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From the Editor

Laura Bush is the 

editorial director of 
Spectroscopy and LCGC 

North America,  
lbush@advanstar.com.

A 
lively exchange of perspectives emerged recently on the LinkedIn group for Spectroscopy, 

as well as on the group for our sister magazine, LCGC. The conversation, sparked by a 

New York Times article, was about what it takes to become a scientist and why so many 

students, particularly in the United States, become discouraged along the way. The article noted 

that about 40% of students planning to major in science or engineering end up switching to 

other subjects or even failing to get a degree. When premedical students are included, the num-

ber increases to as high as 60%. That is twice the attrition rate of all other majors combined. 

A number of participants in the LinkedIn communities said this phenomenon is not new. 

Science is challenging, and it requires hard work to obtain even an undergraduate degree. One 

noted that her roommate thought she was a graduate student, because she spent so much time 

in the laboratory and studying instead of socializing like the students majoring in business and 

liberal arts. If you don’t have what it takes, or the love of it, many say, it’s fine to move on. 

That may be. But another important factor is the preparation students receive in these areas 

earlier in their education. There are too many American students who finish high school 

poorly prepared in math and science. And that’s not just a problem for those who want to go 

on to earn a PhD in chemistry. In the current national conversation about the economy, and 

particularly over the question of which sectors can provide middle-class jobs for the future, 

many companies say they have difficulty finding people with the right education and skill sets 

in the United States. To cite just one example, the factories that remain in this country will 

produce high-end products that must be made with complex robotics rather than with large 

staffs of uneducated laborers. That means that even on factory floors, employees will need a 

stronger background in math and science than previous generations of American workers. 

Improving the U.S. educational system is not easy. But student motivation is an important 

factor that should not be dismissed. As many people pointed out in the forum, our culture wor-

ships actors and athletes, not scientists or other intellectuals. (Just think of how scientists are 

portrayed in the television series, “The Big Bang Theory.”)

Yet I have always believed the microculture trumps macroculture. We live in a larger society, 

but the greatest influence on our lives comes from the environment immediately surround-

ing us — the people we interact with every day. So even in an educational system with many 

gaps, an individual chemistry teacher can motivate students to continue with studies that may 

at first seem dry or difficult. One participant in the forum is a teacher who understands this 

well. In particular, he knows the value of paying attention to the average students, not just to 

the best and brightest. He writes:  

“I once sat in front of a GC–MS system with a bunch of ‘problem students’ — the back-row 

gang. I talked of gasoline, additives, and octane. You could hear a pin drop. One of those went 

on to get a BS in chemistry because he saw what he could do. Little things matter.”

Moving, isn’t it? The good news is that it’s not necessary to be employed as a teacher to con-

tribute to this cause. Any scientist can visit a school and serve as a role model. You don’t have 

to be famous, or a Nobel prize winner. You can just share what you do, what it took to get 

there, and why it was worth it. 

In this online discussion, many participants expressed pride and satisfaction in their choice 

of profession. If some small percentage of today’s generation of scientists visited a school this 

year to talk about why their work is rewarding, that could lead to countless students making 

the decision to stick with their preparation for future employment in the field. 

Think about it. You, too, can make a difference. Would you like to be an ambassador for science?

The Next Generation 
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One of the newest and fastest-growing subsegments of the 
molecular spectroscopy market is terahertz spectroscopy. 
It makes use of a previously underused segment of the 
electromagnetic spectrum and is already seeing demand from 
a variety of industries. Although it remains unclear which 
industries will become major adopters of the technology, it 
looks certain that terahertz spectroscopy will develop into a 
major segment of the molecular spectroscopy market.
    The terahertz region of the electromagnetic spectrum 
lies between the far-infrared 
region and the microwave region, 
and it includes wavelengths of 
about 0.1–1.0 mm. Terahertz 
spectroscopy is complementary 
to other spectroscopy techniques, 
as a number of compounds 
have unique fingerprints in the 
terahertz region, including some 
narcotics, explosives, and various 
polymorphic forms of active pharmaceutical ingredients. 
A variety of common materials, as well as human tissue, 
are semitransparent to terahertz radiation, and it is non-
ionizing, making it safe for human exposure. A wide variety of 
commercial terahertz spectrometers are already on the market, 
including, conventional frequency-domain systems, time-
domain systems, imaging systems, and portable instruments.

    Although there is not yet widespread adoption of terahertz 
spectroscopy in any one industry, there is considerable 
potential and interest from several sectors. Some vendors have 
developed terahertz-based systems for oncology applications 
and are pursuing regulatory approvals. Most vendors 
are targeting industries as diverse as pharmaceuticals, 
semiconductors and electronics, and aerospace materials.
    The first commercial terahertz spectrometers were 
introduced less than a decade ago, and since then, the market 

has grown to more than $10 million 
in annual sales. There are now more 
than half a dozen vendors of terahertz 
spectrometers, and, as with most new 
markets, most of the competitors 
are fairly recent start-ups. None of 
the major spectroscopy vendors 
are producing their own terahertz 
spectrometers yet.

    The foregoing data were based on 
SDi’s market analysis and perspectives report entitled Global 
Assessment Report, 11th Edition: The Laboratory Life Science 
and Analytical Instrument Industry, October 2010. For more 
information, contact Stuart Press, Vice President – Strategic 
Analysis, Strategic Directions International, Inc., 6242 
Westchester Parkway, Suite 100, Los Angeles, CA 90045, (310) 
641-4982, fax: (310) 641-8851, www.strategic-directions.com.
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Terahertz spectroscopy demand by industry for 2011.
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News Spectrum

Jim Rydzak Joins Spectroscopy’s Editorial 
Advisory Board
Spectroscopy magazine is pleased to announce the 

addition of Jim Rydzak to its editorial advisory board.

Jim Rydzak is a practitioner of process analytical 

chemistry and chemometrics with experience primarily 

in active pharmaceutical ingredient development at 

GlaxoSmithKline (GSK), near Philadelphia, Pennsylvania, 

where he has worked for the past 12 years. Jim was a 

key person in starting the process analytical technology 

(PAT) group at GSK and Colgate-Palmolive. Jim was 

at Colgate-Palmolive for 16 years before joining GSK, 

first as a molecular spectroscopist. He then started the 

process analytical group in 1989, and later became a 

group leader and analytical and testing lab supervisor. 

    Jim’s background in Fourier-transform infrared 

(FT-IR), Raman, and near-infrared (NIR) spectroscopy 

led him into the process analytical field in the early 

1980s. During his time at Colgate, he was a member 

of the Directors of Industrial Research Process 

Analytical roundtable. More recently, Jim was one of 

the founding members of the ASTM E55 committee on 

the “Manufacture of Pharmaceutical Products” and is 

a member of the ASTM E13 committee on “Analytical 

Instrumentation.”

    Jim received his BS in Chemistry from Mount Union 

College in Alliance, Ohio, and his MS in Analytical 

Chemistry working for Peter Griffiths at Ohio University 

(Athens, Ohio). Jim taught short courses in molecular 

spectroscopy with for the Center for Professional 

Advancement for eight years in Amsterdam and New 

Jersey in the 1990s. Jim also has teamed with Chris 

Hassell to run the “Process Analytical Chemistry: Out 

of the Lab and into the Pipes” course on PAT at the 

Federation of Applied Chemistry and Spectroscopy 

Societies (FACSS) conference for 

several years.

    Jim has been active on the 

FACSS governing board and has 

held the offices of governing 

board, program, long-range 

planning, site selection, and 

workshop and employment 

bureau chair positions in the 

FACSS organization since 1996. 

He also is active in the Coblentz 

 Market Profile: Terahertz Spectroscopy

Jim Rydzak
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Society (President elect 2012) and 

the Society of Applied Spectroscopy 

organizations and was active at the 

Eastern Analytical Symposium (EAS) 

as a Coblentz representative or 

alternate from 1999–2007.

FACSS Innovation Awards 
Winners Announced
The Federation of Analytical 

Chemistry and Spectroscopy 

Societies (FACSS) announced 

the winners of the 2011 FACSS 

Innovation Awards, which showcase 

the newest and most creative 

science debuted orally at a FACSS-

organized conference. Shortlisted 

finalists competed in front of expert 

panels for the top prizes at the 2011 

FACSS conference in Reno, Nevada 

(October 2–7, 2011). 

    After commending the high 

quality of the entries, the panel 

selected four equal awardees. 

These are: 

    Ultrasound Enhanced ATR Mid-IR 

Fiber Optic Probe for Spectroscopy of 

Particles in Suspensions, Cosima Koch, 

Markus Brandstetter, Stefan Radel, and 

Bernhard Lendl, Vienna University of 

Technology (Vienna, Austria). 

    Large-Area Standoff Planetary 

Raman Measurements Using a 

Novel Spatial Heterodyne Fourier 

Transform Raman Spectrometer, S. 

Michael Angel and Nathaniel R. Gomer 

of the University of South Carolina 

(Columbia, South Carolina); Shiv K. 

Sharma of the University of Hawaii, 

(Honolulu, Hawaii); and J. Chance 

Carter and  Lawrence Livermore of 

the National Laboratory (Livermore, 

California). 

    Single Molecule Fluorescence 

Imaging Studies of Dynamic 

Processes in Reversed Phase 

Chromatographic Materials, Justin 

Cooper, Eric Peterson, and Joel 

Harris, University of Utah (Salt Lake 

City, Utah). 

    Laser Ablation Molecular Isotopic 

Spectrometry — New Dimension 

of LIBS, Alexander Bol’shakov of 

Applied Spectra, Inc., (Fremont, 

California); Richard Russo of Applied 

Spectra, Inc., and Lawrence Berkeley 

National Laboratory (LBNL) in 

Berkeley, California; Xianglei Mao, 

Dale Perry, and Osman Sorkhabi 

of LBNL; and Chris McKay from 

the NASA-Ames Research Center 

(Moffett Field, California). 

    Each awardee will be 

presented with a cash prize 

and commemorative plaque, 

and are invited to return to the 

conference in 2012 to become a 

point of emphasis in the scientific 

program. The awards will be 

formally presented at FACSS’ SCIX 

conference, which will be held in 

Kansas City from September 30 to 

October 4, 2012. 

    Because of the exceptional quality 

of this year’s submissions, the FACSS 

Governing Board has decided to make 

the FACSS Innovation Awards an 

integral part of the annual conference 

presented by FACSS, and as a result, 

the 2012 FACSS Innovation Awards will 

be presented at the SCIX conference in 

Kansas City. Entries for the 2012 FACSS 

Innovation Awards may be made during 

the abstract submission period for the 

SCIX 2012 conference. Authors may opt 

in for award consideration by marking 

a single check-box during abstract 

submission. All attendees are eligible for 

the award irrespective of educational 

level or professional vocation.

University Develops 
Alternative Materials to 
Silicone Breast Implants 
Using MALS and QELS 
Technology
Researchers at the University of 

Akron’s (Akron, Ohio) Department 

of Chemical and Biomolecular 

Engineering are using macromolecular 

engineering to precision-synthesize 

biocompatible polymers to produce 

bionanocomposites for use as silicone 

alternatives in breast implants. Led by 

Professor Judit E. Puskas, the group 

is using viscometers, refractive-index 

detectors, multiangle (18-angle) light 

scattering (MALS) detectors, and 

quasi-elastic light scattering (QELS) 

detectors from Wyatt Technology 

Corporation (Santa Barbara, 

California) in their study. 

    Traditionally, a simpler system 

would have been used that is 

commonly used with column 

calibration to polymer standards, 

or three-angle light scattering. The 

system the researchers are using 

instead reportedly delivers the 

accurate and reproducible results 

needed when performing these 

cutting-edge polymer studies. 

    The research group is part of 

an interdisciplinary group that 

is pursuing research aimed at 

reducing or eliminating capsular 

contracture associated with breast 

implants to help women in need.

European Airports to Test 
New Bottle Scanner that 
Uses Raman Spectroscopy
The European Civil Aviation 

Conference (ECAC, Neuilly sur Seine, 

France) has approved initial trials 

at several major airports of a bottle 

scanner that uses a proprietary 

technology called spatially offset 

Raman spectroscopy (SORS). The 

scanner potentially can enable 

aircraft passengers to carry liquid 

items larger than 100 mL, such as 

water, cosmetics, perfumes, and 

duty free items, through airport 

security. The scanner exceeded 

the ECAC standard for use with an 

almost perfect detection capability 

and a negligible false-alarm rate 

in unopened containers, ensuring 

maximum safety for the traveling 

public and a minimum of delays. 

The scanner is reportedly capable of 

identifying explosives unambiguously 

inside opaque bottles such as 

colored plastic shampoo containers 

or green glass wine bottles. Other 

systems do not precisely identify the 

threat reliably and may lead to large 

numbers of false alarms or missing 

genuine threats. 

    The SORS technique was 

developed by the Science & 

Technology Facilities Council 

(STFC) Central Laser Facility at its 

Rutherford Appleton Laboratory 

(Oxfordshire, UK), and led to the 

creation of Cobalt Light Systems as 

a spin out of STFC. ◾
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Fran Adar

Raman is usually thought of as a tool for studying molecular and crystalline structure; in this 
context it also can differentiate the amorphous phase from any number of crystalline phases. 
However, it is also known that Raman spectra of a crystalline phase can be acquired under 
conditions where X-ray crystallography indicates that the sample is amorphous. With the devel-
opment of nanophase materials, Raman is exhibiting a unique capability for characterizing 
materials that are between crystalline and amorphous.

The Contribution of  
Raman Microscopy to the 
Characterization of Nanomaterials 

Molecular Spectroscopy Workbench

I 
heard recently that the concept of nanoscience lies 
with Richard Feynman, one of the boy geniuses of 
the Manhattan Project. If you do not know who he 

was, you can do a Google search on Feynman’s name 
that will bring you to a web site (feynmanonline.com) 
with this interesting summary of who he was: “This web 
site is dedicated to Richard P. Feynman (1918–1988), 
scientist, teacher, raconteur, and musician. He assisted 
in the development of the atomic bomb, expanded the 
understanding of quantum electrodynamics, translated 
Mayan hieroglyphics, and cut to the heart of the Chal-
lenger disaster. But beyond all of that, Richard Feynman 
was a unique and multifaceted individual.” To get to the 
point, Feynman delivered a lecture on December 29, 
1959, entitled “There’s Plenty of Room at the Bottom” (1), 
which is cited as the origin of nanoscience. Several points 
are of interest. First, the transcript of the lecture has no 
term with “nano” in front of it, even though he describes 
things on the nanoscale level. Second, he describes many 
technologies that were far from development in 1959, but 
have since appeared. For example, he described nano-
lithography for storing all the information accumulated 

by man in something small enough to carry around, and 
miniaturizing computers, using germanium as the active 
substrate! But for us, what may be most interesting is a 
comment that he makes in the section entitled “Better 
Electron Microscopes”; he talks about using a better elec-
tron microscope that would enable one to visualize where 
the atoms are for chemical analysis. Maybe such a micro-
scope has come close to realization, but we also should 
note that spectroscopy has been developed for indirect 
chemical analysis and is being done during reactions, 
which would be difficult to do in an electron microscope. 

The goal of this column is to discuss the use of spec-
troscopy in studying nanomaterials, in particular, how 
Raman spectroscopy is being used to study nanomateri-
als. However, we are not going to include a discussion of 
microcrystalline and disordered carbon, carbon nano-
tubes, or graphene because we have dealt with them in 
earlier columns, and they actually are special cases.   

Phonon Confinement

The essential point to understanding Raman spectra 
of solid-phase nanomaterials is to recognize the effect 
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of the crystallite size on the optical phonons that we 
detect. That means reviewing a bit of solid state phys-
ics. The reader is directed to the August 2007 issue of 
the Journal of Raman Spectroscopy, which was devoted 
to review papers on nanomaterials. In particular, the 
article by Arora and colleagues (2) discusses the role of 
phonon confinement in solids. Because this concept is 
key to understanding how Raman can contribute to the 
analysis of nanomaterials, we will attempt to summa-
rize the theory here.

In a crystal of essentially infinite dimensions, there 
is translational symmetry that is ref lected in the con-
servation of momentum selection rule. The phonons 
in such crystals are described by both their energy (ω) 
and wavevector (q). The wavevector describes how the 
phonon propagates in the crystal and is consequently 
a vector quantity — it has direction and magnitude. 
The wavevector can vary between 0 and π/2ai, where 
ai is the lattice constant along the ith axis. In a Raman 
scattering event the laser light enters a crystal along an 
axis, for instance the Z direction (for example, a (001) 
face) and the scattered light can be collected in the 
back-scattering geometry (-Z); to conserve momentum, 
for this geometry the scattering wavevector is k l - ks = 
k l - (-k l) = 2k l = qph where k l is the wavevector of the 
laser photon in the crystal, ks is the wavevector of the 
scattered light in the crystal, and qph describes the 
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Figure 1: Typical dispersion curves for phonons in a crystal with 2 

atoms/unit cell (for example, Si, Ge, and diamond). The x axis describes 

the momentum in a crystal, and the y axis describes the phonon energy. 

In the acoustic mode the atoms move in phase; in the optic mode they 

move out of phase. If the two atoms are dissimilar the phonon will 

support a dipole moment, will be IR-active, and there will be a splitting 

between the TO (transverse optical) and LO (longitudinal optical) 

modes. In longitudinal mode, atomic motion is parallel to the direction 

of propagation.
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phonon scattering wavevector. The 
wavevectors in crystals of all vis-
ible photons are so close to zero in 
the reciprocal lattice that it is said 
that first order Raman scattering 
always occurs at the “Brillouin zone 
center” which means q = 0. It is this 
approximation that breaks down in 
nanocrystals.

