
Our 2022 Report on Salaries  
and the Employment Outlook

TECHNIQUE FOCUS

MARCH 2022
VOLUME 37 | NO. 3

Exploring the Origins of  
Stonehenge with ICP-MS  
and Portable XRF

SPECTROSCOPYONLINE.com

LALI-TOF-MS for Rapid  
Elemental Characterization  
of Solid Materials

Surveying Components 
Used in Spectroscopy: 
Sources, Lasers,  
and Detectors

APPLICATIONSTHEORY & FUNDAMENTALS ICP

Detailed Raman Spectral Analysis  
of Pharmaceutical Ingredients

Interpreting Infrared  
Spectra of Epoxies

IR RAMAN

http://www.spectroscopyonline.com
http://www.spectroscopyonline.com


http://www.oceaninsight.com


multi N/C pharma
TOC & Tnb Analyzer

Excellence in Pharmaceutical TOC Testing
multi N/C pharma series

info@us.analytik-jena.com
www.analytik-jena.us

For more information, contact us:

The multi N/C pharma series offers tailor-made solutions for pharma-specific TOC analysis - ideal for ultrapure 
water control, cleaning validation and testing of extractable components from packaging materials.

     Reliable measurement of TC, TIC, TOC, NPOC, TNb and more
     Long-term stable calibration
     Compliant to international pharmacopoeias
     High operational safety
     Long-term warranties: Detector (10-years), furnace (10-years), UV reactor (3-years)

http://www.analytik-jena.us


4  Spectroscopy 37(3)   March 2022 www.spectroscopyonline.com

50

% Recycled Paper 10-20%
 Post Consumer W

as
te

 

© 2022 MultiMedia Pharma Sciences, LLC. All rights reserved. No part of this 

publication may be reproduced or transmitted in any form or by any means, electronic 

or mechanical including by photocopy, recording, or information storage and retrieval 

without permission in writing from the publisher. Authorization to photocopy items 

for internal/educational or personal use, or the internal/educational or personal use of 

specific clients is granted by MultiMedia Pharma Sciences, LLC. for libraries and other 

users registered with the Copyright Clearance Center, 222 Rosewood Dr. Danvers,  

MA 01923, (978) 750-8400, fax (978) 646-8700, or visit http://www.copyright.com online. 

MultiMedia Pharma Sciences, LLC. provides certain customer contact data 

(such as customer’s name, addresses, phone numbers, and e-mail addresses) to third 

parties who wish to promote relevant products, services, and other opportunities 

that may be of interest to you. If you do not want MultiMedia Pharma Sciences, LLC. 

to make your contact information available to third parties for marketing purposes, 

simply email mmhinfo@mmhgroup.com and a customer service representative will 

assist you in removing your name from MultiMedia Pharma Sciences, LLC. lists.

Spectroscopy does not verify any claims or other information  appearing in any of 

the advertisements contained in the publication, and cannot take responsibility for any 

losses or other damages incurred by readers in reliance of such content.

To subscribe, email mmhinfo@mmhgroup.com.

MANUSCRIPTS: To discuss possible article topics or obtain manuscript 

preparation guidelines, contact the editorial director at: (732) 346-3020, e-mail: 

LBush@mjhlifesciences.com. Publishers assume no responsibility for safety 

of artwork, photographs, or manuscripts. Every caution is taken to ensure 

accuracy, but publishers cannot accept responsibility for the information 

supplied herein or for any opinion expressed.

SUBSCRIPTIONS: For subscription information: Spectroscopy, P.O. Box 457,  

Cranbury, NJ 08512-0457; email mmhinfo@mmhgroup.com. Delivery of 

Spectroscopy outside the U.S. is 3–14 days after printing.

CHANGE OF ADDRESS: Send change of address to Spectroscopy,  

P.O. Box 457, Cranbury, NJ 08512-0457; provide old mailing label as well as  

new address; include ZIP or postal code. Allow 4–6 weeks for change. 

Alternately, send change via e-mail to mmhinfo@mmhgroup.com for address 

changes or subscription renewal.

C.A.S.T. DATA AND LIST INFORMATION: Contact Melissa Stillwell,  

(218) 740-6831; e-mail: MStillwell@mmhgroup.com

Reprints: Contact Stephanie Shaffer,  

e-mail: SShaffer@mjhlifesciences.com

INTERNATIONAL LICENSING: Contact Kim Scaffidi, 

e-mail: KScaffidi@mjhlifesciences.com 

CUSTOMER INQUIRIES: Customer inquiries can be forwarded directly to 

MJH Life Sciences, Attn: Subscriptions, 2 Clarke Drive, Suite 100, Cranbury, NJ 

08512; e-mail: mmhinfo@mmhgroup.com

PUBLISHING/SALES

Senior Vice President, 
Industry Sciences

Michael J. Tessalone 
MTessalone@mjhlifesciences.com

Group Publisher
Stephanie Shaffer

SShaffer@mjhlifesciences.com

Associate Publisher
Edward Fantuzzi 

EFantuzzi@mjhlifesciences.com

National Account Manager
Timothy Edson

TEdson@mjhlifesciences.com

National Account Manager 
Michael Howell 

MHowell@mjhlifesciences.com

Senior Director, Digital Media
Michael Kushner 

MKushner@mjhlifesciences.com

EDITORIAL

Editorial Director
Laura Bush 

LBush@mjhlifesciences.com

Managing Editor
John Chasse 

JChasse@mjhlifesciences.com

Senior Technical Editor
Jerome Workman 

JWorkman@mjhlifesciences.com

Associate Editor
Cindy Delonas 

CDelonas@mjhlifesciences.com

Assistant Editor
Will Wetzel

WWetzel@mjhlifesciences.com

Creative Director, Publishing
Melissa Feinen

MFeinen@mdmag.com

Senior Art Director
Gwendolyn Salas

GSalas@mjhlifesciences.com

Senior Graphic Designer
Courtney Soden

CSoden@mjhlifesciences.com

485F US Highway One South, 
Suite 210 

Iselin, NJ 08830 
(609) 716-7777

CONTENT MARKETING
Custom Content Writer
Alissa Marrapodi 
AMarrapodi@mjhlifesciences.com

Senior Virtual Program Manager
Lindsay Gilardi 
LGilardi@mjhevents.com

Senior Project Manager
Anita Bali 
ABali@mjhlifesciences.com

Digital Production Manager
Sabina Advani 
SAdvani@mjhlifesciences.com

MARKETING/OPERATIONS

Marketing Director
Melissa Stillwell 
MStillwell@mmhgroup.com

Senior Marketing Manager
Anne Lavigne 
ALavigne@mmhgroup.com

Audience Development
Stacy Argondizzo 
SArgondizzo@mmhgroup.com

Reprints
Alexandra Rockenstein 
ARockenstein@mjhlifesciences.com

CORPORATE

President & CEO
Mike Hennessy Jr

Chief Financial Officer
Neil Glasser, CPA/CFE

Chief Operating Officer
Michael Ball

Chief Marketing Officer
Brett Melillo

Executive Vice President, 
Global Medical Affairs & 
Corporate Development
Joe Petroziello 

Senior Vice President,  
Content
Silas Inman

Vice President, Human 
Resources & Administration
Shari Lundenberg

Vice President, 
Mergers & Acquisitions
Chris Hennessy

Executive Creative Director, 
Creative Services
Jeff Brown

Founder 
Mike Hennessy Sr
1960 - 2021

http://www.spectroscopyonline.com
mailto:mstillwell@mmhgroup.com
mailto:sshaffer@mjhlifesciences.com
mailto:kscaffidi@mjhlifesciences.com


http://www.abb.com/analytical
mailto:ftir@ca.abb.com


6  Spectroscopy 37(3)   March 2022 www.spectroscopyonline.com

Spectroscopy (ISSN 0887-6703 [print], ISSN 1939-1900 [digital]) is published monthly by MultiMedia Healthcare, LLC., 2 Clarke Drive, Suite 100, Cranbury, NJ 08512. Spectroscopy is distributed free 
of charge to users and specifiers of spectroscopic equipment in the United States.  Spectroscopy is available on a paid subscription basis to nonqualified readers at the rate of: U.S. and posses-
sions: 1 year (12 issues), $91.00; 2 years (24 issues), $163.00. Canada/Mexico: 1 year, $116.00; 2 years, $182.00. International: 1 year (12 issues), $170.00; 2 years (24 issues), $304.00. Periodicals postage 
paid at Trenton, NJ 08650 and additional mailing offices. POSTMASTER: Send address changes to Spectroscopy, P.O. Box 457, Cranbury NJ 08512-0457. PUBLICATIONS MAIL AGREEMENT NO. 
40612608, Return Undeliverable Canadian Addresses to: IMEX Global Solutions, P. O. Box 25542, London, ON N6C 6B2, CANADA. Canadian GST number: R-124213133RT001. Printed in the U.S.A.

TABLE OF CONTENTS

March 2022
Volume 37 | Number 3

DEPARTMENTS
From the Publisher ......................................8
Products and Resources .......................46

Like @SpectroscopyMagazine on Facebook

Follow @SpectroscopyMag on Twitter

Join the Group @SpecGroup on LinkedIn

COLUMNS 

9 Atomic Perspectives
Using an Innovative Mass Spectrometer and Non-Matrix–
Matched Reference Materials to Quantify Composition  
of Metal Disks and Powders 
Ellen Williams, Peyton Willis, Alan Koenig, and Jonathan C. Putman 
Laser ablation laser ionization time-of-flight mass spectrometry (LALI-TOF-MS)  
can quantify elemental constituents without the need for matrix-matching,  
making it attractive for metals testing, particularly for additive manufacturing. 

17 IR Spectral Interpretation Workshop
The Infrared Spectra of Polymers V: Epoxies
Brian C. Smith
Epoxies are perhaps the most economically important functional group  
of polymers. We explain how to interpret their spectra.

22 Spectroscopy Spotlight
Using Portable X-ray Fluorescence Spectrometry (PXRF)  
to Explore the Origins of the Sarsen Megaliths at Stonehenge
Will Wetzel
What can spectroscopic techniques, such as portable X-ray fluorescence  
spectrometry, reveal about the sarsen megaliths and where they originated?

SPECIAL FEATURES

31 A Survey of Basic Instrument Components Used in  
 Spectroscopy, Part 1: Sources, Lasers, and Detectors

Jerome Workman, Jr.
High-performance instrumentation requires many critical components.  
We focus here on energy sources, lasers, and detectors. 

36 The 2022 Employment and Salary Survey: Looking  
 for a Return to Normalcy

Jerome Workman, Jr.
Spectroscopists offer their views on the their salaries and working conditions, 
including how they are faring through the social and economic challenges  
still gripping the world.

PEER-REVIEWED RESEARCH

24 A Fingerprint in a Fingerprint: A Raman Spectral Analysis  
 of Pharmaceutical Ingredients

Brittany Handzo, Jeremy Peters, and Ravi Kalyanaraman
The “fingerprint in the fingerprint” region is key for active pharmaceutical  
ingredient (API) identity testing. We explain why.

Cover Art: 
An image of a photodetector on a  

printed circuit board, highlighting our 
article surveying instrument components.

Our 2022 Report on Salaries  
and the Employment Outlook

TECHNIQUE FOCUS

MARCH 2022
VOLUME 37 | NO. 3

Exploring the Origins of  
Stonehenge with ICP-MS  
and Portable XRF

SPECTROSCOPYONLINE.com

LALI-TOF-MS for Rapid  
Elemental Characterization  
of Solid Materials

Surveying Components 
Used in Spectroscopy: 
Sources, Lasers,  
and Detectors

APPLICATIONSTHEORY & FUNDAMENTALS ICP

Detailed Raman Spectral Analysis  
of Pharmaceutical Ingredients

Interpreting Infrared  
Spectra of Epoxies

IR RAMAN

Cover image courtesy of
stock.adobe.com/asb63

Subscribe to our newsletters for 
practical tips and valuable resources

http://www.spectroscopyonline.com
https://mjhlifesciences.tfaforms.net/f/spec_enews
https://www.facebook.com/SpectroscopyMagazine/
https://twitter.com/spectroscopymag
https://www.linkedin.com/company/spectroscopy-media/


http://www.metrohm.com/en-us/iraman


8  Spectroscopy 37(3)   March 2022 www.spectroscopyonline.com

Fran Adar  Horiba Scientific

Russ Algar  University of British Columbia

L. Robert Baker The Ohio State University

Matthew J. Baker  University of Strathclyde 

Ramon M. Barnes  University of Massachusetts

Matthieu Baudelet  University of Central Florida

Rohit Bhargava  University of Illinois at Urbana-Champaign

Karl S. Booksh  University of Delaware

Michael S. Bradley  Thermo Fisher Scientific

Deborah Bradshaw  Consultant

George Chan  Lawrence Berkeley National Laboratory

John Coates  Coates Consulting LLC

John Cottle  University of California Santa Barbara

Paul J. Gemperline  East Carolina University

David Lankin  University of Illinois at Chicago, College of Pharmacy

Barbara S. Larsen  Larsen Scientific Consulting

Barry K. Lavine  Oklahoma State University

Igor K. Lednev  University at Albany, State University of New York

Bernhard Lendl  Vienna University of Technology (TU Wien)

Ian R. Lewis  Kaiser Optical Systems

Howard Mark  Mark Electronics

R.D. McDowall  McDowall Consulting

Gary McGeorge  Bristol-Myers Squibb

Francis M. Mirabella Jr.  Mirabella Practical Consulting Solutions, Inc. 

Ellen V. Miseo  Consultant 

Michael L. Myrick  University of South Carolina

John W. Olesik  The Ohio State University

Yukihiro Ozaki  Kwansei Gakuin University

Steven Ray  State University of New York at Buffalo

Jim Rydzak  Specere Consulting 

Jacob T. Shelley  Rensselaer Polytechnic Institute

Barry Wise Eigenvector Research Inc.

Jerome Workman Jr.  Biotechnology Business Associates

Lu Yang  National Research Council Canada

Spectroscopy’s Editorial Advisory Board is a group of distinguished individuals 
assembled to help the publication fulfill its editorial mission to promote the 
effective use of spectroscopic technology as a practical research and measurement 
tool. With recognized expertise in a wide range of technique and application areas, 
board members perform a range of functions, such as reviewing manuscripts, 
suggesting authors and topics for coverage, and providing the editor with general 
direction and feedback. We are indebted to these scientists for their contributions 
to the publication and to the spectroscopy community as a whole.

Editorial Advisory BoardFrom the Publisher
Mike Hennessy, Jr. 
President & CEO, MJH Life Sciences®

In Spectroscopy, we regularly discuss the chemistry and physics 

of measurements made on a variety of sample types using a 

range of spectroscopic techniques. This year, we are beginning 

new coverage about what goes inside the instruments involved—

looking at the diverse critical components and procedures neces-

sary for the manufacturing of high-performance instrumentation. 

This began in February with The Spectroscopy Instrument Compo-

nents Terminology Guide (available as a free download from our 

website), written by our Senior Technical Editor Jerry Workman Jr. 

