RAMAN

TECHNIQUE FOCUS

ICP

Tracking Amino Acid Changes in
Mouse Tissue Using DFT and Raman

Fluorescence Determination of
Formaldehyde Contamination in Water

Analysis of Toxic Elements
in Food via ICP-MS

APPLICATIONS

THEORY & FUNDAMENTALS

IR

The Science of
Measuring Color

Decimal Versus Binary
Representation of Numbers
in Computers?

The Infrared Spectra
of Polyesters

OCTOBER 2022
VOLUME 37 | NO. 10

SPECTROSCOPYONLINE.com

compEAct

Elemental Analysis

Choose the Easy Way
compEAct
With the compEAct series, Analytik Jena presents compact and powerful elemental analyzers for the
determination of sulfur and nitrogen. The optimized configuration of the systems offers outstanding accuracy
and unmatched efficiency.
EAsy Fit: Intelligent design for efficient operation in the smallest of spaces
EAsy Touch: Integrated control and data evaluation unit with intuitive touch operation
EAsy Protect: Maximum protection through automatic monitoring and optimization of all process parameters
HiPerSens® detection: Broadest measurement range without sample pretreatment
For more information, contact us:
info@us.analytik-jena.com
www.analytik-jena.us

TABLE OF CONTENTS

COLUMNS

7

Atomic Perspectives

Determination of Toxic Elements in Food by ICP-MS
Using AOAC Method 2015.01
Liyan Xing

October 2022
Volume 37 | Number 10
RAMAN

TECHNIQUE FOCUS

ICP

Tracking Amino Acid Changes in
Mouse Tissue Using DFT and Raman

Fluorescence Determination of
Formaldehyde Contamination in Water

Analysis of Toxic Elements
in Food via ICP-MS

APPLICATIONS

THEORY & FUNDAMENTALS

IR

The Science of
Measuring Color

Decimal Versus Binary
Representation of Numbers
in Computers?

The Infrared Spectra
of Polyesters

OCTOBER 2022
VOLUME 37 | NO. 10

Is ICP-MS instrumentation ready to handle the requirements of AOAC
Method 2015.01 for the determination of toxic elements in food—
including dealing with interferences? We ran this study to check.

13

Chemometrics in Spectroscopy

Decimal Versus Binary Representation of
Numbers in Computers
Howard Mark and Jerome Workman, Jr.

The past decision to use binary representation in computer architectures
affects the results of chemometric-based outputs, especially if different
data values are used.

21

Laser and Optics

Where Perception Meets Reality:
The Science of Measuring Color
Ethan Montag and Steve Buckley

Accurately measuring and quantifying the perception of color is an
ongoing challenge for scientists, but understanding spectroscopic
techniques can help standardize color measurements.

25

SPECTROSCOPYONLINE.com

Cover Art:
The vibrancy of color in the
visible spectrum.

DEPARTMENTS
Note from the CEO....................................... 6
Products and Resources........................ 42

IR Spectral Interpretation Workshop
Infrared Spectroscopy of Polymers, VIII:
Polyesters and the Rule of Three
Brian C. Smith

An exploration of polyethylene terephthalate (PET), one of the most
important polymers, is presented.

Like @SpectroscopyMagazine on Facebook
Follow @SpectroscopyMag on Twitter
Join the Group @SpecGroup on LinkedIn

PEER-REVIEWED RESEARCH

29

Kinetic Fluorimetric Determination of Formaldehyde by
Oxidation of Rhodamine B with Potassium Bromate
Wang Zhao-qun, Sheng Li, Han Feng, Zhang Xin,
Li Hai-su, and Su Bi-quan

Subscribe to our newsletters for
practical tips and valuable resources

A kinetic fluorimetric method was established for the determination
of formaldehyde in synthetic water samples and laundry water by
potassium bromate oxidation of rhodamine B.