All states of a crystal (electronic 
and vibrational or phonons) are 
described in terms of energy and 
momentum. Electronic and pho-
non states cannot assume arbitrary 
energies and momenta in crystals. 
These states have to fit the proper-
ties of the crystal. The relationship 
between energy and momentum, 
called dispersion, is described in 
Figure 1, which shows the disper-
sion curves for the acoustic and 
optical phonon modes in a crystal 
with two atoms in the unit cell such 
as silicon, germanium, or diamond. 
If the crystal is small, the phonons 
are not free to drift over large dis-
tances. There will be scattering at 
the crystal boundaries which will 
change the phonon wavevector, ef-
fectively introducing uncertainty to 
its value.  

The uncertainty in the phonon 
momentum means that scattering 
occurs not only at Δk = q = 0, but 
for some values of q greater than 0; 
the uncertainty in q is estimated to 
be equal to π/d, where d is the size 
of the grain. Clearly the smaller 
the value of d, the more the con-
tributions from farther along the 
dispersion curve. In an early pub-
lication dealing with Raman scat-
tering from such small crystals (3), 
a Gaussian confinement model was 
developed.  

For isolated nanocrystals, the 
phonon cannot extend beyond the 
crystal boundary so its wavefunc-
tion is to be multiplied by a Gauss-
ian confinement function, W(r), 
which is sometimes expressed as

W(r) = exp (-αr2/d2)  [1]

where d is the dimension of a 
“spherical crystal” and α describes 
how rapidly the phonon amplitude 

decays close to the surface. The 
scattering intensity is predicted to 
follow

I(ω) = ∫ ∣C(q)∣2________________
[ω - ω(q)]2 + (Γ

o
/2)2 dq  [2]

where C(q) is a q-dependent weight-
ing function that depends on the 
confinement model and Γo is the 
natural width of the zone-center 
optical phonon. This equation for 
I(ω) is compared to the measured 
spectrum to account for the shift 
and asymmetric broadening of the 
peaks. Usually, the dispersion of the 
optical phonon slopes downward 
around the center of the Brillouin 
zone (Figure 1), so the observed 
Raman signal becomes asymmetric 
with a tail on the low energy side. In 
cases where the phonon dispersion 
curve goes up before it goes down, 
the asymmetric tail will appear on 
the high frequency side; this has 
been observed in TiO2 (4).  

It is sometimes the case that 
more broadening and asymmetry 
are recorded than can be accounted 
for by the model. In this case, it is 
possible to invoke defect-induced 
scattering that shorten the lifetime 
and add to the broadening (Lorent-
zian function). In summary, the 
asymmetry can be attributed to a 
number of factors such as particle 
size distribution and irregular-
ity in the particle shape (Gaussian 
function), as well as confinement. 
Arora and colleagues (2) surveyed 
the Raman scattering in many ma-
terials. One of the more interesting 
examples is porous silicon, which 
is of technological interest because 
of its efficient photo- and electro-
luminescence, despite the fact that 
the parent silicon is an indirect gap 
material (which means that it will 
only luminesce weakly as a phonon 
is created or absorbed during the 
electronic transition to take up 
the difference in wavevector of the 
electron in the conduction band 
and the hole in the valence band). 
In fact, it has been shown that the 
strong photoluminescence caused 
by a radiative recombination of 
carriers across the indirect gap in 

porous silicon is mediated by the 
confined phonons (5). 

Applications
Since the development of chemical 
vapor deposition (CVD) methods 
to synthesize diamond films in 
the 1980s, Raman spectroscopy 
has been seen as a valuable tool 
for characterizing these materials. 
The size of the diamond crystals, 
the presence of twinning, and 
the amount and character of the 
nondiamond component has been 
correlated with conditions of depo-
sition. While it was presumed that 
there could be nanocrystalline dia-
mond present, its Raman spectrum 
was only identified in the year 2000 
with the use of 244-nm excitation 
(6); the requirement for UV excita-
tion is based on the need to reduce 
the relative contributions from the 
nondiamond species, and to detect 
the Raman signal in the absence of 
luminescence (which would occur 
at longer wavelengths). (In fact, the 
244-nm-excited spectrum of CVD 
diamond was recorded in 1995, and 
the dependence of the peak position 
and width as a function of deposi-
tion conditions was noted, but not 
identified as evidence for nanodia-
mond [7].) If the Raman spectra of 
CVD diamond films are recorded 
with visible excitation wavelengths, 
one finds that a broad band at 1150 
cm-1 often occurs, and it has often 
been attributed to nanodiamond. 
However, the band always occurs 
with a second band at 1450 cm-1, 
and the excitation-wavelength de-
pendence of the vibrational ener-
gies indicated that it could be more 
accurately assigned to resonance-
enhanced transpolyacetylene seg-
ments at grain boundaries (8). 

Raman scattering in nanopo-
rous semiconductors also has been 
reviewed in the 2007 issue of the 
Journal of Raman Spectroscopy (9). 
In addition to a discussion of porous 
silicon and germanium, this review 
article considers scattering by polar 
semiconductors in which surface 
phonons with energy between that 
of the TO and LO phonons of the 
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bulk material appear. Because the 
surface phonons couple to the free-
carrier plasmons, carrier depletion 
can be studied.

In their review article, Gouadec 
and Colomban (10) consider the 
role of interactions between nano-
phases in crystal growth and in 
composite structure and properties. 
In composites, one needs to be con-
cerned with what happens at grain 
boundaries as well as in the grains 
themselves. When the composite is 
made of nanomaterials, the concen-
tration of the boundaries relative 
to the bulk is quite high. Reactions 
at the grain boundaries include lat-
tice reconstruction, passivation or 
corrosion, and contamination. In 
addition, large thermal-chemical 
gradients during processing result 
in further changes including the 
production of new phases. An inter-
esting observation that the authors 
cite is the conversion of gas phase–
deposited TiO2 particles from rutile 
to the anatase structure at 5 nm 

diameter because of differences in 
surface energy (11). 

Gouadec and Colomban con-
sider the morphology (following 
crystallization and amorphization 
processes) of covalently bonded 
materials, especially inorganic and 
organic polymers. They point out 
that the long range order is directly 
ref lected in the lattice and libra-
tional modes that occur in the low 
frequency range of the spectrum 
(<100 cm-1) and Raman bands of 
molecular motions broaden in the 
amorphous phase in an analogous 
fashion to what is observed in X-ray 
diffraction (XRD). Thus the vibra-
tions of the molecular motion are 
sensitive to short range order and 
the librational and lattice modes 
are sensitive to long range order re-
quired for crystallinity. They point 
out that it is possible to estimate the 
relative amounts of crystalline vs. 
amorphous phase by band-fitting 
the low frequency part of the spec-
trum to a Rayleigh background, an 

amorphous mode, and a crystalline 
lattice mode. As an example they 
reproduce the polarized spectra of 
a polyamide 6.6 fiber. The polariza-
tion behavior is observed for both 
the amorphous and the crystalline 
components. From these measure-
ments it was possible to understand 
that the mechanical fatigue of the 
fiber follows from the transforma-
tion of the amorphous phase (12). 

At this point, I want to diverge a 
bit. Since 1990, when Raman instru-
ments were built on a single mono-
chromator platform used in con-
junction with some type of Rayleigh 
filter, the low frequency cutoff has 
been about 100 cm-1. Until recently, 
if one wanted to measure spectral 
features much lower than 100 cm-1, 
the only recourse was to use a triple 
spectrograph, which is a more com-
plicated, more expensive instrument 
with less throughput. Within the 
past year or two Bragg filters have 
become available that allow mea-
surement of Raman bands down to 
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10 cm-1 on specially designed single 
grating spectrographs (13).

Gouadec and Colomban also de-
scribed the vibrational motion in 
nanoparticles. The elastic sphere 
model employed molecular dynam-
ics simulations to calculate the vi-
brational density of states (14). The 
results of these calculations were 
the description of spheroidal modes 
(involving radial displacements) and 
torsional modes (involving tangen-
tial displacements with no volume 
change). Calculations show that the 
frequency is proportional to the par-
ticle diameter, and this finding has 
been confirmed in some systems.  

Gouadec and Colomban also 
considered in what size domains the 
two models (phonon confinement 
vs. elastic sphere models) were most 
appropriate. They estimated that 
bulk properties should be adequate 
for crystals larger than ~50 nm. 
Between ~5 and 10 nm the elastic 
sphere model should be used. The 
phonon confinement model will be 
valid for crystals in the ~15–50 nm 
size range. Between ~10 and 15 nm, 
the elastic sphere and phonon con-
finement models overlap. Note that 
when these particles are embedded 
in a matrix there are additional pos-
sibilities for internal stress and other 
physical phenomena that can affect 
the spectra.  

Ceramics and glass-ceramics 
are a class of composite materials 
whose properties can potentially 
be followed by analyzing their 
Raman spectra in the framework 
of nanomaterials. Transformations 
between various crystalline and 
amorphous phases during process-
ing through the mesoporous and 
gel phases can be followed. Because 
the spectra of both tetrahedral and 
octahedral species in amorphous 
metal oxide structures have been 
assigned, one can infer details of 
the connectivity and distortions of 
these glasses as a function of sam-
ple history (that is, processing).  

One of the more important types 
of composite is the reinforcement 
of ceramics with fibers because the 
final product is refractory, with 

low density and high damage tol-
erance. The goal is to incorporate 
fibers in the amorphous phase and 
prevent the onset of crystallization 
and grain growth. The shear stress 
between a fiber and its matrix can 
be studied by following the Raman 
shift as a function of position of 
the fiber relative to its exposure at 
the end of the part. (This is only 
possible when the matrix is opti-
cally transparent). 

The behavior of glasses was men-
tioned in some of the examples 
above. In fact, the study of glass is 
a field in its own right, and by its 
very nature it can be aided by the 
concepts of nanomaterials. The goal 
of the analysis of glasses is to de-
termine where in the phase space of 
composition good glasses with low 
quench rates will form. Experiments 
are confirming theoretical predic-
tions that the sweet spots occur 
when there are “rigid but stress-free 
networks.” According to Boolchand 
and colleagues (15), Raman scat-
tering has been important in deter-
mining the “intermediate phases” 
in which “local and medium range 
molecular structures . . . form iso-
statically rigid networks . . . that do 
not age.”

Summary
In this column installment, I tried 
to indicate how Raman spectros-
copy has been contributing to the 
characterization of nanomaterials 
that are of intellectual and techno-
logical interest. To understand the 
concepts used to study these mate-
rials, interested readers will have 
to get a crash course in some areas 
of solid-state science if they have 
not been exposed to these concepts. 
The goal in this installment is to 
indicate what would be of interest 
in using Raman spectroscopy to 
study these materials and to pro-
vide an entry guide to the litera-
ture.

Next Installment
Before we wrap up, I would like 
to welcome David Tuschel as my 
collaborator on this column. The 
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feedback that I have been getting 
on the column is quite good, and 
consequently the two of us will 
be publishing five installments 
a year, instead of the three that I 
have been publishing until now. 
David’s first column will appear in 
the March issue. I want to thank all 
of you that have shared your com-
ments with me. Keep them coming, 
and be sure to read David’s install-
ment next month.
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A comparison of the experimental results to the theoretical expectations showed appreciable 
discrepancies. We consider possible problems in the execution of the experiment as the cause 
of these discrepancies.

Classical Least Squares, Part VIII: 
Comparison of CLS Values with 
Known Values

T
his column is an installment in a series of our discus-
sion of the classical least squares (CLS) approach to 
calibration (1–7). Where do we stand as of now? At 

this point, we have developed the theory of the CLS ap-
proach to calibration (1,2), described the measurement 
procedures and the data (3,4), and shown that when we 
apply the mathematical theory to the data we can recon-
struct the spectra of the mixtures (5).

However, the theory of CLS only considers the relation-
ship of the spectrum of a mixture to the spectra of the 
components of that mixture; the theory tells us nothing 
about the relationship of the spectrum to other properties 
of the mixture. In particular, it is silent on the question of 
the concentrations of the various mixture components. 
The numerical results of the CLS calculations are fractions, 
each representing the fraction that each mixture compo-
nent contributes to the total mixture spectrum.

Therefore, the remaining task is to verify whether the 
coefficients calculated for the spectra in fact represent the 
concentrations of the various components in the different 
mixtures. We begin this task by presenting the actual con-
centrations in the experimental mixtures made. The values 
in the experimental design, as we presented them in our 
May 2011 installment as Figure 5 (5), are the target values 
for the various mixtures comprising the design. The actual 
mixtures were made up gravimetrically to be close to the 
target values, but the true weight percentages were calcu-

lated from the actual weights of the various components 
added to the mixtures. Table I presents those actual values.

In our previous columns (5,6), we found that by comput-
ing the regression coefficients for the spectra of the pure 
components using the CLS algorithm and then applying 
those coefficients to those same pure component spec-
tra, we were able to reproduce the spectra of mixtures of 
those materials very well. Our interest now is to ascertain 
whether the coefficients we calculated do, in fact, represent 
the concentrations of the corresponding materials.

Theoretically, any of the spectral regions having the 
absorbance bands that we previously noted should give 
equivalent results, the same results, and the correct results. 
It therefore makes sense to use both the entire spectral 
region we measured and each of the individual spectral re-
gions that we previously separated out and plotted.

Table II presents the coefficients calculated from the various 
spectral regions for one of the ternary mixtures (25% toluene, 
25% dichloromethane, and 50% n-heptane). We see that there 
is some variation in the percentage of each component calcu-
lated at the different wavelength ranges. Thus, we also calcu-
lated the mean percentage of each mixture component and 
include that as an entry in the table.

By “splitting the difference” this way, we expect that the 
mean composition we calculate will be a better estimate 
of the “true” calculated value in any of the individual cal-
culated values. We are now ready to present the results for 
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all of the different mixtures that our 
experimental design specified. These 
are given in Table III, which also 
contains the actual gravimetric val-
ues for the composition. We use the 
term “actual” because even though 
the experimental design illustrated 
in Figure 5 of the May 2011 install-
ment (5) specified the design points 
to use, the individual samples were 
made up according to the “dispense 
approximately and measure exactly” 
paradigm for preparing samples.

What do we observe in the results 
of Table III?

Although sporadic readings (such 
as toluene in sample 9) showed good 
agreement between the gravimetric 
and spectrally calculated values, 
for the most part the two readings 
disagreed markedly, often by several 
percent or more. We therefore have 
to conclude that this isn’t working 
very well.

Troubleshooting
Why isn’t the CLS method working? 
The first call to action is to suspect 
the experimental procedures. The 
two obvious potential causes for the 
disagreement are problems with the 
model or spectral data and problems 
with the composition values (that is, 
what we normally attribute to “refer-
ence laboratory error”).

Let us examine these potential 
causes: Is the problem with the model?
•	The reconstruction of the spectra is 

nearly perfect (for the whole spec-
trum and at all subranges).
•	The results from the whole spec-

trum and from all subranges are 
consistent.
•	The results for samples with similar 

compositions are consistent. Some 
spectra were measured more than once; 
those gave virtually identical results.
•	Closure: the spectrally computed 

compositions add to 100%.
•	B0 => 0 (not shown in the tables, but 

the constant term of each CLS cali-
bration approximates zero very well).
The conclusion we drew from this 

evidence was that the spectral values 
were correct, and there is no problem 
with the spectra or with the model.

Is the problem with the com-
position values (that is, “reference 
value” error)?
•	Proper care was taken to avoid changes 

because of evaporation. Checks per-
formed (such as loss of weight on 
standing) showed no effect.
•	The samples were made up gravi-

metrically, so their compositions are 
precisely and accurately known.
•	The laboratory technique of mixing 

was excellent. Ron Rubinovitz, who 
did the experimental work, is an ex-
perienced and careful worker.

•	The possibility of evaporation was 
further considered:
( a) n-Heptane has a lower boiling 
 point than toluene, therefore  
 evaporation should cause the  
 n-heptane to decrease faster than 
 toluene and thus show a decrease  
 in relative percent. However, it  
 showed a relative increase.

 (b) Proper care was taken to avoid  
 changes caused by evaporation.
(c) Multiple measurements of  

 spectra showed no changes in   
 spectra with time

 (d) Dichloromethane is the lowest-
boiling material in the samples. 
Thus, samples with zero dichlo-
romethane should have shown no 
effect from this cause, but despite 
this, there were differences be-
tween samples, counter to what 
we expected from evaporation.

 (e) Evaporation should have caused 
ternary samples to show an 
effect proportional to the con-
centration of dichloromethane, 
(again because that is the lowest-
boiling component), but this was 
not observed.

Conclusions from this evidence:
•	The samples were made up correctly.
•	Evaporation was not a cause of the 

variations.
•	The component values were cor-

rect, there was no problem with the 
sample compositions.
Thus, we see that there is no 

reason to suspect problems with 
any of the experimental data, nei-
ther the gravimetric values nor 
the spectral values. So, what is the 
cause of the discrepancy? 