Jerry is following up with a four-part article that surveys component 

parts of spectroscopy instrumentation to provide a basic “under 

the hood” look at these instruments. The first part, covering spec-

troscopy instrument sources, lasers, and instrument detectors, is 

our March cover story. 

Ravi Kalyanaraman and colleagues at Bristol Myers Squibb 

contributed this month’s peer-reviewed article, which addresses 

the fingerprint region (300–1900 cm-1) in mid-infrared (IR) and 

Raman spectroscopy. In this study, a smaller subset of this Raman 

spectral region, referred to as the fingerprint in the fingerprint  

region (~1550–1900 cm-1), was evaluated. This data indicate that this 

spectral region is ideal for identity testing of active pharmaceuti-

cal ingredients (APIs), and that it has potential for differentiating 

and classifying the API content in different strengths of a given 

drug product.

Shifting from new uses of an existing analytical technique 

to a new technique altogether, “Atomic Perspectives” looks at 

laser ablation laser ionization time-of-flight mass spectrometry  

(LALI-TOF-MS), which combines a dual-laser ionization system with 

a TOF mass analyzer. This study demonstrates that LALI-TOF-MS 

can quantify elemental constituents without the need for matrix-

matching, making it attractive for metals testing, particularly for 

additive manufacturing.

“Spectroscopy Spotlight” shines on David Nash of the Uni-

versity of Brighton in the United Kingdom and his research using 

spectroscopic techniques such as portable X-ray fluorescence 

spectrometry and higher resolution inductively coupled plasma–

mass spectrometry to study the origin of the sarsen megaliths that  

comprise Stonehenge.

Finally, we’re pleased to present the 2022 results of our annual 

employment survey, where we share spectroscopists’ perspectives 

on their salary and on work conditions, including the lasting impact 

of the pandemic on their careers.

We hope you enjoy the issue. Happy reading!
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ATOMIC PERSPECTIVES

Using an Innovative Mass  
Spectrometer and Non-Matrix–
Matched Reference Materials to 
Quantify Composition of Metal 
Disks and Powders

This work demonstrates a new ana-
lytical technique and its quantifica-
tion capabilities on a set of disparate 
metal samples. The laser ablation 
laser ionization time-of-flight mass 
spectrometer (LALI-TOF-MS) com-
bines a dual-laser ionization system 
with a TOF mass analyzer for rapid,  
high-sensitivity elemental char-
acterization of any solid material.  
To demonstrate the instrument’s 
quantification capabilities, nine dif-
ferent reference materials were ana-
lyzed. One solid and one powder 
reference material were then treated 
as “unknowns,” and quantified using 
calibration curves generated from 
the remaining reference materials. 
Despite being generated from refer-
ence materials of various matrices, el-
emental calibration curves are linear 
with an average R2 value of 0.96, even 
for elements that span several orders 
of magnitude in concentration range. 
For all elements quantified, results 
match the certified values of the “un-
known” within the margins of error.

Ellen Williams, Peyton Willis, Alan Koenig, and Jonathan C. Putman 

For most techn iques fo r 
solid sample analysis, matrix-
matched reference mater i-

als are a requirement for reliable 
quantification. Widely known and 
accepted among the ana ly t ic a l 
community, this limitation means 
metal -tes t ing laborator ies need 
to have a large inventory of solid 
reference materials. If solid refer-
ence materials are not available, 
quantification requires more com-
pl icated d is solut ion (d iges t ion) 
sample preparat ion procedures. 
For developers of new metal al -
loys,  such as those in the addi-
t ive manufac turing industr y, this 
dependence on matr ix-matched 
reference materials presents a sig-
nificant challenge. Additive manu-
facturing, specifically three-dimen-
sional (3D) metal printing, typically 
involves t rans forming feedstock 
metal powders into finished parts.  
Compared to traditional manufac-
turing, this process has some sig-
nificant advantages, and it is being 

widely adopted across a variety of 
industries. As a result, new mate-
r ials are being developed to en-
sure desirable material properties 
throughout the printing process.  
It may prove dif ficult for traditional 
techniques to precisely quanti f y 
such novel, complex alloy mixtures 
with elemental compositions differ-
ing from those of established refer-
ence materials. Additionally, test-
ing elemental constituents before 
and after the build requires consis-
tent measurements across both a 
powder and solid matrix. 

Traditional techniques, such as 
inductively coupled plasma–optical 
emission spectroscopy (ICP-OES) or 
ICP–mass spectrometry (ICP-MS), 
t ypical ly  require ac id d iges t ion 
for the most accurate elemental 
analyses, which require chemis-
try expertise to properly execute, 
cor rec t for s ignal inter ferences, 
and perform calibrations. Because 
these plasma-ionizing techniques 
can create high degrees of elemen-
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tal suppression, spectral inter fer-
ences, and matrix effects, accurate 
quantification depends on matrix-
matched reference materials. Ad-

di t ional ly,  ICP- OES and ICP-MS 
are not easily capable of measur-
ing carbon or nitrogen, especially 
when acid digestion is performed. 

To access high per formance with 
less complicated sample prepara-
tion techniques, some users com-
bine ICP-MS with laser ablation (LA) 
to form the LA-ICP-MS technique. 
Because of the complexity of each 
par t in the combined L A-ICP-MS 
system and the lack of continuity 
between dif ferent configurations 
and vendor combinations, there are 
still numerous challenges in stan-
dardization, automation, and data  
collection and processing. Currently,  
LA-based techniques require com-
plex and of f line data processing 
because the L A and the ICP-MS 
systems are not well integrated, 
and the data are not easily handled 
in conventional ICP-MS sof tware.  
Furthermore, LA-ICP-MS as a tech-
nique experiences both transport 
e lemental  f rac t ionat ion and el -
emental suppression from space-
charge effects in ion sampling (1).

O ther wel l - known techniques 
for analyzing solid materials, such 
as X-ray f luorescence (XRF), also 
d o  n ot  e xc e l  a t  l ig h t  e l e m e n t 
determinat ions,  par t icular ly  for 
c a r bon,  n i t rog en,  and ox yg en.  
These impor tant l ight e lements 
play a c r i t ical  role in the manu-

FIGURE 1: Illustration of the laser ablation (LA), laser ionization (LI), and time-
of-flight (TOF) mass analysis processes.

TABLE I: Summary of the nine certified reference materials, both solid disks and powders, analyzed with LALI-TOF-MS. 

Summary of Reference Materials

No. Certified Reference Material Material Type Material Grade

1 IARM 22C Solid Disk 15-5PH Stainless Steel

2 IARM Fe174PH-18 Solid Disk 17-4PH Stainless Steel

3 IARM Fe316L-18 Solid Disk 316L Stainless Steel

4 IARM 99B Solid Disk Maraging 300 Steel Alloy

5 NIST SRM 1263a Solid Disk Cr-V Steel Alloy

6 IARM Fe316LP-18 Additive Manufacturing Powder 316L Stainless Steel

7 IARM Fe316LP-18+
14% IARM Ni718P-18

Combined Additive 
Manufacturing Powders 316L Stainless Steel + 14% 718 Nickel Alloy

8 IARM Fe316LP-18+
6% IARM Ni718P-18

Combined Additive 
Manufacturing Powders 316L Stainless Steel + 6% 718 Nickel Alloy

9 IARM Fe316LP-18+
0.6% IARM Ni718P-18

Combined Additive 
Manufacturing Powders 316L Stainless Steel + 0.6% 718 Nickel Alloy
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facture of steel materials because 
their concentrations af fect various 
physical properties, including brit-
tleness, hardness, ductility, and the 
melting point (2). Therefore, a tech-
nique capable of quantif ying the 
metallic, trace, and low-mass con-
stituents in the same analytical ses-
sion has the potential to accelerate 
the quality control (QC) process for 
additive manufacturing powders. 

P r o v i d i n g  v e r s a t i l i t y ,  h i g h -
throughput, excellent elemental 
coverage, and low detec tion lim-
its, laser ablation laser ionization 
t ime-of-f l ight MS (L ALI-TOF-MS) 
has the capacity to meet the grow-
ing analytical needs of the additive 
manufacturing industry, as well as 
the needs of traditional materials 
analyses. For both solids and pow-
ders, the innovative LALI method 
reduces matrix effects and enables 
quantification even in the absence 
of matrix-matched reference mate-
rials that are exact. Although LALI 
was discussed in peer- rev iewed 
li terature decades ago (3), tech-
nological limitations prevented its 
commercial development. Capital-
izing on modern advances in solid-
state lasers and computing, a new 
LALI-TOF-MS instrument was devel-
oped. For any solid material, this in-
novation provides high-throughput, 
high-sensit iv it y quantif ication of 
nearly the entire periodic table (1).

As shown in Figure 1, the L ALI 
system uses two lasers. The f irs t 
laser ablates, or releases, material 
from the sur face of the solid sam-
ple and the second laser ionizes 
that ablated material in a discrete 
step. Directly analyzing solid mate-
rials minimizes the sample prepara-
tion procedures required by other 
high-sensitivity techniques. The ab-
lation process creates both a tem-
poral plasma and a neutral particle 
cloud. Targeting the neutral par-
ticles, the second laser fires af ter 
a short delay to allow the primary 
ions from the initial plasma to dis-
perse. Compared to the pr imar y 

ablation ions, which experience a 
high degree of matrix-dependent 
elemental fractionation, the neutral 
par ticles are more representative 
of the constituents of the sample. 
Creating ions from these particles 
results in greater stoichiometric ac-
curacy and reduces matrix effects.

Af ter ionization, the ions move 
through a series of ion optics to the 

TOF mass analyzer, which measures 
the dif ference in time required for 
ions of dif ferent masses to impact 
a detector. As shown in Figure 2, 
this results in a full mass spectrum. 
This entire process is per formed 
under vacuum, greatly improving ion 
transmission efficiency compared to 
LA-ICP-MS, which involves an atmo-
spheric-to-vacuum transition. In ad-LE-195ir1.ps

T:\MISC\ADS\LE-195\LE-195ir1.cdr
Thursday, December 16, 2021 9:24:47 AM
Color profile: Disabled
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dition, this system does not require 
an iner t gas, which facilitates the 
analysis of a wide range of elements 
without the need to account for in-
terference from the gas composition 
(the argon gas used with ICP).

Figure 2 shows an example mass 
spec trum from analyzing a stain-

less-steel reference material, IARM 
Fe316L-18. The zoomed inset for 
the mass range m/z between 10–16 
highlights the trace low-mass ele-
ments that are dif f icult for many 
techniques to quantif y, which are 
boron, carbon, nitrogen, and oxy-
gen. Note the abundance of these 

isotopes are three to four orders 
of magnitude smaller than that of 
the matrix isotope, 56Fe. For boron, 
with two naturally occurr ing iso-
topes, the text boxes compare its 
theoretical (known) isotope ratios 
with those quantified from the peak 
areas of the mass spectrum. The ex-
perimentally derived isotope ratios 
are within 3% of the known values, 
demonstrating how LALI-TOF-MS 
results in mass spec tra with iso-
topically correct peak intensities. 
Compared to other MS techniques, 
LALI-TOF-MS allows for more reli-
able (and automated) isotopic veri-
fication and quantification.

Testing Quantification Capabilities
To test the quantification capabili-
ties of the technique, nine certified 
reference mater ials (CRMs) were 
analy zed:  three sol id s ta in les s -
steel disks, two solid steel alloys, 
and four pellets pressed from ad-
ditive manufacturing powders. Of 
the four powder CRMs, one pellet 
was pressed from pure stainless-
s teel powder ( IARM Fe316LP-18) 
and three pel let s were pressed 
f rom mix tures of  the s ta in les s -
steel powder doped with various 
amount s of  n ickel  a l loy powder 
( IARM Ni718P-18),  ranging f rom 
0.6–14% by weight. Table I presents 
details of these reference materials. 

L ALI-TOF-MS direc tly analyzes 
CRM s 1– 5  w i t h o u t  a ny  s a m p l e 
preparat ion.  Prepar ing samples 
from CRMs 6 –9 involves pressing 
the powders into 1.3 -cm (0.5 - in) 
solid pellets using a pellet die set 
and hydraulic press. Figures 3a–c 
demonstrate the pellet die set and 
simple sample preparation proce-
dure. Once prepared, each sample 
is analy zed using three 0.2 mm2 
areas, which are ras tered t wice.  
The first pass is to remove any sur-
face contaminants, and the second 
pass is used for quantification. 

Figure 3d shows an example pellet 
sample after LALI-TOF-MS analysis. 
The three lines on the pellet’s sur-

(a) (b)

(c) (d)

FIGURE 3: (a) Pellet die set; (b) an analyst adding metal powder to the set;  
(c) final pelletized metal alloy powder; and (d) an example post-analysis sample.  
The three lines are the raster areas used for quantification. 

FIGURE 2: Mass spectrum from stainless-steel reference material, IARM Fe316L-18, 
analyzed by LALI-TOF-MS. The zoomed inset for m/z 10–16 highlights the trace 
low-mass elements boron, carbon, nitrogen, and oxygen. Text insert boxes in the 
figure compare measured and theoretical (known) isotope ratios for boron. 
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face demonstrate the raster areas of 
the quasi-nondestructive process.  
The sample tray of the instrument 
can accommodate nine 1.3-cm (0.5-
in) samples. After loading the sample 
tray, the user can set up the instrument 
to analyze all nine samples within 
the same session. Once the instru-
ment has brought the sample cham-
ber to vacuum, typically achieved 
while the user is defining testing 
conditions, the analysis requires 
only 3 min per sample. Testing the  
quantification capabilities of the new 
technique involves treating one CRM 
as an “unknown” and quantifying its 
major and trace elemental constitu-
ents with the calibration curves made 
from the remaining CRMs. To assess 
quantification on both solid and pow-
der materials, this work presents re-
sults from using both the solid and 
powder forms of IARM Fe316L-18 
(CRM #3 and #6) as the unknowns.

Calibration and 
Quantification Process
As discussed, LALI-TOF-MS gener-
ates mass spectra for each laser shot, 
which are combined, averaged, and 
baseline subtrac ted. The instru-
ment’s sof tware can then detec t 
each element by its naturally occur-
ring isotopic pattern, as shown in 
Figure 2. For each isotopically veri-
fied element, the software integrates 
the mass spectra peak area and nor-
malizes its intensity to that of a major 
matrix element, which is iron in this 
case. Plotting the normalized intensi-
ties and the known concentrations of 
the CRMs creates a calibration curve 
for each element. If an element’s 
calibration curve has a strong corre-
lation coefficient and sufficient data 
points, it can be used to quantify an 
unknown sample’s concentration. 

F igure 4 shows example ca l i -
brat ion cur ves of four elements 
using the isotopes: 28Si, 60Ni, 96Mo,  
and 184W. For each graph, the y-axis 
is normalized intensity, and the x-
axis is concentration (w t.%). Dis-
played in orange, the CRM treated 

as the “unk nown” i s  quant i f ied 
using the best-fit line through the 
known CRMs, each of which are in-
dicated by distinct shapes (as listed 
in Table I). Despite using reference 
materials of different matrices, cali-
bration curves are relatively linear, 
with an average R2 value of 0.96, 
even for elements that span sev-
eral orders of magnitude in con-
centration range. For instance, the 

calibration curve of nickel includes 
concentrations ranging from 0.23% 
for CRM #5 to 19.4% for CRM #7  
and has an R2 value of 0.97. 

