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Sensitive and Sensible

PIKE Technologies’ HATR accessory is

a multiple reflection ATR designed for
applications requiring additional sensitivity.
It is configurable for routine to highly
sophisticated measurements. ATR crystal
options include ZnSe, Ge, AMTIR, and

KRS-5 producing between 5 to 20 reflections
on the sampling surface to optimize results.
HATR flow cells offer maximum flexibility for
the dynamic lab allowing the user to change
crystal type. Heating and liquid jacketed
temperature control is available for most

ATR plates and flow cells.

See the Invisible

PIKE Technologies introduces Stainless

Steel Short-Path Gas Cells for analyzing
concentrated gases spectroscopically.

The durable construction of the metal body
allows the cells to be used under pressure
when matched with a suitable transmission
window. Pathlengths are 1, 2, 5, 10, 15,
and 20 cm. Heated models are available for
a maximum temperature of 200 and 300 °C.
All gas cells are delivered with purge tubes
and welded VCR fittings.
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difficult sample types.

High-performance stainless steel construction allows for higher pressures and temperatures,
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processing. Just as important, dissimilar samples can be processed simultaneously, saving time
and money. The bottom line? The UltraWAVE is changing the game for metals prep.
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Digestion and Analysis of Mixed Vitamin Samples

in a Single Batch

CEM Corporation

Increasing public and regulatory concerns over the safety of
vitamin supplements mean manufacturers are under greater
pressure than ever to ensure good manufacturing and testing
processes. It is estimated that more than half of the adult population
regularly take vitamin supplements, with annual sales of $14.3
billion a year. However, the sector is fraught with media reports of
false or fraudulent medicinal claims, and there is already significant
scrutiny and questioning from consumers. Public concerns about
the safety of dietary supplements were heightened after quality
issues (predominantly heavy metal contamination) were revealed
in a quarter of 2000 dietary supplements from more than 300
manufacturers.

The FDA has issued requirements and expectations for good
manufacturing practice to ensure the quality and safety of dietary
supplements. In addition, when the new U.S. Pharmocopeia
(USP) chapters 232/233 are implemented in January of 2018,
stricter requirements will be put in place to limit the presence of
heavy metals in drug products.

Experimental Conditions

A MARS 6 with iWave technology was used to digest 6 different
vitamin samples in a single batch. iWave is a revolutionary technology
advance that utilizes Light Emitting Technology™ to measure the
temperature of the actual sample solution inside the vessel and does not
require an internal probe. The MARS 6 One Touch “Pharmaceutical”

method was used to precisely control the digestion conditions.

Samples

Pantothenic Acid

Ascorbic Acid

Magnesium Oxide

Manganese Carbonate

Chromium AA Chelate

Selenium Chelate

Sample Size: 0.25 g each

Acids Used: 9 mL HNO,; 1 mL HCI per sample
Method: One Touch - Pharmaceutical

Figure 1: iWave technology provides precise control of the tem-
perature of all samples during the digestion process.

Results

Use of the MARS 6 with iWave allowed efficient processing
of six different vitamin samples for elemental analysis. As
illustrated in Figure 1, the system automatically adjusts the
power to compensate for the different samples so that by the
end of the ramp all samples are digesting similarly. The overall
time to process these samples including cooldown was 45 min.
The resulting digested samples were clear and most solutions
were colorless upon dilution with deionized water. However,
certain transition elements will provide for a colored aqueous
solution. In our case the transition elements chromium and
manganese are used in the supplements providing a the slight
color to those digestates.

Conclusions

The MARS 6 with iWave technology was able to successfully digest
six different vitamin samples in a single batch. This technology
will allow for more samples to be run in a single batch which will
provide greater flexibility and productivity in the metals laboratory.

CEM Corporation

P.O. Box 200, Matthews, NC 28106s
tel. (704) 821-7015, (800) 726-3331
Website: www.cem.com
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IsoMist XR: Improved Performance with Precise Temperature

Control for any ICP Application

Ryan Brennan and Jerry Dulude, Glass Expansion Inc.

he temperature of a sample introduction system has a pro-
found effect on ICP-OES and ICP-MS performance. Most
ICP-MS instruments use a cooled spray chamber to reduce oxide
and polyatomic interferences. A cooled spray chamber is also of-
ten used to reduce the volatility of solvents so that a stable plasma
is sustained. Heating the spray chamber results in higher sample
transport, enhancing sensitivity. Maintaining a constant and sta-
ble spray chamber temperature improves analytical stability and
enhances throughput by reducing QC failures.
Glass Expansion developed the IsoMist" to meet the demand for
a reliable and convenient temperature controlled spray chamber. On
the 10th anniversary of the IsoMist release, we are pleased to introduce
the IsoMist XR™ (Figure 1). With an extended temperature range of
-25 °C to +80 °C the IsoMist XR guarantees optimum conditions for
any application. In this article, we detail the new design features of the
IsoMist XR and highlight several applications that benefit from the
use of a temperature controlled cyclonic spray chamber.

Introduction

The IsoMist, first introduced by Glass Expansion in 2007 (1), pro-
vided ICP laboratories with a convenient self-contained alternative
to a jacketed spray chamber by eliminating the need for a bulky
chiller, coolant, complex coolant tubing, and dangerous icing-up
of the spray chamber. In contrast to the limited temperature range
of a jacketed spray chamber, the IsoMist provides a programmable
range of -10 °C to +60 °C in increments of 1 °C. This temperature
flexibility addressed the challenges associated with several ICP ap-
plications (1-6).

The IsoMist XR incorporates an improved thermodynamic design,
providing an extended temperature range and faster equilibration
so that your target temperature is attained more quickly. The spray
chamber temperature of the IsoMist XR is accurately controlled us-
ing a multi-stage Peltier device, with a range of -25 °C to +80 °C in
increments of 1 °C. The proprietary software of the IsoMist XR is
connected via a USB port or wireless Bluetooth” technology.

A cyclonic spray chamber encapsulated with a temperature conduc-
tive resin provides the IsoMist XR with a uniform spray chamber tem-
perature from top to bottom and an air tight fit within the module
(5,6). These features allow for a stable temperature to be maintained
with an unmatched accuracy of +/- 0.1 °C and prevent condensation
build-up and freezing. The combination of the encapsulated spray
chamber and dual-stage Peltier allows the IsoMist XR to reach -25 °C
in less than 15 min (from ambient temperature).

The IsoMist XR is compatible with interchangeable glass, quartz,

and PFA cyclonic spray chambers, offering the analyst with the utmost
flexibility and optimum setup for any matrix. Glass Expansion’s
proprietary Helix" o-ring free nebulizer interface eliminates sample
contamination and ensures easy nebulizer removal. This zero dead
volume nebulizer interface reduces carry-over, improves washout
between samples (5) and a built-in positive stop ensures correct
and reproducible nebulizer insertion depth for consistent nebulizer
performance.

Results

Improved Stability

Fluctuations in laboratory temperature affect sample viscosity and
nebulization efficiency; a change of 1 °C in spray chamber tem-
perature can result in a sensitivity change of 3% (5). Maintaining
a constant temperature with the IsoMist XR improves analytical
reproducibility and accuracy, enhances throughput and lowers
operating costs by reducing the need to re-run samples when a
QC check drifts outside the acceptable range.

Reduced Oxide Interferences

Using the IsoMist XR spray chamber at sub-ambient temperatures
on an ICP-MS reduces the water vapor transferred to the plasma,
resulting in lower oxide formation and reduced polyatomic (ArO,
ArOH) interferences. Less oxides in the plasma translates to fewer
interferences, improving accuracy and detection limits (1).

Improved Detection Limits

An investigation was recently carried out using the IsoMist connected
to a Spectro Arcos I MV ICP-OES at a NY water treatment facility.
Replacing the standard cyclonic spray chamber with the IsoMist and
optimizing the sample introduction environment at 5 °C provided
a significant improvement in instrument detection limits (Table I).

Volatile Solvents

Volatile organic solvents are a challenge due to high transport efh-
ciency to the plasma, creating an excessive load resulting in plasma
instability or, in the worst case, cessation. One of the most difficult
and commonly analyzed solvents is light naphtha. Due to its high
volatility, naphtha is usually diluted with a less volatile solvent, like
kerosene. However, a dilution restricts lower detection limits from be-
ing achieved. The IsoMist XR allows for direct analysis of naphtha
without dilution at a temperature of -25 °C (6), resulting in higher
intensities, better precision, and higher accuracy compared to previ-
ous work (1,2) at -10 °C (Figure 2). The extended temperature range
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Figure 1: IsoMist XR.
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Figure 2: Effect of Spray Chamber Temperature on Signal
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of -25 °C makes the IsoMist XR the perfect tool for analyzing volatile
solvents like naphtha and gasoline without dilution.

Enhanced Sensitivity and Accuracy

The sensitivity for many analyses can be enhanced by operating
the spray chamber at elevated temperatures. For example, the Iso-
Mist showed improved accuracy and signal intensity for Pt and
other precious metals at a temperature range of 30 °C to 45 °C
(5). Heating the spray chamber also improves the analysis of vis-
cous samples such as lubricants and edible oils, in addition to
limited sample volumes (2).

Summary

The IsoMist XR is an elegant, compact, stand-alone system re-
sistant to attack from acids and solvents commonly used in ICP
analysis. The IsoMist XR enhances the sample introduction envi-
ronment to provide the conditions necessary for accurate and re-
producible measurements for any ICP application. The compact
design and customized interface kit allow the IsoMist XR to be
compatible with virtually any ICP-OES or ICP-MS.

Atomic Spectroscopy 9

Table I: Comparison of Instrument Detection Limits with and
without the IsoMist.

Element IDL without IsoMist (ppb) IDL with IsoMist at 5 °C (pph)
Ag 1.00 0.50
Al 1.00 0.50
As 3.00 1.00
Ba 0.90 0.40
Be 0.10 0.09
Cd 1.00 0.50
Co 1.00 0.70
Cr 1.00 0.40
Cu 2.00 0.70
Fe 2.00 0.90
Mg 1.00 0.50
Mn 0.90 0.30
Mo 1.00 0.50
Ni 2.00 0.90
Pb 3.00 1.00
Sb 3.00 1.00
Se 5.00 2.00
Tl 2.00 1.00
Zn 1.00 0.50
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Miniature 60 kV, 1000 pA 12 W X-ray Source

Sterling Cornaby, PhD, Moxtek

Moxtek’s MAGPRO miniature X-ray source is capable of
up to 60 kV 200 uA and down to 4 kV and 1000 uA, and
limited to an output power of 12 watts. The 12 W source
is meant for use in small bench top systems where small
size is valued.

he 12 W miniature source has a higher voltage and a much
higher emission current than our present miniature X-ray
sources, which is an advantage for a number of applications. The
initial release of the 12 W source, our MXDPP-50 electronics
comes in two versions: The tungsten anode version, which can
be used in either XRF or in X-ray imaging, and the Rh anode
version, primarily meant for light element XRF detection (Figure
1). The entire X-ray source (tube plus high voltage power sup-
ply) weighs about 700 g (25.0 0z) and can be controlled by your
choice of USB, digital, or analog control. It also has an interlock
connection for X-ray safety.
We will show the advantage of the rhodium anode source run-

ning at 4 kV 1000 pA for XRF of cement powders.

Experimental Conditions and Results

for XRF Detection of Cement Powers

Concentrations of sulfur (sulfate), silicon (silicon dioxide), and alu-
minum (aluminum oxide) are important for both identifying and
controlling different blends of cement powder. XRF can be used
to measure cement powder elemental concentrations. XRF for the
desired “light” elements, with emission lines under about 4 keV is

challenging because the characteristic X-rays are absorbed by air,

Figure 1: Image of the 12 W X-ray source.
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Figure 2: Running at 1000 pA, the 12 W source produces much more
signal from the desired elements in the cement powder than run-
ning at 200 pA.

thereby attenuating the signal from the sample. For this experi-
ment, we used a typical XRF setup where the sample is placed at
45° to the tube, and 135° to the detector, and no filters on the 12 W
X-ray source. For light element XRE a rhodium anode is often used
because it has L emission lines between 2.7 and 3.0 keV, which are
used to excite elements with emission lines below 2.5 keV. For this
test the 12 W X-ray source was set to the minimum of 4 kV, which
is helpful in eliminating the calcium XRF signal from the cement.
The calcium signal is unwanted in this application because it will
overwhelm the detection of the other elements of interest. A high
emission current X-ray source, such as 1000 pA from the 12 W
source, is very helpful in increasing the signal.

