensity of 1450 cm-1 band at increasing 
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temperatures.
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Diamond ATR has become one of the most commonly 
used FT-IR spectroscopy methods. However, the strong 

diamond lattice bands in the 2300–1900 cm-1 region make 
it difficult to measure the functional groups from nitriles, 
isocyanates, isothiocyanates, diimides, azides, and ketenes 
that would normally appear in that region. This applica-
tions note compares the sensitivity of a single-reflection ATR 
to multiple-reflection ATR for the nitrile functional group  
infrared transition.

Experimental
Infrared spectra were collected on an FT-IR spectrometer 
equipped with the Harrick DiaMaxATR™ single-reflection 
high-throughput diamond ATR accessory or ConcentratIR2 
multiple-reflection diamond ATR (see Figure 1). The system 
was purged to remove water vapor and CO2. Spectra were 
collected at 8 cm-1 resolution, and signal averaged over 32 
scans. The spectra were referenced to the clean ATR crystal.

The sample used here was a High Five Nitrile Disposable 
Glove (lightly powdered, textured, P/N N842). For the single-
reflection ATR measurement, a portion of the glove was 
pressed against the ATR crystal using the maximum force 
supplied by the build-in pressure applicator. For the multiple-
reflection ATR measurements, the sample was gently pressed 

against the ATR crystal with compressible foam to fill the 
trough, and to apply force as uniformly as possible.

Results and Discussion
Figure 2 shows the two spectra. The upper spectrum 
measured with the multiple-reflection ATR shows only noise 
in the 2300–1900 cm-1 region, due to the high absorbance 
of diamond in that region. The lower spectrum, however, 
clearly shows the C≡N stretch at 2238 cm-1. Another weaker 
band is also apparent in the single-reflection ATR spectrum 
at 2162 cm-1, possibly indicating the presence of an  
alkyne group.

Conclusion
The Harrick DiaMaxATR high-throughput, single-reflection 
diamond ATR is effective at measuring functional groups 
that are frequently obscured by the strong diamond lattice 
bands in the 2300–1900 cm-1 region. This makes it more 
suitable for analysis of the function groups in that region, 
including nitriles, isocyanates, isothiocyanates, diimides, 
azides, and ketenes.

A Diamond ATR-FTIR Study of Nitriles
Susan Berets and Jeffrey Christenson,  Harrick Scientific Products, Inc.

Figure 1: Two diamond ATRs: Single reflection DiaMaxATR 
(left) and ConcentratIR2 (right).

Harrick Scientific Products, Inc.
141 Tompkins Ave., Box 277, Pleasantville, NY 10570

tel. (914) 747-7202, fax (914) 747-7409
Website: www.harricksci.com
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Figure 2: Diamond ATR spectra of a nitrile glove measured 
using a multiple reflection ATR (blue) and a single reflec-
tion ATR (red).
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Key Issues:
• Sampling flexibility of Raman enables in-process 

analysis of solids, turbid media, liquids, and gases
• Large volumetric Raman provide representative  

sampling of heterogenous solids

Raman spectroscopy is an analysis technique that provides 
a “molecular fingerprint” of the sample, enabling analy-

sis of chemical composition and molecular structure without 
sample preparation. As a measurement technique, Raman 
imparts application and financial benefits from laboratory dis-
coveries to feedback-control in manufacturing. In situ real-time 
analysis, compatibility with aqueous systems, nondestructive 
nature, and high chemical specificity means that a Raman-ana-
lyzed sample is representative of the process. Because Raman 
is a nondestructive technique, the same sample measured by 
Raman can also be measured by other analytical techniques. 
These well-known features have been harnessed in pharma-
ceutical, chemical, polymer, and bioprocessing industries.

Sampling Flexibility in Raman
Fiber optic sampling probes enable real-time Raman mea-
surements outside the laboratory. For process or in-line sam-
pling applications, fiber optic probes can be inserted directly 
in the process. Figure 1 shows variants of fiber-optic probes 
used in Raman spectroscopy. The sampling flexibility impart-
ed by fiber optic probes means that Raman spectroscopy can 
be applied to real-time in situ analysis of a variety of materi-
als for applications from early development to manufacturing.  
The design of fiber optic probes for process environments 
takes into account additional considerations of the material’s 
phase, the ability to be immersed in corrosive or hazardous 
environments, and laser safety.