The bar graphs in Figure 5 and 
Figure 6 compare quanti f ied re-
sults to certified values for the 316L 
stainless-steel disk (CRM #3) and 
the 316L s tainless-s teel powder  
(CRM #6), respectively. Using the 
solid disk as an “unknown,” it was 
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quantified with calibration curves 
g e n e r a t e d  f r o m  a l l  r e m a i n i n g 
CRMs. Alternatively, the powder 
was quant i f ied f rom cal ibrat ion 
cur ves c reated f rom the doped 
powder mixtures (CRMs #7–9) only. 
In each graph, certified values are 
gray and those quantified by LALI-
TOF-MS are blue. Concentrations 

of major elements are presented 
in weight percent (wt.%) and those 
of trace elements are in parts-per-
million (ppm). On the known values, 
the error bars indicate the certified 
uncertainties. Uncertainties for the 
quanti f ied values are calculated 
to a 95% confidence interval using 
least squares linear regression of 

the calibration curves’ points and 
those unknown (al l  measured in 
tr iplicate). Note these expanded 
uncertainty values include a combi-
nation of sampling, measurement,  
and calibration uncertainty. 

The average uncertainty and the 
average deviation from the known 
results are slightly larger for the solid 
disk analysis than the pressed pow-
der, which is expected because the 
solid disk was quantified using all of 
the calibration points, while the pow-
der was quantified by standard addi-
tion, which resulted in more linear cal-
ibration curves that span a narrower 
concentration range. Nevertheless, 
both techniques were successful, and 
results from both “unknowns” match 
the certified values within the certifi-
cate margins of error. 

Discussion
Results demonstrate the quantitative 
capabilities of LALI-TOF-MS for both 
solid metal and powder elemental 
characterization. Both the 316L stain-
less-steel solid disk and the stainless-
steel powder reference materials’ el-
emental constituents were quantified 
within the certified values’ margins  
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FIGURE 4: Calibration curves of four isotopes: 28Si, 60Ni, 96Mo, and 184W. Each graph 
plots normalized intensity vs. concentration (wt.%) and the known CRMs are fitted 
with a linear trendline. The “unknown” concentration is then quantified from the 
best-fit line.
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of error. For quantified elements, the average internal pre-
cision for the solid disk is 0.5% and 1.1% for the powder. 
For the solid reference material, quantified results’ accu-
racy for major elements are 4% on average, and all major 
elements are within 10% of the certified values. The 316L 
stainless-steel powder’s results for major elements also 
have an average accuracy of 4%, and all major elements 
quantified in the powder are within 13% of certified values. 

For many major elements, ASTM specifications for 
stainless steels include an acceptable concentration 
range of ±0.5 to ±2.0 wt.%, depending on the ele-
ment (4). With LALI-TOF-MS, all major elements were 
quantified within 0.02– 0.21 wt.% of cer tif ied values, 
and uncer tainties calculated with a 95% confidence 
interval were all less than ±0.18 wt.%. The precision 
and accuracy of these results indicate that LALI-TOF-
MS exceeds the precision and accuracy required to 
meet the needs of the additive manufacturing industry.  
Typical powder material data sheets specify only an 
upper limit for trace elements’ concentrations like car-
bon and nitrogen (4), which LALI-TOF-MS also verified. 

In addition to bulk characterization, LALI-TOF-MS can 
be used for elemental mapping of powder or solid ma-
terials. Each map displays the spatial distribution of any 
element of interest at the resolution of the spot size of 
the ablation laser. Depending on the application, the 
user may adjust the laser spot size between 1–200 µm. 
For additive manufacturing, this capability can identify 
chemical heterogeneity in the powders or printed parts. 
Beyond additive manufacturing applications, elemen-
tal mapping can also be impactful in failure analysis or  
diagnosing corrosion. 

Conclusion 
This work validates LALI-TOF-MS as a promising new 
and alternative technique for quantif ying elemental 
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const i tuent s of metal  d isks and 
powders. For all major and trace 
elements, quantified results match 
those of cer t i f ied resul t s wi thin 
margins of error. Using a disparate 
set of metal reference materials to 
generate linear calibration curves 
demonstrates LALI-TOF-MS does 
not require exact matrix-matching 
of reference materials with sam-
ples. LALI-TOF-MS is an attractive 
solution for metals test ing, spe-
ci f ically addit ive manufac tur ing.  
Because it can quantif y low-mass 
e lement s ,  t r ace e lement s ,  and 
metallic constituents in the same 
analy tical session, it can direc tly 
analyze solid materials and pellet-
ized powders without complicated 
sample preparat ion procedures, 
and it does not depend on matrix-
matched reference mater ials for 
reliable quantif ication, which can 
support new material development. 
LALI-TOF-MS of fers an answer to 
the analy tical needs for new ma-
ter ials being rapidly developed.  
This exciting, new technique pro-
vides a simple, compact, and cost-
ef fective alternative to traditional 
analytical methods for these types 
of metal l ic matr ices and a wide 
range of other solid samples.
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IR SPECTRAL INTERPRETATION WORKSHOP

The Infrared Spectra of  
Polymers V: Epoxies

As we begin our survey of the infra-
red (IR) spectra of polymers contain-
ing C–O bonds, we discuss epoxies,  
perhaps the most economically impor-
tant functional group in this category. 
Epoxy resins are widely used as adhe-
sives, and you may have used them your-
self to mend broken household items.  
In this column, the spectra of epoxides 
and the reaction via which they be-
come useful is examined. The answer 
to last column’s Infrared Spectral Inter-
pretation workshop will also be given.

Brian C. Smith 

As you probably noticed, the or-
ganization of this column series has 
been divided into sections based 

on specific chemical bonds. In the first five 
or so years of this column, there were mul-
tiple columns devoted to functional groups 
containing C-H, C-O, and C=O bonds.  
Now that we are five columns into our ex-
amination of polymer spectra, you may have 
noticed that these articles are structured 
similarly. The last four installments were de-
voted to polymers that contain C-H bonds. 
Here, we begin a series on polymers con-
taining C-O bonds, and after that, we will 
discuss polymers with C=O bonds.

Compared to the polymer families con-
taining C-H and C=O bonds, the family 
of C-O containing polymers is small for 
reasons I do not understand. Probably the 
most important polymers in this group are 
epoxies and epoxy resins, which are widely 
used as adhesives.

The Epoxy Group
Epoxy resins are used so commonly that the 
word “epoxy” has entered the English lan-
guage as a word that refers to a large group 
of glues and adhesives. We bandy about 
this word a lot, but what is an epoxy any-
way? An epoxide is a molecule that contains 
an epoxy ring, which is a three-membered 
ring containing two carbons and one oxy-
gen atom (1). The structure of the simplest 
epoxide, ethylene oxide, is seen in Figure 1. 

We know that carbon prefers to form 
single bonds with bond angles of approxi-

mately 109.5° (1). The bond angles in an 
epoxy ring are less than optimal, creating 
what is called ring strain, which means these 
rings are unstable and undergo ring open-
ing reactions easily. Epoxides are mono-
mers that react via ring opening reactions 
to form the sticky stuff we are familiar with.

Figure 1 shows that an epoxy ring con-
tains two C-O single bonds. We have 
learned previously when we studied 
the spectra of alcohols and ethers that  
C-O stretching vibrations have strong  
peaks from 1300 to 1000 cm-1 (going  
forward all peak positions will be in cm-1 
even if not noted) (2). However, epoxies are 
the first ring systems we have studied that 
have C-O bonds in them, and they follow 
our 1300–1000 rule. Figure 2 shows three 
stretching vibrations for the epoxide ring.

The S in Figure 2 means a bond stretches 
during that vibration, and a C means a bond 
contracts during a vibration. The left most 
vibration illustrated in Figure 2 is called the 
epoxide symmetric ring breathing vibra-
tion. As you can see, all three bonds in 
the ring stretch and contract in phase with 
each other, as though the ring were exhal-
ing and inhaling. The peak for this vibration 
falls from 1280–1230, in the range where 
we normally see C-O stretching vibrations.  
The vibration illustrated in the center of 
Figure 2 is called the asymmetric C-O-C 
stretch, where one C-O bond stretches 
and the other contracts, similar to the asym-
metric C-O-C stretch of ethers (3). The peak 
from the epoxide asymmetric C-O C stretch 
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appears from 950–810. The third vibration illustrated in Figure 2 is 
the symmetric C-O-C stretch, where the two C-O bonds stretch 
while the C-C bond contracts. The peak from this vibration is found 
from 880–750. The spectrum of an epoxide is seen in Figure 3.

Peak A at 1261 is the symmetric ring breathing vibration. Note 
that this falls in the range where C-O stretching peaks traditionally 
fall. Peak B at 904 is the asymmetric C-O-C stretch, and peak C at 
831 is the symmetric C-O-C stretch. Note how intense peaks B and 
C are, and that they fall at a relatively low wavenumber. Because the 
ring opening reaction of epoxides is part of how epoxy resins are 
made, monitoring the size of any of peaks A, B, or C can be used to 
determine the extent of cure of an epoxy resin.

When epoxy resins are made, they are typically reacted with 
a diamine to form a three-dimensional (3D) polymer network  
(Figure 4). A diamine is a molecule with two amine groups in it. If you 
have ever worked with epoxy resins, this is why they can be pretty 
smelly. We have already studied the spectra of amines (4,5).

The epoxy ring reacts with the amine in a ring opening reaction 
that gives a 3D polymer network as illustrated in Figure 4. I would 
like to show you what the spectrum of this material looks like, but 
these materials are intractable and hard to analyze. For example, 
one could place an epoxide and diamine on an attenuated total 
reflectance (ATR) crystal and follow the course of the reaction that 
way (6). Once the reaction is over, the epoxy resin sticks to the crystal 
and cannot be removed, which means an ATR crystal is sacrificed.

Conclusions
Epoxides are molecules that contain a three-membered ring con-
taining two oxygen atoms and one carbon atom. Their spectra 
exhibit a series of three peaks from the stretching and contract-
ing of the bonds in this ring that fall from 1280–1230, 950–810, and 
880–750. The last two of these are particularly intense. The size of 
these peaks can be used to follow the curing of an epoxy resin.
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FIGURE 1: The structure of ethylene oxide, a simple epoxide.
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Your instructions from the last column (7) were to “examine 
Figure i, which is the infrared (IR) spectrum of a polymer, and 
its associated peak position table and answer the following 
questions.” Unlike most previous Infrared Spectral Interpre-
tation workshops, rather than just throwing the spectrum at 
you and expecting you to interpret it, these questions were 
meant to guide your thinking process. Here are the questions 
with the answers in italics: 

1. What functional groups are present? What group 
wavenumber(s) can you cite to support your answer?
There are no C-H stretches above 3000, so there are no unsatu-
rated carbons. The peaks between 3000 and 2850 are the C-H 
stretches of saturated carbons, and since there are three peaks, 
both methyl and methylene groups are present. To confirm this, 
we must assign these three peaks. 2952 is the CH3 asymmetric 
stretch, 2920 the CH2 asymmetric stretch, and 2850 the CH3 sym-
metric stretch (8). The peak at 1376 is a methyl group umbrella 
mode, and 724 is the methylene rocking vibration (8). Its presence 
means there is an alkyl chain with four or more CH2s in a row (8). 
There are no other major peaks present.

2. Does this material contain a C=C bond? Justify your answer.
No, it doesn’t, for several reasons. First, as pointed out above 
there are no C-H stretches above 3000 hence there are no un-
saturated carbons present. Because by definition C=C bonds 
contain unsaturated carbons, this functional group is not present.  
Second, there is no C=C stretching peak between 1680 and 1630. 
Lastly, there are no big peaks between 1000 and 600 because of 
the C-H wagging vibration of an alkene. There is a peak in this spectrum at 724 but remembering the examples from the last 
column (7), this peak is nowhere big enough to be from a C-H wagging vibration. Remember that peak positions, heights, 
and widths all matter when assigning peaks in an IR spectrum.

3. Based on your answer to question 1, does this material qualify as a rubber given the definition of it given above?
The definition I gave in the last column of a rubber was (7) “a family of elastomeric materials that contain C=C bonds in the 
polymer backbone.” Because the molecule whose spectrum is in Figure i does not contain a C=C bond, it is not a rubber.

4. Given its structure, would you expect this polymer to act like an entropy spring at room temperature?
Recall from the last column (7) that an entropy spring is an elastomeric polymer, that is a material that springs back into position 
after being stretched or compressed. Given the lack of a C=C bond, you may think that this is not a rubber and hence is not 
an entropy spring. However, an elastomer can be any polymeric material that springs back to its original position regardless 
of structure. This is, in fact, a copolymer of ethylene and propylene, is a rubbery material, and its structure is seen in Figure ii.

The Infrared Spectral Interpretation Workshop informs me that this was a lot of work, so he may have to go back to that tropical 
beach he was lolling about on. He will return, but being a capricious sort, I make no promises as to when you will see him again.

Infrared Spectral Interpretation 
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Figure i: The infrared (IR) spectrum of a polymer.
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Figure ii: The structure of the molecule whose 
spectrum is seen in Figure i. It is a copolymer of 
ethylene and propylene.
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Heavy-metal contamination can occur during the entirety  
of the cannabis lifecycle—from cultivation and harvesting  
to the finished product. This Q&A explores the impact this 
type of contamination has on consumer safety and how 
it is regulated.

SPECTROSCOPY: Why is there a need to test for heavy metals in cannabis?  
CHESHIRE: Because heavy metals can have a negative impact on human health, the concentration 
and method of administration can impact the effect it will have on the human body—this can be 
anything from a headache and nausea to organ failure or cancer, if the person has extreme or 
prolonged exposure. Consumer goods must be tested for contamination to ensure heavy metals 
are absent, and the product is safe to use. This can be particularly important when you consider the 
methods by which these cannabis products are consumed compared to other plants and medicinal 
applications. Combustion and inhalation of cannabis or hemp means that it bypasses a lot of the 
body’s fail-safes such as the liver. Once they are in your body, they can then mimic the essential 
elements that we need for our body to function properly, and potentially increase the number of free 
radicals, which can cause further damage. 

SPECTROSCOPY: How does heavy metal contamination occur?
CHESHIRE: There are many ways this can happen throughout the lifecycle of the plant—from 
cultivation to extraction, analysis, and the final product. Cannabis is known as a hyperaccumulator, 
which means it’s efficient at absorbing and accumulating material from its growing environment—
be it essential nutrients it needs to grow, heavy metal and trace elements, or other contaminants in 
the soil. Therefore, it’s imperative to be aware of the soil chemistry in the area you intend to grow the 
plant to ensure you select the best location to minimize the risk of this kind of contamination. 