Figure 2 shows an XRF spectrum from a Portland cement sam-
ple with the 12 W source running at 1000 pA and 200 pA on a
thodium anode tube. The signal level is increased by a bit over
fivefold for these light elements, which can be a huge advantage
in any application which detection of light elements is needed.

Conclusions

The new 12 W source is meant for use in small benchtop systems
where small size is valued. It has as increased range up to 60 kV
at high voltage and increased current to 1000 pA at low voltages;
both of which are an advantage in XRF and imaging applications.

Moxtek

452 West 1260 North, Orem, UT 84057

tel. (800) 758-3110, email: info@moxtek.com
Website: www.moxtek.com
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Cement Raw Meal Analysis by the Pressed Powder Method on

Supermini200 Benchtop WDXRF

Rigaku Corporation

This application note demonstrates the capabilities of
a low-cost, benchtop WDXRF spectrometer for rapid
quantitative elemental analysis of cement raw meal.

Cement is one of the most important materials in the construction
industry. Since its physical properties and those of the concrete
ultimately made from it depend on its composition, it is important
to monitor the composition of the raw meal used to make the clinker.

Thanks to simple sample preparation and routine operation,
short measurement times and high precision, X-ray fluorescence
(XRF) spectrometry has become the technique of choice for
elemental analysis at all points in cement production: from
alternative fuels, raw materials and raw meal to clinker and final
certification. Wavelength-dispersive (WD) XRF is the most
commonly utilized analytical technique in the cement industry
because it offers the highest throughput, precision and sensitivity,
especially for essential light elements, such as Na, S, and K.

Traditionally, WDXRF spectrometers used in cement plants
have been large, floor-standing models with substantial installation
requirements and ownership expenses. As the industry strives for
greater efficiency, operators have increasingly sought equipment
that is less expensive to acquire and less costly to maintain.

Experimental Conditions

The Supermini200 is a benchtop sequential wavelength-dispersive
X-ray fluorescence (WDXRF) spectrometer designed specifically
to deliver high performance while eliminating typical installation
requirements, such as cooling water, special power supply, large
floor space, etc.

Table I: Calibration results (unit: mass%)

Analyte Calibration range Accuracy
Sio, 10.05-14.43 0.12
Al,Oq4 2.41-4.27 0.037
Fe,04 1.96 - 4.52 0.076
Ca0 39.84-44.84 0.12
MgO 0.69-2.59 0.046
SO, 0.06-0.24 0.008
Na, 00.03-0.09 0.005
K,0 0.14-0.30 0.004
Tio, 0.16 -0.25 0.004
Cl 0. 004 - 0.286 0.017

Featuring a unique air-cooled 200W X-ray tube, two detectors
and three analyzing crystals, the Supermini200 can analyze all
relevant elements in just minutes with full spectral separation of
all peaks, high sensitivity for light elements, such as Na, Mg, P
and Cl, and exceptional repeatability.

The Windows-based software running the Supermini200 is shared
with Rigaku’s higher- power Primus series of WDXREF systems.

Sample preparation

The pressed powder method is the most common sample
preparation technique in XRF because it does not require an
expensive flux, fusion machine, or highly-trained operators. For
this report, cement raw meal powders were pulverized and pressed
into aluminum rings at 120 kN.

Measurement

Measurements were performed in vacuum on the Supermini200 with
the 200W Pd target X-ray tube operating at 50 kV and 4.0 mA and
using the standard crystals: LiF(200), PET, and RX25. The total anal-

ysis time for all of the analytes was about four min per sample.

Standards and calibration
A series of reference materials of cement raw meal certified by
CSBTS (China State Bureau of Technical Supervision) was used
for calibration. The calibration results are presented in Table I.
One of the reference materials, used in the calibration, was mea-
sured consecutively 10 times to determine the short-term stability of
the method and instrument. The results show that it is possible to
analyze pressed pellets of cement raw meal with high repeatability on
a200W WDXREF instrument that is small enough to fit on a bench.

Conclusion

This report demonstrates that cement raw meal samples can be
routinely analyzed by the pressed powder method with excellent
accuracy and precision on the Rigaku Supermini200 low-cost
benchtop sequential WDXRF spectrometer that does not require
cooling water or special facility accommodations.

Rigaku Corporation

9009 New Trails Drive, The Woodlands TX 77381
el. (281) 362-2300, fax (281) 364-3628

Website: www.rigaku.com email: info@rigaku.com
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On-Demand High-Purity Acid Production Using a Fully-
Automated Acid Purification System

Tim Michel and Don Potter, Savillex Corporation

Savillex’s DST Acid Purification Systems are used
by laboratories worldwide for the on-demand
production of high purity acid for use with ICP-MS and
other metals analysis techniques. Savillex recently
expanded the product line with the new DST-4000,
which is a high-throughput, fully-automated system
capable of producing 4 L of high-purity acid at a time,
completely unattended.

he ultra-low detection limits of ICP-MS necessitate the use of

high-purity grade acids for standards, sample dilutions, and,
increasingly, even for sample digestion. Although commercially
available bottled high-purity (10 ppt grade) acid is readily available,
it costs up to ten times more than trace metal (1 ppb) grade acid.
Once opened, and during use, a bottle of high-purity acid can eas-
ily become contaminated due to airborne contamination or analyst
error. For these reasons, many laboratories are producing their own
high-purity acid using the Savillex DST-1000 Acid Purification
System. The DST-1000 produces HNO,, HCI, and HF that is as
good as or better than commercially available acid (Table I), is easy
to use, has a small footprint, and can pay for itself in months, or
even weeks, depending on the laboratory’s acid needs.

Although in-laboratory production of high purity acid can eas-
ily be justified financially, some laboratories prefer to continue
to purchase bottled high-purity acid. This is because there was
no system that could either produce enough acid to meet their

Figure 1: Savillex DST-4000

Table I: Comparison of selected key elements in DST pro-
duced HNO, by a single distillation from trace metal grade
(1 ppb) vs. commercially available high-purity grade (10 ppt)

bottled HNO3. All data is in ppt.

Element Detection Limit (ppt) B;rt;:i': :'quoll IZ:;;t)y D?-I.I;IEZO((:;:;; d
Na 1 1 <1
Mg 1 2 <1
Al 1 1 <1
K 1 <1 <1
Ca 1 <1 <1
Cr 1 1
Fe 1 4
Cu 1 1 4
Zn 1 <1 1
Pb 1 <1 <1

needs, or be operated completely unattended thus requiring ad-
ditional labor. Recently, Savillex released the DST-4000. The
quality of acid produced by the new DST-4000 is the same as
the DST-1000, however the DST-4000 can produce 1 L of acid
in 12 h — double the throughput of the DST-1000. In addition,
its acid level sensor and auto-shutoff feature allows it to be run
completely unattended. Acid (up to 4 L at a time) is simply added
to the DST-4000 via the conveniently located front fill tube, the
unit is switched on using the external controller, and the user
walks away. High-purity acid is collected in a pair of 2 L Puril-
lex™ PFA bottles, and the DST-4000 switches off automatically
when the run is completed. The acid in the collection bottles is
protected from the environment by specially designed closures,
and ready for use when needed. The in-laboratory production of
high-purity acid has never been easier or more convenient.

Savillex Corporation

10321 West 70th St., Eden Prairie, MN 55344-3446
tel. (952) 935-4100

Website: www.savillex.com




THE APPLICATION NOTEBOOK — FEBRUARY 2017

= BaySrrec

Pervasive Spectroscopy

Aerial Hyperspectral
Imaging by BaySpec OCI™
Hyperspectral Imagers

Lynn Chandler, BaySpec, Inc.

B aySpec’s OCI™-UAV hyperspectral imagers are ultracompact,
easily deployable, high-performance hyperspectral cameras de-
signed specifically for use on small unmanned aetial vehicles (UAVs),
to monitor the details of spatial, temporal, and spectral representation
of ground objects. It is available in both push-broom and snapshot
versions. Currently, these cameras cover 400-1700 nm wavelength
range (custom range available upon request), which is suflicient for
varieties of aerial spectroscopic imaging applications such as vegeta-
tion characteristics (e.g., precision agriculture). The spectral sensing
will provide a multitude of information directly, such as soil constitu-
ents, plant type and their state of physiology, level of hydration, just
to name a few. Once integrated on low-cost UAV: it rapidly acceler-
ates application areas such as automatic ground surveys, vegetation
development stages studies, and so on.

Traditionally, hyperspectral imaging functions involves bulky op-
tics such as prism and constantly moving gratings to disperse wave-
length, and complicated imaging detectors and software algorithms
to produce the hyperspectral data cube. Although there is great po-
tential and interest in applications for field use, hyperspectral imag-
ing instruments are still largely a laboratory tool. Widespread adop-
tion by various industries has been limited due to the lack of fast,
compact, reliable and cost-effective model imagers. To enable the
transfer of applications from the lab to industry, BaySpec has over-
come the hurdles to miniaturize the instrument in a handheld form.
By its proprietary optical integration technology, it removes the need
for expensive, bulky and complex optics that are used as scientific

instruments today. The result is a fully self-contained, highly reliable

Figure 1: BaySpec’s OCI™ hyperspectral imagers are ultracom-
pact and light weight (0.3 kg total), designed specifically for use
on sUAVs. Shown in the photo is the system in aerial hyperspec-
tral imaging mission.
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Figure 2: Figure 2. Typical ground hyperspectral data sample (>
2000 x 2000 pixels) acquired at 30 m height by OCI™-UAV-1000
hyperspectral imager for 600-1000 nm wavelength range. (A)
The dataset contains over 4 million spectra (each pixel has a

full spectrum). (B) The dataset can be presented as ~100 band
images (each wavelength has a reconstructed spatial image). (C)
Presented as a pseudo-RGB image extracted from yperspectral
cube, reconstructed using red (975 nm), green (800 nm) and
blue (609 nm). (D) OCI™-UAV-1000 provides high spatial resolu-
tion, as shown here by a 1:1 crop of the area in (C). The object is
a small tree, whose leaves can be visualized.

unit incorporating a hyperspectral image sensor, on-board computer
and battery weighing less than one pound in a volume not much
larger than a modern cellular phone.

To accommodate for UAVs flight conditions, all components in
the OCI systems are shock-resistant and shielded from electromag-
netic interference so they do not interfere with UAV’s GPS/autopilot
system. Currently, BaySpec packages a multi-motor UAV platform
consisting of GPS/IMU autopilot and an active vibration-isolation
gimbal system for its hyperspectral imagers (Figure 1).

BaySpec has in-depth experience in developing highly reliable and
compact optical spectrometers and cameras. For example, its Super-
Gamut™ series spectrometer has a very wide spectral range with a
compact footprint. These miniaturized spectroscopic systems such as
hyperspectral cameras and spectrometers covering short-wavelength
infrared (SWIR) range are also available.

The real power of hyperspectral imaging is that the continuous
and wide-range spectra from each pixel can be used to characterize
the materials quantitatively with high accuracy. The abundance of
spectral information enables maximum analytical power and auto-
matic chemometrics algorithms to segment the images according to
their material characteristics. The wavelength range of current OCI™-
UAV-1000 provides the capability of measuring from visible range
to near infrared (VNIR) while maintaining high spatial resolution.
Many objects leave unique ‘fingerprints’ across the VNIR spectrum
range that is beyond the capabilities of commonplace image sensors.
These spectral signatures enable identification of the materials for
quantitative applications, such as forensic analysis, precision agricul-
ture, food processing, biomedical, mineralogy, surveillance, astrono-
my and environment analysis, to name a few.

BaySpec, Inc.

1101 McKay Drive, San Jose, CA 95131
tel. (408) 512-5928, fax (408) 512-5929
Website: www.bayspec.com
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Blink and You Miss It—Catching Fleeting Catalytic
Intermediates by High-Speed 785 nm NIR Raman Spectroscopy

Duenpen Unjaroen*, Wesley R. Browne*, and Elizabeth Illy*, *Univ. Groningen, TCobolt

Raman Scattering

It is only in the last two decades that Raman spectros-
copy has begun to realize its potential as an almost uni-
versally applicable analytical technique from materials
and life sciences applications to point of care analysis.
This is primarily thanks to the availability of compact la-
ser sources, high sensitivity cameras and high resolution
compact spectrometers. In this application note the use
of a stable high power NIR 785 nm laser is shown to be
critical in achieving high time resolution and high sig-
nal to noise ratios while allowing for both fast and slow
processes to be captured simultaneously.