36

Density Functional Model of Raman Spectra for the
Seminiferous Tubules of Hindlimb Unloaded Mice
Muhammad Azeem, Rizwan Qaisar, Asima Karim,
Anu Ranade, and Adel Elmoselhi

This study examines whether the computed spectrum can be used to
accurately identify amino acids, by comparing the computer spectrum
to the measured spectrum of a biological sample.
Cover image courtesy of
stock.adobe.com/gubh83

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 possessions: 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.

www.spectroscopyonline.com

October 2022

Spectroscopy 37(10) 3

MANUSCRIPTS: To discuss possible ar ticle topics or obtain manuscript

PUBLISHING/SALES

CONTENT MARKETING

preparation guidelines, contac t the editorial direc tor at: (732) 346 -3020, e-mail:
LBush@mjhlifesciences.com. Publishers assume no responsibility for safety
of ar twork, photographs, or manuscripts. Ever y 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,
Cranbur y, NJ 08512- 0457; email mmhinfo@mmhgroup.com. Deliver y of
Spectroscopy outside the U.S. is 3 –14 days af ter printing.
CHANGE OF ADDRESS: Send change of address to Spectroscopy,
P.O. Box 457, Cranbur y, 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: Contac t Stephanie Shaf fer,
(774) 249-1890; e-mail: SShaf fer@mjhlifesciences.com
Reprints: Contac t Stephanie Shaf fer,
INTERNATIONAL LICENSING: Contac t Kim Scaf fidi,
e-mail: KScaf fidi@mjhlifesciences.com
CUSTOMER INQUIRIES: Customer inquiries can be for warded direc tly to
MJH Life Sciences, Attn: Subscriptions, 2 Clarke Drive, Suite 10 0, Cranbur y, NJ
08512; e-mail: mmhinfo@mmhgroup.com

rW
aste

50

ycled P
Rec
a

r
pe

10-20%

Po

s t C s u me
on

© 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 a ppearing 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.

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

e-mail: SShaf fer@mjhlifesciences.com

%

Executive Vice President,
Healthcare and Industry Sciences
Brian Haug
BHaug@mmhgroup.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
Associate 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
4 Spectroscopy 37(10)

October 2022

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
Associate Marketing Director
Anne Lavigne
ALavigne@mmhgroup.com
Audience Development
Stacy Argondizzo
SArgondizzo@mmhgroup.com
Reprints
Stephanie Shaffer
SShaffer@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

www.spectroscopyonline.com

Note from the CEO

Editorial Advisory Board

Mike Hennessy, Jr.
President & CEO, MJH Life Sciences ®

Russ Algar University of British Columbia

T

Fran Adar Horiba Scientific

L. Robert Baker The Ohio State University
oxic heav y metals can make their way into crops and
animals from the air, water, soil, and food during growth,
and can be introduced as contaminants during food

Matthew J. Baker University of Strathclyde
Ramon M. Barnes University of Massachusetts

processing. Many of these elements can have neurological-,

Matthieu Baudelet University of Central Florida

endocrine- and exocrine-disrupting properties, as well as being

Rohit Bhargava University of Illinois at Urbana-Champaign

potentially genotoxic or carcinogenic. Because these elements

Karl S. Booksh University of Delaware

may be present at trace to ultratrace concentration levels,

Michael S. Bradley Thermo Fisher Scientific

we re q uire s en si ti ve and relia ble anal y tic al te c hniq ue s
for their accurate detec tion and quantitation. This month,

Deborah Bradshaw Consultant

our “Atomic Perspectives” column assesses the capabilities of

George Chan Lawrence Berkeley National Laboratory

inductively coupled plasma–mass spectrometry (ICP-MS) to

John Coates Coates Consulting LLC

handle this type of analysis, including coping with interfering

John Cottle University of California Santa Barbara

species, such as those found in the plasma from the argon, the

Paul J. Gemperline East Carolina University

surrounding atmosphere, the solvent and the sample matrix,
leading to the formation of polyatomic and doubly-charged
ions. Specifically, the article addresses the validation proce-

David Lankin University of Illinois at Chicago, College of Pharmacy
Barbara S. Larsen Larsen Scientific Consulting

dures and quality control (QC) requirements for the analysis of

Barry K. Lavine Oklahoma State University

toxic elements in foods, as defined in AOAC Method 2015.01,

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

including limits of quantitation, accuracy, precision, and stability.