Other sources also need to be considered when growing plants, including certain fertilizers, 
particularly phosphate-based ones, and pesticides, as these can also contain heavy metals. Water 
used also needs to be considered. While you might assume that it is clean, in some cases, it could 
also be contaminated, especially potable water that goes through contaminated soil. The extraction 
process can also cause contamination. If heavy metals are in the plant, then they’ll carry through to 
the flower that’s extracted. During this process, solvents, pressure, and temperature can all influence 
how much of a heavy metal is actually extracted into the final product. Other variables such as 
glassware or containers and other equipment you use—these can transfer heavy metals into the 
material. And finally, the packaging of the finished product, anything from vape canisters to dropper 
bottles for CBD oils can leach heavy metals into the finished good. 

SPECTROSCOPY: Which heavy metals are routinely tested for?
CHESHIRE: Routine tests cover mercury, cadmium, lead, and arsenic known as the big four in the 
United States. However, other heavy elements are called into question, and there are many debates 
over whether they should or shouldn’t be included as standard in the industry. The most common 

Toward Safer Cannabis Consumer Products: 
The Importance of Testing for Heavy Metals

Dr. Kelly Cheshire 
Global Product Manager
LGC Standards

is chromium: Should it be the” big five” instead? Maryland has already 
adopted it into its routine regulatory testing, but that’s not the case for all 
U.S. states testing for heavy metals. 

It’s important to understand, with chromium, which form you’re looking 
at: chromium III, an essential element, or chromium VI, or hexavalent 
chromium, formed through industrial processes. Chromium VI is highly 
toxic to the lungs, and it’s attributable to lung cancer. So, if U.S. states 
are going to add this to their testing regime, they need to ensure they 
distinguish between those two forms and don’t erroneously deem 
something unsafe to use, due to the chromium content, if it’s chromium III. 

SPECTROSCOPY: What additional challenges do you see in testing for 
heavy metals?
CHESHIRE: The biggest challenge is the lack of uniformity across U.S. 
states and globally. It’s not only trying to decide which heavy elements 
to test for but across U.S. states there might be different thresholds, i.e., 
different concentrations of each of those heavy metals. It’s not a one-size-
fits-all situation, as it’s not federally regulated. When you combine this with 
the pressures of a rapidly evolving market, less specialized experience due 
to the infancy of the industry, and the impact that can have on learning 
and the skills required to conduct such analyses creates an added layer 
of complexity for businesses to establish their methods effectively and 
in a timely manner. There’s also the added cost to analyze these extra 
elements; it requires specialist equipment, such as ICP-MS (inductively 
coupled plasma – mass spectrometry), and that’s not necessarily cheap. 
Resources are also needed to then maintain that instrument and operate 
it effectively, and it must be properly placed to produce perfect results. 
Contamination control is a big factor to consider, given that heavy metals 
are everywhere in the laboratory environment. You have to keep things 
ultra clean so that nothing is added into your sample and impacts your 
results and subsequent conclusions: This is a really big challenge. 

SPECTROSCOPY: How do laboratories guarantee that they can 
generate and report accurate data?
CHESHIRE: The best way is to follow validated methodology and use 
high-quality reference materials that have known values, uncertainty 
measurements, and full metrological traceability. There’s a lot of 
methodology work being done in the industry with working groups such as 
AOAC, ASTM, and NIST. At LGC, we’re constantly striving to ensure we can 
provide ISO 17034 certified reference materials. And we’re trying to do it so it 

caters to all the different U.S. state regulations and beyond—we want them 
to be stocked and ready to go, so we can help laboratories in producing 
reliable measurements whilst also meeting their time constraints. Another 
important consideration is participation in proficiency testing schemes: 
these are a really good way to prove your competency and to compare your 
performance against other labs doing the same kind of analyses. LGC’s Axio 
PT has a number of schemes available to support this. 

SPECTROSCOPY: Do you have any final comments?
CHESHIRE: The main thing is to keep driving awareness in the industry, 
to promote learning opportunities, wherever available, and keep those 
conversations going, to pursue continuous improvement in how and what 
we test to ensure consumer safety. This isn’t only true for heavy metals but 
all kinds of contaminants (pesticides, residual solvents, mycotoxins) and 
quality testing (terpenes, flavonoids, and potency). 

LGC’s Dr. Ehrenstorfer, providing a comprehensive range of high-quality reference materials for Cannabis analysis. To find out more, visit 
lgcstandards.com/drehrenstorfer.

Image courtesy of LGC
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Using Portable X-ray Fluorescence 
Spectrometry (PXRF) to  
Explore the Origins of the Sarsen 
Megaliths at Stonehenge 
Will Wetzel 

Stonehenge is a prehistoric 
monument  that is consid-
ered a British cultural icon,  

and one of the most famous land-
marks in Europe. The origin of the 
sar sen megal i ths that compr ise 
Stonehenge have interes ted ar-
chaeologists for decades. What can 
spectroscopic techniques, such as 
portable X-ray f luorescence spec-
trometry (PXRF), reveal about the 
sarsen megaliths and where they 
originated? David Nash, a profes-
sor of physical geography at the 
University of Brighton in Brighton,  
United Kingdom, is exploring this 
question. We recently spoke with 
Professor Nash about his team’s 
discovery, and what it means for the 
future of archaeology.

The major conclusion that was 
drawn from your research is 
that the sarsen megaliths that 
form the primary architecture 
of Stonehenge most likely orig-
inated from the West Woods, 
Wiltshire, approximately 25 km 
north of the Stonehenge site (1). 
How did your team arrive at this 
inference and how certain are 
you of this result?
We arr ived at the inference that 
West Woods was the likely source 
for the Stonehenge megaliths in 
our 2020 study via two stages of 
investigation (1). First, we analyzed 

all the remaining 52 sarsen stones 
at Stonehenge using PXRF. Statis-
tical analysis of the resulting data 
set showed that most of the stones 
share a  cons i s tent  c hemis t r y —
therefore, they can be considered 
to come from the same source area. 
Only t wo s tones were di f ferent. 
The second stage of the research 
involved comparing higher resolu-
tion inductively coupled plasma–
mass spectrometry (ICP-MS) data 
from one sarsen stone at the monu-
ment (Stone 58) with equivalent 
data for  sar sen s tones f rom 20 
areas across the southern United 
Kingdom. Stone 58 falls in the cen-
ter of the statistical cluster from our 
PXRF analysis, and can therefore be 
considered chemically representa-
tive of the sarsens at Stonehenge. 
The comparison of ICP-MS data for 
Stone 58 showed a direct match with 
the chemistry of sarsen stones in 
West Wood, and with these samples 
only. We can be 100% confident of 
the chemical match between Stone 
58 and West Woods—all immobile 
trace elements that we compared 
overlapped within instrumental un-
certainty. We cannot yet, however, 
s tate wi th cer taint y the prec ise 
area of West Woods from which the 
stones were sourced. 

In your study, your team used 
PX R F to  p r ov ide  a n  i n i t i a l 

chemical characterization of 
the sarsen uprights and lintel 
stones. Why was PXRF the best 
technique to use for this analy-
sis as compared to other field or 
laboratory methods?
Stonehenge is a highly protected 
site, and it is not possible to sam-
ple stone from the monument today. 
Therefore, we had to use a portable 
technique to ascertain the chemi-
cal var iabil i t y at the monument.  
Personally, I would not use a tech-
nique such as PXRF to compare 
the chemistry of sarsen stones at 
Stonehenge and those in other 
areas. However, PXRF works well 
for intercomparison of s tones at 
Stonehenge because we know that 
the stones were erected at roughly 
the same time and have been ex-
posed to the same degree of natural 
weathering over the last 4500 years.

Numerous studies in the past 
have explored plausible expla-
nations for where the stones 
that comprise Stonehenge came 
from. What did you do in this 
study that is unique from what 
other researchers have done?
Previous studies that have sought to 
identify where the sarsen stones at 
Stonehenge came from have been 
largely speculative. Archaeological 
studies, for example, have tried to 
identify hollows that could be quarry 
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sites. Our research was the first ever 
to utilize chemical data to prove-
nance the stones. This kind of work 
is widespread in other branches of 
archaeology, particularly those con-
cerned with the analysis of stone 
tools, but had never been applied in 
the context of the British Neolithic. 

Your research provided an in-
depth characterization of the 
sedimentology, mineralogy, and 
geochemistry of a known sarsen 
megalith at Stonehenge (2). 
What challenges did you face in 
using ICP-MS and ICP–atomic 
emission spectrometry (AES) 
to generate precise whole-rock 
geochemical data?
Both our 2020 and 2021 s tudies 
make use of ICP-MS analyses of im-
mobile trace element data. The only 
real issue was obtaining a reliable 
sample size from Stonehenge. We 
were given permission to sample 
a core that had been drilled from 
Stone 58 as part of restoration work 
at the monument in the 1950s. Our 
sample was approximately 7 cm 
long, and we needed to be able to 
capture material for ICP-MS, ICP-
AES, and isotope analyses, and to 
prepare geological thin sections. 

You and your team used a vari-
ous number of analytical tech-
niques besides PXRF, ICP-MS, 
and ICP-AES, including X-ray 
computed tomography (CT) im-
aging and high-resolution scan-
ning electron microscopy (SEM) 
with cathodoluminescence (CL) 
and energy-dispersive (EDS), 
and automated SEM-EDS min-
e r a l  a n a l y s i s  ( Q E M S C A N ) . 
Why were so many techniques 
used and what data were most 
va lu a b le  to  i n fe r  o r ig i n  o f  
the samples?
Our 2021 study provides the first 
detai led charac ter izat ion of the 
petrography, mineralogy, and geo-
chemistry of a sarsen at Stonehenge. 
Given that the core from Stone 58 

was of national and international 
impor tance, we wanted to make 
sure that we applied every state-of-
the-art analytical technique to it as 
possible. We had already published 
the geochemical data linking the 
Stonehenge sarsens to West Woods.  
However, the use of other techniques 
allowed us to obtain much more de-
tail about the stone. For example,  
CT imaging allowed us to explore 
the sedimentary struc ture of the 
rock, and thin section analysis en-
abled us to investigate the distri-
bution of dif ferent types of miner-
als and quartz cements within the 
stone. We also conducted CL anal-
ysis under an SEM to explore the 
dif ferent phases of quartz cement 
development within the rock. This 
analysis led to one of the most inter-
esting sets of results from the study, 
in my opinion, because it showed 
that the quartz cements had devel-
oped over at least 16 cycles of pre-
cipitation. Finally, we used isotope 
analyses to identif y the potential 
sources of the mineral grains within 
the stone. The legacy of using this 
bat tery of dif ferent techniques is 
that we now have a suite of data that 
we can use, in addition to geochem-
ical analysis, to refine the potential 
source areas for the sarsen stones.

Are there still further mysteries 
surrounding Stonehenge that 
your team is interested in ex-
ploring in a future study?
There is s t i l l  a lot of work to be 
done. Most obviously, we would 
like to refine the source area for 
the sarsen stones and see if we can 
identify where the two “unknown” 
stones originated.

What are your next steps in this 
work? How have your findings 
impacted archaeological and 
geographical research going 
forward?
The main impact of our research is 
finally putting a dot on the map for 
the main source of sarsens at Stone-

henge. This now allows us to draw 
more informed inferences about 
the routes that the stones took on 
their way to Stonehenge. Before the 
publication of our results in 2020,  
all proposed route maps were purely 
supposition. Now we have a starting 
point for the journey of the stones. 
We also have a geochemical tech-
nique that we can apply to other 
monuments made of sarsen within 
the wider Stonehenge landscape.  
It would be fascinating to see if the 
people who constructed the sarsen 
circle and avenue at Avebury, for 
example, obtained their stone from 
the same areas as the Neolithic peo-
ples who built Stonehenge.
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A Fingerprint in a Fingerprint:
A Raman Spectral Analysis of 
Pharmaceutical Ingredients 

The fingerprint region in mid-infrared 
(IR) and Raman spectroscopy, typically 
between 300 to 1900 cm-1, is used to 
characterize molecules by utilizing their 
vibrational and rotational changes in this 
region. In this study, a smaller subset of 
this Raman spectral region was evaluated 
for its significance in characterizing phar-
maceutical products. This narrower re-
gion from 1550 to 1900 cm-1 in the Raman 
spectrum will further be defined as the  
“fingerprint in the fingerprint” region.  
A spectral evaluation was conducted on 
active pharmaceutical ingredients (APIs) 
in prescription drugs, over-the-counter 
drugs, and pharmaceutical drug prod-
ucts. Qualitative and quantitative analysis 
was performed on these products to gain 
an understanding of this spectral region. 
The qualitative results showed no Raman 
spectral signals in this region for any of 
the common excipients. Additionally, all 
APIs evaluated had unique Raman vibra-
tions and spectral signals in this region.  
This data indicates that the 1550–1900 
cm-1 Raman spectral region is ideal for API 
identity testing. Furthermore, the data 
indicate the potential of this spectral 
region for differentiation and clas-
sification of API content in different 
strengths of a given drug product. 

Brittany Handzo, Jeremy Peters, and Ravi Kalyanaraman 

The fingerprint region, typically 
between 300–1900 cm-1 in Raman 
spectroscopy, is often used for 

identification or authentication testing 
of raw materials, excipients, and active 
pharmaceutical ingredients (APIs) in drug 
products for quality control (QC) release 
testing. It is also used for forensic ap-
plications, such as screening suspect or 
counterfeit products (1). The “fingerprint 
in the fingerprint” is a specific spectral 
region (1550–1900 cm-1) in Raman spec-
troscopy that can be used for the iden-
tity testing of pharmaceutical products, 
especially APIs. This narrower spectral 
region can strengthen the Raman capa-
bilities of identity testing by providing the 
enhanced specificity needed to identify 
APIs in a drug product. In this spectral 
region, Raman signals from a variety of 
prescription and over-the-counter APIs 
are present, whereas many pharmaceuti-
cal excipients do not have Raman signals 
in this region. This observation leads to 
the conclusion that this spectral region 
in Raman spectroscopy is a valuable tool 
that could be utilized for pharmaceutical 
qualitative and quantitative testing, such 
as identity, assay, and content uniformity.

Prior to advancements in infrared (IR) 
and Raman vibrational spectroscopy, 
identity testing of pharmaceutical prod-
ucts was performed via chromatography. 

The most widely used technique for quan-
titative analyses is high performance liquid 
chromatography (HPLC), but HPLC is typi-
cally used to quantify APIs in drug prod-
ucts rather than excipients (2). Monitoring 
excipients can be beneficial, especially 
when it affects quality elements like dis-
solution (2). Chromatography also has limi-
tations like extensive sample preparation 
and long analysis times. IR spectroscopy 
is an alternative for chromatography tech-
niques and is commonly used for identity 
testing, structural elucidation, and quanti-
tation (3). IR spectroscopy is cost efficient, 
has shorter analysis times, and requires 
little or no sample preparation when 
compared to HPLC. Additionally, IR spec-
troscopy has high spectral resolution and 
good signal-to-noise (S/N) ratios, which 
make it an effective technique for identity 
testing of pharmaceutical ingredients.