Catching Transient Species

The weakness of detectors in the NIR region (800-1050 nm) with
quantum efficiency dropping off over this range from ca. 40% to
0% is a key drawback of 785 nm Raman spectroscopy. Typically
long exposure times and spectral averaging are required to achieve a
good signal to noise level, however this approach seriously reduces
the time resolution achieved (to mins) and means that weak signals
for compounds that are present for only a few 100s of milliseconds
cannot be observed. Using more efficient NIR detectors (e.g. back
thinned CCDs) does not usually solve this problem due to etalon-
ing that can be difficult to suppress. This drawback can be circum-
vented by a combination of efficient collection optical arrangements
and above all high laser light fluxes. With a stable high powered
laser (500 mW at sample) and a large confocal volume for collec-
tion to limit sample damage, time resolutions as low as 100 ms per

Tiws (8}

Figure 1: (Left) Graph showing intensity of bans of H,0, (black)
and precatalyst intermediate (red) shows that the precatalyst in-
termediate is only present for about 1 s during the reaction but
that the H,0, concentration decreases steadily over 120 s. (Right)
Selected spectra immediately before, during and after addition of
H,0, showing precatalyst, catalyst intermediate and H,0,.

Figure 2: Typical spectrum of the Cobolt 08-NLD laser (FWHM
<40 pm), output power 500 mW.

spectrum can easily be achieved.

As an example, a oxidation reaction in which H,O, is added to a
solution containing a precatalyst is chosen. In this reaction only 0.25
mM precatalyst is present (far below that which can be detected by
Raman spectroscopy but its absorption at 785 nm means that its
spectrum is resonantly enhanced) and H,O, is added to give a final
concentration of 250 mM which decreases slowly over time. Within
1 s of addition of H,O,, however, the precatalyst becomes activated
with an intermediate that is present only with a maximum concen-
tration of 0.05 mM for 0.5 s and has an absorption band near 785
nm which results in enhancement of its Raman spectrum by ca. 10
000 times through resonance. However, it is observed only because
high signal to noise spectra can be recorded at 200 ms intervals.

Lasers for Raman Spectroscopy
By far the most popular wavelength used for Raman spectroscopy
is 785 nm, as it offers the best balance between avoiding fluorescence,
absorption of the laser light (and Raman scattering) by the sample and
therefore heating effects, and the limits to detector sensitivity. The la-
sers available at 785 nm are diode lasers, however, a narrow line width
(<3 cm-1 for condensed phases such as solids and solutions and even
narrower for gases) is essential for Raman spectroscopy in order to
resolve individual Raman bands. The Cobolt 08-NLD 785 nm laser
addresses all of the important performance features in a compact foot-
print and ensures reliability thanks to the proprietary manufacturing

technique called HTCure™.

Cobolt AB
Vretenvagen 13, 17154 SOLNA, Sweden
tel. 46 8 545 912 30
Website: www.cobolt.se
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A Diamond ATR Study of
Thin ~225 nm Films on Glass

Susan Berets and Jeffrey Christenson, Harrick Scientific
Products, Inc.

COatings on glass are used in a variety of industries, includ-
ing automotive, packaging, architectural and decora-
tive. 'These coatings serve to protect from UV damage and
from weathering under hot and humid conditions; increase
material strength; facilitate cleaning; and save energy. These
coatings are generally very thin and can be a challenge to
be measured by infrared spectroscopy. This application note
demonstrates the utility of using a high-throughput single-
reflection diamond ATR to study these thin coatings on glass.

Experimental

Infrared spectra were collected on an FT-IR spectrometer equipped
with the Harrick DiaMaxATR™ single-reflection high-throughput
diamond ATR accessory. The system was purged to remove water va-
por and CO,. Spectra were collected at 8 cm™ resolution and signal
averaged over 32 scans. A background spectrum was collected. The
glass samples were placed with the coated side against the crystal with
optimum force applied to achieve close contact with the diamond

Figure 1: The DiaMaxATR™ High Throughput Diamond ATR.
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Figure 2: ATR Spectra of Silica Glass: untreated (black), cor-
roded (light blue), ~250 nm thick SiO,N, coatings on glass with
different compositions (red, blue and green).

ATR element. Five samples were measured all soda lime silica glasses:
one untreated, one showing corrosion and three with ~225 nm thick
SiO,N| coatings having differing oxygen and nitrogen content.

Results and Discussion

Figure 2 shows the resulting spectra. The spectrum of the corrod-
ed glass shows the formation of hydroxyl groups, with the broad
band at 3400 cm!. 'This band has at least two shoulders, indicat-
ing that there are -OH bands bound to the surface somewhat
differently. The band at 1402 cm! is likely due to an ~OH bend.
The structure in the 920-761 cm™! region also shows changes due
to corrosion, which is probably some combination of shifts in
the Si-O-Si stretch due to the presence of the hydroxyl groups
and possibly due to the formation of —SiH. The coated glass also
shows hydroxyl groups in around 3400 cm™. Additional structure
in this region is more pronounced for the samples having higher
Si and N content as is the intensity of the band near 761 cm™.

Conclusion

The Harrick DiaMaxATR, high throughput, single reflection ATR
is an effective tool for examining thin films on glass. In this particu-
lar case, closer examination of the spectra in the fingerprint region
of the coated samples would further elucidate the structures formed
by the coatings having slightly different chemical composition.

Harrick Scientific Products, Inc.

141 Tompkins Ave., Box 277, Pleasantville, NY 10570
tel. (914) 747-7202, fax (914) 747-7409

Website: www.harricksci.com
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In-Process Raman Spectroscopy of Layered Materials

Karen A. Esmonde-White, Lisa M. Ganster, and lan R. Lewis, Kaiser Optical Systems, Inc.

Key Issues:

e Sampling flexibility of Raman enables cross-sec-
tional and /or bulk product analysis

e Large volumetric measurements provide data on
subsurfaces in layered samples

e Enhanced reflection improves Raman sensitivity
for in-process measurements

Materials such as pharmaceutical tablets or graft copolymers are
chemically and spatially heterogeneous materials. Chemical
analysis of these materials requires non-destructive techniques in order
to also capture the spatial heterogeneity of the layers or bulk product.
Optical spectroscopy, such as Raman spectroscopy; is widely used to
analyze heterogeneous samples. Raman provides detailed chemical
information and requires no sample homogenization: enabling bulk
or cross-sectional analysis in a spatially heterogeneous sample.

Raman spectroscopy approaches to measuring layered samples
may be applied to pharmaceutical tablets, copolymers or biological
materials such as cells or engineered scaffolds. The sampling principles
have been also applied to axially heterogencous polymers (1). Three
techniques: backscattered Raman, large volumetric Raman (also called
wide area Raman) and enhanced reflection Raman are highlighted.

Sampling Flexibility in Raman

Figure 1 shows variants of reflectance-based Raman spectroscopy
techniques using fiber-optic probes. A commonly used approach is
backscattered Raman (left), where incident and Raman-scattered light
share the same optical path, or one that is minimally offset. Large volu-
metric Raman (middle) uses a wide laser beam and multiple collection
fibers to obtain data from surface and subsurface layers. Enhanced
reflection is an option for processes needing additional sensitivity
(2). Inclusion of a reflectance standard such as barium sulfate or a
fluoropolymer into the wide volumetric geometry is called enhanced
reflection (right). Metalized mirrors or dielectric mirrors are other en-
hanced reflection materials and they offer minimal Raman signatures.
Large volumetric or enhanced reflection are useful tools for in-process
measurements of content uniformity or processing solids or turbid
media. Another configuration of note is Raman microscopy. The high
spatial resolution of Raman microscopy can provide detailed informa-
tion on inter-layer mixing or verification of polymorphic form in the
API layer during a cross-sectional analysis of tablets. These four vari-

!

Backscattered Enhanced Reflection

Large Volumetric

Figure 1: Backscattered Raman (left), large volumetric or wide
area Raman (middle) and enhanced reflection (right) use differ-
ent excitation and collection geometries to obtain an optimal
sampled volume.

ants provide sampling flexibility from early development to manufac-
turing, in applications from laboratory QA to in-process monitoring,
testing, or control.

Conclusion

Sampling flexibility is a significant benefit of Raman spectroscopy.
The use of fiber-optic probes and microscopes enables fast switching
between scenarios. This attribute contributes to good method trans-
ferability across instruments and across scales.

Enhanced reflectance Raman is a process friendly option that can
be used to obtain spectral information from throughout the bulk
of the sample, with applications commonly used in pharmaceutical
processing. While depth profiling is also possible using transmission
Raman, enhanced reflection spectroscopy provides similar information
without the experimental complexity because it can be integrated into
processes using existing equipment such as non-transmissive belts.

References
(1) N. Brun, M.-C. Chevrel, L. Falk, S. Hoppe, A. Durand, D. Chapron,
etal., Chem. Eng. Technol. 37(2), 275-282 (2014).
(2) D. Oelkrug, E. Ostertag, RW. Kessler, Anal. Bioanal. Chem. 405(10),
3367-3379 (2013).

Kaiser Optical Systems, Inc.
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Pesticide Detection Using
SERS Techniques

Anne-Marie Dowgiallo, PhD, Ocean Optics

In this application note, we evaluate the effectiveness
of surface enhanced Raman spectroscopy (SERS) to mea-
sure trace levels of imidacloprid, one of a class of insecti-
cides linked to honeybee loss.

In recent years, high rates of honeybee loss have prompted
investigation by government regulators and other researchers.
Early in 2016, the U.S. Environmental Protection Agency cited the
insecticide imidacloprid as a threat to commercial honeybee colonies
(1). Imidacloprid is widely used for pest control in agriculture, turf
management and home protection applications.

Measurement Conditions

We tested the effectiveness of Ocean Optics gold and gold-silver
nanosponge substrates, the former using 785 nm as the Raman laser
excitation wavelength and the latter using 638 nm as the excitation
wavelength. For the 785 nm Raman excitation setup we used a QE
Pro-Raman spectrometer and for 638 nm excitation we used the
IDRaman reader. Both configurations also included the Raman laser,
a Raman probe and a sample holder.

For the measurements using gold substrates we prepared 1000
ppm, 100 ppm, 10 ppm and 1 ppm solutions of imidacloprid in ac-
etone, added 10 pL of each solution per substrate, and let the substrate
dry completely. For solutions preparation, faster-drying acetone is a
better choice than water.

For the gold-silver nanosponge substrate measurements we pre-
pared a 100 ppm solution of imidacloprid in acetone, added 10 pL
of the solution per substrate, and let the substrate dry completely.

Imidacloprid on Gold Substrate (RAM-SERS-AU)

785 nm Raman excitation at 15 m\W power,
9000 3 sec spectrometer integration

8000
7000
6000
5000
4000
3000

Intensity (counts)

2000
1000

0
500 700 900 1100 1300 1500 1700
Raman shift (cm™")

1900 2100

Figure 1: SERS substrates increase Raman signal intensity signifi-
cantly. This graph shows results using gold substrates to measure the
insecticide imidacloprid.
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Figure 2: Gold-silver nanosponge substrates have less background
signal, making them a good choice for measuring very low concen-
trations of insecticides such as imidacloprid.

Experiment Results
We made a series of measurements using the gold (AU) substrates,
in a setup with 785 nm Raman laser excitation at 15 mW of pow-
er and the spectrometer integration time set for 3 s (Figure 1). The
gold substrates work best for imidacloprid concentrations >4 pg,
primarily because the gold substrates have a stronger background
signal, making lower concentration measurements challenging.

For very low level imidacloprid concentrations, our new gold-silver
(SP) nanosponge substrates are most effective. These substrates are based
on a plasma-phase deposition of the gold-silver alloy onto a unique glass
surface, and are distinguished by high sensitivity with low background
noise. The low background noise makes it easier to discern Raman peaks
at very low concentration levels. To test this, we used the gold-silver
substrates in a setup with 638 nm Raman excitation at 21.2 mW of
power and the spectrometer integration time set for 1 s (Figure 2).

The lowest imidacloprid concentration we measured was 4 pg, which
converts to 0.4 ppb. This is well within the 25 ppb concentration level
that the U.S. EPA reports is harmful to honeybee populations.

Summary

In our imidacloprid measurements, we observed some differences in
Raman peaks between substrates, most likely the consequence of dif-
ferent binding mechanisms of the analyte with the substrate material
(nanoparticles for the gold and thin film for the gold-silver alloy), but
also because the chemistries enhance certain transitions differently. In
addition, some molecules will exhibit shifts in their Raman peaks de-
pending on how they are oriented on the SERS-active surface.

As our testing has demonstrated, SERS substrates are a viable
option for trace level detection. And, unlike many existing SERS
products on the market, Ocean Optics SERS substrates are easy to
use, affordable and can be mass produced with high repeatability for
routine deployment in the laborartory or field.