Bernhard Lendl Vienna University of Technology (TU Wien)

While people appreciate the spectrum of color available
to them in life, they rarely think much beyond that. In this
month’s “Lasers & Optics Inter face” column, Steve Buckley

Ian R. Lewis Kaiser Optical Systems
Howard Mark Mark Electronics

and Ethan Montag examine how scientists define and calibrate

R.D. McDowall McDowall Consulting

color, various color measurement methods, and issues that

Gary McGeorge Bristol-Myers Squibb

arise in the attempt to accurately measure and quantify color.

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

In other columns in this issue, “Chemometric s in Spectroscopy” examines decimal versus binar y representation,
and how it af fec t s computer usage, especially in chemo -

Ellen V. Miseo Consultant
Michael L. Myrick University of South Carolina

m e t r i c s . I n t h e “I R S p e c t r a l I n t e r p r e t a t i o n Wo r k s h o p,”

John W. Olesik The Ohio State University

Brian Smith continues a series on the infrared spec troscopy

Yukihiro Ozaki Kwansei Gakuin University

of polymers. This installment focuses on the ester functional

Steven Ray State University of New York at Buffalo

g roup, and s pecific ally on sever al im por t ant polye s ter s,
including polyethylene terephthalate (PET), one of the most
economically impor tant polymers in the world.
We p r e s e n t t w o p e e r- r e v i e w e d p a p e r s t h i s m o n t h .

Jim Rydzak Specere Consulting
Jacob T. Shelley Rensselaer Polytechnic Institute
Barry Wise Eigenvector Research Inc.

The first is a study of how the kinetic fluorescence method

Jerome Workman Jr. Biotechnology Business Associates

c a n b e u s e d to d e te r mi n e fo r ma l d e hyd e by p ot a s s i u m

Lu Yang National Research Council Canada

bromate oxidation of rhodamine B. The other present s a
study that examined whether the computed spec trum can
be used to accurately identif y amino acids by comparing
t he com pu ter s pec t r um to t he mea sured s pec t r um of a
biological sample.
We hope you enjoy this issue. Happy reading!
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ATOMIC PERSPECTIVES

Determination of Toxic
Elements in Food by ICP-MS
Using AOAC Method 2015.01
Liyan Xing

Trace elements can be taken up by
crops and animals from the air, water,
soil, and food during growth, or introduced during food processing.
Although some of these elements
are essential macronutrients, others
are toxic. Through food consumption,
humans are exposed to toxic elements
with the risk increasing proportionately to the amount consumed, which
can have neurological-, endocrine-,
and exocrine-disrupting properties,
as well as being potentially genotoxic
or carcinogenic. As a result, the contamination of food and water by toxic
elements is of great concern because
concentrations can be present at trace
to ultra-trace levels, requiring sensitive
and reliable analytical techniques for
accurate measurement. Inductively
coupled plasma mass spectrometry
(ICP-MS) is a powerful elemental
analysis technique with multi-element
detection capabilities, low detection
limits, high speed of analysis, and wide
linear dynamic range. However, it is
also susceptible to interfering species,
leading to the formation of polyatomic
and doubly charged ions. Here, we
evaluate the performance characteristics of ICP-MS to carry out the validation procedures and QC requirements
defined in AOAC Method 2015.01.
www.spectroscopyonline.com