In-process Raman in Solids and Turbid Media
For processes that involve solids or turbid media, optical scat-
tering is an important material property that needs to be con-
sidered. Understanding the effects of optical scattering on 
Raman signal recovery will guide the selection of a fiber-optic 
probe, because there are applications in which optical scatter-
ing can be harnessed to maximize sampling volume, and there 
are other applications in which the effects of optical scattering 
should be minimized. In a recent example of Raman-based  

control in a process with solid materials, a large volumetric  
Raman probe was used to acquire information on critical qual-
ity attributes of pharmaceutical granules during a continuous 
blending and tableting process (1). Raman data were acquired 
quickly and nondestructively and with great chemical speci-
ficity, showing that Raman provides detailed in situ process 
knowledge needed for realtime process understanding.

Conclusion
Sampling flexibility is a significant benefit of Raman spectros-
copy. The use of fiber-optic probes expands the capability of an 
analyzer to meet current and future application needs. Raman 
provides detailed chemical information without sample ho-
mogenization, enabling bulk or cross-sectional analysis during 
the process. Raman spectroscopy approaches to measuring lay-
ered samples may be applied to pharmaceutical tablets, copo-
lymers, or biological materials such as cells or engineered scaf-
folds. Scientifically and financially successful Raman applications 
have been demonstrated at all scales, from the laboratory to on-
line in manufacturing in PAC and PAT environments. Examples 
of processes benefiting from Raman spectroscopy include:

• Pharmaceutical formulations: blending, granulation,  
coating, drying, tableting, content uniformity

• Pharmaceutical API: reaction chemistry, yield, polymorph 
form identification, crystallization

• Polymer: polymerization blending, extrusion monitoring, 
crystallinity, density, copolymers

• Bioprocessing: cell culture, fermentation

References
(1) B. Nagy et al., “In-line Raman spectroscopic monitoring and feedback 

control of a continuous twin-screw pharmaceutical powder blending 

and tableting process,” Int. J. Pharm. 530, 21–29 (2017).

Sampling Flexibility for 
Raman Spectroscopy
Karen A. Esmonde-White, Sean Gilliam,  
David Strachan, and Ian R. Lewis, Kaiser Optical Systems

Figure 1:  Raman measurements outside of a laboratory setting is 
achieved through fiber optic sampling probes. Sampling probes 
for Raman spectroscopy enable offset analysis of solids, thin 
films, and raw materials, or immersion analyses in liquids or gases 
without needing to customize process hardware.

Kaiser Optical Systems
371 Parkland Plaza, Ann Arbor, MI 48103

tel. (734) 665-8083
Website: www.kosi.com

http://www.kosi.com


THE APPLICATION NOTEBOOKMolecular Spectroscopy

52  Spectroscopy 36(2)   February 2021 www.spectroscopyonline.com

Supported by the PSI method, Raman spectroscopy 
has the capability to analyze the surface structure 
of nanomaterials, such as graphene, transition 
metal dichalcogenides (TMD), semiconductors, 
nanomaterials, and so on.

G raphene has been one of the most attractive 
materials in material engineering communities, 

due to its structure and high electron mobility.  
Its unique electronic band structure enables Raman 
spectroscopy to identify a single layer of graphene, 
and even to distinguish variable numbers of layers.

Combined with phase shifting interferometry 
(PSI), which investigates the height profile of 1 mm2 
area in 0.5 nm resolution, Raman spectroscopy is a 
powerful method to analyze the morphology of not 
only two-dimensional graphene, but also transition 
of metal dichalcogenides. Those methods may be 
applied to quality control by detecting the defects, 

wrinkles, or torn parts of graphene sheets that can 
be generated from the transfer process during 
graphene fabrication.

Here, we observed the folded parts on a bilayer 
graphene sample with a Raman spectroscopy system, 
the XperRAM S Series, and with a PSI system, the Xper-
PSI (both instruments manufactured by Nanobase, Inc.).

Materials and Methods
A layer sample of 1 cm2 of CVD graphene was fabricated 
by Graphene Supermarket. The graphene bilayer was 
transferred to 285 nm SiO2/Si (boron doped) substrate 
assisted by poly-methyl-methacrylate (PMMA) .