Reference
(1) “Pesticide is threat to bees, EPA says,” Los Angeles Times, January 7, 2016.

Ocean Optics

830 Douglas Ave., Dunedin, FL 34698
tel. (727) 733-2447, fax (727)733-3962
Website: wwwOceanOptics.com
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ATR-FT-IR Investigation of the
Ocean Surface

Mitchell V. Santander, Joshua L. Cox, Nicole Riccobono,
Bas Schaap, Wei Xiong, Vicki H. Grassian,
and Kimberly A. Prather, University of California—San Diego

The impact of ocean microbiological activity on the
chemical species present in the sea surface micro-
layer (SSML) was investigated using attenuated to-
tal reflection-Fourier transform infrared (ATR-FT-IR)
spectroscopy. We observe clear chemical differences
in organic functionality before and during the peak
of an induced phytoplankton bloom.

he oceans cover 71% of Earth’s surface. Therefore the SSML,

at the air-sea interface, strongly influences the transfer of mate-
rial between the ocean and atmosphere via sea spray production (1).
Understanding the dynamic changes in SSML chemistry due to mi-
crobiological activity is a critical step to unraveling the link between
ocean chemistry and climate. Here we used ATR-FT-IR to identify
changes in the organic species present in the SSML as microbiologi-
cal activity alters seawater chemistry.

Experimental Conditions

SSML samples were collected daily using the glass plate method (1)
during a large-scale mesocosm experiment (2) and stored at -80 °C
until analysis. After thawing, organics were isolated via solid phase
extraction (Bond Elut PPL, Agilent Technologies) into methanol (3),
deposited onto a 80 X 10 X 2 mm ZnSe multiple reflection ATR
trough plate of the PIKE Technologies HATR accessory (Madison,
WI) and dried under nitrogen for 24 h. Spectra were acquired at 4
cm! resolution (200 scans) after 30 min of instrument purging with
nitrogen.

Results

The sensitivity of the ATR measurements was enhanced by using
a multiple reflection ATR plate with 20 reflections contacting the
sample, and 40 total reflections. Absorbance values were amplified
roughly by a factor of 20 relative to expected results from a single
reflection ATR.

ATR-FT-IR SSML spectra obtained before and at the bloom peak
are shown in Figure 1. The pre-bloom spectrum contains peaks in
the C-H, O-H and N-H stretching regions near 2900 and 3300
cm, respectively. These peaks suggest the presence of aliphatic C-H
groups due to fatty acids and lipids as well as the presence of alcohols,
sugars, and amino acids.

A peak in phytoplankton concentrations corresponds to an in-
crease in organic functional group signal intensities. In addition, sev-
eral peaks are more prominent and new peaks appear. Specifically,
sharp peaks at 1641 and 1558 cm™ are associated with the amide I
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Figure 1: ATR-FT-IR spectra for the SSML before (blue) and at
the peak (green) of a phytoplankton bloom.

and amide II bands, respectively, of proteins in the SSML (4). Also
present at higher frequency that becomes more apparent in the spec-
trum is a band at 3088 cm! which is most likely associated with the
overtone of the amide II band (5).

The amide I and II bands are particularly noteworthy and suggest
that proteins, likely from microbial cell fragments, are abundant in
the SSML during periods of high biological activity. Biological par-
ticles are known to have profound impacts on cloud properties and
precipitation (6). Therefore SSML enrichment of proteins and cell
fragments may lead to enhanced transfer to the atmosphere via sea
spray and play a crucial role in affecting marine clouds and climate.

Conclusion

Using a highly sensitive multiple reflection ATR accessory, we
identified changes in SSML chemistry resulting from microbio-
logical activity. Results suggest that proteins are abundant in the
SSML during a phytoplankton bloom. This enrichment likely
alters sea spray chemistry, which has subsequent implications for
atmospheric chemistry, clouds and climate.
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Confocal Raman Imaging in
Pharmaceutical Research

WiITec

he development, production, and quality assurance in the
pharmaceutical industry requires efficient and reliable control
mechanisms to ensure the safety and the therapeutic effect of the
final products. These products can vary widely in composition
and application. Also, several properties are difficult to study with
conventional characterization techniques due to the inability of
these methods to chemically differentiate materials with sufficient
spatial resolution, without damage or staining. Therefore,
analyzing methods that provide both comprehensive chemical
characterization and the flexibility to adjust the method to the
investigated specimen are preferred in pharmaceutical research.
Confocal Raman Microscopy (CRM) is a well-established
and widely-used spectroscopic method for the investigation of
the chemical composition of a sample. In pharmaceutics, CRM
can be used to probe the distribution of components within
formulations, to characterize homogeneity of pharmaceutical
samples, to determine the state of drug substances and excipients,
and to characterize contaminants and foreign particulates. The
information obtained by CRM is also useful for drug substance
design, for the development of solid and liquid formulations,
as a tool for process analytics, and for patent infringement and
counterfeit analysis.

High-Resolution, Large-Area Confocal Raman
Imaging, Volume Scans, and 3D Visualizations
In the example, a pharmaceutical emulsion was investigated.
The active pharmaceutical ingredient (API) is dissolved in water.
In Figure la, a large-area, high-resolution Raman image of the
emulsion is shown. The image scan range is 180 X 180 um?with
2048 X 2048 pixels. At each image pixel, a complete Raman
spectrum was acquired, therefore the large image is the result
of an evaluation of 4,194,304 Raman spectra. The integration
time per spectrum was 2 ms. The consecutive zoom-in images
(Figures 1b and Ic) of the same dataset illustrate the extremely
high-resolution of the large-area scan shown in Figure la. In
the color-coded images the water and API containing phase is
presented in blue, whereas with green the oil-matrix is displayed.
In addition to the distribution of the known materials, silicone-
based impurities could be visualized (red in the images).

Volume scans are a valuable tool in providing information
about the dimensions of objects or the distribution of a certain
compound throughout the sample. The generation of volume scans
and 3D images always requires large data sizes. In order to generate
3D images, confocal 2D Raman images of parallel focal planes are
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Figure 1: a) Large-area, high-resolution confocal Raman image
of a pharmaceutical emulsion. Scan range: 180 X 180 pm? 2048
X 2048 pixels = 4,194,304 Raman spectra; raw data file size: 12.5
GB. Blue: active pharmaceutical ingredient; Green: Oil; Red: Silicon
impurities. b) and ¢) Consecutive zoom-in images of the same
dataset. d) Confocal 3D Raman volume image. The green oil is
partially removed in the image to facilitate a better identification
of the red impurities. Scan range: 25 X 25 X 20 pm3, 200 X
200 X 50 pixels = 2,000,000 Raman spectra,integration time per
spectrum: 10 ms, data file size: 6 GB.

acquired by scanning throughout the sample in the z-direction. The
2D images are then combined into a 3D image stack.

To investigate the volume of the impurities of the emulsion
from Figure la in more detail, a 3D scan was performed. For that
avolume of 25 X 25 X 20 um? was analyzed with 200 X 200 X
50 pixels. At each image pixel a complete Raman spectrum with
10 ms integration time per spectrum was generated. The image
stack contains the information of a total of 2 million Raman
spectra (Figure 1d).

Conclusion

In pharmaceutical development it is of great importance to acquire
information on drug composition of chemical components.
With confocal Raman imaging the distribution of the chemical
components in diverse drug systems can be clearly visualized.
Thus the method contributes to a detailed chemical description
of various pharmaceutical drug systems and effectively supports
pharmaceutical development.
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Emerging Trends and Opportunities
In Discrete-Frequency Infrared and
Raman Spectroscopic Imaging

Recent advances in instrumentation have enabled new forms of vibrational chemical imaging, includ-
ing discrete-frequency infrared (DFIR) microscopy and stimulated Raman scattering (SRS) microsco-
py. These technologies may represent a fundamental shift in how we approach spectroscopic imag-
ing: Rather than collecting full spectra that contain redundant information, measuring a few impor-
tant spectral frequencies may enable significant gains in speed, throughput, signal-to-noise ratio,

and image quality. For IR microscopy, these advantages may be compounded by high-definition IR
microscopy. Here we discuss recent advances in IR and nonlinear Raman imaging through the lens of
“discrete-frequency” approaches and include several examples of applications and critical issues in
instrumentation that are likely to be dominant research themes in the near future.

Tomasz P. Wrobel, Matthew R. Kole, and Rohit Bhargava

scopic imaging is strongly emerging in many disci-

plines in which knowledge of the spatial distribution
of chemical constituents is of importance, including biomed-
ical, polymers, forensics, and agricultural analyses (1-6). The
traditional approach to spectroscopic analysis has been to
record the entire spectrum at regular spatial intervals (7,8).
In the simplest case, a spectrum is acquired at an illuminated
point that is subsequently scanned over the entire area to
be analyzed. The time required for data acquisition in this
case increases at least linearly with the number of pixels. The
use of multielement detectors, especially focal plane arrays
(9,10) for IR imaging and charge-coupled devices for Raman
imaging (11), provides a multichannel advantage to speed up
data acquisition. Spreading light over large areas, the slow
readout and poor electronics characteristic of thousands of
detector elements often limit the signal-to-noise ratio (S/N)
attained per pixel for an array detector in a specified time.
The conduct of traditional spectroscopic measurements in
an imaging format, hence, usually involves a gain in spa-
tial specificity at the cost of a reduction in analytical per-
formance in terms of S/N and acquisition time of a given
sample volume. To combat the low S/N problem, nonlinear
Raman spectroscopic methods were developed that provided
an exceptional increase in signal. This increase arises from
a pump-probe scheme in which a single or a few vibrational

T he importance of infrared (IR) and Raman spectro-

modes are interrogated at a time (6,12). Often, the desired
information in a spatially heterogeneous sample can be ob-
tained using just a few frequencies and the other parts of
the spectrum are not needed. For example, two vibrational
modes are sufficient to visualize the structure in a two-phase
polymer blend (13) and tens of frequencies may be needed
to extract histopathologic information from tissue samples.
New technological advances along with the realization to
only record specific frequencies that may be needed (14)
has led to the emergence of the discrete-frequency infra-
red (DFIR) imaging (15) approach. Here, we review current
technology with a special emphasis on recent developments
in discrete-frequency imaging in both IR and Raman. We
include several examples of applications and identify critical
issues in instrumentation that are likely to be dominating
research themes in the near future.

Infrared Spectroscopic Imaging

Overview of Recent Advances in Infrared Imaging
Recent advances in IR microscopic imaging have been in two
broad areas: first, a better understanding of the relationship
between image formation optics, which includes the recogni-
tion of optimal sampling rates leading to diffraction-limited
measurements across the entire vibrational spectrum (high
definition [HD]). Second is the advent and use of new light
sources—in particular, narrow-bandwidth but widely tun-



able quantum cascade lasers (QCL).
These advances, both individually and
together, hold great promise for impact
on the development of instrumentation
in terms of imaging quality, acquisition
speed, equipment price, and the poten-
tial for transition into a clinical envi-
ronment. Figure 1 shows an example of
the gain in image quality arising from
the use of HD optics. The effective pixel
size in this case is ~30-fold smaller than
that in typical conventional optics.
Without any additional modifications
in hardware, the HD approach is lim-
ited by time constraints. To cover the
same area, at least 30-fold higher time is
required. Furthermore, a reduction in
light intensity per pixel necessitates an
additional increase in acquisition time
to maintain S/N of data. Although the
first attempts at HD imaging used a
synchrotron source to decrease acqui-
sition time by increasing light through-
put (16), the emergence of broadly tun-
able QCLs offers a practical, benchtop
alternative in the fingerprint region.
More importantly, lasers offer an al-
ternative to conventional broadband
acquisition as well. Most notable is the
capacity to acquire DFIR data, which
can reduce acquisition time for an
image by ~1000-fold. The focus on only
a small part of the spectrum allows for
potentially more detail—for example
as seen in the newly developed two-di-
mensional (2D) IR microscopy (17) that
offers spatially resolved measurements
of two-dimensional infrared spectra.
The diversity in instrumentation, using
either continuous or DFIR approaches,
now makes it possible to focus on either
the spectral or spatial aspects of data as
needed. This fundamentally alters the
trade-off between scanning time, S/N,
and the ability to extract information.
It also opens up the possibility of de-
signing data acquisition protocols to
optimize relevant information extrac-
tion for a given problem. In this article,
we illustrate these aspects of recent de-
velopments by providing an analysis
of the trends and examples of the new
possibilities.