P

olyatomic interferences are
generated by the reaction of matrix ions and plasma-based elements, such as Ar, C, N, O, and H, which
can overlap target ions. Examples of such
polyatomic interferences relevant to toxicelement analysis include 40Ar35Cl+ on
75As+, 95Mo16O+ on 111Cd+, 185W16O+ on
201Hg+, and so forth. Doubly-charged ions
are formed by the secondary ionization of
elements with low second-ionization potentials, such as rare earth elements (REEs).
For example, the doubly-charged ions
from 150Nd and 150Sm may interfere with
75As, resulting in a false overestimation of
the result. Rare earth elements are not usually present in significant amounts in food
samples, but with increased industrialization and globalization, food products can
be sourced from geological regions with
high REEs. As such, rare earth elements
present in some food products should
not be overlooked in elemental analyses.
All commercially available single quadrupole inductively coupled plasma–
mass spectrometry (ICP-MS) systems are fitted with a collision/reaction cell (CRC) or collision/reaction interface (CRI), which either
utilizes collision mode with kinetic energy
discrimination (KED) or reaction mode with
dynamic bandpass tuning (DBT) to mitigate
interferences from polyatomic ions. The collision mode typically involves colliding both

the analytes and interferences with an inert
gas, usually helium. Because polyatomic
interferences have a larger cross-sectional
diameter than elemental ions at the same
mass (for example, 95Mo16O+ is larger than
111Cd+), they undergo more collisions and
lose more energy. Therefore, they cannot
pass the energy barrier at the exit of the
collision/reaction cell and are rejected from
the ion beam. However, interferences from
doubly-charged ions and isobars cannot be
effectively resolved using collision mode.
A few techniques have been developed to
correct for these interferences, which can be
either through post-analysis mathematical
corrections or via the use of reaction gases.
For doubly-charged ions, mathematical
corrections using the half-mass approach
(such as correction equations at higher
resolution) are often not preferred because
this comes at the expense of analyte sensitivity. A more effective means of removing these interferences is to use reaction
gases where, in the case of As, it reacts
with oxygen to form 75As16O+ at mass 91.
Moving the analyte away by +16 amu from
the respective doubly-charged interferents
results in a lower detection limit without
compromising analyte sensitivity.
Experimental
The Association of Official Analytical Collaboration (AOAC) International elemental
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FIGURE 1: Comparison of limits of quantification (LOQs) achieved in this work
with those captured in AOAC Table 2015.01H (2).

Percentage recovery (%)

140
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60

analytical method AOAC 2015.01 (1) describes the analysis of toxic elements in
food samples using ICP-MS. In this work,
the analysis of toxic elements As, Cd,
Hg, Pb, and Sb in various food matrices
following AOAC 2015.01 was validated
using the NexION ICP-MS (PerkinElmer
Inc.) instrument fitted with a universal cell
using both collision and reaction modes.
The instrument was also equipped with a
high throughput system (HTS) that utilized
flow injection technology to deliver the
sample to the plasma during the data acquisition stage and diverted the sample to
the waste for the rest of the time. This reduces the total sample load on the plasma
and results in less maintenance and downtime. Because the sample loading and loop
wash were enabled by the vacuum pump,
HTS can perform the wash procedure more
efficiently than conventional sample introduction. Sample digestion was performed
using a Titan MPS microwave digestion system (PerkinElmer Inc.). The instrument components and operating conditions used for
the analysis are shown in Table I.

40
20
0
As

Cd

Hg
NIST 1568b

Pb

NIST 2976

Sb

DORM-5

FIGURE 2: Recoveries for the certified elements in the CRMs.
TABLE I: ICP-MS instrument components and operating conditions
Instrument Component

Type/Value

Nebulizer

ST-PFA MicroFlow

Spray chamber

Quartz cyclonic

Torch

One-piece quartz torch, 2 mm i.d. injector

Cones

Nickel sampler and skimmer cones
Aluminum hyper-skimmer cone

Peristaltic pump tubing

Carrier/Internal standard: orange/
green (0.38 mm i.d.)
Waste: gray/gray Santoprene (1.30 mm i.d.)