After considering the potentials 
for error in the measurements (both 
in the spectra and in the reference 
values) we concluded that those 
were both correct, and therefore 
the discrepancy is because of a 
fundamental problem in the inter-
pretation: When we measure spec-
tra and when we measure weight 
percentages we are measuring dif-
ferent things. Normally when we 
do spectroscopic calibration, the 
calibration calculations connect the 
different types of measurements 
and implicitly make the appropri-

Table I: Actual values for the various mixtures in the experimental design

Sample Toluene Dichloromethane n-Heptane

1 100 0 0

2 76.40 23.60 0

3 74.10 0 25.90

4 50.30 49.70 0

5 48.90 25.11 25.99

6 49.94 0 50.06

7 25.30 75.77 0

8 25.33 49.65 25.02

9 23.86 26.45 49.68

10 25.19 0 74.81

11 0 100 0

12 0 75.04 24.95

13 0 49.54 50.46

14 0 24.34 75.66

15 0 0 100
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ate corrections for the differences 
in the units used as well. There is 
an implicit and unstated assump-
tion that except for scaling factors, 
all measures of concentration are 
equivalent.

Our conclusion here is that the 
problem is in the interpretation of 
the meaning of “concentration”. 
There is a fundamental difficulty: 
What is it that we are measuring? 
The mathematics of CLS calculations 
ensure that the calibration calcula-
tions allow us to determine the frac-
tion of the spectral information from 
each component in the various mix-
tures, but because there is no con-
nection with the physical properties 
of the mixtures, there is no a	priori 
reason to expect that the weight per-
centage is the correct physical prop-
erty to use.

Because we so often use weight per-
cent as the operative composition vari-
able when performing near-infrared 
(NIR) calibrations, we normally as-
sume that the spectrally active mol-
ecules are present in proportion to 
their weights. However, upon reflection 
on the subject, it is clear that this can-
not be true. Molecules with the same 
number of, say, methyl groups, could 
have considerably different molecular 
weights. Thus, a calibration model that 
happened to key in on the absorbance 

of methyl groups might have the same 
coefficients for the spectral absor-
bances of the methyl groups, but this 
clearly could not correctly translate 
into the same weight percentage for the 
two different molecules. When we do 
“ordinary” types of NIR calibrations 
the weight percent of the analyte is 
generally given as one of the pieces of 
the input data. 

Therefore, coefficients that are 
calculated for multiple linear regres-
sion (MLR), principal components 

Table III: Gravimetric and spectrally calculated compositions for all samples

Sample
Gravimetric Values Spectroscopic Values

Toluene Dichloromethane n-Heptane Toluene Dichloromethane n-Heptane

1 100.00 0 0 100.00 -0.00 0.00

2 76.40 23.60 0 83.06 14.39 1.58

3 74.10 0 25.90 70.45 0.72 29.21

4 50.30 49.70 0 61.04 35.35 3.03

5 48.90 25.11 25.99 50.76 15.84 33.79

6 49.94 0 50.06 45.57 0.76 54.33

7 25.30 74.77 0 34.78 62.43 2.68

8 25.33 49.65 25.02 28.82 35.17 36.53

9 23.86 26.45 49.68 23.67 15.54 61.30

10 25.19 0 74.81 21.98 0.47 77.85

11 0 100.00 0 -0.00 100.00 0.00

12 0 75.04 24.96 -0.47 61.19 40.87

13 0 49.54 50.46 0.50 34.76 67.21

14 0 24.34 75.66 0.33 14.72 86.47

15 0 0 100.00 0.00 -0.00 100.00

Table II: Results from sample with nominal composition: 25% toluene, 25% dichloromethane, 50% n-heptane. All tabled values 
are wt %.

Component
Actual wt 

%
Using All  

Wavelengths
4500–5000 

cm-1
5000–6500 

cm-1
6500–7500 

cm-1
7500–9000 

cm-1
Mean Spectral 

Value

Toluene 23.86 23.67 22.66 26.42 19.82 21.66 23.01

Dichloromethane 26.45 15.54 17.79 14.15 14.08 16.90 17.48

n-Heptane 49.68 61.30 46.75 60.72 62.06 61.03 56.92

Table IV: Converting the weight % values to mole %

Component
Known 

Weight %
Molecular 

Weight
Number of 

Moles
Mole %

Spectral 
Value

Toluene 23.86 92.13 0.2590 24.29 23.01

Dichloromethane 26.45 84.94 0.3114 29.21 17.48

n-Heptane 49.68 100.2 0.4958 46.50 56.92
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regression (PCR), or partial least squares (PLS) calibrations 
implicitly incorporate into themselves whatever conversion 
factors are needed to convert the spectral changes into the 
weight percent compositions of the samples. In the current 
experiment, we don’t have that information to put into the 
calibration calculations. We have seen that the model we 
developed does, in fact, accurately predict the spectrum of 
the mixture, if not the weight percent. It is clear that the co-
efficients of the pure materials that were calculated are solely 
functions of the spectral behavior of the materials, whereas 
the composition information we are trying to relate that to is 
defined in terms of the weight percent, and we have nothing 
to draw a connection with between the two disparate types 
of units.

A dimensional analysis can show this, also:

Units for spectra:
A
T
 + AD + AH = Amix

Units for reference values:
Wt%T + Wt%D + Wt%H = Wt%mix

Even worse, although each set of units is self-consistent, 
not only are the nominal units for the two types of measure-
ment different, they are incompatible. When we use CLS to 
calibrate the spectra for the mixture composition, that has 
nothing to do with the weight percentages of the mixture 
components, and nothing in the calibration process creates 
that connection.

Therefore, we see that although the CLS algorithm gives 
us the contribution of each pure component to the spectral 
mixture, as noted above it does not create a connection to 
the physical mixtures that are being measured. The experi-
menter has to create, or find, the connection between the 
weight percentages that were used to specify the mixtures 
and the spectral results obtained from those mixtures. The 
reference results, therefore, need to be converted into units 
that relate to the fundamental composition of the samples as 
measured by the spectroscopy, not their weight percentages. 

The Search for Composition
It’s clear that the spectral results must be reflecting some 
physical characteristic of the samples. Although we don’t 
know yet what that characteristic is, from the data it’s also 
clear that it’s not weight percentages. This actually shouldn’t 
be too surprising. The weight of a molecule is determined 
mainly by the nuclei of the atoms in the molecule and, those 
do, after all affect the vibrational frequencies. On the other 
hand, there is no direct connection between what happens 
in the atomic nuclei and the interactions of the electromag-
netic radiation with the atoms, because those interactions 
involve the electron clouds surrounding the atoms and mol-
ecules, but not the nuclei.

After some thought, it also becomes almost intuitively 
obvious that at this fundamental level, there’s no reason 
to expect a relationship between the spectroscopy and the 
weights of the materials. The weight of a substance, after all, 
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comes from the nuclei of the atoms in that substance. The 
nuclei, however, at most play an indirect role in the interac-
tions between electromagnetic radiation and the electron 
clouds of the materials that give rise to the absorbance. The 
conclusion here is that there is no reason to expect a rela-
tionship between the nuclei and the spectroscopy.

First Alternate Unit Considered

Our initial guess in this direction was that absorbance is 
proportional to the number of molecules absorbing. Or-
dinarily, weight percent is a surrogate for that, with unit 
conversions implicit in the standard calibration algorithms 
“filling in the holes.”

Therefore, in the absence of that mathematical connec-
tion and to connect the spectroscopy to the gravimetry, 
our initial approach is to convert the weight percent into a 
measure of the relative number of molecules (that is, mole 
percent). This is a fairly straightforward calculation. Know-
ing the molecular weights of the pure materials we are using, 
we can perform our calculations; for example, by assuming 
100 g of mixture so that the weight percent of each material 
in the mixture equals the actual weight (strictly speaking, 
mass) of each material, which is known. Dividing the weight 
of each material by its molecular weight gives us the number 
of moles of each material, and then the mole percent of each 
material can be calculated. For our example, we will use the 
mixture 25% toluene, 25% dichloromethane, and 50% n-
heptane (sample 9 in Table III) as our benchmark mixture. 
This is convenient because we already used the results from 
that mixture in Table II, and that can serve as a comparison 
value for us. Table IV shows, step-by-step, the results of con-
verting the weight percent values to mole percent values, as 
described above. We also include the spectral (CLS) value on 
the right hand side of the table, for comparison.

We can similarly compute the values for all the samples in 
the study, as we did in Table III for the gravimetric results. 
Those data are presented in Table V.

Comparing the mole percent values with the weight per-
cent values (from Table II) we see that while the value for 
toluene is almost unchanged, the values for the other two 
components differ even more from the spectrally computed 
values than they previously did. This correction seems to 
have resulted in a degradation of the results, rather than 
an improvement. Thus, we see that the mole percent still 
doesn’t adequately represent the spectroscopic results. We 
need to look further.

Second Alternate Unit Considered

After further cogitation, the realization dawned that when 
we measure spectra in the NIR region, we are not necessarily 
measuring the amount of different molecules. One of the first 
lessons learned by anyone doing NIR spectroscopy is that 
virtually all absorbance bands that are NIR-active are caused 
by the various vibrations of hydrogen atoms in the samples. 
Indeed, while we have not extensively discussed the point, 
we noted early on in this study that the absorbance bands of 
the different molecules are grouped together in some fairly 
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well defined ranges (for example, 4500–
5000 cm-1). In fact, we even used those 
various ranges when we plotted the 
data, because all three materials’ absor-
bance bands fell into the same ranges. 
Considering the various underlying 
molecular vibrations, we know, for ex-
ample, that the 4500–5000 cm-1 range 
(corresponding to 2200–2000 nm), 
corresponds to the combination of the 
stretching and bending vibrations of 
-CH2 and the 5000–6500 cm-1 range 
(which corresponds to 1530–2000 nm) 
is because of the second overtone of the 
various CH stretching vibration, and 
so forth.

From this we conclude that it is not 
necessarily the number of moles (or 
molecules) of each compound that 
are present that should matter, but the 
number of moles of hydrogen atoms 
from the various sources, because 
those are the atoms that are spectro-
scopically active. For the compounds 
used in this study, one molecule can 
have anywhere from two (dichloro-
methane) to 16 (n-heptane) hydrogen 
atoms. This difference needs to be 
taken into account. In Table VI we 

Table V: Mole % and spectrally calculated compositions for all samples

Sample
  Mole % Values Spectroscopic Values

Toluene Dichloromethane n-Heptane Toluene Dichloromethane n-Heptane

1 100.00 0 0 100.00 -0.00 0.00

2 77.83 22.16 0 83.06 14.39 1.98

3 72.45 0 27.54 70.45 0.72 29.21

4 52.32 47.67 0 61.04 35.35 3.03

5 48.74 23.07 28.17 50.76 15.84 33.79

6 47.84 0 52.15 45.57 0.76 54.33

7 26.84 73.15 0 34.78 62.43 2.68

8 25.76 46.55 27.67 28.82 35.17 36.63

9 23.32 23.84 52.82 23.67 15.54 61.30

10 23.64 0 76.35 21.98 0.47 77.87

11 0 100.00 0 -0.00 100.00 0.00

12 0 71.81 28.18 -0.47 61.19 40.87

13 0 45.42 54.57 0.50 34.76 67.21

14 0 21.42 78.57 0.33 14.72 86.47

15 0 0 100.00 0.00 -0.00 100.00
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copy the pertinent information from 
Tables IV and V, add the information 
about the number of hydrogen atoms 
per molecule, and then compute the 
percentage of hydrogen atoms from 
each material in the mixture.

We see in Table VI that the mole 
percent of hydrogen atoms still doesn’t 

adequately represent the spectroscopic 
results. If anything, the correction 
went too far. The toluene value, which 
was in reasonably good agreement be-
fore, now also deviates wildly from the 
spectral value. The dichloromethane, 
whose weight percent and mole per-
cent values were much higher than the 

spectral value is now far too low, and 
the n-heptane went from being too low 
to being too high.

Third Alternate Unit Considered

The next guess as to the nature of the 
physical characteristic that might con-
form to the spectroscopic behavior was 

Table VI: Composition corrected for molecular weight and number of hydrogen atoms

Known 
Weight %

Molecular 
Weight

Number 
Moles

Mole %
Number of  
H/Molecule 

Moles of H % H
Spectral 

Value

Toluene 23.86 92.13 0.2590 24.29 8 194.32 19.5 23.01

Dichloromethane 26.45 84.94 0.3114 29.21 2 58.42 5.86 17.48

n-Heptane 49.68 100.2 0.4958 46.50 16 744.0 74.64 56.92

Table VII: Hydrogen percentage corrected for density

Component
Weight 
(Weight 

%)

Molecular 
Weight

Density  
(g/mL)

Moles/ 
100 mL 

(density/
MW)

Mixture 
Moles/mL 
(wt % × 
mol/mL) 

%  
mol/mL

Moles 
Hydrogen 

Atoms

% Hydrogen  
Atom

Spectral 
Value 

(Reference)

Toluene 23.86 92.13 0.867 0.941 22.45 22.92 8 22.30 23

Dichloromethane 26.45 84.94 1.336 1.573 41.60 42.47 2 10.33 17

n-Heptane 49.68 100.2 .6837 0.682 33.90 34.61 16 67.36 56
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to correct the percentage of the number 
of hydrogen atoms for the volume they 
occupy by applying a correction for 
the density of each component. This 
volume density of hydrogen atoms was 
calculated as follows:
•	First, we note that to correct for 

density we need to know the weight 
(mass) of each component. There-
fore, for the purpose of this calcula-
tion we again make the assumption 
that we are working with 100 g of 
mixture, so that the weight of each 
component is the same as the weight 
percent in the mixture.
•	The volume occupied by a mole of 

each pure component is calculated 
from its density and molecular 
weight.
•	The volume occupied by the given 

concentration of a component in the 
mixture is calculated from the molar 
volume and the weight percentage in 
the mixture.
•	From the results of those three steps, 

we calculate the fraction of volume 
occupied by each component.

•	Multiply that by the number of hy-
drogen atoms in each component.
•	Compute the fraction of hydrogen 

atoms from each component contrib-
uting to the spectrum.
As we can see in Table VII, this 

transformation did not make any ap-
preciable improvement, either.

We continue in our next column 
with a report on the results of a repeti-
tion of the work.
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T
he color of red wine is an important quality parameter 
for both scientific and commercial purposes. Although 
some color components contribute to the sensory pro-

file of a wine (such as astringency and bitterness), the color 
itself affects the consumers’ preference and sensory expec-
tations. Anthocyanins are the pigments responsible for the 
color of red wine grape cultivars and the color of young red 
wine. The anthocyanins in grapes are glucosides of five an-
thocyanidins: malvidin, delphinidin, peonidin, cyanidin, 
and petunidin. These occur as -3-O-glucosides, -3-O-acetyl-
glucosides, and 3-O-p-coumaroylglucosides (1). In young 
wines, the majority of color results from these monomeric 
anthocyanins, with up to 50% of color derived from copig-
mented forms (2). Copigmentation refers to the association 
of anthocyanins with certain phenolic acids, flavonols, and 
flavones, as well as self-association, which results in the hy-
perchromic and frequently bathochromic shift in the visible 
absorbance (2). As wines age, the monomeric anthocyanins 
react with tannins to form more stable molecules, known 
as pigmented polymers, that are responsible for the color 
of mature red wines. The polymeric pigments can be fur-
ther classified into two categories: long polymeric pigments 
(LPPs) and short polymeric pigments (SPPs). LPPs consist of 

those chains with a polymer length greater than three, which 
can be precipitated with protein, and SPPs, those that do 
not precipitate with protein (3). The nature of these fractions 
has been the subject of recent research to determine their 
structures. In the case of the LPPs, these are likely antho-
cyanins covalently bound to tannin polymers; however, the 
reaction mechanism by which this process occurs in the wine 
and the factors that influence rates of pigmented polymer 
formation are not fully understood yet (4,5). SPPs include 
some compounds comprising anthocyanins bound to f la-
vanol oligomers, but also include pigments resulting from a 
range of reactions to form new compounds such as vitisins, 
portisins, and pinotins (6–8) (Figure 1). Several techniques 
are currently used to analyze grape and wine color, includ-
ing ultraviolet (UV), visible (vis), near-infrared (NIR) and 
mid-infrared (MIR) spectroscopy.

The UV–vis Measurement of Red Wine Color

The UV–vis portion of the electromagnetic spectrum con-
tains much information regarding phenolic compounds. 
The anthocyanins have absorbance features at 267–275 nm 
and 475–545 nm; the benzoic acids show a single absorbance 
in the region of 235–305 nm; hydroxycinnamic acids have 

Andrea Versari, Giuseppina Paola Parpinello, and Luca Laghi

The chemistry of red wine color is a complex topic that is of great interest for winemaking. Improved 
or innovative methods of analysis are required for research and quality control. Several techniques 
are currently available to analyze grape and wine color, including high performance liquid chroma-
tography and ultraviolet, visible, near-infrared, and mid-infrared spectroscopy. In particular, Fourier-
transform infrared spectroscopy combined with chemometrics is well suited for correlating the spec-
tral response of a sample to its compositional profile, and represents a valid alternative to the stan-
dard UV–vis technique. This short review focuses on the application of spectroscopy for the analysis 
of grape and wine color components and the contribution of spectral preprocessing to improve the 
multivariate calibration.

Application of Infrared 
Spectroscopy for the Prediction 
of Color Components of  
Red Wines
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absorbance maxima at 227–245 nm 
and 310–332 nm; f lavonols typically 
have maxima in the 250–270 nm and 
350–390 nm regions; and the f lavan-
3-ols (catechins) have a single absor-
bance band at about 280 nm (9,10). In-
spection of second-derivative spectra 
revealed peaks at 440, 460, 480, 500, 
550, 610, and 645 nm, representing the 
various chemical forms of anthocya-
nins depending on pH, concentration, 
and individual anthocyanin species 
(11). Figure 2 shows the absorbance 
spectra of aqueous methanolic solu-
tions of several types of phenolic com-
pounds. In a red grape extract or red 
wines, these signals overlap. Several 
UV–vis-based spectroscopic methods 
have been applied to measure the col-
ored compounds in grapes and wines; 
these include the Somers (12), Boulton 
copigmentation (13), and Harbertson-
Adams (3) assays. 