Spatial Collection Versus
Discrete Frequency Interplay in IR
Imaging
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Figure 1: A comparison of hematoxylin and eosin (H&E) staining and IR imaging with different optics
of a lymph node tissue section: (a) H&E image, (b) IR image with HD optics at high magnification
(1.1 mm pixel projection), and (c) normal magnification (5.5 pm pixel projection) of the same area of
the tissue. Spectra from places marked with an asterisk are also compared (d). (Figure adapted with

permission from reference 18.)

An emerging understanding of the
fundamentals of IR image formation
(19-21) has revealed the importance
of correct spatial sampling to retrieve
a fully resolved image, only limited by
diffraction. Specifically, decreasing the
pixel size to a value of ~1.1 um (at 3950
cm™) provides an optimal tradeoff be-
tween quality and speed. As opposed to
the previously used 5.5-6.25 pm pixels,
measurements at significantly higher
densities are termed HD and were first
shown using 12 defocused synchro-
tron beams to cover a 128x128 focal
plane array (FPA) detector, reaching a
pixel size of 0.54 um (16). The use of a
brighter synchrotron source was crucial
as it allowed light to be better used with
a high numerical aperture (NA) lens
and allowed the acquisition of high S/N
data in a time comparable to laboratory
instruments. The smaller pixels imply a
reduction in intensity compared to low
NA-low magnification optics that can
be mitigated by increasing the detec-

tor integration time, by better optical
design, and by the use of mathematical
noise rejection post-acquisition in labo-
ratory HD systems. There are two major
configurations at present—a thermal
source (21) in a benchtop Fourier trans-
form infrared (FT-IR) spectrometer
where the sampling objective is either a
74X (NA = 0.65) or a 15X objective (NA
= 0.65) with an additional 5X magnifi-
cation optic just before the FPA detec-
tor (18,22,23). The combination of better
optical design (22,23) and the use of nu-
merical methods for noise rejection has
now allowed both HD and high quality
data in a reasonable amount of time. An
example is shown in Figure 1, in which
HD imaging of lymph nodes is shown
to provide high quality histopathologic
information that provides morphologic
detail close to that obtained by conven-
tional optical microscopy.

An alternative to speed up the acqui-
sition time is to measure only frequen-
cies of highest importance in the form of



DFIR. This has initially been achieved by
the use of spectral filters in a nonimag-
ing setting (24). As opposed to the initial
attempts to use filters for DFIR imaging,
the use of QCL sources enables practi-
cal DFIR imaging because of the high
brightness of the source (25-27). Most
IR microscopes feature FT-IR spectrom-
eters that include a broadband source
and an interferometer. In contrast, the
emerging QCL setup illuminates the
sample using a single narrow spectral
band at any given time. Commercial
tunable QCL systems are typically a
combination of up to four individual
laser modules, each covering ~200 cm™!
of spectral bandwidth with a typical
spectral step of 1 cm™ and linewidth
of 0.1 cm™!, allowing access to the full
fingerprint region (26,28). QCL imaging
studies have been performed using both
a microbolometer (29) and a mapping
approach, scanning every pixel point
by point with a single-element mer-
cury-cadmium-telluride (MCT) detec-
tor (25). A much higher imaging speed
can be obtained using a wide-field ap-
proach, in which the beam is defocused
to cover a large area of the sample that
can be imaged with a multielement FPA
(26,27) detector. In such setups the time
gain per important frequency as com-
pared to FT-IR can reach three orders
of magnitude (27). Such systems are now
commercially available (28). Addition-
ally, the use of a large-format room-tem-
perature microbolometer FPA is enabled
by the high power of a QCL source suf-
ficient to overcome its poor noise char-
acteristics (30). This detector technology
offers not only a cheaper alternative to
MCT but also alleviates the need for lig-
uid nitrogen cooling. Although smaller
in format, MCT FPAs are lower in noise
and have significantly faster readouts,
allowing for significantly higher frame
rates (submillisecond compared to ~10
ms for bolometers) (27). The faster speed
and lower noise of this smaller format
offsets the multichannel advantage of
large bolometers with the tradeoff of
increased cost and operating complexity.

Although comparison metrics can
be applied to compare across multiple
modalities, we emphasize that there
is no straightforward way to compare
these systems. Unlike the recent past,

where use of an interferometer and
high performance detector were es-
sential elements of any IR imaging
strategy, the diversity of instrumenta-
tion from choices of source, detector,
and discrete frequency (DF)-Fourier
transform (FT) approaches now means
that instruments can be built for pur-
pose more readily than ever before. We
believe each type of instrument is best
suited to a specific use—the QCL system
is best for fast scanning at high spatial
quality but limited spectral range, the
FPA FT-IR system is best for high HD
image quality and full spectrum imag-
ing, and detectors such as linear array
or point systems offer the potential for
collecting very high quality spectra at an
intermediate imaging speed. In light of
this diversity, it is instructive to theoreti-
cally compare the systems by normaliz-
ing performance as per the trading rules
of IR imaging (31). Two systems can be
compared by means of a pixel rate ratio
(R) that is proportional to the number
of pixels (1), the acquisition time (), and
the resulting S/N (32)
2
vt () 0
1 72 1

Since S/N has a time-squared depen-
dence, we first seek to normalize the
rate for equivalent S/N. The time to
scan (f) is the next parameter and fi-
nally the number of pixels scanned
in that time (n) is noted. At present,
QCL microscopes provide the option
of fast image scans at rates competi-
tive with current FT-IR instruments.
Often, the S/N is lower but the abil-
ity to scan only a few frequencies to
provide informative images can make
the information extraction more than
100-fold faster (33). One benefit from
imaging single wavelengths at a time
is the ability to use more optimized,
refractive objectives because the focus
can readily be adjusted for each wave-
length of interest. It must also be real-
ized that full maturity of laser-based
instrumentation would require the
development of sources with suffi-
cient spectral coverage for evaluating
the entire vibrational spectrum—
current state-of-the-art equipment cre-
ated in a laboratory covers the range
from 1904 to 776 cm! using four QCL

chips or sources (27), for example.
Hence, we emphasize that the optimal
use of QCL-based microscopes lies
in their ability to make small sets of
spectral measurements in the finger-
print region and that they are comple-
mentary, rather than competitive, with
FT-IR imaging at this juncture.

The Effects of Sampling Geometry
and Sample Requirements:

An Enduring Challenge

Four main sampling geometries are
typically used: transmission, trans-
flection, reflection, and attenuated
total reflection (ATR). Pure reflection
measurements are limited to polished
samples with a reflective surface and
yield essentially measurements of the
real part of the refractive index because
of the low influence of absorption.
Transmission and transflection cover
the majority of experiments, and ATR
is usually used in special cases of either
thick or highly reflective samples (34).
The former two require the light to pass
through the thin specimen, and trans-
flection’s double pathlength through
the sample exacerbates the pathlength
requirement. Biological tissues limit the
thickness to 10-20 pm, although recent
demonstrations with QCLs suggest this
may be extended to 50 pm or more. The
ATR approach is free of this requirement
because of the nature of the evanescent
wave; however, there is another require-
ment that the ATR crystal must have a
higher refractive index than the speci-
men (35). For each of these modalities,
there is a growing understanding of
optical effects and artifacts, and how
these can be corrected to produce more
accurate absorbance spectra. Scattering
plays the major source of spectral distor-
tion in both transmission and transflec-
tion modes and is quite well understood
(19,20,36,37). In the transflection mode,
attention has been brought (38,39) to the
electric field standing wave (EFSW) ef-
fect, which is a consequence of light in-
terference between the incoming and
reflecting beams leading to unequal
electric field intensities across different
wavelengths of light within a sample.
This introduces a peak ratio depen-
dence on sample thickness, which is not
a desirable feature in chemical imag-
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ing. However, a number of other works
discussed the degree to which this ef-
fect degrades diagnostic potential both
theoretically (40,41) and experimentally
on cells (42) and on tissues (43,44)—for
most of the tested systems it did not alter
the analytical capabilities. The physical
origins and dependence on sample prop-
erties (size, shape, refractive index) are
known for the majority of systems, but
the inverse problem—that is, to predict
those properties from the scattering—
absorption spectrum—remains to be
rigorously solved. There are two exist-
ing algorithms that offer some degree
of model-based correction: resonant
Mie extended multiplicative scattering
correction (RMie-EMSC) (45) and phase
correction (46). There is an ongoing
discussion about their applicability in
various scenarios and they have not be-
come a standard method of preprocess-
ing FT-IR spectra. In many systems, the
combination of second derivatives and
normalization minimizes the contribu-
tion from optical effects.

ATR imaging typically minimizes
scattering contributions because the
sub-wavelength interaction of the eva-
nescent wave with the sample (especially
for high index substrate materials) mini-
mizes scattering contributions. This de-
pendence of the depth of penetration on
the wavelength of light may cause prob-
lems for uneven sample volumes across
the spectrum and the precision in spec-
tral localization may be affected by the
Goose-Hanchen shift (47).

The most recent advancements in
sampling for IR imaging are develop-
ments toward IR spectroscopic tomog-
raphy. Thanks to the high brilliance of a
synchrotron source, three-dimensional
(3D) images of various materials were
obtained in the first reported IR to-
mography experiment (48) and were
later supplemented with thermal source
tomographic imaging of a single plant
cell (49). Variable angle germanium
ATR imaging was implemented into
an IR microscope for depth profiling of
polymers (50) and provides a different
avenue to 3D information.

Also, ATR imaging effectively in-
creases magnification; depending on the
geometry and material of the crystal, the
additional magnification introduced is
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Figure 2: Comparison of different IR modalities with different pixel sizes (indicated in parentheses)
on the same tissue fragment. LA = linear array. FPA = focal plane array. (Adapted [fonts changed
for clarity] with permission from reference 27. Further permissions should be sought from the
ACS for reuse.)

typically in the 4-5X range. Thus, there
is a higher inherent resolution advan-
tage, which appears to match that of the
HD optics case for a pixel size of ~1-1.5

mm with a “conventional” 15X objec-
tive (47) and 0.22-0.275 mm with the
additional 5X optics before the detector
(22). An innovative implementation of
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500 ym

Figure 3: An example of adjacent prostate tissue cores measured (a) with a point system QCL (3 pm
pixel size) and (b) with SRS system (1 pm pixel size)—both imaged at 1656 cm™. Also shown are (c)
H&E and (d) white light microscopy images of the cores.

White light Spon. Raman + PCA | White light

Figure 4: Rat brain tissue with spontaneous and stimulated Raman microscopy. Left: white light
and principal component analysis (PCA) performed on full Raman spectra (50-3400 cm™). Total
imaging time ~3 h. Right: white light and stimulated Raman image of three individual “C-H”
bands. Total imaging time ~20 min. Stimulated Raman scattering (SRS) provides significant
chemical contrast using rapid, high-speed imaging and only a few Raman bands.

CaF, pseudo-hemisphere to transmis-  of the pseudo-hemisphere also forms a

sion measurements of flow cells (51) pro-
vides several advantages of the increased
magnification. In addition to reducing
chromatic aberration, the introduction

solid lens, effectively increasing the NA
by a factor equal to the refractive index
of the material—that is, 1.4 for CaF,.
The index matching with a sample also

results in reduced scattering. Further
improvement of this approach in the
form of large-scale mapping with the
pseudo-hemisphere attached to the ob-
jective has recently been achieved (52),
paving the way for larger tissue speci-
men imaging.

Applications Illustrating

the HD and DF Trends

Because HD FT-IR imaging is a rela-
tively new development, only a handful
of applications have been demonstrated.
The increase in image quality is desir-
able for tissue imaging (22), single-cell
imaging (23), and classification pur-
poses; however, there is a concern that
additional variability, possibly originat-
ing from subcellular contributions in the
case of tissues, may hinder the potential
of the technique to create robust mod-
els of the tissue structure. Such behavior
was observed for lymphatic tissue (18),
where unsupervised hierarchical cluster
analysis (HCA) was influenced by non-
tissue-specific signals when a pixel size
of 1.1 mm was used. When at least four
(2X2) pixels were averaged, HCA was
driven again by tissue type variability.
This problem has been overcome with
a supervised random forest classifica-
tion algorithm. An eight-class model
was successfully created, being able to
distinguish naive and memory B cells,
T cells, light-zone-activated B cells, and
dark-zone-activated B cells. Recent pre-
liminary results also show that prostate
tissue classification does not suffer a
decrease in accuracy by using HD op-
tics (53). Although these developments
are relatively less demanding for spec-
tral consistency, further tests of the HD
approach will become more apparent
when applications push the diagnostic
limits in analyses such as the predic-
tion of prostate cancer recurrence (54)
outperforming other state-of-the-art
methods or in more detailed cancer clas-
sification providing accurate subtyping
of lung cancer (55). An example of this
progress lies in the use of HD optics al-
lowing the study of colon tissue in much
higher detail, allowing discrimination
of goblet cells along with their mucin
secretions (56). Progress in breast tis-
sue analysis using HD imaging has also
been reported (57), followed by the cre-



ation of a tissue structure classification
(58). In other important applications,
HD imaging has also proven to be use-
ful for identifying parasites in single
erythrocytes (59) by increasing spatial
unmixing of the parasite signal, and in
studying tendon damage using linearly
polarized light (60).