Raman spectroscopy is another analyti-
cal technique that can be used for iden-
tity testing in the pharmaceutical industry. 
This nondestructive technique requires 
almost no sample preparation, provides 
short analysis times, and enables easy op-
eration (4). A variety of materials can be 
analyzed via Raman spectroscopy such 
as solid dosage products, bulk products, 
or aqueous solutions. Solid dosage for-
mulations are more commonly evaluated 
via Raman spectroscopy as opposed to 
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aqueous solutions. However, water has a 
weak Raman signal that does allow for an-
alyzing biological products if needed (4). 
New advancements in portable Raman 
spectroscopy also allows for bulk prod-
ucts to be tested directly through their re-
spective packaging, such as plastic liners 
in drums containing raw materials or ex-
cipients or blister packs for drug products. 
The rapid identification of drug products 
(5), active ingredients, and excipients are 
all available using Raman spectroscopy 
and are being accepted more widely in 
the pharmaceutical industry.

In this article, the “fingerprint in the 
fingerprint” (1550–1900 cm-1) spectral re-
gion in Raman spectroscopy is explored 
for both prescription and over-the-counter 
solid dosage forms. A solid dosage prod-
uct is a powder, capsule, or tablet that 
contains an API and a range of excipients 
at varying levels (2). This narrow spectral re-
gion can be used for identification and may 
even be used for assay or content unifor-
mity monitoring, which are critical quality 
attributes for pharmaceutical products (6). 
The purpose of this study is to show the im-
portance of this spectral fingerprint region 
in Raman spectroscopy, and how it can be 
leveraged for pharmaceutical applications.

Experimental
Raman Instrumentation
Raman spectra were collected using a 
Thermo Nicolet NXR 6700 FT-Raman 
spectrometer with a microstage attach-
ment. The microstage was replaced with 
a 180 reflectance attachment for the quan-
titative analysis experiments. A 1064-nm 
laser source was focused on each sam-
ple and a laser power of approximately  
0.5 W and 1.0 W were used for the micro-
stage and 180 reflectance attachments, 
respectively. The scattered light was 
transferred through the interferometer 
and bench optics before being collected 
by an indium gallium arsenide (InGaAs)  
detector. The Raman signals were col-
lected at a spectral resolution of 4 cm-1 
and at a spectral range of 150–3700 cm-1. 
Spectral calibration was performed via the 
Thermo ValPro qualification system, which 
qualifies the spectrometer, sampling mod-
ule, and analysis software for use. 

Software
Omnic spectral software (version 9.8) was 
used to analyze the acquired Raman data. 
Unscrambler (version 10.4) was used for 
principal component analysis (PCA) mod-
eling. Preprocessing for the PCA mod-
eling included standard normal variate 
(SNV) transformation and a first derivative 
transformation, which was followed by a 
second order polynomial fit with nine-
point smoothing.

Reference Products
Table I lists the 15 reference excipi-
ents evaluated in this article along 
with their common excipient class. All 
reference excipients were chosen from 
the Thermo Scientific Pharmaceutical 
Excipients FT-Raman library database.  
This library contains 300 Raman spec-
tra collected on materials which have 
passed the United States Pharmaco-
poeia (USP) compendium methodol-
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ogy testing for identity and purity (7).  
Table II lists the 15 reference APIs evalu-
ated in this article along with their re-
spective drug product categories and 
functions. The APIs selected ranged 
from prescription to over-the-counter 
medications, which are used to treat a 

variety of health concerns. They are all 
small molecules and are not the drug 
substances used in protein-based bio-
logics products. The API spectra were 
collected in our laboratory via the pa-
rameters outlined in the Raman instru-
mentation section of this article. 

Results and Discussion
The following results are classified into 
two categories: 1) excipients and 2) APIs. 
The excipients outlined in Table I were 
chosen based on the most common inac-
tive ingredients listed in the formulations 
for 30 reviewed drug products. The APIs 
outlined in Table II were chosen by select-
ing a variety of both prescription and over-
the-counter medications with a range of 
functions. Raman data for each category 
are listed; the Raman band assignments 
are listed in the literature (8,9). 

Pharmaceutical Excipients 
The first group of compounds analyzed 
were pharmaceutical excipients. These 
inactive ingredients have a range of func-
tions in drug product formulations in-
cluding lubricants, coating compounds, 
emulsifying agents, absorbents, and di-
luents. Magnesium stearate was the most 
common excipient observed. Magnesium 
stearate is used as a lubricant in tablet 
and capsule formulations and has strong 
Raman bands at 1061 cm-1, 1128 cm-1, 1294 
cm-1, and 1437 cm-1. These bands can all 
be assigned to C-C stretching vibrations, 
both asymmetric and symmetric and CH2 
and CH3 deformation (8). The most com-
mon coating excipient observed was ti-
tanium dioxide. Titanium dioxide is used 
as a coating agent, whitener, and pig-
ment in pharmaceutical products. Raman 
bands are observed at 636 cm-1 and  
513 cm-1, which correlate to TiO2 bending 
and stretching vibrations, respectively (8).  
Another used excipient was lactose. Lac-
tose is widely used as a binding agent or 
diluent in tablet and capsule formulations. 
Lactose also has a variety of Raman bands 
that can all be assigned to C-C, C-O, and 
C-H bond vibrations (8). The Raman spec-
tra (Figure 1) of the 15 common excipients 
evaluated in this study, and the corre-
sponding Raman band assignments are 
outlined in Table III. All 15 excipients did 
not have any Raman signals in the defined 
1550–1900 cm-1 spectral fingerprint region. 

Active Pharmaceutical Ingredients (APIs)
The second group of compounds ana-
lyzed were APIs. These active ingredients 
are used in a variety of drug products, 
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FIGURE 1: Overlapping Raman spectra of 15 common excipients, with the 
1550–1900 cm-1 spectral region highlighted.

TABLE I: List of reference excipients along with common excipient classes

Name Excipient Class

Magnesium stearate Lubricant

Lactose (anhydrous) Diluent, binding agent

Lactose (hydrous) Diluent, binding agent

Microcrystalline cellulose Adsorbent, suspending agent

Titanium dioxide Coating agent, pigment

Starch Glidant, diluent, binder

Hydroxypropyl cellulose Coating or thickening agent, 
stabilizer, suspender

Hydroxypropyl methylcellulose Coating or thickening agent,  
stabilizer, film-former

Polyethylene glycol Plasticizer, lubricant, surfactant, solvent

Sodium lauryl sulfate Surfactant, detergent, emulsifying agent

Mannitol Sweetening agent, diluent, bulking agent

Sorbitol Sweetening agent, humectant

Poloxamer Emulsifying agent, solubilizing  
or wetting agent

Sodium phosphate dibasic pH adjustor, thickening agent

Talc Anticaking agent, glidant, diluent



March 2022   Spectroscopy 37(3)  27www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

which range from cancer and diabetes 
treatments to over-the-counter pain re-
lievers and antihistamines. All these drug 
products have most of the common excip-
ients listed in Table III. The main spectral 
differences between these compounds 
and excipients is that the APIs have Raman 
vibrations located within the 1550–1900 
cm-1 region. Some functional groups that 
correlate to API peaks within this narrow 
region are C=N vibrations (1610–1680 
cm-1), C=O vibrations (1680–1820 cm-1), 
and N=N vibrations observed at approxi-
mately 1580 cm-1. These Raman signals are 
uniquely typical for APIs and are not pres-
ent in common excipients. Additionally, it 
was noted that API #4 had a strong Raman 
signal at approximately 2250 cm-1 that 
correlates to a C≡N stretching vibrational 
mode. All 15 active ingredients analyzed 
in this article had unique Raman signals 
in the defined 1550–1900 cm-1 spectral 
fingerprint region. The Raman spectra 
(Figure 2) and corresponding Raman band 
assignments (Table IV) are outlined below. 

Comparison of
Pharmaceutical Ingredients
The following spectra in Figures 3 and 
4 compare the Raman signals within the 
1550–1900 cm-1 region for both excipients 
and APIs. As previously mentioned, the 15 
excipients analyzed did not have Raman 
signals within this range whereas the 15 
APIs analyzed did, which is an important 
characteristic of the 1550–1900 cm-1 spec-
tral region because the only Raman signals 
residing in this region are from the APIs. 
There are no interferences from the ex-
cipients in this region; therefore, they can 
be leveraged for API identity testing in a 
drug product. The differences in Raman 
signals between the two groups of com-
pounds are because a variety of factors 
such as structure, functional groups, and 
types of bond or group vibrations. Most 
excipients, with the exception of a few, 
were comprised of carbon, oxygen, and 
hydrogen. The APIs had more complex 
structures and comprised of additional 
elements such as nitrogen, phosphorus, 
and halogens. Figure 3 shows an overlay of 
the Raman spectra from the 15 excipients 
and 15 APIs in 1550–1900 cm-1 region.

The 1550–1900 cm-1 spectral region 
can also be used for the identification 
of drug products. Like Figure 3, an over-
lay of 15 drug products and excipients 
in this region show that the primary 
Raman signals are from the APIs rather 
than the excipients. Figure 4 shows the 

drug products and excipients high-
lighted in this region. The overlays 
show that there is no additional inter-
ference upon formulation of the prod-
uct and that the Raman spectra can 
identify the API component in a com-
plex drug product mixture, which can 
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FIGURE 2: Overlapping Raman spectra of 15 common APIs, with the 1550–
1900 cm-1 spectral region highlighted.
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be used for more quantitative analyses 
such as monitoring content uniformity  
and assay. 

Quantitative Analysis
As stated above, the “fingerprint in the fin-
gerprint” region in Raman spectroscopy 

can also be used for quantitative analyses 
such as assay or content uniformity for 
drug products (14). Content uniformity is a 
standard pharmaceutical test to ensure the 
API content in solid dosage products have 
the correct amount of API across a given 
manufactured drug product batch (10).  

A similar approach to the excipient and 
API evaluation was conducted using FT-
Raman surface scattering measurements 
on pharmaceutical drug products. Addi-
tionally, PCA mathematical modeling was 
used in this article to differentiate and clas-
sify the API content in different strengths 
for a given drug product (13). 

As shown in Figure 5, Raman data was 
collected on three different strengths 
of a pharmaceutical solid dosage drug 
product (5, 10, and 15 mg) and all three 
strengths have a total tablet weight of  
95 mg. The total API weight (w/w) in these 
three strengths are 5.2, 10.5, and 15.8%, 
respectively. The 5 and 10 mg tablets 
are rectangular in shape, whereas the  
15 mg tablet is round. In spite of the dif-
ferences in shape, it was observed that as 
the tablet strength increased from 5 mg 
to 15 mg, the intensity of the API peaks 
also increased between 1550–1700 cm-1. 
This spectral intensity variability was fur-
ther studied using PCA. The combina-
tion of spectroscopy and discriminate 
analysis, such as PCA, is a powerful tool 
that can be leveraged for classifying 
various types of medication strengths.  
Multivariate modeling, such as PCA,  
uses multiple response variables as op-
posed to a univariate approach, which 
only uses one variable. The multivariate 
approach does not follow a specific sig-
nal response such as concentration in 
Beer’s Law. For this work, PCA modeling 
was conducted on the “fingerprint in the 
fingerprint” region to determine if the 5, 
10, and 15 mg tablet strengths could be 
differentiated. The PCA results shown in 
Figure 6 show a clear separation between 
the three tablet strengths, yielding a de-
finitive classification of tablet strengths in 
this region. For this study, 90 Raman spec-
tra were collected for the PCA modeling 
where 30 Raman spectra were collected 
for each tablet strength (10 scans per 
tablet). The PCA loadings plot for PC-1 is 
also shown in Figure 6. The loadings plot 
indicates that the majority of the spec-
tral variability used to separate the three 
strengths along PC-1 are from the API 
peaks at 1580 cm-1 and 1620 cm-1. These 
peaks are mainly because of aromatic ring 
modes, C=O and C=C vibrations.
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TABLE II: List of reference APIs along with pharmaceuti-
cal type and function

Name Type Function

API #1 Prescription Cancer treatment

API #2 Prescription Hypertension treatment

API #3 Prescription Hypertension treatment

API #4 Prescription Hepatitis B treatment

API #5 Prescription Diabetes treatment

API #6 Prescription Antiviral medication

API #7 Prescription Antipsychotic medication

API #8 Prescription HIV treatment

API #9 Prescription Anticoagulant

API #10 Prescription Anticoagulant

API #11 Over-the-counter Pain relief medication

API #12 Over-the-counter Anti-inflammatory

API #13 Over-the-counter Antihistamine

API #14 Over-the-counter Cough medicine

API #15 Over-the-counter Antihistamine
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These results demonstrate the pos-
sibility of quantitative classification of 
pharmaceutical products using the 
conventional Raman techniques uti-
lized in this work, and the importance 
of the “fingerprint in the fingerprint” 
for both qualitative and quantitative 
classifications. Although the results 
show definitive promise and potential 
for broad pharmaceutical utilization, 
traditional surface scattering Raman 
techniques do pose some limitations to 

accurate quantitative analyses such as  
content uniformity. 

Mitigating some of these limitations, 
transmission Raman is a technique that 
has typically been used for quantitative 
analyses as opposed to conventional 
backscatter Raman. Transmission Raman 
requires limited or even no sample prep-
aration, is nondestructive, and enables 
rapid analysis times (11). It can be applied 
during both the manufacturing and fin-
ished product stages. In this technique, 

a spectrometer measures a larger 
volume of the sample and the Raman 
signal is transmitted and dif fused 
throughout the body of the sample (10). 
The transmittance through the sample 
results in a representative measure-
ment and high efficiency (12). 

Despite some of the limitations, these 
results clearly indicate that conventional 
FT-Raman spectroscopy could be uti-
lized as a potential alternative for content 
uniformity testing typically performed by 
HPLC. Additionally, mathematical models 
such as partial least squares (PLS) regres-
sion can also be used to increase the ac-
curacy of quantitative analyses like assay 
and content uniformity. However, PLS 
modeling is out of the scope of this article.

Conclusion
The aim of this study was to show the sig-
nificance of a smaller spectral region of 
the Raman spectrum, defined as the “fin-
gerprint in the fingerprint,” when evaluat-
ing pharmaceutical products. A spectral 
evaluation was conducted on a myriad of 
common excipients, APIs, and drug prod-
ucts. Qualitative and quantitative analysis 
was performed on these products to gain 
understanding of this spectral region. 
The qualitative results showed no Raman 
spectral signals in this region for any of 
the common excipients outlined in this ar-
ticle. Additionally, all APIs as well as drug 
products evaluated had unique spectral 
signal in this region. These data indicate 
that the 1550–1900 cm-1 Raman spectral 
region is ideal and can be leveraged for 
API identity testing because there are no 
interferences from common inactive in-
gredients. Furthermore, the data indicate 
that this spectral region can also be used 
to differentiate and classify the content of 
API in different strengths of a given drug 
product, which was shown in the math-
ematical modelling. Holistically, this work 
has demonstrated the vast potential of 
Raman spectroscopy to be utilized for 
both qualitative and quantitative analy-
ses in the pharmaceutical industry, as 
well as the importance of the ~1550–1900 
cm-1 spectral region, the “fingerprint in  
the fingerprint.”