The method of Somers (12) generates 
values for total phenols, total anthocya-
nins, colored anthocyanins, percentage 
of anthocyanins in the colored form, 
total red pigments, and total phenolics 
by direct measurement of wine sample 
absorbances at 280, 420, and 520 nm. 
The sample absorbance at 520 nm can 
be attributed to free anthocyanins, 
copigmented anthocyanins, and poly-
meric pigments. Absorbances are mea-
sured following pH adjustment or the 
addition of a bisulfite solution or acet-
aldehyde to separate total anthocyanin 
and polymeric pigment. Lowering the 
pH of the sample allows for the mea-
surement of anthocyanin monomers 
and pigmented polymers; treatment 
with acetaldehyde removes the bleach-
ing effects of any SO2 present in the 
sample; and the addition of bisulfite to 
samples reveals the degree to which the 
color is in polymer forms. There is no 
consideration of wine pH on the 520-nm 
absorbance value and no accounting for 
copigmentation, which results in over-
estimation of anthocyanin content (2). 
In this assay, the total phenolics value is 
approximated by subtracting a constant 
value from the acidified, diluted sample 
absorbance value at 280 nm to account 
for interference from other compounds 
that also absorb at 280 nm. Even though 
these procedures are simple to perform, 

the value of the numbers obtained is 
questionable. Nevertheless, these ana-
lytical techniques are widely practiced 
in wineries.

The copigmentation assay of Boul-
ton and colleagues (13) addresses some 
of the shortcomings of the Somers 
method. This method distinguishes 
anthocyanin, copigmented, and poly-
meric forms of color in wines. Similarly 
to the Somers method, the absorbance 
value at 520 nm is read following the 
addition of either acetaldehyde or bi-
sulfite solution; before these readings, 
however, the wine pH and ethanol con-
tent are adjusted to a constant level (3.6 
and 12%, respectively) across wines. 
Color caused by copigmentation is cal-
culated by subtracting the absorbance 
value for the 20-fold dilute wine from 
the acetaldehyde-treated sample. Color 
from polymeric pigments is measured 

from the bisulfite-treated sample and 
color from anthocyanins measured 
from the 20-fold dilute sample minus 
the bisulfite-treated sample. Thus, it 
suffers from the bleaching uncertainty 
of the Somers method. 

The Harbertson-Adams assay allows 
for quantification of anthocyanins, 
protein-precipitable tannins, polymeric 
pigments, and iron-reactive phenols (3). 
Anthocyanin measures are based on ab-
sorbance differences at 520 nm after ad-
justing samples to pH 1.8 and 4.9; under 
those conditions free anthocyanins have 
their highest and lowest absorbances, re-
spectively (14). Bisulfite bleaching (pH 
4.9) of the monomeric anthocyanins in 
the sample distinguishes the polymeric 
pigments from total color. Iron-reactive 
phenols are measured by the change in 
absorbance because of reaction with iron 
chloride (15). Tannin and polymeric 
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pigments are measured in parallel by a 
bovine serum albumin (BSA) precipita-

tion assay adapted from the method of 
Hagerman and Butler (15). The tannin 

is precipitated with BSA at pH 4.9. The 
tannin in the pellet is then resuspended 

Table I: Statistics for measurement of color components in red wines

Parameter Technique
Preprocessing

(Fitting)
Sample Type Range R2

V Error RPD* Reference

Anthocyanins (mg/g) AOTF-NIR 
Derivatives

(PLS)
Intact  

red grapes
0.05–1.15 0.70 SEP = 0.14 — 63

Anthocyanins (mg/g) NIR
None  
(PLS)

Intact  
red grapes

0.05–2.71 0.40–0.68
RMSEP = 
0.18–0.31

0.49 64

Color (mg/g) NIR
—  

(PLS)
Intact  

red grapes
— 0.50 SEP = 0.14 1.9 20

Anthocyanins (mg/g)
Vis–NIR  

reflectance
None  
(PLS)

Red grape  
homogenates

0.10–3.10 0.88 SEP = 0.18 2.94 11

Anthocyanins (mg/g)
Vis–NIR  

reflectance 
None 

(LOCAL)
Red grape  

homogenates
0.10–3.10 0.94 SEP = 0.12 4.17 11

Color (mg/g) Vis–NIR
—  

(PLS)
Red grape  

homogenates
0.38–1.72 0.92

RMSEC 
V=0.07

4.2 65

Malvidin-3- 
Glucoside (mg/L)

Vis–NIR 
None  
(PLS)

Red wine  
fermentations

14–427
R2

C=0.82–
0.94

SECV= 
17.5–31.5

2.5–4.3 22

Pigmented polymers 
(mg/L)

Vis–NIR 
None  
(PLS)

Red wine  
fermentations

4–103
R2

C=0.81–
0.94

SECV= 
3.2–26.8

2.1–5.8 22

Color  
(420 + 520 + 620 nm)

Vis–NIR 
Scatter  

correction,
Derivatives (PLS)

Red wines 3.8–21.4 0.70 SEP = 1.83 1.51 21

SPP (AU at 520 nm) Vis–NIR 
None  
(PLS)

Red wines 0.0–4.2 0.85
RMSEP = 

0.31
2.58

Recalcu-
lated  

from 16

SPP (AU at 520 nm) Vis–NIR
DOSC 
(PLS)

Red wines
0.0–4.2 

0.89
RMSEP = 

0.27
2.96

Recalcu-
lated  

from 16
*RPD: ratio of the standard deviation of the reference data to the standard error of prediction (SDref/SEpred)
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and measured by reaction with ferric 
chloride and reported as catechin equiv-
alents. Polymeric pigments (PPs) can be 
subdivided into LPPs and SPPs based 
on their ability to precipitate with BSA. 
Because polymeric pigments with more 
than three catechin subunits precipitate 
with BSA (3), the supernatant above the 
tannin pellet can be assayed separately 
to measure SPP. LPP is calculated as the 
difference between PP and SPP. 

These UV–vis-based methods com-
monly used in wineries and research 
settings require multistep sample pro-
cessing and measurements. Spectros-
copy-based predictive methods are an 
attractive alternative to the traditional 
methods because they require little 
or no sample preparation and gener-
ate instantaneous results. Predictive 
methods based on UV–vis spectra have 
been developed and demonstrated for 
wine samples. In the method by Sk-
ogerson and Boulton (16), the UV–vis 
spectrum of diluted wine is collected 
and used to populate a partial least 
squares (PLS) model. The model in-

stantaneously generates values for the 
Harbertson-Adams assay parameters. 
The predictive ability of this model 
is strongest for anthocyanins, total 
phenolics, and tannin. Non-tannin 
phenols also were well predicted, but 

confident prediction of polymeric pig-
ment remains elusive.

The Infrared Approach 
An indirect method of determining 
these color components in red grapes 
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and wines using a fast, reproducible approach, with no or 
minimal sample preparation would be of great value for to the 
modern wine industry (17). Fourier-transform infrared (FT-
IR) spectroscopy combined with multivariate data analysis, 

most notably PLS regression analysis (18), is well-suited for 
correlating the spectral response of a sample to its compo-
sitional profile and represents a valuable alternative to the 
classic UV–vis techniques (19). The suitability of both NIR 
and mid-IR spectroscopy — whether FT or dispersive — for 
the analysis of grape and wine color components has recently 
been demonstrated and the importance of spectral prepro-
cessing to improve the multivariate calibration has been high-
lighted. In particular, FT-based instruments are considered 
faster and produce spectra with lower signal-to-noise ratios. 

NIR Spectroscopy 
The NIR spectral region corresponds to wavelengths in the 
13,400–4000 cm−1 (750–2500 nm) region and is typical of 
stretching vibration including C–H high frequency combina-
tion bands and C–H complex overtones. The OHs also heavily 
contribute to NIR spectra, but they overlap heavily with alcohol 
and water OHs, so they are not useful. Because of its low absorp-
tivity, NIR energy passes easily through the samples and allows 
the use of longer pathlengths (up to 10 cm) than those used for 
mid-IR analysis. Moreover, the low reflectivity of NIR permits 
the energy to penetrate beneath the surface of samples for the 
analysis of intact grape berries (20). The anthocyanin content 
of a berry gradually increases with grape maturity and usually 
shows a normal distribution, with slight skewing to the lower end 
of the scale, indicative of immature grapes (11).

NIR reflectance spectroscopy was used to develop predic-
tive models for color intensity of red wines (R2

V = 0.70; stan-
dard error of prediction [SEP] = 1.83; bias = – 0.91), yielding 
standard errors similar to the reference spectrophotometric 
method (1.48 AU) (21). In another study, researchers employed 
vis–NIR in transmission mode to develop predictive models of 
malvidin-3-glucoside (Mv-3-G) and polymeric pigments in red 

Table II: Statistics for measurement of color components in red wines using FT technology

Parameter Technique
Preprocessing

(Fitting)
Sample Type

Range 
(mean + 

SD)
R2

V Error RPD* Reference

Anthocyanins (mg/L) FT-IR 
Raw spectra

(PLS)
Red wines  

different ages
73±58 0.62

RMSEP = 
52

0.9 37

SPP (AU) FT-IR
Raw spectra

(PLS)
Red wines  

different ages
1.29–0.49 0.92

RMSEP = 
0.23

2.2 37

LPP (AU) FT-IR
Raw spectra

(PLS)
Red wines  

different ages
1.07–0.49 0.76

RMSEP = 
0.32

1.4 37

Anthocyanins (mg/L) FT-IR
Raw spectra

(PLS)
Red grape 
extracts

1219 
(mean)

0.88
RMSEP = 

263
2.1 37

Anthocyanins (mg/L) FT-IR 
Raw spectra

(PLS)
Red young 

wines
380 

(mean)
0.94

RMSEP = 
52

2.9 37

Anthocyanins (g/kg) FT-IR
First derivative 

(PLS)
Red grape 
extracts

1.34±0.17 0.73
RMSEP 
=0.08

2.1 38

Anthocyanins (mg/L) FT-NIR 
SNV-d2 
(PLS)

Red wine  
fermentations

9–228 
(range)

0.86
RMSEC = 
V–27.5

2.8 40

Anthocyanins (mg/L) FT-IR 
SNV-d2 
(PLS)

Red wine  
fermentations

9–228 
(range)

0.83
RMSEC = 
V–32.2

2.4 40

Malvidin-3-glucoside 
(mg/L)

FT-IR 
Raw spectra

(PLS)
Young red 

wines
128±59 0.82

SECV = 
22.28

2.6 43

Anthocyanins (mg/kg) FT-IR 
Raw spectra

(PLS)
Red grape 
extracts

791±184 0.93
RMSEP = 

5.9
3.5 33

Polymeric pigments 
(AU)

ATR-FT-IR
DOSC 
(PLS)

Red wines 2.07±0.84 0.82
RMSEP = 

0.4
2.1 42

*RPD: ratio of the standard deviation of the reference data to the standard error of prediction (SDref/SEpred)
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wine fermentations, with R2 = 0.91 for 
Mv-3-G (reference method: high perfor-
mance liquid chromatography [HPLC]) 
(22). The visible and the NIR spectra 
explain 85% and 15% of the variation in 
the concentration of the color compo-
nents, respectively; therefore, calibration 
for anthocyanins relied mainly on the 
visible wavelengths. 

The PLS calibration for total an-
thocyanins in red grapes can be sig-
nificantly affected by large data sets 
including vintage year, region, and 
grape cultivar, leading to nonlinearity 
of combined vis–NIR against the ref-
erence visible method. This situation 
can be partially corrected by using a 
calibration algorithm (11), a combined 
principal component analysis–artificial 
neural networks (PCA-ANN) approach 
(23), or by fitting calibrations using 
restricted sample sets into selected 
analyte ranges, irrespective of other 
classifying parameters such as region, 
vintage, and variety. In the latter case, 
the SEP values reported for total an-
thocyanins improved about threefold, 

from 0.18 to 0.05 mg/g (24,25). This 
advance is most probably caused by 
narrowing down the range of antho-
cyanins. The calibration algorithm re-
gression approach selects a calibration 
subset with similar analyte concentra-
tion of the prediction samples and im-
proves the prediction of anthocyanins 
in grape especially at low concentra-
tion. Anthocyanins can be among the 
possible source of nonlinearity from 
the Lambert-Beer law because of the 
enhancement of absorbance by copig-
mentation or eventually self-association 
that occurs at high concentrations (11). 

Besides free anthocyanins, the poly-
meric pigments also contribute to the 
color of red wines and their prediction 
using visible and NIR spectroscopy 
has been explored (16). The original 
dataset was treated with two selected 
preprocessing procedures before PLS 
regression, namely direct orthogonal 
signal correction (DOSC) and a kernel 
function (66), that have improved the 
performance of the predictive model 
compared to the raw data (Table I). 

FT-IR Spectroscopy 
FT-IR spectrometers require minimum 
sample preparation and are currently 
used for routine analyses in enology 
laboratories for more than 20 parame-
ters including sugars, pH, alcohol, sev-
eral organic acids (tartaric, malic, ace-
tic, and gluconic) and glycerol (26–29). 
However, advanced analysis functions 
are required to monitor the red wine 
color with a reliable calibration model.

As grape and wine samples are 
complex mixtures, the definite as-
signment of the spectral bands is 
challenging. Although the whole vi-
brational IR spectral range (4000–
400 cm-1) is usually stored for each 
sample, only the so-called fingerprint 
region (1600–900 cm-1) is considered 
(Figure 3). Liquid samples, such as 
wine, show the presence of some IR 
regions that introduce noise to the 
calibration because of the absorbance 
caused by water (1717–1543 cm-1 and 
3627–2971 cm-1). Moreover, the 5012–
3627 cm-1 region contains very little 
useful information.
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The FT-IR spectra of anthocyanin ex-
tract reported by Mortensen (30) show 
numerous bands in the 1680–900 cm-1 

region, typical of wine phenolic com-
pounds (2,31). Anthocyanins and tan-
nins are very similar chemically and 
therefore display similar IR absorption 
characteristics (33). For example, the 
bands at 1450–1510 cm-1 are assigned 
to C=C–C aromatic ring stretching, 
whereas several aromatic C–H out-of-
plane and in-plane bending vibration 
are attributed to 670–900 cm-1 and 
950–1225 cm-1, respectively (34). In 
particular, the peak around 1285 cm-1 
is characteristic for the flavonoid-based 
tannins (35) and was assigned to the 
ethereal C–O stretching vibration (36). 

Jensen (37) has constructed FT-IR–
based predictive models based on tra-
ditional visible assays to determine 
select red wine color components, 
including free anthocyanins, SPP 
and LPP (Table II). The initial unsat-
isfactory performance of the model 
for anthocyanins (residual predictive 
deviation [RPD] values < 2.2), was 
likely because of the large variation in 
the ages of the wines included in this 
study. With aging, the free anthocy-
anin content of wines rapidly decreases 
and interferences from the anthocy-
anin derivatives formed during aging 
(such as polymeric pigments) cannot 
be excluded. The subsequent analysis 
of selected young red wines confirmed 
that anthocyanins and polymeric pig-
ments could be quantified to some ex-
tent with RPD values up to 2.9 (Table 
II). Similar results were obtained by 
Picque and colleagues (38) that used 
FT-IR spectroscopy of red grape ex-
tracts to build a predictive model that 
was able to quantify anthocyanins to 
some extent (RPD = 2.1) with a similar 
error to the analytical reference French 
Technical Institute for Viticulture and 
Oenology (ITV) method (accuracy: 
0.06 g/kg). Anthocyanin prediction 
was improved if the regression was cal-
culated from sample sets restricted to a 
single growing region. Consequently, a 
calibration model is required for each 
geographical region that the grapes 
originate from.

RPD is the ratio of the SEP to the 
standard deviation (SD) of the origi-

nal data and provides a statistic basis 
for standardizing the SEP. For exam-
ple, if the standard deviation of the 
original data is 1.83 and the SEP is 
0.27, the RPD is given by 1.83/0.27 = 
6.78. The RPD should be as high as 
possible: values of 5–10 are adequate 
for quality control, and 2.5 and over 
are satisfactory for screening. On 
the other hand, an RPD value of 1.0 
means that the SEP and the SD are 
the same, and the instrument is not 
capable of predicting the parameter 
accurately, using that calibration (39).

To our knowledge, the best predic-
tion for monitoring anthocyanins in 
red grapes using FT-IR spectroscopy 
was presented by Fragoso and col-
leagues (33); they obtained a valid 
PLS regression model for prediction 
of total anthocyanins (root mean stan-
dard error of prediction [RMSEP] = 
4.8% and RPD = 4.8) working in the 
region of 979–2989 cm-1. This param-
eter was determined with a reference 
method by measuring the absorbance 
at 520 nm of the grape extract previ-
ously diluted 25 times with 0.1 M HCl 
to get a pH close to 1.0. The variance 
of the measurement error in the refer-
ence values was 0.73%. The authors re-
ported that there was no bias between 
the reference and the predicted values. 