We envisage the use of both tech-
nologies in discovery or development
of protocols (FT-IR) and tools for rapid
translation to routine use (DFIR via
QCL microscopy). An example of this
approach has recently been demon-
strated (33) in the identification of fibro-
sis within anonymized cardiovascular
samples from human patients. Images
obtained with a DFIR instrument were
classified accurately by an algorithm
trained on FT-IR data. A second algo-
rithm trained and calibrated on DFIR
data showed similar accuracy. Fur-
thermore, demonstrating the potential
of the DFIR approach, a single-band-
based detection also correlated well
with instances of fibrosis as identified
by a pathologist. The speed of DFIR
instruments in providing histologic im-
ages was at least 100 times higher than
the fastest FT-IR imaging. QCL-based
DFIR is being used in rapid tissue imag-
ing of breast tissue (27,61), classification
of prostate cancer cases (62), imaging of
colon tissue (30,63) structure, and gen-
eral imaging of brain (64), cardiac tissue
(33), and lungs (65). Another branch of
application comes in the form of bio-
fluids (66), either serum (28,67) or pro-
tein solutions (68,69). Finally, an initial
surface-enhanced infrared absorption
(SEIRA) experiment with QCL has been
reported (70) along with an application
of live-organism monitoring (71), which
are novel directions for IR imaging.

Raman Spectroscopic Imaging
Recent Advances in

Raman Microscopy

The field of Raman microscopy con-
tinues to rapidly grow (72), especially
in imaging. Several advances in in-
strumentation for spontaneous Raman
microscopy have occurred within the
past few years, including a better un-
derstanding of the use of confocal depth
profiling (73), temporal filtering for
fluorescence rejection (74), spectral fil-

tering for compressive sensing (75), the
incorporation of cell-isolation mecha-
nisms (76), and numerous examples
of novel surface-enhanced substrates
(77,78). On the nonlinear Raman side,
however, there is tremendous excite-
ment and a growing number of stud-
ies using coherent Raman scattering
(CRS) imaging methods. In particular,
stimulated Raman scattering (SRS) mi-
croscopy has brought forth useful new
instrumentation configurations and
image acquisition strategies. Although
it is a nascent technology with some
technical hurdles yet to be overcome,
SRS has enabled impressive biological
investigations that use only a handful
of Raman frequencies, which lends it-
self naturally to a discrete-frequency
approach. Several examples include
monitoring fat uptake in individual
cells (79) and microscopic organisms
(80); imaging DNA, protein, and lipid
components in live cells (81); detecting
tumors in brain tissue (82); and deep
tissue imaging in a living patient (83).

Discrete-Frequency

Strategies in Nonlinear Raman
Nonlinear Raman microscopy is now
a well-established field of techniques
(6,84,85), with a main draw being a
faster imaging alternative to spontane-
ous Raman microscopy. Coherent anti-
Stokes Raman (CARS) microscopy was
demonstrated (86) early, but acceler-
ated rapidly in its development with the
advent of practical designs, lasers and
computational tools, both software and
hardware over the past two decades (87-
91). Today, fully broadband implementa-
tions (92) as well as single-frequency ap-
proaches (88) exist. SRS microscopy was
first demonstrated more recently (93)
and now also features both broadband
and single-frequency implementations.
There have been numerous excellent
studies in these fields that use informa-
tion gained from single Raman bands or
otherwise limited spectral information;
as such, discrete-frequency approaches
have been actively applied in this field
for some time.

Although the two techniques are
similar in implementation, they are not
redundant technologies. CARS spectra
feature a nonresonant background that

distorts band shapes and results in sig-
nificant deviations from corresponding
spontaneous Raman spectra. Consider-
able work has been dedicated to strat-
egies for correcting or eliminating its
presence, including time-resolved mea-
surements (94), polarization and phase
control (95,96), and interferometric
detection methods (97,98), and in fact
it does contain additional information
that may be used to better understand
samples. However, this background rep-
resents a confounding contribution for
DF imaging because contributions to the
vibrational mode cannot easily be as-
signed independent of the knowledge of
the background. To apply a correction or
resolve the entire band shape, multiple
measurements must be made, preclud-
ing truly discrete-frequency approaches
with CARS. SRS does not have this non-
resonant component, so there is greater
spectral certainty when measuring one
single frequency of interest.

The close correspondence to spon-
taneous spectra plus the linear rela-
tionship between concentration and
measured signal means that SRS is
uniquely suited to truly discrete-fre-
quency approaches analogous to the
DFIR examples discussed previously.
An interesting comparison can be seen
between SRS and QCL-IR imaging in
Figure 3. It can be seen that both tech-
nologies produce an excellent fidelity
and detailed view of biological tissue.
Although the signal-to-noise ratio of the
QCL system is much higher, providing
for better contrast, the resolution of the
SRS system is superior, providing for
more spatial detail. In both cases, the
image of this biological tissue does not
require the use of dyes or stains and
provides sufficient quality to perform
studies. Just as HD-IR advantages are
becoming clear in emerging studies, the
near future will likely provide a number
of applications of detailed histopathol-
ogy with SRS imaging. Given the two-
photon origin of the signal in SRS, the
optical sectioning of tissue in 3D will
always be superior and provide detail in
depth scanning applications, which are
ultimately limited by scattering-induced
loss of signal. Because this technology
holds the potential to continue driv-
ing discrete-frequency approaches in



Raman imaging, it is useful to high-
light the different ways in which nar-
row-band or limited bandwidth SRS has
been implemented.

The first implementation of SRS for
microscopy was broadband in nature
(93), but the first implementation that
was appropriate for biological micros-
copy (lower power, faster speed) was
single-frequency (79). Using two pico-
second beams with a narrow spectral
bandwidth (~3 cm™) provides several
advantages, including good spectral res-
olution and certainty of which Raman
mode was being sampled. One signifi-
cant drawback to such an approach is
that accessing multiple Raman bands
requires a series of several distinct sin-
gle-band images, tuning the light source
to match the Raman shift of interest be-
tween each acquisition. Two main dis-
advantages arise from this. First, while
individual images can be acquired very
quickly, a series of images can be slow
and tedious, greatly mitigating the speed
advantage afforded by the technique.
Second, there will always be some un-
certainty in spatial colocalization across
a series of many images. This becomes
even more complicated when imaging a
system that evolves in time, and limits
the amount of useful spectral or spatial
data that can be acquired.

Since then, several strategies have
been developed to multiplex or other-
wise facilitate the acquisition of multiple
frequencies without sacrificing imaging
speed (99,100). The challenges associ-
ated with multifrequency measurements
are different than those for QCL-IR in-
struments; optical parametric oscilla-
tors (OPOs), the most common choice
for a tunable coherent Raman scattering
(CRS) source, often involve a tempera-
ture-changing element, the adjustment
of which represents the slowest step in a
SRS experiment. Whereas the full tun-
able range of a commercial QCL source
can be frequency-swept in a fraction of
a second, CRS sources are often limited
in this respect. One straightforward way
of multiplexing Raman frequencies in an
SRS experiment is to use multiple tun-
able beams simultaneously. If each of
these is intensity modulated at a differ-
ent frequency, a single-element detector
can still be used to measure the Raman

generation of each pair of colors (100). Of
course, this strategy is ultimately limited
by cost (both OPOs and lasers of suffi-
cient quality to drive them often cost as
much as entire commercial instruments)
and by the total amount of optical power
that can be injected into the specimen. As
such, this strategy is not infinitely extend-
ible. As opposed to multiplexing, another
strategy for increasing the speed at which
spectral information is acquired has been
to develop OPO components that allow
for rapid tuning over small spectral ranges
(101). At any given temperature setting, an
OPO is capable of producing light from a
narrow range of wavelengths (in the near
infrared [NIR] this is often on the order
of 10-15 nm). Quickly sweeping over this
range can be achieved by specialized mo-
tors that control an optical filter. There-
fore, much like with QCL operation, a
spectral image over a given field of view
can be acquired in a reasonable amount of
time. Although this spectral range is lim-
ited, it can allow researchers to acquire a
spectral image without any movement of
the stage or specimen.

A third type of approach uses “spec-
trally tailored” pulses with a width of
~200 cm! to detect one specific com-
pound of interest at a time (80). In any
sort of organic setting, most constituents
within a specimen will have signatures
in the “C-H stretching” region. While
these bands may overlap, there are dis-
tinct contributions from each constitu-
ent, and if their spectra are known in ad-
vance it is possible to calculate a pair of
spectral components that are unique to
a given compound. By shaping a pulse to
match this “spectrally orthogonal” com-
ponent, it is possible to create a single
image that highlights only that com-
pound. This is not a truly broadband
measurement because a single-element
detector is used; rather it is a type of
“spectrally compressive sensing” that
is implemented in a manner similar to
single-frequency measurements, retain-
ing a rapid imaging speed.

As multiband approaches in CRS be-
come increasingly feasible, new detector
types will need to be developed to match.
A single-element, nonintegrating analog
detector has the desirable characteristics
of fast dwell time, large dynamic range,
and relatively straightforward imple-

mentation. For SRS, the Raman signal is
often frequency-encoded and evaluated
by alock-in amplifier or other demodula-
tion strategy (79). This instrumentation
is bulky and expensive, and can only be
practically multiplexed to a degree. New
circuitry that aims to replace lock-in de-
tection has been developed which is more
compact and can be housed inside of a
single photodetector element (102,103).
The performance has been shown to
exceed lock-in detection for some cases,
and the practicality of such an approach
indicates that it may enable and drive the
development of complex multiband or
broadband CRS measurement strategies.

Sampling Geometry

and Sample Requirements

Unlike the four distinct sampling ge-
ometries used in IR microscopy, Raman
and CRS illumination strategies can be
boiled down to reflection (also referred
to as backscatter or “epi”) and transmis-
sion. Commercial spontaneous micro-
scopes almost unanimously default to
collecting backscattered Raman pho-
tons, because this approach is gener-
ally compatible with specimens of any
thickness or with less-than-ideal optical
transmission properties. Even so, many
biological specimens are weakly scatter-
ing and absorbing in the near-infrared
(700-1000 nm) region (104), and so a
transmission geometry becomes a viable
option for “thin” specimens on the order
of 100 um thick or less. For SRS, this
can enable simpler optics and a greater
ability to collect Raman signal, whereas
CARS performed in an “epi” geometry
may have reduced background contribu-
tions (87). In fact, CARS and SRS have
often been constructed on platforms that
allow “epi” and “trans” scatter of Raman
photons to be collected simultaneously
(79,88). Other novel geometries have
been implemented for CRS, including
endoscopy (105,106) and standoff de-
tection (107), but these fall outside the
scope of this review.

The choice of objective optics is impor-
tant for best meeting the needs of a given
specimen. Water and oil immersion ob-
jectives can be helpful because they en-
able tighter focusing and minimize the
effects of interfaces or other refractive
index changes that may distort images



(73), especially when performing depth
profiling. An oil condenser for transmis-
sion illumination can be especially helpful
(79). Collecting as much light as possible
maximizes throughput, so a high numeri-
cal aperture with a wide field of view is
ideal. Another approach that has been
used to maximize the collection of scat-
tered signal for deep tissue imaging is to
use a large-area donut-shaped photodiode
that encircles the front aperture of the mi-
croscope objective (83). This approach has
proven successful in performing in vivo
deep-tissue imaging.

Nonlinear extensions of Raman mi-
croscopy also bring new technical chal-
lenges and unwanted optical effects. It
has been well-established that CRS does
not suffer from the presence of fluores-
cence, and although it lacks the nonres-
onant background of CARS, SRS is not
without interfering optical phenomena.
Cross-phase modulation (108-110) and
thermal lensing, caused by intense elec-
trical fields leading to frequency-mod-
ulated changes in refractive index, can
obfuscate information collected from
weakly Raman-scattering specimens
(79) and can lead to aberrant imaging
artifacts. Additionally, a spectral filter
cannot be used to separate SRS signal
from residual pump or probe, creating
challenges for detection and dynamic
range. The use of multiple excitation
beams requires users to confront chro-
matic aberration in sample illumina-
tion. These concerns are exacerbated
by broadband measurements and re-
quire careful consideration of how spa-
tial overlap of multiple colors of light
changes as a function of wavelength
difference, specimen properties, imag-
ing depth, and so forth. Together, these
effects remain to be explored. Unlike
IR imaging, where extensive theory on
the interactions of samples with light,
effects of microstructure, collection
optics, and sampling have been well
studied now, these studies are not ex-
tensive but are likely to emerge for SRS
microscopy as well.