TABLE III: List of excipients, Raman bands within the fingerprint region, and 
functional groups 

Name Raman Bands (cm-1)
Common 

Functional 
Groups

Magnesium 
stearate 

888(w), 945(w), 1061(s), 1102(w), 
1128(s), 1294(s), 1427(s), 1458(m) C-C, CH2, CH3

Lactose

353(s), 374(s), 395(m), 474(m), 
551(w), 629(w), 847(m), 873(m), 
912(w), 950(w), 1015(w), 1037(w), 
1049(w), 1083(m), 1117(w), 1139(w), 
1258(w), 1323(w), 1344(w), 1377(w)

C-C, C-O-C

Microcrystalline  
cellulose

343(w), 378(s), 435(m), 457(m), 
517(m), 894(w), 1093(s), 1120(s), 

1152(m), 1335(m), 1378(m), 1473(w)
C-C, C-O-C

Titanium dioxide 395(m), 513(m), 363(s) X(metal)-O

Starch
302(w), 359(w), 409(w), 439(w), 477(s), 

576(w), 867(w), 940(m), 1050(w), 1081(m), 
1126(m), 1261(w), 1338(w), 1379(w), 1458(w)

C-C, C-O-
C, CH2

Hydroxypropyl  
cellulose

848(s), 923(m), 1086(s), 1124(s), 
1249(m), 1361(s), 1454(s)

C-C, C-O-C, 
CH2, CH3

Hydroxypropyl 
methylcellulose

495(w), 637(w), 709(w), 829(m), 907(m), 
944(m), 1008(m), 1119(s), 1152(m), 1208(w), 

1263(w), 1366(s), 1452(s), 1739(w)
C-C, C-O-C, 

CH2, CH3

Polyethylene  
glycol

280(w), 535(w), 870(m), 
1104(m), 1294(m), 1475(s) C-C, CH2,

Sodium lauryl  
sulfate

404(w), 418(w), 595(w), 633(w), 833(m), 
867(w), 887(m), 1060(s), 1082(s), 1126(s), 

1294(s), 1368(w), 1433(s), 1449(m)
C-C, CH2, CH3

Mannitol
240(w), 284(w), 365(w), 473(m), 490(w), 
515(w), 644(w), 784(w), 872(s), 1034(m), 

1114(w), 1130(w), 1228(w), 1360(w), 1456(w)
C-C, CH2, CH3

Sorbitol
246(w), 263(w), 342(w), 415(w), 

478(w), 499(w), 642(w), 773(w), 876(s), 
936(w), 1054(m), 1091(w), 1129(w), 
1250(w), 1325(w), 1369(w), 1446(w)

C-C, CH2, CH3

Poloxamer 287(w), 362(w), 850(m), 
1146(w), 1294(w), 1483(s) C-C, CH2, CH3

Sodium phos-
phate dibasic

400(m), 514(m), 872(m), 956(s), 
990(s), 1070(m), 1150(m) P-O, P=O

Talc 361(s), 466(w), 550(m), 675(s), 1050(w), 
1229(m), 1260(m), 1385(w), 1412(w)

Si-O, 
X(metal)-O

Many excipient structures also contained -OH functional groups, but these vibrations are out-
side the fingerprint region and therefore outside the scope of this article.

● Continued on Page 45
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A Survey of Basic Instrument  
Components Used in Spectroscopy, 
Part 1: Sources, Lasers, and Detectors 

In Spectroscopy, we regularly discuss 
the chemistry and physics of measure-
ments made on a variety of sample types 
using many spectroscopic techniques.  
Only occasionally have we covered what’s 
inside the instruments we use for making 
our measurements. Many critical com-
ponents and procedures are required to 
build and manufacture safe and effective 
high-performance instrumentation, in-
cluding energy sources, lasers, detectors, 
optics, and electronics, as well as the de-
sign and safety and performance testing 
of those parts. In this four-part article,  
we survey various aspects and component 
parts of spectroscopy instrumentation to 
provide a basic “under the hood” look at 
those instruments we spectroscopists are 
sometimes all too familiar with or even 
complacent about—often referring to in-
strument research, design, engineering, 
manufacturing, and quality testing teams 
simply as “vendors.” In today’s fast-paced 
instrument manufacturing facilities, there 
is a lot of research and engineering going 
on that covers a broad range of scientific 
endeavors, all the way from ideation to 
shipping. This four-part series follows on 
from The Spectroscopy Instrument Com-
ponents Terminology Guide, published in 
February, which you can download for use 
as a reference. We are also planning future 
tutorial articles, so look out for those.

Jerome Workman, Jr.  

In this part 1 of a four-part spec-
troscopy components survey  
article series, we take a closer look at 

two main topics, covered in Tables I and II, 
with each table containing four columns 
of information—the component name, 
a text description, basic specifications, 
and references and links (1–8). Table I de-
scribes electronic and vibrational spec-
troscopy sources and lasers, address-
ing the topics of lasers, light-emitting 
diodes (LEDs), broadband-light sources,  
infrared (IR) light sources, emission 
lamps, and special sources. Table II sur-
veys vibrational spectroscopy detectors, 
such as infrared (IR), Raman, charge-cou-
pled devices (CCDs), near-infrared (NIR), 
visible (vis) detectors, and ultraviolet  
(UV) detectors. 

Part 2 of this series will include Table III,  
listing a variety of aspects associated 
with electronic and vibrational spec-
troscopy optics, including IR, Raman, 
near-infrared (NIR) optics, UV optics, 
visible optics, CCDs, monochromators, 
interferometers, diode arrays, digital 
light processing (DLP) optics, micro-
scopes, and hyperspectral imaging 
(HSI) systems. Optical filters (high-pass, 
low-pass, interference, acousto-optic 
tunable filters [AOTF], tilting, broad-
band, narrowband, neutral density, 
custom, and so forth) is a rather large 

subject and is beyond the scope of this 
article series (the Spectroscopy Instru-
ment Components Terminology Guide 
covers the general terms related to 
filters [1], and we note that the subject 
of optical filters would be an excellent 
topic for a future article). 

Part 3 of this component series lists 
Table IV and includes the main special 
components and terms used in atomic 
spectroscopy instrumentation for in-
ductively coupled plasma–optical emis-
sion spectroscopy (ICP-OES), ICP–mass 
spectrometry (ICP-MS), X-ray fluores-
cence (XRF), energy-dispersive X-ray 
spectroscopy (EDX), total-reflection 
XRF (TXRF), and laser-induced break-
down spectroscopy (LIBS). 

Part 4 of the series includes Tables V–
VIII, with Table V covering spectroscopy 
electronics, including printed circuit 
board (PCB) design and manufactur-
ing. Table VI describes spectroscopy 
design services, specifically outsourced 
instrument design and manufacturing. 
Table VII summarizes instrument test-
ing services, most notably, electrical 
safety testing, electromagnetic com-
patibility (EMC), and electromagnetic 
interference (EMI) testing. Finally, Table 
VIII delves into the firmware and soft-
ware aspects of instrumentation, which 
include instrument driver and control 
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TABLE I: Spectroscopy instrument sources and lasers

Component Text Description Specifications References

Lasers

Lasers, an abbreviation for light  
amplification by stimulated emission of 
radiation, are used in a variety of ways for 
spectroscopy, including diode lasers for 
alignment of Michelson interferometers, 
for spectrometer sources, for LIBS, and for 
fluorescence or Raman excitation. 

For Raman spectroscopy, lasers are used 
to produce the Raman effect as  
inelastic scattering collisions of light 
energy with the various atoms forming 
chemical bonds in molecular structures. 
For Raman, it is essential to have a  
monochromatic continuous wave (cw) 
laser. Lasers are useful in Raman  
spectroscopy because they are highly 
monochromatic and have a high photon 
flux. The excitation laser sources used may 
be gas lasers or diode lasers of relatively 
low power and constant frequency. 

Common Raman laser types include:
visible (laser diode), 455 nm; 
visible (laser diode), 514 nm; 
visible (laser diode), 532 nm; 
helium:neon laser (He:Ne), 632.8 nm; 
visible (laser diode), 785 nm;  
and neodymium yttrium aluminum 
garnet (Nd:YAG) laser, 1064 nm. 
 
The complete electromagnetic  
spectrum from deep UV to NIR has 
been used to excite Raman spectra. 
The optimum laser frequency  
depends on the application. 
 
For biological specimens, a 785-nm 
laser is optimal for suppressing the 
fluorescence background and still 
having acceptable scattering  
efficiency. For mineralogical samples, 
deep UV (below 250 nm) is the best 
laser choice.

H.M. Pask, Prog. 
Quant. Electron. 
27(1), 3–56 (2003).

B. Denker and E. Shk-
lovsky, Eds., Handbook of 
Solid-state Lasers:  
Materials, Systems, and  
Applications (Elsevier, 
Philadelphia, PA, 2013).

A.K. Pathak, R. Kumar, 
V.K. Singh, R. Agrawal, 
S. Rai, and A.K. Rai, 
Appl. Spectrosc. Rev. 
47(1), 14–40 (2012).

LEDs  
(diodes)

LEDs are semiconductor composite 
light emitting sources, first invented in 
1907, that emit light energy when an 
electrical current is applied. LEDs are 
available for specific emission bands.

Most common LED wavelengths 
include 390, 470, 502, 590, 660 nm, 
or a broad or “white” band with 
significant emission intensities 
from 425 to 700 nm.

C. Kern, S. Trick, B. 
Rippel, and U. Platt, 
Appl. Opt. 45(9), 
2077–2088 (2006).

Broadband-
light sources

An electromagnetic energy generating 
supply to provide the emission source 
used for the measurement in an optical 
spectroscopy system. 

Such a source emits over a broad 
range of frequencies. When using a  
spectrometer or spectrophotometer,  
the broadband source is the origin of 
the light that interacts with the sample 
to be analyzed.

Broadband sources, with ranges 
given in nanometers (nm), include:
DC deuterium lamps (185–3750), 
glass tungsten halogen lamps  
(250–2250), Globars (1000–50,000),
mercury lamps (300–100,000) ,
Nernst glowers (300–35,000),
pulsed xenon arc lamps (180–2500),
quartz tungsten halogen lamps  
(220–2700), and “white LEDs” 
(425–700)

J. Ono, T. Endo, K. Ohta, 
H. Ono, Y. Maeda, K. 
Senda, O. Koyama, and 
M. Yamada, Sens. Mater. 
27(5), 413–423 (2015).

Infrared 
(IR)-light 
sources

IR sources are generally a Globar, with 
a Nernst glower or a carbon arc used 
less frequently. The most common 
source for laboratory IR instruments 
is the Globar, which is a silicon carbide 
(SiC) cylinder or rod generally 5–10 
mm wide by 20–50 mm in length.  
The cylinder is heated electrically 
(by resistance heating) up to 1650 °C 
(3002 °F) and emits IR radiation from 
1–50 µm or more. 

The Nernst glower, first described in 
the literature in 1902, is an earlier and 
more complex IR source that has been 
largely replaced by the Globar.  
The Nernst glower (lamp) consists of a  
filament of rare-earth oxides acting as 
a black-body radiator. Heating the  
filament by continuous ohmic heat-
ing results in conduction, allowing the 
glower to act as a continuous source  
of NIR and IR radiation—often used  
for simulated sunlight exposure  
experiments.

Globar emission is from 1000 to 
50,000 nm or 10,000 to 200 cm-1. 
When an interference filter is used 
in combination with the Globar, the 
usable spectral range is generally 
limited to 4000–400 cm-1.

The Nernst glower (a traditional  
and dated IR energy source) emits 
radiation in the 2–20 µm or 
2000–20,000 nm (5000–500 cm-1) 
spectral range.

J. Biegert, P.K. Bates, 
and O. Chalus, IEEE J. 
Sel. Top. Quantum  
Electron. 18(1), 
531–540 (2011).

Continued on Page 34
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firmware, instrument function driver 
software, data transfer and user in-
terface software, and data analysis 
software. All components are listed in 
alphabetical order in each table.

The technology behind spectro-
scopic instrument energy sources, 
lasers, and detectors is advancing 
rapidly due to materials and elec-
tronics advances. However, for new 
technology to be used for routine 
instrumentation, it must meet mul-
tiple criteria, including predictable 
performance, reliability, cost require-
ments, availability, compatibility, 
and safety. These and other criteria 
generally require several years of 
experience with new technologies  
to effectively incorporate them into re-
liable instrumentation. 
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TABLE II: Spectroscopy instrument detectors

Component Text Description Specifications References

Infrared (IR)

IR detectors covering  
various IR spectral regions 
include:

deuterated triglycine  
sulphate (DTGS), 
(ND2CD2COOD)3·D2SO4, 
indium antimonide (InSb), 
indium arsenide (InAs), 
lead selenide (PbSe),  
lead(II) sulfide (PbS),
lithium tantalate (LiTaO3), 
lithium tantalite,  
extended (LiTaO3),  
mercury cadmium telluride 
(MCT) (HgCdTe), and  
quantum well infrared  
photodetectors (QWIPs)

Infrared detectors, with ranges given in 
wavenumbers (cm-1), include:

Deuterated triglycine sulphate 
(DTGS) (6450–200 )
indium antimonide (InSb) (20,000–1667)
indium arsenide (InAs) (10,000–2632)
indium gallium arsenide (InGaAs)
(15,385–3704)
lead selenide (PbSe) (10,000–2083)
lead(II) sulfide (PbS) (16,667–3704)
lithium tantalate (LiTaO3) (5000–500)
lithium tantalite, extended (LiTaO3) 
(16,667–200)
mercury cadmium telluride  
(MCT) (10,000–417),  
and quantum well infrared photodetec-
tors (QWIPs) (3333–500)

C.L. Tan and H. Mohseni, 
Nanophotonics 7(1), 
169–197 (2018).

Z.H.U. Xi-chen, Infrared 
Technology 21(6), 12–15 (1999).

M. Razeghi, Opto-Electronics 
Review 6(3), 155–194 (1998).

A. Rogalski, Opto-Electronics 
Review 20(3), 279-308 (2012).

Continued on Page 35

TABLE I (CONTINUED): Spectroscopy instrument sources and lasers

Component Text Description Specifications References

Emission 
source

Emission sources for standard UV-vis-
NIR spectroscopy instruments include 
carbon arc lamp, DC arc lamp, DC 
deuterium lamp, glass tungsten halo-
gen, Globar, helium-neon laser (He:Ne), 
mercury lamp, Nernst glower, pulsed 
xenon arc lamp, and quartz tungsten 
halogen lamp.

Common emission lamps are 
generally broadband sources 
and include: 

deuterium lamps 
(185–3750 nm), 
glass tungsten halogen lamps 
(250–2250 nm),  
mercury lamps 
(300–100,000 nm),
xenon lamps 
(180–2500 nm),
quartz tungsten halogens 
(220–2700 nm), and
“white LEDs” 
(425–700 nm)

D. Hutsebaut, P. Vandena-
beele, and L. Moens, Analyst 
130(8), 1204–1214 (2005).

W.H. Melhuish, J. Opt. Soc. Am. 
52(11), 1256–1258 (1962).