A recent investigation has com-
pared the ability of FT-NIR (800–2778 
nm, corresponding to 12,500–3600 
cm-1) with attenuated total ref lec-
tance (ATR)-FT-IR (4000–700 cm-1) 
for the same sample set (40). Results 
show that the total anthocyanins con-
tent in red wine fermentations can be 
slightly better when determined from 
FT-NIR spectra (RPD = 2.8) compared 
to FT-IR (RPD = 2.4). In both cases, 
the spectra were treated with standard 
normal variate (SNV) in combination 
with second derivatives as preprocess-
ing treatments before PLS.

A preliminary study on the ability 
of several preprocessing treatments 
to predict the color components 
of red wines based on FT-IR spec-
trometry was carried out in terms of 
root mean standard error of cross-
validation (RMSECV) and R2. For 
tota l anthocyanins and LPP, the 
best results were obtained using raw 

spectra whereas for SPP and copig-
mentation the best option was vec-
tor normalization (41). Later studies 
showed that DOSC preprocessing (R2 
= 0.82; RMSEP = 0.4) has improved 
the predict ion of polymeric pig-
ments in red wines (2.07 ± 0.84 AU) 
by FT-IR spectroscopy compared to 
the raw spectra (R2 = 0.66; RMSEP 
= 0.6) (42).

The only study available in the 
literature showing the prediction of 
individual anthocyanins content in 
young red wines using FT-IR spec-
tra showed values for R2 between the 
range of 0.706 and 0.931 (43). In par-
ticular, malvidin-3-glucoside (valida-
tion set: 128 ± 59 mg/L) showed an 
SECV of 22.3 mg/L (FT-IR method) 
with a standard error of laboratory of 
5.45 mg/L (HPLC method). Because 
of the presence of a systematic error 
(that is, the values were systematically 
higher as predicted by FT-IR than by 
HPLC because of the negative inter-
cept) to improve the prediction for 
several anthocyanins, there is a need 
to use a correction factor. 

The need for authenticity and clas-
sification of grape varieties and wines 
has led to considerable advances in 
the application of spectroscopic tech-
niques. In this view, Edelmann and 
colleagues (31) used MIR spectros-
copy of phenolic red wine extracts to 
build a discriminant model based on 
the soft independent modeling of class 
analogy (SIMCA) method to classify 
red wines based upon cultivar. Simi-
larly, FT-IR spectrometry combined 
with PCA and linear discriminant 
analysis (LDA) also was found as a 
suitable technique for the classifica-
tion of red wines, being able to predict 
the variety with greater than 95% suc-
cess on an external dataset (44).

Besides their red color, the antho-
cyanins, as phenolic compounds, 
contribute to the antioxidant power of 
red wines. The first attempt to apply 
FT-IR spectroscopy for the prediction 
of ferric reducing ability of plasma 
(FRAP) in red wines showed an ini-
tial RPD value of 2.02 (45). Taking 
into account the importance of this 
parameter, further work is in progress 
to improve this performance.
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Chemometrics  

The IR spectrum of a wine sample 
contains information about a wide 
variety of molecules, including phe-
nolic compounds, ethanol, organic 
acids, and sugars. This provides op-
portunities to develop mathematical 
models for the prediction of multiple 
wine compositional parameters from 
IR spectra. Unfortunately, both the 
wine and corresponding spectra l 
complexity makes it impossible to 
find a single wavelength related to the 
characteristic of interest. For this rea-
son, the relationship between IR data 
and the concentration of molecules is 
usually explored using multivariate 
calibration techniques. Because the 
relationship between the concentra-
tion of a molecule and its effect on 
the IR spectrum is considered linear, 
as stated in the Lambert-Beer law, the 
multivariate technique usually applied 
is the linear regression method called 
projection on latent structures regres-
sion (PLSR) (46).

Robustness and parsimony are crit-
ical characteristics for any predictive 
model of practical use. Robustness 
can be defined, according to Zeaiter 
and colleagues (47), as “the stabil-
ity of its predictive capacity against 
perturbations centered on standard 
conditions”. Parsimony is defined as 
the possibility of the model to be built 
on the minimum number of variables. 
This latter characteristic contributes 
to the robustness itself and allows a 

direct correlation between the found 
variables and specific physical char-
acterist ics of the studied system, 
making the model much more infor-
mative (48).

To reach the best compromise be-
tween robustness and parsimony of an 
IR data–based PLS regression model it 
is a common practice to mathemati-
cally transform the spectra before 
their use. Such preprocessing methods 
can be grouped into two categories 
(49). The first category consists of geo-
metric transformation methods, such 
as multiplicative scatter correction 
(MSC) (50) and its extended version 
(EMSC) (51), standard normal vari-
ate transformation (SNV) (52), and 
first- and second-order derivatives, 
generally performed on the IR spec-
tra and smoothed through the Norris-
Williams (53) or the Savitzky-Golay 
(54) algorithms. The geometric trans-
formation methods compensate for 
baseline shifts and distortions from 
the Lambert-Beer law induced by light 
scattering. Light scattering affects 
both ref lectance and transmittance 
IR techniques, and is primarily caused 
by the particles present in biological 
samples with dimensions comparable 
with the IR wavelengths (49). The ef-
fect of the above mentioned methods 
on robustness and parsimony of the 
calibration models depends on the 
characteristics of the samples under 
investigation and of the employed IR 
instrument (47). Generally speaking, 

SNV is tailored to reduce scattering 
multiplicative effects, and consists in 
the centering of the spectra followed 
by a scaling for its standard deviation. 
MSC and derivatives correct for both 
multiplicative and additive effects. 

A systematic study of the effects 
of geometric spectral preprocessing 
methods on the analysis of marzipan 
samples was described by Rinnan 
and colleagues (55). Moisture and 
sugar content were evaluated from IR 
spectra and collected with six spec-
trometers employing three different 
optical principles. The maximum im-
provement of any preprocessed model 
compared to the global model was 
25% in RMSE, and each model based 
on pretreated spectra was more par-
simonious. In another study, Zhang 
and colleagues (56) investigated the 
discrimination of red wines based 
on their sugar content from FT-MIR 
spectra and their second derivative, 
observing that the second derivative 
preprocessing step allowed the sepa-
ration of overlapping peaks, thus en-
hancing minor differences among the 
studied wines.  

The second category of prepro-
cessing methods includes algorithms 
that select the wavelengths (x-values) 
that are better correlated with the 
compositional parameters of interest 
(y-values). The first such algorithm 
described is the orthogonal signal 
correction (OSC) a lgorithm (57). 
This algorithm and improvements or 
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modifications subsequently described 
split the x matrix of the IR data into 
two sub-matrices, one consisting of 
the information related to y, and the 
other with the information system-
atically orthogonal or unrelated to y 
(58). Such separation generally yields 
models characterized by lower RMSE 
and much higher parsimony than 
the raw spectra model counterparts. 
Laghi and colleagues (42) collected 
FT-MIR spectra on 145 red wines 
from 13 grape varieties to build pre-
dictive models for wine color, antho-
cyanin content, polymeric pigment 
content, and copigmentation index. 
They found the models built on the 
IR spectra pretreated with geometric 
transformations to perform similarly 
to those based on the raw spectra, 
while being slightly more parsimoni-
ous. In contrast, spectra preprocessed 
by the DOSC (48) algorithm yielded 
small improvements in the RMSEP 
(30% for polymeric pigments content) 
while dramatically increasing the par-
simony of the model (from 6–10 latent 

variables when raw data were con-
sidered, to 1–3 variables with DOSC 
treated spectra). Versari and col-
leagues (45) compared mid- and near-
FT-IR spectra to predict the colloidal 
stability of 111 white wines assessed 
through a heat stability test (59). The 
FT-NIR models based on DOSC pre-
treated spectra gave an R2 of 0.8, even 
if only based on three latent variables, 
whereas similar models on raw spec-
tra showed poor performances.

A second advantage of the separa-
tion of the IR data into y-predictive 
and y-orthogonal matrix is repre-
sented by the possibility offered by 
the latter method to better detect 
unexpected anomalies in the data, 
such as instrumental drift, batch dif-
ferences, or unanticipated biological 
variation (58) This is possible because 
such pieces of information are cleared 
from the y-related information, which 
in many practical cases has the great-
est inf luence on the collected data.

For a description of the algorithms 
described in 1998 to separate y-or-

thogonal from y-predictive informa-
tion, readers should refer to Trygg 
and Wold (60). Among such methods 
the Kernel-OPLS (61) method seems 
particularly promising, even if it still 
has not been applied to wine. While 
retaining the goal of separating the x 
matrix into the now familiar two sub-
matrixes, it is based on the applica-
tion of the “kernel-trick” (62), which 
reduces the computation time, is able 
to model nonlinear structures in the 
data, and still offers optimal perfor-
mances in cases where the number 
of variables is much higher than the 
number of observations (which is in-
deed typical on many experiments 
based on IR spectroscopy).

Conclusions  

It has been shown that FT-IR and FT-
NIR spectroscopy allow for the mea-
surement of important color compo-
nents in red grape and wine within a 
short period of time. The improved 
performance of predictions by visible 
spectroscopy is obviously related to 
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the strong absorptions of anthocya-
nins in the visible region. In the fu-
ture, there is a need for more instru-
ments for on-line measurements and 
more instrumentation with dedicated 
precalibration. Moreover, upgrading 
fiber-optic probes can further im-
prove the ability of NIR techniques to 
monitor the winemaking process.
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R
aman spectroscopy is an ideal technique for analyzing 
product contaminants. Many materials can be identi-
fied by their Raman spectra, including minerals, dyes 

and pigments, polymers, and drugs. Raman microscopy has 
high spatial resolution, excellent sensitivity, and can quickly 
obtain spectral data. The technique often requires little-to-no 
sample preparation, and it is possible to collect spectra of ma-
terials through glass, plastics, and aqueous solutions. The abil-
ity to acquire spectral data without sample preparation limits 
accidental contamination and loss of the particle or material 
of interest (1). The technique is nondestructive in most applica-
tions. Confocal Raman microscopy (CRM) is especially useful 
for obtaining depth profiles (x–z scans) without conventional 
cross-sectioning of the samples (2–4). The ability to obtain 

vibrational spectra of small particles (<1–50 µm) complements 
the data obtained by the more traditional techniques of micro 
Fourier-transform infrared (micro-FT-IR) and scanning elec-
tron microscopy with energy dispersive X-ray spectrometry 
(SEM-EDS) (5–7). Raman spectroscopy is a particularly use-
ful method for applications in the pharmaceutical, biomedical 
device, and consumer health products industries. 

Janet Woodcock’s article “The Concept of Pharmaceu-
tical Quality” describes the Food and Drug Administra-
tion’s (FDA) perspective on the quality of pharmaceuti-
cals and highlights the efforts and financial resources 
invested to protect the health and safety of consumers (8). 
Forensic investigations in the pharmaceutical industry 
began with examinations of counterfeit and adulterated 

Mary A. Miller, Michelle R. Cavaliere, Ming Zhou, and Pronda Few

Scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDS) and 
Fourier-transform infrared microspectrophotometry (micro-FT-IR) have been widely demonstrat-
ed as complementary analytical tools for the identification of complex mixtures and unknown 
materials. However, there is a gap between the information provided by these two techniques. 
Even though elemental and morphological information is obtained on small single particles with 
SEM-EDS technology, no molecular or structural information is available. Likewise, although 
chemical information can be acquired using FT-IR, analysis of small single particles is signifi-
cantly limited. We applied confocal Raman microscopy (CRM) in our laboratory to bridge the 
gap between FT-IR and SEM, and it provided chemical and vibrational information on a scale 
approaching the resolution of an SEM. In one application, monomer solutions used during a 
contact lens manufacturing process exhibited haze that was related to particulate contamination. 
The particles were isolated and analyzed by CRM, SEM, and micro-FT-IR. The particle size range 
was about 1–500 µm. Particles <50 µm were analyzed and identified by Raman spectroscopy 
and SEM. Particles >50 µm were analyzed and identified by micro-FT-IR and SEM. Numerous 
materials associated with the manufacturing process of the monomer were identified, as well as 
foreign materials. The identification of the particulate materials causing the haze of the mono-
mer assisted the manufacturer in determining the sources of the contamination and improving 
the quality of the product.

Confocal Raman Microscopy 
in Forensic Pharmaceutical 
Investigations
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Figure 1: (a) Clear (least hazy) transparent monomer solution; (b) haziest monomer solution.

Figure 2: Photomicrographs showing isolated particulate materials on filter membranes from (a) 

least hazy solution and (b) haziest solution.

5 µm

1500

1000

500

0
0 1 2 3 4 5 6 7 8 9 10

Electron ionization voltage (keV)

Fe
Ca

Ca
Sn

P
Mg

Na

O

SiF

C

Figure 3: (a) SEM image of bumpy, textured particle isolated from least hazy monomer solution; 

(b) EDS spectrum from particle shown in (a).
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drug products (9,10). This area now extends to quality-
related issues in manufacturing processes, including 
consumer health products, drug tablets and capsules, 
implantable medical devices, surgical equipment and 
supplies, and ophthalmic lenses.  

(a)

10 μm

(b)
300.0

1
8
1

4
8
6

3
1
2

7
0
6

8
2
0

1
1
9
6

1
2
5
8

1
4
0
2

1
7
2
4 2
8
1
0

2
9
6
4

2
9
0
4

Raman spectrum of particle from least hazy solution

250.0

200.0

150.0

100.0

50.0

0.0

-50.0

500.0 1000.0 1500.0 2000.0 2500.0 3000.0 3500.0

C
C

D
 c

o
u

n
ts

Wavenumber (cm-1)

(c)
600.0

500.0

400.0

300.0

200.0

100.0

0.0

1
7
7

3
0
8

3
6
3

4
8
2 5
5
9

6
3
5

7
0
2

8
2
0

8
9
4

9
8
5

9
3
3

1
1
4
6

1
1
9
6

1
3
0
4 1
3
8
1 1

3
9
8

1
4
4
6

1
6
3
8

1
7
1
7

2
9
1
1

2
9
6
4

Raman spectrum of colorless particle from least hazy solution

C
C

D
 c

o
u

n
ts

500.0 1000.0 1500.0 2000.0 2500.0 3000.0 3500.0

Wavenumber (cm-1)

Figure 4: (a) Representative image of bumpy, textured particle selected 

for Raman analysis; (b) Raman spectrum of particle in (a), primarily 

fluoropolymer (blue) and monomer (grey); (c) Raman spectrum from 

additional clear or colorless particle showing a mixture of fluoropolymer 

(blue) and monomer (grey) with traces of isocyanate (pink). Refer to 

Table I for peak color codes of monomer and raw materials.MOXTEK
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Monomer solutions are used in a variety of applications, 
including hard and soft contact lenses; a novel application re-
ported in the literature is the use of contact lenses for delivery 
of controlled release drugs directly to the eye (11). Contamina-
tion of the monomer may reduce biocompatibility and per-
meability of the lens. Not only is the biocompatibility of the 
polymer important, it also must be produced in such a way 
that any residual monomer or solution does not pose a health 
risk (12). In general, high quality, inclusion-free polymers 
are equally important to all industries where a transparent 
polymer is required. Depending on the application, inclusions 
may result in reduced visibility and unintentional reflection 
or refraction of light.  

In a recent case, inspection of monomers intended for use in 
the production of lenses revealed hazy solutions. These mono-
mers did not meet the standard criteria for the final product 
manufacture, which requires a colorless, transparent polymer 
lens. MVA Scientific Consultants (Duluth, Georgia) was asked 
to investigate the nature of the haze in the monomer and in-
termediate product solutions and determine the source of the 
problem. The monomer is a proprietary formula consisting of 
multiple components, including but not limited to, silicone, 
fluoropolymer, organotin, acrylic, and isocyanate compounds. 

This article describes the use of confocal Raman micros-
copy for the identification of particles in the 5–50 µm range 
and illustrates how it bridges the gap between micro-FT-IR 
and SEM-EDS analyses. The use of these complementary tech-

Figure 5: (a) SEM image of clear or colorless particle from the haziest 

monomer solution exhibiting bead-like features in a gel matrix; (b) EDS 

spectrum from particle indicates it is carbon (C), oxygen (O), fluorine 

(F), and silicon (Si) rich.
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niques in the pharmaceutical and allied 
industries is widely reported in the liter-
ature, especially for analyses and identi-
fication of small particles (6,7,10,13–16).

Experimental
Preliminary examination of the mono-
mer solutions and particulate material 
was conducted using a Zeiss Stemi-
C2000 stereomicroscope (Carl Zeiss 
Microscopy, Thornwood, New York) 
with a magnification range of 6.5–47×. 
The monomer solutions were filtered 
in an ISO Class 5 clean bench for iso-
lation of particulate material using GE 
Water and Process Technologies (Tre-
vose, Pennsylvania) 47-mm diameter, 

10 μm
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Figure 6: (a) Confocal Raman microscope image showing bead-like features observed in particles 

isolated from the haziest monomer solution; (b) Raman spectrum obtained from bead-like feature 

(upper trace) and a polystyrene reference spectrum (lower trace); (c) Raman spectrum of gel-like matrix 

consistent with fluoropolymer (blue), with traces of polystyrene-like compound (orange), and silicone 

(green); (d) Raman spectrum of clear or colorless particle consistent with mixture of fluoropolymer 

(blue) and isocyanate (yellow). Refer to Table I for color codes of monomer and raw materials.
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Figure 7: (a) Infrared spectrum (upper trace) 

of particle identified as extraneous material 

isolated from haziest monomer solution and 

polyether ether ketone (PEEK) reference 

(lower trace); (b) infrared spectrum (upper 

trace) of particle identified as extraneous 

material isolated from haziest monomer 

solution and inorganic carbonate reference 

(lower trace); (c) Raman spectrum (upper 

trace) of opaque or white particle identified 

as extraneous material isolated from haziest 

monomer solution and Carboset acrylic 

reference (lower trace).
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0.8-µm pore size, polycarbonate track 
etch membrane filters. The filters were 
rinsed with prefiltered (0.2 µm) ethanol. 
Ethanol blanks and controls were pre-
pared and examined with each sample 
set to ensure no introduction of signifi-
cant particulate material during sample 
preparation. Representative particles 
were selected using fine tungsten mi-
crotools for analyses by micro-FT-IR, 
SEM-EDS, and CRM.  