Raman spectra and Raman images were obtained 
with a Raman spectroscopy instrument, the XperRAM 
S Series. The Raman images were performed at 
those graphene’s intrinsic Raman peaks of G band  
(~1580 cm-1) and 2D band (~2700 cm-1). Averaging of 
spectra was performed from those parts where the 

Raman and Phase Shifting Interferometry (PSI) Study 
of Tear/Fold Structure on Transferred Graphene
Nanobase Research Team
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Figure 1: Optical image (a), Raman map (G (b), 2D (c) and 2D/G (d)) images, and Raman spectra of folded graphene (e)
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silicon substrate is exposed and where the graphene 
layer is folded (2+2 tetralayer). The PSI images from 
the same parts were obtained via the Xper-PSI using  
532 nm excitation.

Results and Conclusion
During the transfer of graphene on the growth 
substrate to the target substrate, sometimes a bit of 
the graphene area became torn and folded on the 
other side, symmetrically (1,2). This phenomenon 
was also found through a microscope (Figure 1a).

Raman mapping was used to investigate the layer 
of graphene sheet and the properties of tear/fold 
structure (Figure 1 b–d). Through the 2D/G map 
(Figure 1d) and a spectrum at point 1 of Figure 
1e, it was confirmed that bilayer graphene sheet 
was grown on the substrate. In Figure 1b and 1d, 
it was clearly seen that the two shapes were very 
similar. With the Raman map images of G and 
2D bands and spectra of point 2 and 3 of Figure 
1e, the direction of the graphene being folded  
was indicated.

In addition, by comparing spectra of specific 
areas from the Raman image in Figure 1e, intensity 
amplification of G, 2D band and the red shift  

(4~8 cm-1) again confirm the graphene tear and fold 
morphology (2).

PSI was used to observe the profile of tear and fold 
area. The 2D PSI image and 3D-reconstructed images 
are shown in Figure 2a and 2b. Height profiles in Figure 
2c prove that the depth between graphene sheet and 
substrate was about 4 nm, which was equal to the height 
of folded graphene sheets.

Furthermore, the height of several torn or folded 
graphene sheets was examined, and bilayer graphene 
had 4 nm height.

Thus, supported by the PSI method, Raman spectroscopy 
has the capability to analyze the surface structure of 
nanomaterials, such as graphene, two-dimensional materials, 
nano-patterned surfaces, nanomaterials and so on.

References
(1) U. Lee, et al., Adv. Mater., 2002854 (2020).

(2) Y. Hao, et al. Small 6(2), 195–200 (2010).
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FT-NIR spectroscopy is a useful tool to identify textile 
samples, with distinct spectral features observed at 
wavelengths >1350 nm. This approach can be applied 
to authentication of natural and synthetic consumer 
textile products.

Both Raman and infrared spectroscopy techniques have 
been used to characterize textiles and fabrics for incom-

ing inspection of raw materials, and to assess the authentic-
ity of products produced from these materials. In the case of 
colorful textiles and fabrics, infrared spectroscopy is some-
times preferred to Raman to avoid the strong Raman back-
ground spectrum that can arise from the dyes found in brightly  
colored textiles.

Experimental Conditions
Reflectance from 100% cotton, nylon, and satin textile samples 
was measured across the extended near-infrared (NIR) 
wavelength range (1350–2500 nm) using the Ocean Insight 
NanoQuest spectral sensor with a high-powered tungsten 
halogen light source and 600 µm visible-NIR reflection probe. 
Measurements were made with the probe oriented at 90 
degrees relative to the fabric surface using a manual optical 
stage. All measurements were referenced to a PTFE (Teflon) 
diffuse reflection standard.

NanoQuest is based on Fourier transform infrared (FT-IR) 
technology. Its patented micro-electro-mechanical systems 
(MEMS) technology allows for a continuous-wave Michelson 
interferometer to be created monolithically on a MEMS chip, 
enabling detection of all wavelengths simultaneously across 
the 1350–2500 nm range.

In the NanoQuest software, optical resolution was set to 
8 nm (FWHM) and a custom gain setting was generated to 
optimize the signal-to-noise ratio for the measurement setup. 
Each sample was measured at five different locations with 
resulting spectral data pretreated by a second derivative with 
smoothing, and a standard normal variate (SNV) was applied. 
Principal component analysis (PCA) was applied to the dataset.