Applications Illustrating

DF Trends from the Literature

In addition to the examples mentioned
previously, there are numerous excel-
lent studies in the literature that use CRS

imaging at a handful of Raman shifts to
conduct biological investigations. Using
independent component (111) or singu-
lar value decomposition analysis (112),
efforts have been made to identify and
discriminate subcellular components in
a more automated fashion. Beyond visu-
alizing the distribution of tissue compo-
nents, specific features of tissue have been
investigated with CRS to elucidate a phys-
iological or disease state. This includes
the analysis of atherosclerotic plaques
(113), the identification of squamous cell
carcinoma (114), and the presence of liver
damage (115). In vivo deep-tissue analy-
sis has been demonstrated for both CARS
(116) and SRS (83). Both of these studies
demonstrate the ability to image liquids
diffusing into tissue, enabled by rapid
imaging speed and good depth profiling
capabilities. The specificity of CRS imag-
ing has also paved the way for the devel-
opment of CRS-specific probes, including
alkyne tags (117) and deuterium labeling
for monitoring protein formation (118)
and lipid membrane analysis (119) and
gold SERS nanoparticles designed for in-
vestigating single-molecule signals (120).
The ability to combine multiple linear
and nonlinear imaging modalities onto
a single platform allows for gaining in-
sight about the properties of a specimen
beyond the vibrational spectrum (121).
Several excellent reviews and tutorials
exist in the literature for those interested
in applying CRS to their own studies
(6,85,122). This is far from an exhaus-
tive list of examples, but even from this
sampling it is clear that CARS and SRS
will continue to drive discrete-frequency
approaches on the Raman side of vibra-
tional chemical imaging.

Summary and Conclusions

With the advent of QCLs that are ap-
propriate for spectroscopic infrared
microscopy and the increasing popular-
ity of nonlinear Raman imaging meth-
ods, discrete-frequency approaches to
chemical imaging are proving to be vi-
able methods of investigation. FT-IR and
spontaneous Raman spectroscopic imag-
ing methodologies, while proven and ro-
bust, undoubtedly result in the collection
of some “unnecessary” spectral informa-
tion; by eliminating this, great gains can
be made in imaging speed, resolution,

and time-resolved capabilities. It is the
authors’ opinion that this approach to
microscopic investigation will become
well-suited for a number of tasks and
result in an important complementary
technique to “full spectral” approaches.
Ultimately, the decision about which
technique to apply to a given sample or
problem will depend on the particular set
of spatial and spectral requirements. For
low-component-number systems with
large domain sizes, discrete-frequency
approaches coupled to nondiffraction
limited resolutions will enable rapid and
high-throughput analysis. Multicompo-
nent systems with small domain sizes
will require significant spectral and spa-
tial sampling and may be best suited by a
traditional approach. Proper exploration
of a given system, through spontaneous
Raman or FT-IR imaging, may elucidate
alimited number of spectral points nec-
essary to acquire and enable discrete-fre-
quency approaches for problem solving,
allowing for efficiency via QCL, SRS, or
CARS methods.
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Investigating Crystallinity Using
Low-Frequency Raman Spectroscopy:
Applications in Pharmaceutical Analysis

Crystallinity is an important factor when producing pharmaceuticals because it directly affects the
bioavailability of the drug. Low-frequency Raman spectroscopy offers some advantages to the detec-
tion and analysis of crystallinity in pharmaceutical samples. Here the experimental requirements for
low-frequency Raman measurements are described. The application of the technique to the study
of crystallinity with a number of examples is discussed and the advantages and limitations are high-

lighted and compared with other techniques.

Geoffrey P.S. Smith, Gregory S. Huff, and Keith C. Gordon

nique that uses lasers to probe for information about

intra- and intermolecular bond vibrations. It involves
irradiating the sample with monochromatic light to excite
molecules within the sample to a virtually excited state. The
molecules then relax to a higher (Stokes scattering) or lower
(anti-Stokes scattering) vibrational level—resulting in the
scattered light being lower or higher in frequency than the
irradiating photons, respectively. Raman scattering is pro-
duced when this inelastic scattering occurs, and can be used
to deduce information about the nature of the sample. Rela-
tive to the incident light, Raman scattering is a rare phenom-
enon, occurring in only 1076 of the irradiated molecules (1).
What occurs more commonly is elastic scattering, Rayleigh
scattering, where the light emitted from the sample has the
same energy as the incident light. The intensity of Raman
scattering is determined by whether the vibrational mode of
the molecule has a change in polarizability along its normal
coordinate—similar to how infrared (IR) spectroscopy re-
quires a changing dipole moment (1). For example, H,O has
vibrational modes that have large dipole moment changes
along the normal coordinate and as such it has strong IR
bands. However, as H,O is an o-bonded compound, the
electrons have low polarizability and the change in polariz-
ability with vibration is also low, hence the Raman scattering
is weak. Conversely, the active pharmaceutical ingredients

R aman spectroscopy is typically a nondestructive tech-

(APIs) in many drugs are generally w-bonded and easily po-
larizable, thus producing strong features in Raman spectra
(2). This is one of the reasons why Raman spectroscopy is
actively used in pharmaceutical studies.

Crystallinity and Why It Is Important for Pharmaceuticals
The term crystalline is used to describe solids in which the
atoms or molecules are arranged in an ordered manner. For
many pharmaceuticals, the crystalline form is more kineti-
cally stable than the amorphous form, which typically results
in crystalline solids being less soluble, and therefore less bio-
available than their amorphous counterparts. The influence
that crystallinity has over the solubility of a solid is what
makes this an important factor when manufacturing phar-
maceuticals, as those which are supposed to be fast-acting
should be readily soluble in the body, while slow-acting drugs
should dissolve relatively slowly. This has been shown to be
the case in previous studies of bioavailability of APIs in the
literature (3-5). Because of this, it is important to be able
to control the crystallinity of a drug and monitor it. How-
ever, the crystallinity of a sample cannot be assumed to be
simply either 100% ordered or 100% amorphous. Instead,
the literature has indicated that disorder occurs along a con-
tinuous scale where a sample can gradually become more or
less crystalline before becoming fully ordered or disordered
(6). Crystallinity can be controlled in a number of different



ways. One such method involves creat-
ing a fully crystalline pharmaceutical
product and introducing disorder into
the structure mechanically by milling
the sample (4,5). Previous studies have
also shown that amorphous pharma-
ceuticals can be produced through dif-
ferent drying methods (7,8). Even ac-
cidental adjustment of properties such
as moisture level can lead to a change in
crystallinity (9,10). Methods to monitor
the crystallinity of a sample are there-
fore useful.

Established methods for monitor-
ing crystallinity include calorimetry
and X-ray diffraction (XRD) (6). Tera-
hertz spectroscopy is arguably a more
recently implemented method of analy-
sis of crystallinity and is the only one
of these three techniques described in
any detail here. The first terahertz tech-
nique described is terahertz absorption
spectroscopy or far-IR spectroscopy.
The terahertz radiation has a wave-
length that is between that of IR and
microwaves (0.1-1 mm or 10-100 cm™)
and has the ability to allow observation
of various low energy vibrations within
the sample (11-13). Vibrations can es-
sentially be divided into two categories
when studying crystalline samples: ex-
ternal and internal vibrational modes.
Internal vibrations can be considered
the local vibrations that occur within
each molecule (that is, intramolecular
bond vibrations). External vibrations
can be considered the vibrations in-
volving the overall lattice of the crystal,
such as phonon modes or torsional vi-
brations (14,15). Terahertz spectroscopy
tends to focus on the external vibra-
tions. The technique has been known
for more than 100 years, and two ex-
perimental challenges have inhibited
its widespread use. The first of these
is the presence of strong water absorp-
tion above 60 cm™!, which has compli-
cated analysis of wet samples (16) and
the second is the presence of ambient
terahertz radiation that compromises
spectral detection (17). The second of
these issues has been solved in large
part with the advent of terahertz time-
domain spectroscopy, also known as
terahertz pulsed spectroscopy (TPS),
which generates terahertz radiation
using femtosecond laser pulses, using
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Figure 1: lllustration of an exemplar low-frequency Raman setup with a 785-nm laser.

a laser wavelength of around 780 nm.
For more in-depth detail about tera-
hertz spectroscopy, refer to references
11-13. Despite its relative underutiliza-
tion, this technique has been found to
be an effective method for observing
and even quantifying crystallinity in
various papers in the literature. Model
compounds such as cellulose and gela-
tin-amino acid mixtures have been
used previously to determine the effi-
cacy of the technique when compared
to XRD (18) or to determine whether it
would be an efficient method for in-line
and off-line analysis of pharmaceutical
crystallinity (19). In particular, the use
of terahertz spectroscopy with a multi-
variate analysis technique—partial least
squares (PLS)—permitted the quanti-
fication of the crystallinity index (CI)
of cellulose (18). However, not only has
the crystallinity of model systems been
analyzed using the technique, drugs
such as indomethacin, ketoprofen, car-
bamazepine, enalapril maleate, feno-
profin, irbesartan, and diclofenac acid
have also been studied (11,19-23). The
use of PLS also proved effective when
working with pharmaceutical products,
allowing not only real formulations to
be distinguished from one another, but
also the different crystalline forms to
be distinguished. These forms were
indicated by Strachan and colleagues
to include polymorphic, liquid crys-
talline, and amorphous states (11,24).
Therefore, terahertz spectroscopy has
seen growing interest based on its suc-
cess with the study of pharmaceuticals.
Other reviews have also come to com-

pare terahertz spectroscopy with other
forms of vibrational spectroscopy for
pharmaceutical analysis (25,26).

Low-Frequency Raman

Raman spectroscopy has been used
for decades to analyze and character-
ize polymorphs (27,28); however, like
terahertz spectroscopy, low-frequency
Raman spectra have been used more
recently (29-31). Mid-frequency and
high-frequency regions of Raman
spectra are typically used to analyze
the intramolecular bonding of mol-
ecules within a sample (internal vibra-
tions). However, low-frequency Raman
spectroscopy involves the analysis of
the low-frequency regions of Raman
spectra, which tend to contain features
attributable to external vibrations of
the crystalline lattice (14). Frequencies
in the same region as those observed
with terahertz spectroscopy can be
observed using standard continuous
wave lasers. Because Raman scatter-
ing is such a rare process compared to
Rayleigh scattering, the Rayleigh sig-
nal must be removed before recording
spectra. Many ways of doing this have
been developed. Until the 1990s it was
most commonly performed by the use
of a triple-grating spectrograph in con-
junction with a photomultiplier tube
(32,33). This method is reliable but be-
cause of the many mirrors and diffrac-
tion gratings necessary, the ultimate ef-
ficiency or throughput of the system is
inevitably low. To compensate for this,
high laser powers and long acquisition
times are needed (30). A less commonly
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Figure 2: Comparison of the low-frequency regions of amorphous and crystalline solids.

used method involves the stabilization
of iodine gas at specific temperatures
to allow for the absorption of the un-
wanted laser signal (34). However, these
methods are cumbersome and it later
became more common to use holo-
graphic notch or edge filters that reject
light with a specific wavelength. These
filters can be designed to reject nearly
any wavelength of light to match that
of the laser used while allowing the
rest of the spectrum to pass through.
This method allows for the use of more
efficient single grating spectrographs.
In conjunction with array detectors or
charge coupled devices (CCDs) an en-
tire Raman spectrum can be acquired
simultaneously. However, the filters
also block a portion of the Raman scat-
tering signal in addition to the Rayleigh
line. In most cases, the spectra can only
be collected above about 100 cm™ (35).
Over the past decade new filter-
ing technologies have been developed
that allow for the acquisition of Raman
spectra reaching very close to the laser
frequency (35) while using standard dis-
persive Raman systems with all of their
advantages. These filters are typically
based on holographic reflective volume
Bragg gratings (VBGs) and can achieve
frequencies as low as 5 cm™ (34).

In most cases low-frequency Raman
is measured using near-IR (NIR) diode
laser sources for excitation. This is be-
cause the selectivity of VBGs decreases
as wavelength decreases. Therefore, it is
easier to acquire low-frequency Raman
data with longer-wavelength lasers (34).