Micro-FT-IR analyses were con-
ducted with a SensIR IlluminatIR 
Fourier transform infrared spectro-
photometer (Smiths Detection, Dan-
bury Connecticut, formerly SensIR 
Technologies, Danbury, Connecticut) 
coupled to an Olympus BX-51 com-
pound microscope (Olympus America, 
Center Valley, Pennsylvania). Spectra 
were collected using a 50- or 100-µm 
aperture, a spectral resolution of 4 
cm-1, 128 scans, and either an all re-
f lecting objective (ARO) or an attenu-
ated total internal ref lectance (ATR) 
objective.  

JEOL JSM-6400 and JSM-6500F scan-
ning electron microscopes (JEOL USA, 
Inc., Peabody, Massachusetts) with Noran 
energy dispersive X-ray systems (Thermo 
Scientific Noran, Madison, Wisconsin) 
were used for SEM-EDS analyses.  

Raman spectra were obtained using 
a WITec (Maryville, Tennessee) alpha 
300R confocal Raman microscope with 
a 532-nm excitation wavelength laser 
(NdYAG). Images of the particles were 
obtained before analyses. Typical spectra 
were collected using a 20× Nikon or a 

100× Olympus objective, a 0.1-s integra-
tion time, and 100 accumulated scans. 
The spectrometer grating used was 600 
grooves/mm. Both Raman and FT-IR 
spectra were processed using Thermo 
Electron Grams AI software (Thermo 
Fisher Scientific, Madison, Wisconsin). 

Results and Discussion

Visual Inspection

More than 20 samples of the monomer 
solutions were received. The solutions 
were visually inspected and ranked 
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based on the level of visual clarity and haziness. Preliminary 
examination suggested the haze was caused by particles in 
the solutions. Representative samples of the least and most 
hazy solutions were selected for analyses. Figure 1 shows the 
representative samples.

The two solutions were filtered and particles were retained 
on the filter membranes, as shown in Figure 2. The predom-
inant particles recovered from the hazy solution had a size 
range of approximately 20–500 µm. Stereoscopic examina-
tion of the filters revealed fine, white-to-colorless particles; 
opaque-to-transparent flakes and ribbons; brown, red, and 

orange-yellow particles; colorless, red, tan, and blue fibers; and 
large fibrous masses.

Examination of Particulate  

Isolated from the Least Hazy Solution

Particles from the least hazy monomer solution ranged in size 
from about 25 to 150 µm and were primarily clear or colorless 
and opaque or white. The approximate total weight percent of 
particulate (post-sampling) isolated from this sample was 0.001%. 
SEM analysis revealed that most of the particles had a bumpy, 
textured surface (Figure 3a). The elemental composition of a typi-

Table I: Raman peak frequencies (cm-1) of monomer and raw materials

Isocyanate 
Compound 1

Isocyanate 
Compound 2

Silicone Organotin Fluoropolymer
Methyl Ethyl 

Ketone
Intermediate 

Product
Monomer

1091 (br) 3108 2904 1299 820 2921 3121 3108

559 2742 486 2854 300 755 2964 2964

2418 2425 702 1438 1454 1082 2904 2904

781 1717 186 1154 1380-1410 581 2810 2807

2538 (sh) 1638 1258 2911 177 1709 2415 2496

1724 (w) 1721

1450 1638

1410 1446

1299 1406

1258 1295

1082 (br) 1258

781 855

702 781

482 702

177 482

186

158

Key peak positions used for identi�cation/correlation of components within mixtures 
sh = shoulder, br = broad, w = weak
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cal particle (Figure 3b) is consistent with 
components of the monomer solution 
including the fluoropolymer and silicone 
compounds with traces of the organo-
tin compound and other inorganic salts. 
Analysis by Raman microscopy confirmed 
highly textured surfaces; a representa-
tive image is presented in Figure 4a. The 
Raman spectra suggested the particles 
were composed of silicone compounds 
and fluoropolymer with traces of an iso-
cyanate compound (Figures 4b and 4c) — 
all components of the monomer solution. 

Examination of Particulate  

Isolated from the Haziest Solution

Several clear or colorless and opaque or 
white particles in the 20–200 µm range 
were isolated from the haziest solution 
for evaluation. The approximate total 
weight percent of particulate (post-
sampling) isolated from this sample was 
0.004%. Examination of the 20–200 µm 
isolated particles by SEM revealed that 
most were composed of small bead-like 
features held together by a gelatinous 
material (Figure 5a). EDS analysis of 

these particles yielded elemental com-
positions rich in carbon, oxygen, silicon, 
and f luorine, with traces of calcium, 
sodium, and tin present (Figure 5b). 
Confocal Raman microscopy was used 
to characterize the small bead-like par-
ticles within the gelatinous matrix, many 
of which were <5 µm in diameter. This 
technique was especially effective be-
cause it allowed us to focus directly on 
the beads without further isolation from 
the gelatinous material. A representative 
particle exhibiting bead-like features is 
shown in the micrograph presented in 
Figure 6a; the corresponding Raman 
spectrum acquired from the marked 
location is shown in Figure 6b. Match-
ing this Raman spectrum to spectral 
databases revealed the beads were con-
sistent with a polystyrene-like material 
(Figure 6b). Raman spectral analysis of 
the gel-like matrix and colorless irregu-
lar shaped particles revealed mixtures of 
the components in the monomer solu-
tion, primarily fluoropolymer, silicone, 
and isocyanate (Figures 6c and 6d). The 
peaks at 997 cm-1 and 1602 cm-1 in Fig-

ure 6c suggest a trace of a polystyrene-
like compound also may be present. 

Extraneous materials were identified 
by micro-FT-IR and Raman spectroscopy. 
The FT-IR spectrum of a 70-µm clear 
particle indicated that the particle was a 
polyether ether ketone (PEEK) polymer 
(Figure 7a). Another clear particle was 
characterized as an inorganic carbonate 
by FT-IR spectroscopy and is presented 
in Figure 7b. Analysis of white particles 
by Raman spectroscopy with spectral 
matching revealed an acrylic polymer 
consistent with Carboset (Lubrizol Ad-
vanced Materials, Inc., Wickliffe, Ohio) 
products. Representative Raman spectra 
are presented in Figure 7c. Other extrane-
ous materials identified by light micros-
copy, FT-IR, and Raman spectroscopy 
included skin flakes, cellulose particles 
and fibers (paper, cotton), polyethylene, 
and poly(tetrafluoroethylene) or PTFE.

Examination of Raw  

Materials, Intermediate Product,  

and Process Solvent

To trace the origin of the particles 
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causing the haziness of the mono-
mer solutions, the raw materials and 
processing solvent were evaluated. A 
sample of an intermediate product of 
the polymer (that is, a prepolymer-
ized, viscous liquid that had not yet 
been cross-linked) also was provided. 
Evaluation of the Raman and FT-IR 
spectra obtained from the starting 
materials, the methyl ethyl ketone pro-
cessing solvent, the monomer solution, 
and the prepolymerized intermediate 
product revealed spectral peaks that 
could be used as markers for identifi-
cation of these compounds in particles 
isolated from the monomer solutions. 
The spectra obtained from the inter-
mediate product and the monomer so-
lutions were quite similar and distinc-
tions between the two were based on 
subtle variations of the contributions of 
the two isocyanate compounds. When 
identifying particles, the distinction 
between the monomer and interme-
diate product is not made, so both are 
referred to as monomer. The key peak 
positions for the raw materials, methyl 
ethyl ketone solvent, intermediate 
product, and monomer are provided 
in Table I.     

Dilution of the viscous intermedi-
ate product solution with methyl ethyl 
ketone, followed by filtration, yielded 
clear or colorless and opaque or white 
particles that ranged in size from ap-
proximately 20 to 400 µm. Representa-
tive particles were selected for analy-
sis by FT-IR, Raman microscopy, and 
SEM-EDS. FT-IR analyses of selected 
particles revealed materials associ-
ated with the monomer components, 
primarily f luoropolymer and silicone. 
Both surface texture and the elemental 
composition were evaluated by SEM-
EDS. The data indicate bumpy, tex-
tured particle morphologies mainly 
composed of carbon, oxygen, silicon, 
and fluorine. Raman analyses showed 
that most of the particles were mix-
tures of the monomer components, 
primarily the f luoropolymer and iso-
cyanate. (These data are consistent to 
the spectra presented in Figures 4, 6c, 
and 6d.) 

Extraneous materials recovered from 
the viscous intermediate product fol-
lowing dilution with methyl ethyl ke-

tone were identified by SEM-EDS and 
Raman microscopy. A representative 
300-µm opaque or white particle was 
selected for analysis by SEM-EDS; the 
elemental composition is consistent with 
silicon. One 70–80 µm clear or colorless 
particle yielded a Raman spectrum con-
sistent with an acrylic material, such as 
the Carboset acrylic material previously 
observed. An opaque or white particle 
exhibiting a bumpy, textured surface is 
shown in Figure 8a. The Raman spec-
trum of this particle indicates it is a mix-

ture of fluoropolymer, residual mono-
mer or intermediate product, and a 
polystyrene-like compound (Figure 8b).  

The results of the preparation of the in-
termediate with methyl ethyl ketone led 
to the investigation of the methyl ethyl 
ketone solvent as a potential source of the 
polystyrene-like material. Evaporation of 
the methyl ethyl ketone yielded insuffi-
cient residue for analyses. A small volume 
(2 mL) of remaining methyl ethyl ketone 
solvent was mixed with particle-free de-
ionized water to reduce the solubility of 
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any polystyrene, if present, in the solvent. 
During the addition of the water to the 
methyl ethyl ketone, a small amount of 
white residue was observed forming on 
the container walls, immediately above 
the liquid level. Evaporation of the methyl 
ethyl ketone and water blend yielded ad-
ditional white residue for evaluation. 
However, the overall residue collected 
was minimal; the amount was estimated 
to be in the microgram range based on 
the overall weight percents of particulate 
collected from the monomer solutions 
and volume of methyl ethyl ketone used 
for the dissolution and evaporation study. 
FT-IR and Raman spectroscopy were 
used for analyses of the white residue and 
yielded spectra that suggested polystyrene 
or a related aromatic impurity was pres-
ent in the methyl ethyl ketone solvent. The 
FT-IR spectra are presented in Figure 9a, 
and the corresponding Raman spectra are 
shown in Figure 9b.

Conclusion

Analyses of monomer and intermediate 
product solutions exhibiting particulate 

materials led to the evaluation of the raw 
materials and processing solvents as po-
tential sources of extraneous particles. 
Most of the particles in the least hazy 
solution were determined to be related 
to the starting materials used in the for-
mulation. Results indicated that most of 
the particles were mixtures of monomer 
components. Extraneous materials not 
related to components of the monomer 
were also identified. 

Differences between the least hazy 
and haziest monomer solutions were 
primarily due to the presence of 2–10 
µm polystyrene beads encapsulated in 
gel-like aggregated clumps of mixtures 
of the monomer components in the hazi-
est solution. These individual polysty-
rene beads were identified using the high 
spatial resolution capabilities provided 
by CRM. The polystyrene-like compo-
nent was rare or absent in the least hazy 
solution. The polystyrene contamination 
was traced back to the methyl ethyl ke-
tone solvent. Although FT-IR spectros-
copy suggested polystyrene might be 
present, Raman microscopy provided 

supporting results indicating the pres-
ence of a polystyrene-like material; de-
tection of small particles of extraneous 
polystyrene-like material demonstrates 
the advantages achieved with confocal 
Raman microscopy. 

The use of FT-IR and Raman spec-
troscopy along with SEM-EDS pro-
vided complementary analytical results 
to solve a challenging quality control 
problem during a contact lens manu-
facturing process. Identification of the 
particulate materials causing the haze of 
the monomer, as well as the source of it, 
assisted the manufacturer in improving 
the quality of the product. 
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I
nfrared (IR) spectroscopy is one of the most prac-
t iced ana ly t ica l measurement techniques in in-
dustrial and academic R&D laboratories. Unfortu-

nately, diffraction physics limit its spatial resolution 
to ~5 µ m. A spat ia l  resolut ion brea kt hrough has 
been achieved with a novel technique that uses a na-
noscale probe from an atomic force microscope act-
ing as the IR absorbance detector (1). The nature of 
the IR absorbance detect ion resu lts in simultane-
ous measurements of nanosca le mechanica l prop-
er t ies and nanosca le morpholog y, a long wit h t he 
chemical composition. The technique also integrates  
nanoscale thermal property mapping, resulting in a 
multifunctional tool that provides nanoscale structure, 
chemical, mechanical, and thermal properties.

Introduction to AFM-IR 

Atomic force microscopy with infrared spectroscopy 
(AFM-IR) is based on photothermal induced resonance 
(PTIR), a technique that was pioneered by Alexandre 
Dazzi from the Laboratoire de Chimie Physique, CLIO, 
at the Université Paris-Sud in Orsay, France (2–6).

The AFM-IR technique uses a pulsed, tunable IR 
source to excite molecular vibrations in a sample that 

has been mounted on an IR-transparent prism. This cre-
ates an illumination configuration similar to conven-
tional attenuated-total-ref lection (ATR) spectroscopy. 
As the sample absorbs radiation, it heats up, leading to 
rapid thermal expansion that excites resonant oscilla-
tions of the cantilever. The induced oscillations decay 
in a characteristic ringdown, as shown in Figure 1. 

The ringdown can be analyzed with Fourier tech-
niques to extract the amplitudes and frequencies of the 
oscillations. Measuring the amplitudes of the cantilever 
oscillation as a function of the source wavelength cre-
ates local absorption spectra; the oscillation frequencies 
of the ringdown are related to the mechanical stiffness 
of the sample. 

Users of AFM-IR can quickly survey regions of a sam-
ple with AFM imaging and then rapidly acquire high-
resolution chemical spectra at selected regions on the 
sample. As shown in Figure 2, polymer spectra acquired 
with AFM-IR have demonstrated good correlation with 
bulk Fourier-transform infrared (FT-IR) spectra.

This capability allows researchers to import individ-
ual nanoscale IR spectra into commercial IR databases 
where they can digitally search to chemically identify 
the materials at the specific sample locations measured. 

Curtis Marcott, Kevin Kjoller, Michael Lo, Craig Prater, Roshan Shetty, and 
Alexandre Dazzi

The combination of atomic force microscopy (AFM) and infrared (IR) spectroscopy in the 
technique of AFM-IR is one of the most important recent developments in the field of IR 
microspectroscopy and chemical imaging. The importance of IR spectroscopy to our sci-
entific infrastructure needs no introduction given the size of the industry and the breadth 
of its application. However, the fundamental physical limit imposed by diffraction has 
prevented the use of this technique in applications requiring high spatial resolution, which 
is the case for many applications in polymers and the life sciences. AFM-IR uses an AFM 
probe as the IR absorbance sensor and hence breaks through the diffraction limit to attain 
spatial resolution improvements of up to two orders of magnitude over traditional IR 
microspectroscopy.

Nanoscale IR Spectroscopy: 

AFM-IR — A New Technique 



February 2012   Spectroscopy 27(2)  61www.spec t roscopyonl ine .com

Alternatively, the IR source can be 
tuned to a single wavelength to map 
compositional variations across the 
sample surface.

In addition to its ability to pro-
vide high-resolution infrared spec-
tra, the technique provides informa-
tion on the mechanical properties 
of the sample. This is accomplished, 
as mentioned above, by monitoring 
the frequency of the fundamental 
or higher resonant modes of the 
cantilever. This is analogous to the 
contac t  resona nce met hod used 
for a number of years in the AFM 
community. The contact resonant 
frequency of the canti lever in the 
AFM-IR system correlates to the 
stiffness of the sample and can be 
used to map the modulus of the 
sample qua l itat ively.  It  a lso can 
perform nanoscale thermal analysis 
utilizing novel AFM cantilevers that 
incorporate a resistive heating ele-
ment into the end of the cantilever. 
Using these cantilevers in combina-
tion with the system allows for the 
local measurement of the transition 
temperature of materials to a single 
point or an array of points across 
a sample. This can then identi f y 
or map the amorphous or crystal-
line content, stress, extent of cure, 
or other material properties which 
can be characterized by the transi-
tion temperature of the material. 

This combination of measurement 
capabi l it ies creates a mult i func-
tional tool that provides nanoscale 
structure, chemica l, mechanica l, 
and thermal properties. 

Experimental 
The IR source in the AFM-IR system 
used in this study (nanoIR, Anasys 
Instruments, Santa Barbara, Cali-
fornia) is a pulsed laser that is con-
tinuously tunable from 1200 to 3600 
cm-1. All AFM topographic images 
are obtained in contact mode with 
either an AppNano SICONA 450 
μm (Santa Clara, California), Team-
Nanotec Improved Super Cone 450 
μm (Villingen-Schwenningen, Ger-
many) contact mode cantilevers, or 
ThermaLever self-heating cantile-
vers (Anasys Instruments). The spa-

tial resolution of the IR spectra mea-
sured is determined by the AFM tip 
size, but it can deteriorate from this 

ideal for thicker samples because of 
heat transfer from regions deeper in 
the sample to the point at the sample 
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surface where the AFM tip detects 
the signal. In the studies discussed 
in this article, sample thicknesses 
are typical ly 300–500 nm and we 
estimate the spatial resolution of the 
IR spectra to be about 100 nm.