Results
The NIR spectra measured with the NanoQuest can easily 
discriminate among the different textile types. Figure 1 shows 
the reflectance spectra of the three textiles measured: cotton, 

nylon, and satin. Differences in the spectral profile for each 
sample can be seen readily, and the inset PCA plot shows 
distinct separation between the clusters for each textile sample.

Conclusion
The experiments clearly demonstrate that NIR spectra 
measured with the NanoQuest have unique features helpful to 
identify both natural and synthetic textiles. Application of PCA 
to the spectra further demonstrated the distinction among 
textile samples. Additional investigation may include testing 
unknown textile samples to correctly identify them.

In addition to authentication of textiles, polymers, and 
other materials, NanoQuest application areas include food 
and agriculture (soil analysis and soybean screening) and 
biomedical and life sciences (bodily fluids analysis).

Identifying Textiles with Extended-Range  
NIR Spectroscopy 
Yvette Mattley, PhD, Ocean Insight
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Figure 1: Comparison of three textile samples measured with 
NIR reflectance. The inset PCA scatter plot shows results af-
ter pretreatment by 2nd derivative and SNV.
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Glass Analysis
The standard procedure for the determination of the emissivity 
of glass involves single beam measurements of the glass sam-
ple, a reference mirror, and an empty background spectrum 
at 30 standard wavelengths. These wavelengths range from 
5.5 μm to 50 μm (1818–200 cm-1). The selected wavelengths 
are specified by three international standards: EN 673 (1),  
EN 12898 (2), and ISO 10292 (3). The ability of the PerkinElmer 
Spectrum 3TM (Figure 1) to measure in multiple regions of the 
infrared spectrum gives the user the potential to not only de-
termine the emissivity of glass, but investigate other properties 
demonstrated in the near-infrared region.

Experimental
A 3 mm-thick sample of float glass was measured using the 
PerkinElmer Spectrum 3 FT-IR spectrometer with the OMT 
Specular Reflectance set. For each of the glass, reference mir-
ror, and empty background, three measurements were made. 
The three spectral ranges used are shown in Table I.

The Spectrum 3 has the ability to scan the entire infrared 
range from near-infrared to far-infrared with automatic switch-
ing of optical components. The new “Merge” function in 
Spectrum 10™ may be used to combine spectra from different 
ranges to produce a single spectrum which covers the entire 
infrared region.

Results and Discussion
The merged spectra of the glass sample, the reference mirror, 
and the background spectrum are shown in Figure 2.

The emissivity of glass is determined from the reflectance at 
room temperature using equation 1.

εn = 1 – Rn                                  [1]
where εn is the emissivity at normal incidence, and Rn is 
the reflectance at normal incidence. The reflectance is 
calculated as an average of 30 spectral reflectance val-
ues measured at specified wavelengths between 5 and 
50 μm (1818.8–200.0 cm-1).

First, both the glass and mirror measurements are cor-
rected using the empty background spectrum. The re-
flectance is then determined at each wavelength by di-
viding the corrected glass value by the corrected mirror 
value. The overall reflectance is calculated by finding the 
mean of the reflectance at each of the 30 specified wave-

lengths. This may be carried out using the “equations” 
function of Spectrum 10 software or with an external data 
analysis application.

Using this calculation, the emissivity of the 3 mm float 
glass sample was found to be approximately 0.95, in 
agreement with the commonly accepted values for glass 
emissivity at room temperature (4).

In addition to emissivity calculations, the near-infrared 
region of the spectrum can also provide information 
regarding thermal transmittance. Glass designed spe-
cifically for absorbing heat will generally have a higher 
reflectance in the near-infrared region. For example, the 
standard 3 mm float glass shows low reflectance in the 
near-infrared region, and thus is not heat-absorbing glass.

Pharmaceutical Analysis
A pharmaceutical product which demonstrates strong spectral 
features in all three regions is clotrimazole, an anti-fungal med-
ication, the chemical structure of which is shown in Figure 3.