K. Sholtes, R. Keliher, and K.G. 
Linden, Environ. Sci. Technol. 
53(16), 9755–9763 (2019).

Special 
sources

Special sources are novel or new 
energy sources for molecular  
spectroscopy. 

Such sources include quantum  
cascade lasers (QCLs), tunable narrow-
band light sources, optical parametric 
oscillators (OPO), and frequency comb 
laser sources. 

C. Gmachl, F. Capasso, D.L. 
Sivco, and A.Y. Cho, Rep. Prog. 
Phys. 64(11), 1533 (2001).

J. Mandon, G. Guelachvili, 
and N. Picqué, Nat. Photon-
ics 3(2), 99–102 (2009).

S. Buckley, Spectros-
copy 36(4), 9–13 (2021).
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TABLE II (CONTINUED): Spectroscopy instrument detectors

Component Text Description Specifications References

Raman 

A device sensitive to electromagnetic 
radiation at the wavelength region 
of interest. The output of the device 
is usually an electrical signal propor-
tional to the intensity of the electro-
magnetic energy input. The detector 
generally produces an analog signal 
proportional to the radiation striking 
the detector element. This analog 
signal is converted into a digital signal 
by means of an analog-to-digital 
(A/D) converter and amplifier circuit. 
The most common Raman detec-
tors are photomultiplier tubes (PMT), 
charge coupled devices (CCD), and 
photodiode array detectors (PDA).

Raman instrument detectors 
include: 
Silicon (Si) charge-coupled  
devices (CCDs) (200–1100 nm), 
and indium gallium arsenide 
(InGaAs) CCDs (800–1700 nm)

K. Sowoidnich, M. Towrie, 
and P. Matousek, J. Raman 
Spectrosc. 50(7), 983–995 (2019).

S. Yabumoto, and H.O. Hama-
guchi, Anal. Chem. 89(14), 
7291–7296 (2017).

D.V. Petrov, I.I. Matrosov, D.O. Sedin-
kin, and A.R. Zaripov, “Wavenumber 
Calibration of a Multichannel Raman 
Spectrometer,” in 23rd 
International Symposium on 
Atmospheric and Ocean Optics: 
Atmospheric Physics (Vol. 10466, 
pp. 1046606). International Society 
for Optics and Photonics (SPIE) 
(November 2017).

CCDs
Charge-coupled devices (CCDs) 
include fast electron multiply-
ing charge-coupled devices 
(EMCCDs)

CCDs include: 
Silicon (Si) charge-coupled de-
vices (CCDs) (200–1100 nm),  
and Indium gallium arsenide  
(InGaAs) CCDs (800–1700 nm)

S.T. Wollman and P.W. Bohn, Appl. 
Spectrosc. 47(1), 125–126 (1993).

Y.J. Zhao, M.X. Tang, and L. Wu, 
Optoelectronic Technology & 
Information, 17(4), 43–46 (2004).

Near-
infrared 
(NIR)

Indium gallium arsenide  
(InGaAs), and lead(II)  
sulfide (PbS) are the main  
NIR detectors.

Near-infrared detectors, with 
ranges given in wavenumbers 
(cm-1), include:

Indium gallium arsenide  
(InGaAs) (15,385–3704)
Lead selenide (PbSe)  
(10,000–2083)
Lead(II) sulfide (PbS)  
(16,667–3704)

G.H. Olsen, A.M. Joshi, and V.S. 
Ban, “Current Status of InGaAs 
Detector Arrays for 1–3 um,” 
in Infrared Technology XVII 
(Vol. 1540, pp. 596–605). 
International Society for Optics and 
Photonics (SPIE) (December, 1991).

Y. Ozaki, C.W. Huck, M. Ishigaki, D. 
Ishikawa, A. Ikehata, and H. Shinzawa, 
“Near-Infrared Spectroscopy in Bio-
logical Molecules and Tissues” 
(European Biophysical Societies, 
Encyclopedia of Biophysics, 
Springer, Berlin, Heidelberg, 
Germany, 2018).

Visible 
Detectors

Visible detectors include  
silicon (Si), silicon photodiode  
detectors, and several photomultiplier 
tube (PMT) variants, such as: 
S1 type photocathodes,
cesium gallium arsenide (CsGaAs) 
photocathodes, cesium antimonide 
(CsSb) photocathodes, multialkali  
(Na-K-Sb-Cs) photocathodes,  
cesium iodide (CsI) photocathodes,  
cesium gallium arsenide (CsGaAs) 
photocathodes, and cesium indium 
gallium arsenide (CsInGaAs) 
photocathodes. 

Common charge-coupled device 
(CCD) detectors include silicon (Si) 
CCDs.

Visible detectors, with ranges given 
in nanometers (nm), include: 

silicon (Si) (300–1100), silicon 
photodiode detectors (190–1100), 
photomultiplier tubes (PMTs): 
S1 Type (300–1200), cesium gallium 
arsenide (CsGaAs) (300–930),
cesium antimonide (CsSb) (250–
750), multialkali (Na-K-Sb-Cs) 
(300–930), cesium iodide (CsI) 
(200–900), cesium indium gallium 
arsenide (CsInGaAs) (300–1000), 
and silicon (Si) charge-coupled 
devices (CCDs) (200–1100)

G. Verma and M. Mishra, World J. 
Pharm. Res. 7(11), 1170–1180 (2018).

R.K. Sharma, Various Spectroscopic 
Techniques. Environmental Pollution: 
Monitoring Modelling and Control 
(Studium Press, LLC, Houston, TX, 
2017), pp. 181–206.

Ultraviolet 
Detectors

Ultraviolet detectors include  
silicon photodiode detectors, 
silicon (Si)CCDs, and cesium io-
dide (CsI) photocathode detectors

Ultraviolet detectors include:
silicon photodiode detectors
(190–1100 nm), silicon (Si) 
charge-coupled devices (CCDs) 
(200–1100 nm), and cesium  
iodide (CsI) (200–900 nm)

F.S. Rocha, A.J. Gomes, C.N. 
Lunardi, S. Kaliaguine, and G.S. 
Patience, Can. J. Chem. Eng. 
96(12), 2512–2517 (2018).

F. Acerbi, G. Paternoster, M. 
Capasso, M. Marcante, A. Mazzi, 
V. Regazzoni, N. Zorzi, and A. 
Gola, Instruments 3(1), 15 (2019).

J. Wang, H. Fang, X. Wang, X. 
Chen, W. Lu, and W. Hu, Small 
13(35), 1700894 (2017).
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The 2022 Employment and  
Salary Survey: Looking for a 
Return to Normalcy

This past year was a time where many 
were hoping and dreaming for a new 
tomorrow—one that would look a lot 
like the past. A world where masks, 
social distancing, jabs, and virtual 
connections to laboratories and con-
ferences could be left to the historical 
record. Unfortunately, we are still em-
broiled in these social and economic 
conundrums. This 2022 Spectros-
copy salary and employment survey 
takes a look at spectroscopists from 
around the globe and their impres-
sions, reactions, responses to how their 
work life unfolded in 2021 and their  
future outlooks. 

Jerome Workman, Jr.   

In our salary and employment  
survey, we gather information on av-
erage salary trends and report on how 

these trends compare to previous years, 
referring all the way back to the survey 
completed in 2001. But unlike some pre-
vious Spectroscopy salary surveys, which 
focused heavily on the numerical details of 
the salary data (1,2), these past two years 
we have looked beyond the numbers to 
focus more on broader trends of work-
place satisfaction and career attitudes.  
We asked about job security and respon-
dents’ outlook for the future working in 
this challenging and technically complex 
field. We inquired about what spectros-
copy professionals consider their greatest 
workplace concerns. We asked how many 
respondents are searching for new oppor-
tunities and why—and we looked at the ef-
fects caused by still working in a pandemic-
stressed workplace environment. We also 
asked respondents for their outlook for the 
remainder of 2022. In sum, we looked into 
multiple factors of the current and future  
employment environment.

The Overall Picture
As we would expect, this year we found 
that nearly all professionals working in the 
field of spectroscopy are more concerned 
than usual about the security of their jobs 
and incomes, given the pandemic at-

mosphere. Nevertheless, respondents 
are optimistic about the coming year.  
Nearly 52% of respondents reported that 
their work environment in 2021 was better 
than in 2020. Nevertheless, four in ten of 
respondents 44% (35% last year) indicated 
that they are interested in seeking a new 
employment opportunity beyond their 
current situation while an equal number 
(44%) say they would not want to leave 
their current position even if a promising 
new opportunity were presented.

The Pandemic Effect
As we all know, the pandemic resulted in 
dramatic changes in working conditions 
throughout the world. Since the pan-
demic was officially declared in March 
of 2020, nearly one in five, or 19% (15% 
last year) of respondents were either laid 
off or furloughed; nearly one quarter, or 
26.6% (50.5% last year) have had limited 
or no access to their laboratories. More 
alarmingly, 38% (34% last year) report they 
are still struggling to stay positive during 
the globally impacting pandemic situa-
tion. On a positive note, 38% report that 
they actually enjoy working from home,  
and 9% are now actually working full-time 
and exclusively from home.

Nearly all types and sizes of organi-
zations and their operations have been 
seriously challenged by the pandemic, 
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as facilities have remained either closed 
or with somewhat restricted access. As a 
result, corporate and university classes, 

meetings, and scientific and business 
conferences have continued in an on-
line or virtual format—a complex, ever-
changing, and often mandated require-
ment in many situations. According to 
our respondents, the business downturn 
caused by the pandemic in 2021 has re-
sulted in nearly 15% (60% last year) of or-
ganizations downsizing as a direct result 
of the pandemic lockdown, with another 
11% (25% last year) downsizing for reasons 
not directly related to the pandemic. It is 
noteworthy that 4% (10% last year) of re-
spondents say their work functions were 
offshored during 2021. 

In spite of the challenges of the shut-
down, 85% (77% last year) of respondents 
feel they are able to effectively complete 
their work. And even though half, or 54% 
(50% last year) of respondents claim an in-
creased workload, two-thirds, or 66% (65% 
last year) are satisfied with their current 
working conditions, and 37% (45% last 
year) say they actually enjoy the contin-
ued requirement of working from home. 
We note that 65% now report being fully 
back at their office or laboratories. This 
is a notable inversion of last year, when 
59% of respondents reported limited or 
no access to their offices and laboratories. 

Is It Time for a Job Change?
Despite the continuous workplace dis-
ruptions—or perhaps because of it— 
our survey results indicate that over half 
of respondents, or 56% (44% last year)  
are not interested in seeking a job change.  
Generally, these respondents want to 
keep their current positions because of 
the location of their office and labora-
tories (16%), or because of their current 
salary (9%). Other reasons for staying put 
in current jobs are good work team col-
leagues (6%), good management (3%), 
and high competition for job positions 
(1%). In a vote of job satisfaction, 44% of 
respondents would not want to leave their 
current position even if another promis-
ing job opportunity were presented.  
The “great resignation” does not seem to 
have hit this sector. 

On the other hand, four of ten respon-
dents, or 44% (35% last year) would leave 
their current positions for a new or better 

opportunity. A full 23% (vs. 26% last year) 
indicated they were ready for a career 
change—either major or minor. Accord-
ing to respondents, the main general rea-
sons for seeking new job opportunities 
are looking for a new challenge (14%) or 
a higher salary (11%), dissatisfaction with 
their current employer (4%), workload 
increases (4%), or job position insecurity 
(3.5%). Some respondents have expressed 
that they are seeking new employment for 
mostly personal reasons. These job trend 
attitudes are illustrated in Figures 1a–1c. 

Of course, thoughts about job change 
can often be linked to perceptions of 
both current job security and the per-
ceived strength of the job market. One in 
seven respondents, or 14% (25% last year) 
feel their jobs are less secure this year 
than last year, while one in four, or 25% 
(24% last year) feel they are more secure.  
The remaining group (61%) say there has 
been no change in their job security over 
the last year. Figure 2 displays the respon-
dent perception of their current job se-
curity—which appears to be an essential 
aspect of long-term job satisfaction. 

One significant improvement this year 
is the overall job market outlook. Two-
thirds of survey respondents, or 65% (55% 
last year) now believe that the current 
employment market for spectroscopists 
is either good or excellent, and only 5% 
(6% last year) think it is poor; the remain-
ing 30% still believe the market to be fair 
or average. One in three, or 35% (15% 
last year) assess the job market as one 
where employers are having to compete 
for good candidates, while the rest feel 
that there is either moderate (40% vs. 55% 
last year) or strong (25% vs. 30% last year) 
competition from candidates who are 
pursuing open career positions (Figure 3). 

What Factors Are Most
Important in a Job?
The vast majority, or 94% (95% last year) 
of respondents say that salary and bonus 
structure is the most important factor in 
their jobs. The survey results indicated that 
the next most important factors (in rank 
order) were work–life balance, at 90% (87% 
last year); the work team, at 89% (88% last 
year); job security, at 87% (93% last year);  

No Opinion
20%

Agree or
Strongly Agree

44%

Disagree or
Strongly
Disagree

36%

FIGURE 1a: Breakdown of desire to 
leave one’s current job. The question 
was, “I would like to leave my current 
job if a new suitable opportunity pre-
sented itself.”

No Opinion
24%

Agree or
Strongly Agree

41%

Disagree or
Strongly
Disagree

35%

FIGURE 1b: Breakdown of desire to 
leave one’s current job. The question 
was, “I do not want to leave my current 
position even if another opportunity 
was presented.”

No Opinion
30%

Agree or
Strongly Agree

22%

Disagree or
Strongly
Disagree

48%

FIGURE 1c: Breakdown of desire to leave 
one’s current job. The question was, “I 
am interested in changing careers.”
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a tolerant workplace, at 84% (82% last year); the quality of equip-
ment and laboratory space, at 84% (85% last year); intellectual chal-
lenge, at 83% (88% last year), the importance of one’s work, at 83% 
(87% last year); health insurance (82%), and retirement benefits,  
at 79% (82% last year). The factors ranking the lowest in importance 
for job satisfaction were maternity or paternity leave, at 22% (27% 
last year)—not important to an older demographic—the prestige 
of the organization, at 39% (39% last year), the ability to work from 
home, at 40% (48% last year)—not really a competitive factor in the 
past two years when so many people were working from home—
and continued training and education 68% (62% last year).

Salary and Bonus Results for 2021 
For 2022, 59% (37% last year) of respondents received raises,  
so correspondingly 41% did not. This is a positive development; 
last year only 37% received any pay increase). It was noted that 
6% (13% last year) experienced a decrease in pay over this past 
year (Figure 4). In our 2020 survey (2) we found that 20% of re-
spondents did not receive a raise, but for that year we did not 
record any salary cuts for full-time professionals. 

Our questions about pay scales indicated that one in sixteen, 
or 6% (5% last year) are very satisfied with their pay and feel 

their pay is at the high-end of the market value for their jobs.  
Nearly one-third, or 39% (35% last year) feel they are paid fairly. 
However, a full 61% (65% last year), still feel that they are paid 
at the lower end of the scale, including almost one-third (29%)  
who report they are paid below market value . 