Measurements of  
Polymeric Samples  
AFM-IR is ideal for measuring poly-
meric samples in which there are 
local material variations (7). This 
includes materials such as polymer 

blends, multilayer films, nanocom-
posites, and micro- and nanoscale 
defects in materials. A number of 
examples follow that demonstrate 
the utility of the technique in these 
application areas. 

AFM-IR requires a thin film sam-
ple that is deposited on the prism 
surface. To accomplish this, the typi-
cal sample preparation technique is 
to use ultramicrotomy to cut sec-
tions with thicknesses between 100 
nm and 1000 nm. The sections are 
then transferred to a prism surface. 
Alternatively, the sample can be de-
posited out of solution, either drop 
cast or spin coated, onto the prism 
surface. Regardless of the sample 
preparation method, it is important 
that good optical contact be made 
between the sample and the prism 
surface to obtain the highest-quality 
spectral results.

Multilayer Films  
A multilayer film example is shown 
in Figure 3 and demonstrates the 
multifunctional measurement ca-
pability of AFM-IR. This particular 
film has a number of layers with the 
central layer being nylon surrounded 
by two ethylene acrylic acetate (EAA) 
layers. Figure 3a shows the topo-
graphic image of the surface of the 
sample, which was created by embed-
ding and microtoming the film. 

After visualizing the different lay-
ers of the film in the topography, an 
array of spectra was collected across 
the sample surface, as shown in fig-
ure 3b. These spectra were collected 
over the range of 2800–3400 cm-1, 
which includes the CH- and NH-
stretching absorption bands. The 
two materials are clearly differen-
tiated by their differing absorption 
in these two bands with a resolution 
of ~100 nm. The mechanical and 
spectroscopic data were obtained si-
multaneously, thus allowing direct 
correlation of mechanical stiffness 
information with chemical compo-
sition data (see Figure 3c). Note that 
the transitions in contact stiffness 
correlate extremely wel l with the 
strength of the CH absorption. The 
nanothermal analysis also was per-
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spectral map across the interfaces showing CH and NH absorption peaks. (c) Simultaneous 
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formed on the same sample, clearly 
identify ing sof tening at dif ferent 
temperatures for the nylon and EAA 
layers (see Figure 3d).

Polymer Blends  
Within polymer blends, one of the 
challenges is in characterizing the 
extent of miscibility of the compo-
nents and identifying the size and 
distribution of domains in immis-
cible or partially miscible blends.

Various techniques are used to 
image and characterize these do-
mains, including electron micros-
copy, Raman microscopy, and AFM. 
AFM-IR brings the advantages of 
multiple property evaluation and 
the rich IR spectral information. An 
example of using the chemical iden-
tif ication capability of AFM-IR to 
identify domains in a blend is shown 
in Figure 4. The sample is a polycar-
bonate-poly(methyl methacrylate) 
(PC-PMMA) blend, which shows 
domain structure at the micrometer 
and submicrometer scale. The two 

components can be differentiated by 
the structure of the domains seen in 
the AFM image with one material 
exhibit ing smooth domains af ter 
being microtomed and the other 

showing a rougher surface. These 
domains can then be identified as ei-
ther PC or PMMA by the strength of 
the characteristic PC absorptions at 
1770 and 1496 cm-1. Six spectra were 
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Figure 4: Polycarbonate–poly(methyl methacrylate) blend: 4 μm x 6 μm AFM image (top) and 

spectra (bottom) corresponding to six points spaced 100 nm apart across a transition between the 

two domains.
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taken across an interface between the 
two components with a separation of 
100 nm. The PMMA dominates in 
spectra 1–3, while spectra 4–6 show 
a higher PC composition.

Polystyrene–Epoxy Composite  
Figure 5 shows an AFM image with 
spat ia l ly resolved IR absorpt ion 
spectra recorded on a thin section 
of a model composite of polystyrene 
(PS) and epoxy. The sharp transition 
in the spectral characteristics on ei-
ther side of the PS-epoxy boundary 
demonstrates spatial resolution well 
beyond conventional IR microspec-

troscopy. Note that the IR spectrum 
collected at the center of the PS cir-
cular domain is an excellent match 
w it h t he spec t ra recorded w it h 
100 nm of the PS-epoxy boundary. 
Spectra on the lower left and right 
of Figure 5 collected between 2500 
cm-1 and 3700 cm-1 within 100 nm 
of the PS-epoxy boundary show lit-
tle or no evidence of the polystyrene 
aromatic CH-stretching absorption 
bands above 3000 cm-1.

Degradable Polymers 
Biodegradable polymers are impor-
tant materials in a variety of applica-

tions ranging from tissue engineer-
ing, drug delivery, food packaging, 
and textiles. Such materials are in-
creasingly complex blends of base 
materials and performance enhanc-
ing additives. The AFM-IR technique 
has been used to map, characterize, 
and even identify specific polymer 
additives. The AFM measurements 
allow mapping of the structure of the 
polymer matrix and additives. AFM-
IR can then be used to spatially map 
variations in chemical components. 
In the line spectral map (Figure 6, 
right side), note the spatially varying 
intensities of the C=O carbonyl band 
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Figure 5: An AFM image and the spectra of a polystyrene (PS)–epoxy 

composite sample recorded in the CH-stretching region.
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(1740 cm-1) and the single bond C-O 
peak around 1100 cm-1. These varia-
tions indicate the location of the two 
components in this material. 

Summary 
AFM-IR enables IR spectroscopy 
with 100-nm spatial resolution using 
AFM. It also provides high resolu-
tion topographic, chemical, mechan-
ical, and thermal mapping. These 
measurements have been illustrated 
here using applications in polymer 
blends and multilayer films. Other 
publications have demonstrated the 
technique’s capability with a broad 
range of materials and applications, 
including subcellular spectroscopy 
(8–11).
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A
t a time when security concerns are increasing around 
the world, the International Society for Optical Engi-
neering (SPIE) presents the 2012 Defense, Security, and 

Sensing conference to offer timely material and research to help 
countries keep up to date with the latest tools and methods for 
security applications, as well as for environmental sensing. This 
year’s conference will be held April 23–27 at the Baltimore Con-
vention Center in Baltimore, Maryland.  

Conferences
This conference features a unique setup compared to other 
conferences in that various topics are grouped into their own 
conference program tracks based on related technology topics. 
The program tracks include the following topics: 
• IR Sensors and Systems
• Defense, Homeland Security, and Law Enforcement
• Imaging and Sensing
• Sensing for Industry, Environment, and Health
• Emerging Technologies
• Laser Sensors and Systems
• Innovative Defense and Security Applications for Displays
• Space Technologies and Operations
• Unmanned, Robotic, and Layered Systems
• Sensor Data and Information Exploitation
• Signal, Image, and Neural Net Processing
• Information Systems and Networks: Processing, Fusion, 

and Knowledge Generation

Courses
Another feature of the 2012 SPIE Defense, Security, and Sens-
ing conference is the opportunity to meet with and learn 
from various industry experts and acquire skills you can 
apply to your daily work, through several courses offered. 
This year’s program features 12 new courses and workshops, 
including all-new content on energy harvesting, night vision, 
high dynamic range (HDR) imaging, and international traf-
fic in arms regulations (ITAR) and international trade. 

Course registration includes the selected course, course 
notes, coffee breaks, and admittance to the exhibition. The 
course listings are available on the SPIE website under the vari-
ous program tracks (http://spie.org/x6771.xml).

Exhibition
A conference exhibition is a great place for users to meet face-
to-face with their suppliers or see new instrumentation that has 
become available. The 2012 SPIE Defense, Security, and Sensing 
exhibition is one of the biggest in this industry, with more than 
500 companies expected on the show floor. Featured technologies 
include chemical and biological sensing; infrared sources, detec-
tors, and systems; lasers and other light sources, laser accesso-
ries, and laser systems; cameras and CCD components; displays; 
electronic imaging and fiber-optic components, equipment, and 
systems; optical components, including specialized lenses and 
coating; high-speed imaging and sensing; high-precision optics 
manufacturing; nanotechnology applications; law enforcement 
technologies; robotics and unmanned systems; and new technol-
ogy demos and displays. The exhibit floor with be open Tuesday, 
April 24 from 9:30 a.m. to 5:00 p.m.; Wednesday, April 25 from 
10:00 a.m. to 5:00 p.m.; and Thursday, April 26 from 10:00 a.m. 
to 2:00 p.m. 

Technical Program and Special Events
The 2012 SPIE Defense, Security, and Sensing conference will 
feature distinguished plenary speakers, workshops, panel dis-
cussions, poster receptions, and more. All conferees are wel-
come to attend the welcome reception on Monday, April 24 
from 6:30 to 8:00 p.m. at the Maryland Science Center. There 
will also be a presentation and reception on “Women in Op-
tics” on Tuesday, April 25, from 5:00 to 6:30 p.m. and an “Early 
Career Networking Social” on Wednesday, April 26, from 5:00 
to 6:30 p.m., which all conferees are welcome to attend. Other 
events might require tickets. 

For more information on this conference, please visit the 
SPIE website: http://spie.org. ◾

SPIE Defense, Security, 
and Sensing 2012

Spectroscopy previews the 2012 SPIE Defense, Security, and Sensing conference, to be held 
April 23–27, 2012, at the Baltimore Convention Center in Baltimore, Maryland.

Megan Evans, Spectroscopy Managing Editor
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Chemical reaction monitor
The MB-Rx in-situ chemical 
reaction monitor from ABB 
Analytical Measurements is 
designed for use in laboratories 
and pilot plants. According to 
the company, the monitor is 
a plug-and-play system that 
provides real-time information 
about chemical or biochemical 
reaction kinetics and param-
eters. Data reportedly are col-
lected with an insertion probe 
and can be analyzed via a soft-
ware interface. ABB Analytical 
Measurements, Quebec, Canada; www.abb.com/analytical

Spark atomic emission spectrometer
The OBLF GS 1000-II spark atomic 
emission spectrometer from PANalyti-
cal includes a spark stand design that 
incorpporates two counter electrodes. 
The design reportedly reduces total anal-
ysis time versus single-electrode spec-
trometers. According to the company, 
the instrument is capable of performing 
a two-measurement analysis of ferrous 
samples in 25 s. Samples requiring only 
standard carbon analysis and no nitrogen 
reportedly have an analysis time of 15 s.  
PANalytical,  Westborough, MA; 
www.panalytical.com/OES

ICP-MS system
The Agilent 8800 triple-
quadrupole ICP-MS sys-
tem is designed to provide 
improved performance 
compared with single-
quadrupole ICP-MS and to 
provide MS-MS operation 
for interference removal in 
reaction mode. According 
to the company, the sys-
tem can be used to analyze elements in life-science, soil, rock, and 
plant materials. The system reportedly also can be set up to operate 
like a single-quadrupole ICP-MS system. Agilent Technologies, 
Santa Clara, CA; www.agilent.com

Benchtop XRD systems
Rigaku’s benchtop X-ray 
diffraction analyzers are 
intended for qualitative 
and quantitative analysis of 
polycrystalline materials. The 
Miniflex 600 analyzer oper-
ates at 600 W (X-ray tube), 
and the Miniflex 300 ana-
lyzer operates at 300 W and 
does not require an external 
heat exchanger. The analyz-
ers reportedly are available with sample changers and are supplied 
with powder diffraction analysis software. Rigaku Corporation, 
The Woodlands, TX; www.rigaku.com

Digital scientific camera
The xSCELL digital scientific 
camera from Photonis USA 
is designed for high-speed 
imaging at low light levels 
and with low dark noise 
requirements. Applications 
include fluorescence imag-
ing, spinning disk confocal 
microscopy, high-through-
put screening, and gene 
sequencing. According to the company, the camera features 1000 
frames/s at a resolution of 1024 × 1024, readout noise of less than 2 
e- rms, and quantum efficiency of 65%. Photonis USA, 
Sturbridge, MA; www.photonis.com

ICP accessory
Glass Expansion’s Niagara 
Plus ICP accessory includes 
a six-port valve designed 
for simplified operation. An 
optional seventh port report-
edly is available for automatic 
dilution or addition of internal 
standard. According to the 
company, software and port 
drivers are preloaded.
Glass Expansion Inc.,
Pocasset, MA; www.geicp.com

Imaging system
The iStar 312T imaging system 
from Andor is designed to provide 
acquisition rates greater than 15 
frames/s and can be used for 
combustion and plasma studies. 
According to the company, the 
system also features a -40 °C 
thermoelectric cooling interface, 
low-noise electronics, and high-
sensitivity photocathodes. The 
system’s integrated digital delay 
generator reportedly enables low 
insertion delay and timing accuracy down to a few tens of picosec-
onds. Andor Technology, Belfast, UK; www.andor.com

USB-to-Ethernet converter
The AvaGigE USB-to-Ethernet 
converter from Avantes is 
designed to enable the com-
pany’s Avaspec miniature 
spectrometers to be con-
trolled through an IP network. 
According to the company, the 
hardware device supports the 
connection of as many as 16 
spectrometers (via USB hub) 
and a web-based configuration 
utility. Avantes, 
Broomfield, CO;  
www.avantes.com

PITTCON PRODUCT SHOWCASE
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Raman spectrometer
The RamSpec-HR 1064-nm 
Raman spectrometer from 
BaySpec is designed as a 
research-grade instrument for 
the wavelength range up to 
1700 nm. The benchtop spec-
trometer reportedly is suited 
for applications such as pro-
cess control, routine analytical 
analysis, reaction monitoring, 
material identification, and 
mixture analysis. According to the company, the instrument includes 
a light-tight sampling chamber, volume phase gratings customized for 
each specific wavelength region, and deep-cooled InGaAs array detec-
tors. BaySpec Inc., San Jose, CA; www.bayspec.com

Diode laser modules
The MLD series high-
performance laser diode 
modules from Cobolt AB 
cover a spectral range 
between 405 and 660 
nm. According to the 
company, the lasers can 
be used for fluorescence 
applications such as 
confocal microscopy and 
flow cytometry, and they feature direct intensity modulation  
capability for applications such as optogenetics, microlithography,  
and metrology. All control electronics reportedly are integrated in  
an industry-standard-size laser head. Cobolt AB, Solna, Sweden; 
www.cobolt.se

X-ray sources
Moxtek’s OptiMAG X-ray 
sources are designed for 
applications such as X-ray 
spectrometry and real-
time imaging, in which 
collimated, high-flux, 
and stable X-ray output 
is required. The sources’ 
focal spot reportedly is 
less than 800 µm and is 
centered on the X-ray exit window. According to the company, the 
sources’ operate in the 4–50 kV, 0–200 µA range with a maximum 
output power of 4 W. The sources are intended for use in both  
handheld and benchtop instruments. Moxtek, Inc., Orem, UT; 
www.moxtek.com 

Dual laser source Raman module
PD-LD’s LS-2 LabSource 
benchtop Raman module 
has two laser sources. 
According to the company, 
the laser sources are VBG-
stabilized, and are available 
in standard and custom 
wavelengths. When the 
two laser sources’ wave-
lengths are closely spaced 
together, the module 
reportedly is capable of performing surface enhanced Raman  
differential spectroscopy. PD-LD, Inc., Pennington, NJ; 
www.pd-ld.com

FT-NIR spectrometer
The Tango FT-NIR spec-
trometer from Bruker 
Optics is designed as a 
stand-alone benchtop 
system with touch-screen 
operation. The spectrom-
eter is intended for use in 
applications such as food, 
feed, chemical, and phar-
maceutical analyses. The 
system is available in two 
versions, one for measuring solids in reflection and one for measuring 
liquids in transmission. According to the company, the spectrometer 
can be used in laboratory and dusty environments. Bruker Optics 
Inc., Billerica, MA; www.brukeroptics.com

Miniature voltage converters
The A Series DC-to-high-voltage-DC 
converters from EMCO High Voltage 
are designed to provide controllable 
output voltages of 100 V to 6000 V. 
The output power is 1 W standard, 
with 1.5 W available as an option. The 
converters reportedly occupy less than 
0.1 in.3 of volume and have a profile of 
0.250 in. EMCO High Voltage Cor-
poration, Sutter Creek, CA; 
www.emcohighvoltage.com

UV–vis spectrophotometers
UV–vis spectrophotometers from 
Shimadzu Scientific Instruments are 
designed for routine analysis and 
research applications. The double-
monochromator UV-2700 system 
reportedly achieves stray light 
levels of 0.00005% T at 220 nm, 
a photometric performance range 
of 8 Abs, and a transmittance value 
of 0.000001%, which enables the 
measurement of low-transmittance 
samples. According to the company, the single-monochromator 
UV-2600 system features a measurement wavelength range to 1400 
nm, which allows measurements in the near-infrared region and  
analysis of photovoltaics and other materials. Shimadzu Scientific 
Instruments Inc., Columbia, MD; www.ssi.shimadzu.com