Experimental
A sample of clotrimazole was measured in all three regions 
of the infrared spectrum, using automatic switching of opti-
cal components. Measurements in the mid and far-infrared 

Tri-Range Applications of the  
Spectrum 3 Infrared Spectrometer
Kieran Evans, PerkinElmer

Figure 1: PerkinElmer Spectrum 3 FT-IR spectrometer.
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Figure 2: Tri-range spectra of glass (Red), a reference mir-
ror (Blue) and no sample (Black).

http://www.perkinelmer.com


THE APPLICATION NOTEBOOKMolecular Spectroscopy

56  Spectroscopy 36(2)   February 2021 www.spectroscopyonline.com

regions were carried out using an ATR accessory, while mea-
surements in the near-infrared region were carried out using 
the NIRAII accessory.

Results and Discussion
The tri-range spectrum of clotrimazole is shown in Figure 4.

Having the ability to measure a pharmaceutical sample in all 
three ranges of the infrared region through Spectrum 3 allows 
analysts to simultaneously investigate multiple properties and 
obtain more significant information on the sample.

Industrial Antioxidant Analysis
One example of a material used across a wide range of indus-
tries is butylated hydroxytoluene (BHT). This is used as an anti-
oxidant in transformer oil, fuels, rubber, pharmaceuticals, and 

some food products. The chemical structure of BHT is shown 
in Figure 5.

Experimental
The PerkinElmer Spectrum was used to measure a sample of 
BHT in all three regions of the infrared spectrum. Measure-
ments in the mid and far-infrared regions were carried out us-
ing an ATR accessory, while measurements in the near-infrared 
region were carried out using the NIRAII accessory.

Results
A tri-range spectrum of BHT is shown in Figure 6.

As with other materials, different areas of the infrared spec-
trum of BHT serve different purposes. For example, the sharp 
peak at around 3700 cm-1 has been used for quantitative de-
termination of BHT in food samples such as edible oils (5). 

One previously mentioned use of BHT is as an antioxidant in 
rubber and other polymers. Far-infrared provides an incredibly 
useful tool for measurement of polymers due to strong inter-
molecular vibrations and weak intramolecular vibrations falling 
in this range. This region has been used to successfully quan-
tify BHT as an additive in polymer samples as lattice vibrations 
of some polymers fall between 50–100 cm-1 (6).
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TABLE I: Spectral Ranges used for sample measurement.

Range Mode Spectral Range (cm-1)

Far-Infrared 700 – 100

Mid-Infrared 5000 – 450

Near-Infrared 10000 - 5000
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For analysis of non-particulate solids, the diffuse 
reflection sampling technique may offer an easy, non-
destructive method for mid-infrared measurements. 
Spectral results of a polypropylene face mask 
collected via diffuse reflection and attenuated total 
reflection (ATR) were compared.

F ourier-transform infrared–attenuated total reflection 
(FTIR–ATR) sampling has become one of the most 

popular techniques for mid-infrared measurements. With 
its short pathlength, typically there is no sample preparation 
required. It is often thought of as non-destructive. However, 
when measuring non-particulate, solid samples by ATR, most 
often a high-pressure clamp is required to create intimate 
contact between the sample and ATR crystal surface, which is 
necessary for the collection of a high-quality spectrum. With 
applied pressures by the clamp of up to 10,000 psi, the clamp 
tip can leave a dimple in many softer, pliable samples.

In this application, the feasibility of measuring a 
polypropylene face mask by diffuse reflection as a non-
destructive alternative to ATR was investigated.

Materials and Methods
Mid-infrared spectra of a 3-ply polypropylene face mask were 
collected using two sampling techniques, ATR and diffuse 
reflection. The single-reflection MIRacle ATR was equipped 
with a germanium crystal plate. The UpIR accessory was used 
for the diffuse measurement, and a diffuse gold disk served as 
the background reference. Both accessories are manufactured 
by PIKE Technologies. Then 30 s of data were co-added for 
each measurement at a 4 cm-1 resolution.

Results
The optical layout of the UpIR is shown in Figure 1. Unlike other 
diffuse reflection accessories, the UpIR has a large collection 
mirror that is positioned underneath—rather than above—
the sampling platform, thereby allowing the sample to be 
placed face-down on top of the accessory. The UpIR is 23 
cm tall (excluding baseplate), and extends above most FT-IR 
spectrometers. The optical design and height make the UpIR 
an ideal tool for measuring larger samples.