For this year’s survey, we recorded salaries between $17,000 
and $220,000 USD ($15,000 and $250,000 USD last year).  
The reported mean and median annual salaries for all respon-
dents were $99,739 and $94,000, respectively, indicating the 
reported salaries are higher for this year’s group of respon-
dents than those reported over the past few years. We note that 
there was a larger percentage of managers in this year’s survey,  
as well as a lesser percentage of students and postdoctoral 
researchers than in previous years. In fact a full 45% of respon-
dents reported incomes of $100,000 USD or more. Thus, there 
was reported a 13.3% (1.8% last year) increase in average salary. 
Table I displays the annual average salary trend since 2001 for 
all respondents (see also Figure 5). For vacation or paid time 
off (PTO) use during this past year, we noted that only 44% 
of respondents used over half of their allotted vacation dur-
ing 2021. Do our respondents love their jobs too much to take 
all their vacation time, or are the work pressures too great?  
We have no answer for that.

TABLE II: Respondent data for those reporting workplace 
discrimination

Factor %

Age 9.7%

Educational level 4.4%

Gender 3.5%

Nationality (national origin) 2.6%

Race 1.8%

Religion 0.9%

Pregnancy leave or childcare issues 0.9%

Illness 0.0%

Physical disability 0.0%

Mental disability 0.0%

School(s) attended 0.0%

TABLE III: Number of years working in a career associ-
ated as a spectroscopist

No. of Years %

<5 7.3%

5–9 8.2%

10–15 10.9%

16–20 16.4%

21–35 35.5%

36–40 15.5%

41+ 6.4%

TABLE I: Average reported base salaries in USD from 2001 to 
2020 (all respondents)

Survey Year Average Salary 
(USD)

Percent Change vs
Previous Year

2001 $64,690 (first year) NA

2002 $67,900 5.0%

2003 $68,180 0.4%

2004 $72,140 5.8%

2005 $72,920 1.1%

2006 $77,980 6.9%

2007 $79,605 2.1%

2008 $77,364 –2.8%

2009 $78,807 1.9%

2010 $80,778 2.5%

2011 $84,511 4.6%

2012 $85,060 0.6%

2013 $88,018 3.5%

2014 $88,342 0.4%

2015 $83,209 –5.8%

2016 $82,457 –0.9%

2017 $84,718 2.7%

2018 $91,129 7.6%

2019 $79,711 –12.5%

2020 $86,491 8.5%

2021 $88,025 1.8%

2022 $99,740 13.3%
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Although the reported average salaries 
were higher this year, the average bo-
nuses disclosed for the 2022 survey were 
somewhat lower for this year compared 
to those in recent years. Nearly one-half,  
or 47% of respondents, reported receiv-
ing an annual bonus (the same as last 
year). The bonus amounts for our 2022 
survey ranged from $100 to $52,000.  
The mean and median bonus values for 
all respondents receiving bonuses were 
$9,680 and $5,000 USD ($19,228 and 
$11,685 last year), respectively, as com-
pared to $14,121 and $11,000, respectively 
in the 2020 survey report. 

New Hire and Job Candidate  
Skill Set Assessments
This year, we asked respondents sev-
eral questions regarding the perceived 
knowledge and skill sets of recent hires.  
Four percent of respondents felt that 
new hires had exceptional knowledge 
and skills; 29% thought they had very 
good skills; 47% said they had adequate 
knowledge and skills; and 20% felt they 
exhibited poor skill sets.

We also asked about the skills sets 
of the overall pools of candidates avail-
able for new hires. Three percent of 
the candidates in the pool were rated 
as excellent, 40% were rated as good, 
38% as adequate, and 19% as poor. 
The respondents reported that the skill 
sets lacking in candidates seeking em-
ployment included the major hard skill 

categories of fundamental or basic sci-
ence knowledge, laboratory experience, 
instrumentation troubleshooting and 
data analysis, materials handling knowl-
edge, problem solving ability, technical 
computing, and technical writing. Soft 
skill complaints were for lack of people 
skills, little patience, poor multitasking 
capability, limited creativity, low flex-
ibility, unwillingness to travel, inability to 
work solo, lack of humility, poor project 
management, and low basic work ethic.
 
The Question of Discrimination
in the Workplace
Of all respondents, 19% feel they have 
been discriminated against at their place 
of employment. Thus, 81% reported they 
are not discriminated against or feel 
they are not in a group that is likely to be 
discriminated against. The main issues 
named for those indicating discrimination, 
in rank order, were age (9.7%), education 
level (4.4%), gender (3.5%), nationality 
(2.6%), race (1.8%), and religion (<1%) or 
pregnancy leave (<1%). Table II illustrates 
these results. 

The respondents to the survey de-
scribed how discrimination was outwardly 
demonstrated in their work situations.  
In rank order, the results of manifest 
discrimination included unequal pay 
for equal work (6%), lack of promotions 
(4.4%), fewer growth opportunities (4.4%),  
being passed over for expected raises 
and bonuses (3.5%), having their opinions 
ignored (3.5%), and not being hired when 
interviewed for job (1.8%). 

Of all employees, only 7% have ever 
formally reported or lodged a complaint 
for discrimination at their place of em-
ployment. The reasons given for not fil-
ing a formal complaint (in rank order) in-
cluded the feeling that it would not help 
the situation (15%); that it was not serious 
enough (9%); that the respondent had 
resigned and moved on (9%); or that the 
respondent was afraid of reprisals from 
management, including loss of job (7%). 
Other important factors for not reporting 
discrimination at work included a sense of 
shame (2%), and that a lawsuit was too ex-
pensive or too problematic (2%). One per-
cent of respondents felt they would not 
be believed; that they did not know they 
could formally complain; and that they felt 
it would jeopardize future opportunities if 
they complained. 

Of those that have gone through a 
formal complaint process, a range of re-
sults were reported. One quarter (25%) of 
those that formally complained felt that 
they were treated as the problem and suf-
fered reprisals. Over one-third (38%) re-
ported there was some action was taken, 
but it was insufficient. One quarter (25%) 
reported that appropriate action was 
taken, and the situation had improved. 
Another 12% reported a different out-
come than those reported above. 

Respondent Profile
Of the spectroscopy professionals from 
around the world that responded to this 
year’s survey, which was fielded in Decem-
ber 2021 and January 2022, the respon-

More Secure
25%

Less Secure
14%

No Change
61%

FIGURE 2: Perception of current job 
security. The survey question was,  
“How secure do you feel in your cur-
rent position compared to last year?”

40%

25%
35%

Competition for 
open positions in 
my �eld is strong.
Competition for 
open positions in 
my �eld is moderate.
Employers are
competing for
quali�ed candidates.

FIGURE 3: Strength of the job market for spectroscopists. The survey question was, 
“If it were necessary for you to change jobs this year, how would you assess the  
job market?”
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dents were 73% male (67% last year) and 27% female (33% last 
year). Respondents were from industry (55% vs. 59% last year), 
academic institutions (24% vs. 23% last year), government or 

nationally funded laboratories (13% vs. 7% last year), the mili-
tary (0% vs. 2% last year), and from other types of organizations,  
such as private laboratories, hospitals, and medical facilities  
(8% vs. 9.4% last year).

The job titles of respondents, in order of occurrence, included 
principal or senior scientist, at 24% (27% last year), manager,  
at 22% (14.8% last year), scientist or associate, at 19% (17.6% last 
year), director, at 12% (7.4% last year), associate or assistant pro-
fessor, at 4.6% (3.7% last year), technician, at 3.6% (5.6% last year), 
full professor, at 3.6% (8.3% last year), CEO, CTO, or president at 
2.7 % (4.6% last year), laboratory assistant, at 1% (1.9% last year), 
and other, at 7.3% (8.3% last year). Note that 91% (87% last year) 
of respondents are full-time employees, while 2% (5% last year) 
are part-time employees, and nearly 1% (2% last year) are unem-
ployed. Most respondents have a significant number of years of 
experience with spectroscopic methods: 57.4% have more than 
20 years of spectroscopy experience (Table III and Figure 6).  
As a comparison, the number of years respondents have been 
with their current organization is shown in Figure 7.

Summary
Spectroscopy professionals across all fields working in 2021 
through early 2022 have experienced unprecedented challenges 
and changes during this continued pandemic year. Among our 
respondents, 6% experienced a pay cut this year—most likely a 
result of Covid-19 shutdown issues—and 19% were either laid off 
or furloughed. Almost two-thirds, 65%, report being fully back 
at their office or laboratories, and 38% (34% last year) say they 
are struggling to stay positive during this situation. In spite of all 
that, a full 85% (77% last year) of respondents feel they are able 
to complete their work despite the unusual challenges of this 
year, and 37% actually enjoy working from home.

Of course, the ongoing concerns related to any workplace 
remain, pandemic or not. We found that the greatest workplace 
concerns of professionals in the spectroscopy field are salary and 
bonus structure, work–life balance, working colleagues and asso-

Increase, 59%

No Change, 35%

Decrease, 6 %

FIGURE 4: Overall change in salary during this past year.  
The question was, “What was the overall change in your salary 
during this past year?”
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FIGURE 5: Reported average salaries for spectroscopy sci-
ence professionals from 2001 through 2022 surveys (in $USD). 
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FIGURE 6: Number of years as a spectroscopist. The ques-
tion was, “For how many years have you been working in a 
career connected with the spectroscopy field?” 
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ciates, job security, a tolerant workplace, 
the quality of equipment and laboratory 
space, and the job’s intellectual challenge.

Two-thirds, or 66% (65% last year) of 
spectroscopists reported they are sat-
isfied with their current working condi-
tions—even though 54% of respondents 
claim an increased workload. And 44% of 
our respondents indicate they are inter-
ested in seeking a better employment op-
portunity beyond their current situation. 

We noted that over half of respondents, 
or 59% (37% last year) received raises, while 
the remaining 41% did not—and 6% (13% 
last year) experienced a decrease in pay 
over this past year. Nearly two-thirds (61%) 
feel that they are either paid at the low 
end of the scale or are paid below market 
value. The mean and median annual sala-
ries for the 2022 survey are much higher 
than those in the recent past, with an in-
crease in those receiving raises and in the 
average reported salary for this year vs. the 
past three survey years (2019–2021 [1–3]). 

All in all, 2022 will be an economic 
enigma as we see supply shortages and 
higher wages with some business sectors 
suffering and others booming. This past 
year remained an extremely challenging 
and confusing year. In spite of it all, pro-
fessionals working in spectroscopy con-
tinue to remain positive, and determined 
to apply themselves and their skill sets 
to improve and develop new products,  
monitor the environment, delve into im-
portant health research, and advance 
the broad world of developmental and  
analytical chemistry.
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TABLE IV: List of APIs, Raman bands within the 1550–1900 cm-1 region, and 
the common functional groups

Name Raman Bands (cm-1) Common Functional Groups

API #1 1612(w), 1630(s), 1650(w) C=N, C=C, C=O

API #2 1610(s), 1732(w) C=N, C=C

API #3 1604(w), 1750(s) C=O

API #4 1632(s), 1654(s), 1684(s) C=N, C=C, C=O

API #5 1647(s) C=N

API #6 1603(s), 1615(s), 1750(s) C=C, C=O

API #7 1620(s), 1580 (s) C=O, C=C

API #8 1615(s), 1675(w) C=C, C=O

API #9 1610(s), 1685(m) C=C, C=O

API #10 1608(s), 1627(w), 1680(s) C=N, C=C, C=O

API #11 1609(s), 1655(w) C=C, C=O

API #12 1611(s), 1618(s), 1650(s) C=C, C=O

API #13 1602(s) C=C

API #14 1602(s) C=C

API #15 1650(s), 1700(m) C=N, C=C, C=O

These API structures also contained unique functional groups such as –S, -Cl, -CF3, -SH, and -N=N, but 
these vibrations are outside the 1550–1900 cm-1 region and therefore, outside the scope of this article.

● Continued from Page 30
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Spectrometers
Ocean Insight’s SR 
series of UV-visible 
spectrometers are 
designed to provide 
high-speed acquisition 
and signal-to-noise 
performance for low-
concentration and other 
measurements. According to the company,  
the spectrometers ensure thermal stability and low  
unit-to-unit variation, and features include interchangeable 
slits, indicator LEDs, and simple device connectors.  
Ocean Insight, Orlando, FL.  
www.oceaninsight.com

AA Lamps
REFLEX Analytical’s selection 
of hollow cathode lamps 
for atomic absorption (AA) 
spectroscopy complements 
its available series of tungsten 
lamps, deuterium lamps, 
xenon lamps, photoionization 
detector (PID) lamps, mercury, 
and mercury-xenon ultraviolet 
detector lamps. According to the company, a selection  
of more than 1000 lamps for AA and a variety of other 
instrumentation and equipment is available.  
REFLEX Analytical Corporation, Ridgewood, NJ.  
reflexusa.com

Pulsed laser at 532 nm
A new wavelength, available 
for Cobolt Tor™XE 532 
nm Q-switched lasers, is 
designed to provide 0.25 
mJ per pulse at up to 1 kHz 
repetition rate in a compact 
laser head that contains all 
required drive electronics. 
According to the company, 
the laser is suitable for integration into instruments for 
marking, laser induced breakdown spectroscopy (LIBS), 
LiDAR, and photoacoustic microscopy applications.  
Cobolt AB, a part of Hübner Photonics, Solna, Sweden.  
www.hubner-photonics.com

Cooled cyclonic spray chamber
Glass Expansion’s Peltier  
Cooled Cyclonic (PCC)  
spray chamber kit is 
designed to be compatible 
with Agilent’s 7900 and 
8900 instruments,  
in addition to the legacy 
Agilent ICP-MS models. 
According to the company, 
the PCC kit minimizes 
washout time with highly concentrated samples and 
troublesome elements, such as B, Hg, Pb, and Sb. 
Glass Expansion, Inc. Pocasset, MA.  
www.geicp.com

CMOS camera
The Velocity Pro 
complementary metaloxide 
semiconductor (CMOS) 
camera from EDAX is 
designed to provide 
highspeed electron 
backscatter diffraction 
(ESBD) mapping with high 
indexing performance 
on real-world materials. 
According to the company, the camera is powered by a 
CMOS sensor that is optimized for high-speed ESBD. 
EDAX, Inc., Mahwah, NJ. 
www.edax.com

Diamond ATR accessory
The IRIS diamond attenu-
ated total reflection 
(ATR) accessory from 
PIKE is designed for  
infrared (IR) sampling  
for powders gels, liquids, 
solids, and more.  
According to the com-
pany, the accessory is suit-
able for research, QA/QC, 
and sample identification.  
PIKE Technologies, 
Madison, WI.
www.piketech.com

Fluorine analyzer
The ProfilerF analyzer 
from Metrohm is designed 
as an analytical tool that 
quantifies all fluorine (both 
organic and inorganic fluo-
ride in solution) to define 
the total impact of per- and 
polyfluoroalky substances 
(PFAS) contaminants. According to the company, the ana-
lyzer can help researchers understand the total organic 
fluorine profile, as well as the detrimental impact these com-
pounds can have on the environment and human health.  
Metrohm USA, Riverview, FL.  
www.metrohm.com

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