Materials characterization database
Release 2011 of the Powder  
Diffraction File from ICDD con-
tains ~747,000 unique mate-
rial data sets. According to the 
company, each data set contains 
diffraction, crystallographic, and 
bibliographic data, as well as 
experimental, instrument, and 
sampling conditions, and select 
physical properties in a common 
standardized format. Interna-
tional Centre for Diffraction  
Data, Newtown Square, PA; 
www.icdd.com
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Topographic Raman imaging
WITec’s True Surface Micros-
copy imaging mode is 
designed to allow large-area 
topographic coordinates from 
the profilometer measure-
ment to be precisely cor-
related with the large-area 
confocal Raman imaging data. 
This option reportedly enables 
samples that would normally 
require extensive preparation 
to obtain a certain surface flatness to be automatically characterized as 
they are. According to the company, it allows scan ranges as large as 
50 mm × 100 mm with a spatial resolution of 100 nm vertically and 
10 µm laterally. WITec GmbH, Ulm, Germany; www.witec.de

Raman software
LabSpec 6 Raman soft-
ware from Horiba Scien-
tific is designed to guide 
researchers through sys-
tem setup, Raman spec-
trum data and map acquisition, measurement and data processing, 
and report generation. The software reportedly offers comprehen-
sive data acquisition, processing, and display functionalities for the 
company’s Raman, cathodoluminescence, and photoluminescence 
spectrometers. According to the company, the software also includes 
an integrated multivariate analysis module for characterization of 
complex datasets and on-the-fly data processing. 
Horiba Scientific, Edison, NJ; www.horiba.com

AA spectrometers
The PinAAcle atomic 
absorption spectrometers 
from PerkinElmer are avail-
able with a variety of con-
figurations and capabilities, 
including flame only, furnace 
only, or stacked designs fea-
turing both; flame, furnace, 
flow injection, FIAS-furnace, 
and mercury/hydride capa-
bilities on a single instru-
ment; and with deuterium 
or longitudinal Zeeman background correction. The spectrometers include 
the company’s TubeView color furnace camera and WinLab32 software. 
PerkinElmer, Waltham, MA;, www.perkinelmer.com

Inorganic certified reference materials
Inorganic certified reference 
materials from SPEX CertiPrep 
are designed for use with 
US EPA and ASTM methods. 
The products can be used 
for compliance monitoring of 
drinking water samples and 
for the analysis of ground 
and surface water. Common 
methods include US EPA 
SW-846, Method 1310, US 
EPA 200.7, and US EPA 200.8. 
According to the company, each standard comes with a comprehen-
sive, detailed certificate of analysis, and MSDS. SPEX CertiPrep, 
Metuchen, NJ; www.spexcertiprep.com

Silicon drift detectors
Amptek’s Super sili-
con drift detectors are 
designed for XRF applica-
tions with OEM handheld 
instruments and bench-
top analyzers. According 
to the company, the 
detectors have 125-eV 
FWHM resolution, an 
11.2-µs peaking time, 
and a P/B of 8200 with 
an area of 25 mm2 and a silicon thickness of 500 µm. The detectors 
reportedly are contained inside the same TO-8 package and do not 
require liquid nitrogen. Amptek Inc., Bedford, MA; www.amptek.com

ATR accessory
The Diamond ConcentratIR 
horizontal multiple internal 
reflection accessory from 
Harrick is designed for analyz-
ing minute liquid and paste 
samples in quality control 
environments. According to the 
company, the compact attenu-
ated total reflection (ATR) 
microsampler incorporates a 
diamond internal reflection 
element, and its infrared beam interacts within a 4-mm diameter 
area. The instrument reportedly has a feature that allows rapid sample 
exchange without interrupting the purge of the spectrometer. Harrick 
Scientific Products, Inc., Pleasantville, NY; www.harricksci.com

Diffraction gratings
Zeiss mechanically ruled or holo-
graphically recorded diffraction 
gratings from Hellma are designed 
using holographic exposure sys-
tems and ultrahigh-precision ruling 
engines. According to the  
company, the gratings are used 
with monochromators, spec-
tographs, spectrophotometers, 
dye lasers, and other laser types. 
Hellma, Plainview, NY;
www.hellmausa.com

Infrared filters
Infrared filters from CVI 
Melles Griot are manu-
factured using a sputter 
coating process and are 
designed for durability 
and environmental resis-
tance. According to the 
company, the filters are 
optimized for peak trans-
mission and blocking. 
The filters can be used 
for applications such as gas analyzers, nondispersive, or  
Fourier-transform instruments, spectrometers, and biomedical 
devices. CVI Melles Griot, Albuquerque, NM; 
www.cvimellesgriot.com
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Photovoltaic measurement system
Newport Corporation’s Oriel 
IQE-200 photovoltaic cell mea-
surement system is designed 
for simultaneous measurement 
of the external and internal 
quantum efficiency of solar cells, 
detectors, and other photon-
to-charge converting devices. 
The system reportedly splits the 
beam to allow for concurrent measurements. The system includes a light 
source, a monochromator, and related electronics and software. Accord-
ing to the company, the system can be used for the measurement of 
silicon-based cells, amorphous and mono/poly crystalline, thin-film cells, 
copper indium gallium diselenide, and cadmium telluride. Newport 
Corporation, Irvine, CA; www.newport.com

Raman analyzer
The EZRaman-N analyzer 
from Enwave Optronics is 
designed for fast carbon 
nanotube characterization. 
According to the company, 
the 100–3300 cm-1 spectral 
range covers full carbon 
nanotube bands of interest 
from the radial breathing 
mode to the G’-band. 
Enwave Optronics, Inc., 
Irvine, CA; www.enwaveopt.com

Raman microscope
Renishaw’s inVia Raman 
microscope can be used 
for nondestructive testing 
of sperm DNA for assessing 
the healthiness of sperm 
cells. The instrument can be 
customized to integrate opti-
cal tweezing, which enables 
researchers to immobilize 
sperm cells with a tightly focused laser beam. The resulting Raman 
spectra contain information about the vibrations of molecules 
within the sperm cells and can be used to assess the state of its 
DNA. Renishaw, Hoffman Estates, IL; www.renishaw.com

Spectrometer
StellarNet’s Black-Comet-HR 
concave grating spectrometer 
is designed for high-resolu-
tion applications. According 
to the company, the system 
is available for measurements 
in two ranges, UV (200–600 
nm) and visible (380–750 
nm), and can achieve resolv-
ing resolutions of 0.4 nm. 
The system reportedly is 
USB-2 powered, shock-proof, 
and vibration tolerant with no 
moving parts StellarNet, Tampa, FL; www.stellarnet-inc.com

UV–vis microvolume spectrophotometer
The NanoDrop Lite UV–vis 
microvolume spectrophotome-
ter from Thermo Fisher Scientific 
is designed to measure nucleic 
acid and protein concentrations 
in 1.0–2.0 µL sample sizes. 
According to the company, the 
compact spectrophotometer is 
suited for rapid, accurate, and reproducible microvolume measurements 
without the need for dilutions. Applications include routine measure-
ments related to sequencing, PCR/qPCR, protein isolation, antibody 
production, and HLA typing. Features include local control, and a dock-
ing printer is available that prints freezer-compatible adhesive labels. 
Thermo Fisher Scientific, Waltham, MA; www.nanodrop.com

Mercury analyzers
Teledyne Leeman’s Hydra 
II mercury analyzers are 
designed to provide configura-
tion flexibility. According to the 
company, the analyzers can 
be configured to conduct the 
analysis of liquids by sample 
digestion followed by cold 
vapor atomic absorption or 
cold vapor atomic fluores-
cence, and the direct analysis 
of solid or semisolid sample 
matrices through thermal decomposition followed by cold vapor 
atomic absorption. Teledyne Leeman Labs, Hudson, NH; 
www.LeemanLabs.com

Hyperspectral imaging camera
Horiba Scientific’s Verde hyper-
spectral imaging camera is 
designed to measure complete 
image and spectral information 
simultaneously. According to 
the company, the camera can 
capture the complete spectrum 
of every point in an image in a 
single measurement in 3 ms. The camera reportedly uses a 2-D dis-
persion element to capture all spatial and spectral information, and no 
averaging or repeated experiments are required. The camera has no 
moving parts. Possible applications are field work and industrial quality 
control, including plasma monitoring in semiconductor foundries, color 
quality control for fabrics, paints, foods, computer monitors, and televi-
sions. Horiba Scientific, Edison, NJ; www.horiba.com

Temperature controllers
The PTC Series temperature control-
lers from Wavelength Electronics are 
designed for use in applications such 
as particle and droplet measure-
ment, communications, manufactur-
ing testing, and medical systems. 
The controllers reportedly operate 
from single power supply between 
5 V and 30 V, and two models drive 
±5 A or ±10 A to a Peltier thermo-
electric cooler or resistive heater. The 
controllers mount directly to a circuit 
board. According to the company, the controllers interface with various 
temperature sensors and have an adjustable bias current. Wavelength 
Electronics Inc., Bozeman, MT; www.teamwavelength.com
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16–20 2012 American Association 

for the Advancement of Science 

Annual Meeting 

Vancouver, British Columbia, Canada

www.aaas.org/meetings/

25–29 Biophysical Society 56th 

Annual Meeting

San Diego, CA 

www.biophysics.org/2012meeting/

Main/tabid/2386/Default.aspx

27–2 March 8th Winter Symposium on 

Chemometrics in Russia (WSC-8)

Moscow, Russia  

wsc.chemometrics.ru/wsc8/

27–2 March American Physical 

Society March Meeting 

Boston, MA  

www.aps.org/meetings/march/

March

3–6 24th Austin Symposium on 

Molecular Structure and Dynamics at  

Dallas (ASMD@D)

Dallas, TX  

smu.edu/austinsymposium/

11–15 Pittcon 2012 — Pittsburgh 

Conference on Analytical Chemistry  

and Applied Spectroscopy 

Orlando, FL

www.pittcon.org

25–29 243rd ACS National Meeting 

and Exposition

San Diego, CA

www.acs.org

28–29 International Conference on Op-

tics, Lasers, and Spectroscopy 

(ICOLS 2012)

Madrid, Spain 

www.waset.org/conferences/2012/ 

madrid/icols/

28–31 10th Biennial International 

Conference of the Infrared and Raman 

Users Group (IRUG10)

Barcelona, Spain 

www.ub.edu/IRUG10BCN/

April

9-13 Materials Research Society 

Spring Meeting

San Francisco, CA

www.mrs.org/spring2012/ 

16–19 SPIE Photonics Europe

Brussels, Belgium 

spie.org/x12290.xml

23–27 SPIE Defense, Security, and 

Sensing 2012

Baltimore, Maryland 

spie.org/x6771.xml

May

20–24 60th ASMS Conference on 

Mass Spectrometry

Vancouver, British Columbia, Canada

www.asms.org/

26–30 CSC 2012 — 95th Canadian 

Chemistry Conference and Exhibition

Calgary, Quebec, Canada

www.csc2012.ca/

June

3–8 Gordon Research Conference on 

Multiphoton Processes: Attoseconds, 

Intense Fields, and Ultrafast Imaging

South Hadley, MA 

www.grc.org/programs.aspx?year=2012&

program=multiphot

July

1–5 Euromar 2012

Dublin, Ireland 

euromar2012.org/

August

5–10 Gordon Research Conference on 

Vibrational Spectroscopy

Biddeford, ME 

www.grc.org/programs.

aspx?year=2012&program=vibrspec

6–10 61st Annual Denver X-Ray Conference 

Denver, CO

www.dxcicdd.com/

12–16 2012 SPIE Optics & Photonics, 

San Diego, CA

spie.org/optics-photonics.xml

13–17 23rd International Conference on 

Raman Spectroscopy 

Bangalore, India  

www.icors2012.org

19–23 244th ACS National Meeting & Expo. 

Philadelphia, PA 

www.agrodiv.org/244th-acs-national-

meeting-exposition

26–31 31st European Congress on 

Molecular Spectroscopy

Cluj-Napoca, Romania  

www.phys.ubbcluj.ro/eucmos2012/
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Short Courses
February 2012

25–26 DPOLY Short Course: Case 

Studies in Polymer Physics from 

the Industrial Research World  

Boston, MA  

www.aps.org/meetings/march/events/

workshops/dpoly.cfm

March 2012

12 Introduction to Inductively Coupled 

Plasma Atomic Emission Spectrometry 

Orlando, FL 

www.pittcon.org

12 Side Illuminated Optical Fiber Sensor 

with a High Density of Sensing Points 

Orlando, FL 

www.pittcon.org

13 Fundamentals of Particle Size Analysis 

with an Emphasis on Light Scattering  

Techniques 

Orlando, FL 

www.pittcon.org

14–15 Basic Theory, Instrumentation and 

Applications of Vibrational Spectroscopy 

(Raman, Mid-Infrared, and Near-Infrared) 

in Materials Science)

Orlando, FL 

www.pittcon.org

24–25 Analysis and Interpretation of Mass 

Spectral Data 

San Diego, CA

www.proed.acs.org/sandiego/

24–25 Spectroscopic Method Development: 

Qualitative & Quantitative Techniques 

San Diego, CA

www.proed.acs.org/sandiego/

26 High-Throughput Method Development 

for Drug Analysis by LC–MS 

San Diego, CA

www.proed.acs.org/sandiego/

26–27 Infrared Spectral Interpretation: A 

Systematic Approach 

San Diego, CA

www.proed.acs.org/sandiego/

27 Introduction to GLP Regulations and 

Bioanalytical Method Validation by  

LC–MS-MS 

San Diego, CA

www.proed.acs.org/sandiego/

27–28 NMR Spectral Interpretation and 

Organic Spectroscopy: A Problem-Based 

Learning Approach 

San Diego, CA

www.proed.acs.org/sandiego/
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Call for Application Notes
Spectroscopy is planning to publish the next edition 
of  The Application Notebook in September 2012.  

As always, the publication will include paid position vendor  
application notes that describe techniques and applications  
of all forms of spectroscopy that are of immediate interest  

to users in industry, academia, and government.  
If your company is interested in participating  

in this special supplement, contact:

Michael J. Tessalone, Group Publisher • (732) 346-3016

Edward Fantuzzi, Publisher • (732) 346-3015

or

Stephanie Shaffer, East Coast Sales Manager • (508) 481-5885
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In your talk at the recent FACSS conference (now called 
the “SCIX conference”), you discussed the theory of resolu-
tion and image quality in mid-IR imaging. Why did you 
undertake this research into the theory?
Bhargava: Actually, the research started as just as curios-
ity, as a fundamental exploration of the theoretical basis 
for our field. I had been working in the area of infrared 
imaging for almost 10 years to that point, and we did not 
have a firm theoretical basis or a book where one could 
look up the theory of infrared microscopy and imaging. 
So this really started as an intellectual exercise, and took 
off from there.

Do the issues you have explored only arise with certain 
types of samples such as very small samples, at the nano- 
to micrometer scale?
Bhargava: The issue is present with all kinds of samples, 
whether it has any microscopic structure or not. The 
minute you take a sample and put it into an infrared mi-
croscope, the spectrum that you record will be different 
from that in the conventional interferometer, and that’s 
because you don’t have the approximately plane-wave 
geometry in which the light is slowly converging; you 
actually have a very highly converging beam of light in 
the microscope. So even if you have a uniform sample, 
under the microscope you will start to see some changes 
in the recorded data compared to the conventional spec-
trometer. With small samples, you get additional effects. 
So if the domain sizes are comparable to the wavelength, 
for example, you start to see distortion, you start to see 
a more prominent scattering effect. If the particle size 
becomes really, really small compared to the wavelength, 
you go back again and it appears homogeneous to the 
light off a certain wavelength. So you start getting back 
the sort of bulk effects that you would see with a homo-
geneous sample to begin with. So it’s in both cases that 
you see some sorts of differences between a microscope 
and a conventional interferometer.

Can you summarize your theory?
Bhargava: Our theory actually can be thought of as a 
two-part process. The first is modeling the instrument 
and the optics itself. The second is modeling the sample 
and light interactions. Modeling the instrument is rela-
tively straightforward; it’s quite similar in theory to an 
optical microscope, for example. So we used much of the 
same framework. We start from Maxwell ’s equations, 
from the very fundamentals, and then we built up at each 
step, how light propagates from the source, to the beam 
splitter, to the mirrors, back again, through the micro-
scope optics and on to the detector. As far as the sample 
is concerned, we again break it down into how light inter-
acts with the sample, completely from first principles. We 
had no assumptions, no empirical parameters, nothing of 
that sort. So it’s a very rigorous theory.

Now, there are two issues to keep in mind for this de-
velopment. The first is how this differs from conventional 
optical microscopy and optical imaging. If you examine 
optical theory, a simplification is often made. In visible 
microscopy, we consider the sample to be a fairly uniform 
sample, with just a few, isolated points that actually scat-
ter light. However, it’s the scattering points that actually 
give the image contrast. On the infrared spectroscopy 
side, we have traditionally considered the samples to be 
highly absorbing but not scattering. If we examine the 
literature for almost all imaging techniques and mecha-
nisms, you will see that this problem — image formation, 
that is — can either be broken down into places that don’t 
have a whole lot of scattering but have absorption or have 
some amount of scattering and insignificant absorption. 
Hence, the theory is new, not only for infrared micros-
copy, but in general in the field of image formation.

This interview was edited for length and clarity.

To read the full interview, please visit:

www.spectroscopyonline.com/Bhargava ◾

The field of mid-infrared (mid-IR) imaging has made significant develop-
ments in recent years, but the theory has not kept pace. Rohit Bhargava, 
an associate professor of engineering at the University of Illinois at 
Urbana-Champaign and the associate director of the University of 
Illinois Cancer Center, recently undertook studies to address that gap. 
Spectroscopy spoke to him recently about that work.

Resolution in Mid-Infrared Imaging: 
The Theory.
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