Diffuse reflectance spectra may appear different from their 
transmission equivalent by exhibiting stronger-than-expected 

absorption from weak IR bands. A Kubelka-Munk (K-M) con-
version can be applied to a diffuse reflection spectrum to com-
pensate for these differences. This mathematical conversion is 
available in most FTIR software packages. Figure 2a and 2b 
show the spectrum before and after the K-M conversion, re-
spectively.

Comparing the face mask spectrum collected by diffuse 
reflection after the K-M conversion to the spectrum collected 
by ATR spectrum in Figure 2b, the fingerprint region of both 
techniques shows the characteristic bands of polypropylene, 
and are similar.

Conclusion
Mid-infrared diffuse reflection sampling may be a viable, non-
destructive option for measuring pliable solids.

Non-Destructive FT-IR Measurements via Diffuse 
Reflection Sampling
Jenni L. Briggs, PIKE Technologies

Figure 1: The UpIR diffuse reflection accessory and its 
optical design with simulated beam path.

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

Tel. (608) 274-2721, Fax (608) 274-0103
Website: www.piketech.com
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Figure 2: Mid-infrared spectra of a three-ply face mask 
collected via (a) diffuse reflection, (b) diffuse reflection 
after the Kubelka-Munk conversion (blue) and ATR (red).
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Confocal Raman microscopy is a powerful tool for 
analyzing the chemical composition of samples on 

the submicrometer scale. In the food industry, various 
ingredients, additives, and bio-polymers (such as emulsifiers, 
stabilizers, carbohydrates, or thickeners) are commonly used 
to optimize the texture or the flavor of food. The distribution 
and microstructure of the ingredients strongly influence 
the properties of the final product. Therefore, research and 
development, as well as quality control, require powerful 
analytical tools for studying the distribution of compounds 
in food. Raman imaging has proven to be an effective and 
versatile technique for food analysis (1,2).

3D Raman imaging
When Raman spectra are collected at each measurement point 
using a confocal microscope combined with a spectrometer, a 
Raman image can be generated that visualizes the distribution 
of the sample’s components. Due to the high confocality of 
WITec Raman systems, volume scans and 3D images can also 
be generated from a stack of 2D images acquired at different 
focal planes as shown in Figure 1.

Emulsions and fat spreads
Fat spreads such as butter or margarine are water-in-oil 
emulsions. The microstructure of fat spreads determines 
properties such as suppleness, texture, and spreadability. These 
traits, as well as stability, depend on the fat crystal network at 
the interface and the emulsifier, and are strongly influenced by 
the production process. Therefore, manufacturers of emulsions 
and fat spreads analyze their products in detail to understand 
the composition-process-structure-function relationships.

In a study from the Dutch company Unilever (3), van Dalen et 
al. describe the development of the hyperspectral data analysis 
of Raman images of fat spreads including data pre-processing 
and multivariate curve resolution (MCR). With confocal Raman 
imaging, they not only localized the molecular compounds in 
fat spreads, but could also relate the microstructure of spreads 
to their production processes. The results (Figure 2) show that 
water forms droplets in a continuum of sunflower oil, stabilized 
at the interface by an emulsifier (monoglycerides) and lipids 
in the crystalline phase. The lipid crystalline phase (solid fat) is 
also found in the continuous phase of the emulsion, forming a 
network between the different water droplets. The image on 

the right shows the competition/co-crystallization between the 
solid fat and emulsifier at the droplet interface. The authors of 
the study conclude “This method can be applied to a wide 
range of different food emulsions such as butter, margarine, 
mayonnaise, and salad dressings.”
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Raman Imaging for the Analysis of Food Products
WITec

Figure 1: A 3D Raman image of a honey droplet: This image 
was generated from 50 individual 2D confocal Raman imag-
es acquired along the Z-axis. It shows a pollen grain (green) 
and several crystalline phases of sugars (red, blue, cyan).

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

Tel. +49 731 140 70 0, fax +49 731 140 70 200
Website: www.witec.de
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Figure 2: Raman images of a water-in-oil emulsion: From 
left to right, the concentration of sunflower oil, water, solid 
fat, and emulsifier is shown in single images, with the high-
est concentrations in red and the lowest in dark blue. In the 
rightmost image, solid fat and emulsifier Raman signals are 
overlaid. Image parameters: 20 x 20 μm2, 86 x 86 pixels. Im-
ages courtesy of Gerard van Dalen and colleagues, Unilever, 
Vlaardingen, NL
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