An issue that arises when perform-
ing low-frequency Raman measure-
ments are artifacts caused by the laser
itself (34). These may not be apparent
when standard holographic filters are
used because they appear so close to
the laser line and would normally be
blocked. These artifacts arise from laser
instability, temperature fluctuations,
amplified spontaneous emission, and
plasma lines. VBG filters are therefore
also used to clean up the laser line be-
fore it is focused onto the sample. In
some optical designs a single VBG is
used for both purposes simultaneously
(34,35).

The resulting spectrum then allows
detection of crystalline or amorphous
forms, as the low-frequency Raman
bands are associated with the low en-
ergy bond vibrations, hydrogen bonds,
and phonon modes. Therefore, the
overall environment and arrangement
of the molecules will have a consider-
able effect on these vibrations. If the

ecules will be highly ordered, and the
low energy bond vibrations will show
up in the spectrum as sharp peaks be-
cause the bonds will have a very similar
environment. Conversely, if the sample
is amorphous, there will be very little
order and there will be a wide variety
of molecular environments which, in
turn, will typically produce only one
broad band, known as the boson peak,
and no other low-frequency features
(36). Ilustrations of crystalline and
amorphous spectra are provided later
in this article. This distinct difference
between crystalline and amorphous
materials is what suggests that low-
frequency Raman spectroscopy could
prove to be extremely useful in the
study of pharmaceuticals.

Analysis
Overview of the Setup of
a Low-Frequency Raman System
The exemplar data presented in this
article were collected using two differ-
ent low-frequency Raman systems, the
first of which (Figure 1) is a home-built
system based on a wavelength-stabilized
80-mW, 785-nm laser module (Ondax,
Inc). The laser line is initially filtered by
use of two BragGrate reflective VBGs
(OptiGrate Corp.) to remove amplified
spontaneous emission. The sample is ar-
ranged in a 135° backscattering geom-
etry relative to a collection lens (£/2.3).
The collected light is passed through a
pair of VBGs (OptiGrate Corp. Brag-
Grate 785 nm, OD3). The collimated,
filtered light is then focused by a second
£/2.3 lens onto a fiber-optic cable. The
cable is coupled to an LS 785 spectro-
graph (Princeton Instruments). A third
VBG is used to further filter light im-
aged onto the entrance slit of the spec-
trograph. Detection is achieved using
a CCD (Princeton Instruments ther-
moelectrically cooled PIXIS 100 BR
CCD). A typical spectral range for this
experiment is about 2400 cm™!. Both
the Stokes and anti-Stokes region of the
spectrum can be seen in addition to a
small remaining laser line signal. Raman
standards such as sulfur and 1,4-bis(2-
methylstyryl)benzene (BMB) are used to
calibrate the spectrometer (37).

The second system is based on a pre-
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built SureBlock XLF-CLM THz-Raman
system from Ondax Inc. The laser (830
nm, 200 mW), cleanup filters, and
laser line filters are all self-contained
inside of the instrument but operate
on the same principles as the 785-nm
system. The sample is arranged in a
180° backscattering geometry relative
to a 10X microscope lens. This system
is then coupled via a fiber-optic cable
to a Princeton Instruments SP2150i
spectrograph and PIXIS 100 CCD cam-
era. The 0.15-m spectrograph is used
in conjunction with either a 1200- or
1800-groove/mm blazed diffraction
grating to adjust the resolution and
spectral range.

Crystalline Versus

Amorphous Samples

The Raman spectrum of crystalline and
amorphous solids differ greatly in the
low-frequency region (see Figure 2) be-
cause of the highly ordered and highly
disordered molecular environments of
the respective solids. However, the mid-
frequency region can also be noticeably
altered by the changing environment
(Figure 3).

Ensuring Accuracy

A potential issue is optical artifacts, and
these may be identified by the analysis
of both Stokes and anti-Stokes spectra.
One advantage of the experimental
setups described is that signal from the
sample may be measured within min-
utes and it is nondestructive, thus al-
lowing Raman spectra to be collected
from a single sample using both tech-
niques at virtually the same time. This
approach permits the examination of
low-frequency Raman data with 785-
nm and 830-nm excitation and allows
comparison with Fourier transform
(FT)-Raman spectra, in which it is pos-
sible to collect meaningful data down to
a Raman shift of 50 cm™. The benefits
are demonstrated in Figure 4. In this
data, each technique produces consis-
tent bands with similar Raman shifts
and relative intensities. While Raman
data were not collected below 50 cm!
using the 1064-nm system, the bands at
69 and 96 cm™! are consistent with the
785- and 830-nm data. Furthermore,
the latter two methods show consis-
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Figure 3: Raman spectra of griseofulvin.

tency with bands appearing around 32
and 46 cm! for both techniques.

Case Studies

So far there have been few studies to
utilize low-frequency Raman spectros-
copy in the analysis of pharmaceutical
crystallinity. Despite this, the literature
does contain articles that demonstrate
the promising applicability of the tech-
nique.

Mah and colleagues (38) studied the
level of crystallinity of griseofulvin
using low-frequency Raman spectros-
copy with PLS analysis. In this study
a batch of amorphous griseofulvin
(which was checked using X-ray powder
diffractometry) was prepared by melt-
ing the griseofulvin and rapidly cool-
ing it again using liquid nitrogen. Con-
densed water was removed by placing
the sample over phosphorus pentoxide
and the glassy sample was then ground
using mortar and pestle. Calibrated
samples of 2%, 4%, 6%, 8%, and 10%
crystallinity were then created though
geometric mixing of the amorphous
and crystalline samples; following this
mixing, the samples were then pressed
into tablets. Many tablets were then
stored in differing temperatures (30
°C, 35 °C, and 40 °C) at 0% humidity.
Low-frequency 785-nm, mid-frequency

785-nm, and FT-Raman spectrosco-
pies were performed simultaneously
on each sample. After PLS analysis,
limits of detection (LOD) and limits of
quantification (LOQ) were calculated.
The results of this research showed that
each of these three techniques were ca-
pable of quantifying crystallinity. It
also showed that FT-Raman and low-
frequency Raman techniques were able
to both detect and quantify crystallin-
ity earlier than the mid-frequency 785
nm Raman technique. The respective
LOD and LOQ values for FT-Raman,
low-frequency Raman, and mid-fre-
quency Raman are as follows: LOD val-
ues: 0.6%, 1.1%, and 1.5%; LOQ values:
1.8%, 3.4%, and 4.6%. The root mean
squared errors of prediction (RMSEP)
were also calculated and, like the LOD
and LOQ values, indicated that the
FT-Raman data had the lowest error,
followed by the low-frequency Raman,
and mid-frequency Raman had the
largest errors of the three techniques.
The recrystallization tests that were
performed indicated that higher tem-
peratures showed a distinct increase
in the rate of recrystallization and that
each technique provided similar results
(within experimental error). It is also
important to note that each technique
gave similar spectra (where applicable),
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Figure 4: Comparison of the low-frequency region of three Raman spectroscopic techniques.

which provides supporting evidence
that the data is meaningful. Overall,
the conclusions of this research were
that low-frequency predictions of crys-
tallinity are at least as accurate as the
predictions made using mid-frequency
Raman techniques. It is arguable that
low-frequency Raman is better because
of the presence of stronger spectral fea-
tures and because they are intrinsically
linked with crystallinity.

Hédoux and colleagues (36) investi-
gated the crystallinity of indomethacin
using low-frequency Raman spectros-
copy and compared the results with
high frequency data. The ranges of in-
terest were indicated to be 5-250 cm'!
and 1500-1750 cm™! regions. Samples
of indomethacin were milled using a
cryogenic mill to avoid mechanical
heating of the sample, with full amor-
phous samples being obtained after
25 min of milling. Methods used in
this study include Raman spectros-
copy, isothermal differential scanning
calorimetry (DSC), and X-ray diffrac-
tometry as well as the milling tech-
nique. The primary objective of this
research was to use all of these tech-
niques to monitor the crystallization
of amorphous indomethacin to the
more stable y-state while the sample
was at room temperature—well below
the glass transition temperature, T
= 43 °C. The results of this research
did in fact show that low-frequency
Raman spectroscopy is a very sensi-

tive technique for identifying very
small amounts of crystallinity within
mostly amorphous samples. The data
was supported by the well-established
methods for monitoring crystallinity:
XRD and DSC. This paper particularly
noted the benefit of low acquisition
times associated with low-frequency
Raman spectroscopy compared with
the other techniques used.
Low-frequency Raman spectroscopy
was also used to monitor two polymor-
phic forms of caffeine after grinding
and pressurization of the samples (39).
Pressurization was performed hydro-
statically using a gasketed membrane
diamond anvil cell (MDAC), while
ball milling was used as the method
of grinding the sample. Analysis meth-
ods used were low-frequency Raman
and X-ray diffraction. Low-frequency
Raman spectra revealed that, upon
slight pressurization, caffeine form
I transforms into a metastable state
slightly different from that of form
IT and that a disordered (amorphous)
state is achieved in both forms when
pressurized above 2 GPa. In contrast,
it is concluded that grinding results in
the transformation of each form into
the other with precise grinding times,
thus also generating an intermediate
form, which was found to only be ob-
servable using low-frequency Raman
spectroscopy. The caffeine data, as well
as the low-frequency data obtained for
indomethacin (40), were further dis-

Larkin and colleagues (41) used
low-frequency Raman in conjunction
with other techniques to characterize
several different APIs and their vari-
ous forms. The other techniques in-
clude FT-Raman spectroscopy, X-ray
powder diffraction (XRPD), and sin-
gle-crystal X-ray diffractometry. The
APIs studied include carbamazepine,
apixaban diacid co-crystals, theophyl-
line, and caffeine and were prepared in
various ways that are not detailed here.
During this research, low-frequency
Raman spectroscopy played an impor-
tant role in understanding the struc-
tures while in their various forms.
However, more importantly, low-
frequency Raman spectroscopy pro-
duced information-rich regions below
200 cm™ for each of the crystalline
samples and noticeably broad features
when the APIs were in solution.

Wang and colleagues (42) inves-
tigated the applicability of low-fre-
quency Raman spectroscopy in the
analysis of respirable dosage forms
of various pharmaceuticals. The
analyzed pharmaceuticals were in-
volved in the treatment of asthma or
chronic obstructive pulmonary dis-
ease (COPD) and include salmeterol
xinafoate, formoterol fumarate, gly-
copyrronium bromide, fluticasone
propionate, mometasone furoate,
and salbutamol sulfate. Various for-
mulations of amino acid excipients
were also analyzed in this study. Re-
sults indicated that the use of low-
frequency Raman analysis was ben-
eficial because of the large features
found in the region and allowed for
reliable identification of each of the
dosage forms. Not only this, it also al-
lowed unambiguous identification of
two similar bronchodilators, albuterol
(Ventolin) and salbutamol (Airomir).

Heyler and colleagues (43) col-
lected both the low-frequency and
fingerprint region of Raman spectra
from several polymorphs of carbam-
azepine, an anticonvulsant and mood
stabilizer. This study found that the
different polymorphs of this API
could be distinguished effectively
using these two regions. Similarly,
Al-Dulaimi and colleagues (44) dem-
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onstrated that polymorphic forms of
paracetamol, flufenamic acid, and
imipramine hydrochloride could be
screened using low-frequency Raman
and only milligram quantities of each
drug. In this study, paracetamol and
flufenamic acid were used as the
model compounds for comparison
with a previously unstudied system
(imipramine hydrochloride). Features
within the low-frequency Raman re-
gions of spectra were shown to be sig-
nificantly different between forms of
each drug. Therefore this study also
indicated that the polymorphs were
highly distinguishable using the tech-
nique. Hence, like all other previously
mentioned case studies, these investi-
gations further demonstrate the util-
ity of low-frequency Raman spectros-
copy as a fast and effective method
for screening pharmaceuticals for
crystallinity.

Conclusions

Low-frequency Raman spectroscopy is
a new technique in the field of phar-
maceuticals, as well as in general stud-
ies of crystallinity. This is despite in-
dications in previous studies showing
an innate ability of the technique for
identifying crystalline materials and
in some cases, quantifying crystal-
linity. Arguably one of the most ben-
eficial aspects of this technique is the
relatively small amount of time neces-
sary to prepare and analyze samples
when compared with XRD or DSC.
This should ensure the growing use of
low-frequency Raman spectroscopy in,
not only pharmaceutical crystallinity
studies, but also crystallinity studies
of other substances as well.
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