Sample uptake rate

0.2 mL/min

Operating Conditions

Type/Value

RF power

1600 W

Plasma gas flow

15 L/min

Auxiliary gas flow

1.2 L/min

Nebulizer gas flow

Optimized for CeO+/Ce+<2.5%; Ce++/Ce+ < 2.5%

Cell gas

8 Spectroscopy 37(10)
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Instrument Optimization and
Method Development
The elements being determined, their respective isotopes, and the mode of analysis used for each element in this method
are listed in Table II. Cobalt, Mo, Zr,
and W were monitored for interference
evaluation. Among the analytes, As was
measured as AsO in reaction (DRC) mode
using oxygen as the cell gas, and the rest
of the analytes were measured in collision
(KED) mode using helium as the cell gas.
Reagents and Calibration Standards
Ultrapure water (UPW; 18.2 MΩ.cm) and
high-purity acids (Tamapure, Tama Chemicals) were used throughout this work.
The calibration standards were prepared
by the dilution of ICP-MS grade multi-element standards in a diluent made of 5%
HNO3 spiked with 200 ppb of Au to aid the
mobility of Hg. This diluent was also used
as the calibration blank and carrier solution. The concentrations of the calibration
standards are shown in Table III. Standard
4 was also used as a continuing calibration
verification (CCV) standard.
www.spectroscopyonline.com

TABLE II: Elements, isotopes, and mode of analysis (Note: though Sb is not a target
element in AOAC 2015.01, its analysis was performed due to its regional relevance)
Element

Mass

Mode

As

91

Oxygen DRC

Cd

111

Helium KED

Hg

201

Helium KED

Sb

121

Helium KED

Pb*

206 + 207 + 208

Helium KED

Co**

59

Helium KED

Mo**

95

Helium KED

Zr**

91

Helium KED

W**

182

Helium KED

Lu***

175

Helium KED

* Sum of three isotopes to address the natural abundance variation.
** Monitored elements
*** Element analyzed for digestion recovery evaluation.

TABLE III: Concentrations of the calibration standards
Element
As, Cd,
Sb, Pb,
Lu
Hg

Standard
1 (ppb)

Standard
2 (ppb)

Standard
3 (ppb)

Standard
4 (ppb)

Standard
5 (ppb)

Standard
6 (ppb)

0.01

0.1

1

10

25

100

0.001

0.01

0.1

1

2.5

10

TABLE IV: Microwave digestion parameters
Target
Temperature (°C)

Pressure
(Bar)

Ramp
Time (min)

Hold Time
(min)

Power (%)

1

160

30

5

5

90

2

190

30

3

20

100

3

50

30

1

15

0

Step

The internal standard solution was
comprised of 40 ppb of Rh and Ir in a
solution of 1% HNO3 and 4% isopropanol (IPA) and spiked with 200 ppb of Au.
Isopropanol was added to compensate
for the difference in the carbon content
in the standards and the samples and
among samples to address the carboninduced signal enhancement effects
on As (2,3). The internal standard was
introduced into the designated port of
the HTS valve and mixed online with
the sample. The wash solution consisted of 1.5% HCl (v/v), 1.5% HNO3 (v/v),
and 5% IPA, and it was spiked with 200
ppb Au where IPA was used to facilitate
the washout of organic materials.
10 Spectroscopy 37(10)
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Interference Removal
Checking Solutions
In this work, the interference from
59Co16O + and 91Zr+ on 91AsO+, 95Mo16O+
2
on 111Cd +, and 185 W 16 O + on 201Hg +
was evaluated using a series of singleelement standard solutions of Co, Zr,
Mo, and W, which were prepared in 3%
HNO3 with concentrations of 10, 50,
and 100 ppb each.
Sample Preparation
Three food certified reference materials—SRM 1568b (rice flour) and
SRM 2976 (mussel tissues), purchased
from the National Institute of Science
and Technology (NIST), and DORM-5

(fish protein) purchased from National
Research Council Canada—were used
to validate the accuracy of the method.
They were also used to evaluate the
method precision (via method duplicates) and matrix spikes, in which the
samples were spiked with multi-element standards to the concentrations
of 1 ppb for As, Cd, Sb, and Pb, and 0.1
for Hg in the analytical solutions. For all
food samples, lutetium (Lu) was added
before digestion to assess the potential loss during digestion, as specified
in AOAC 2015.01. Three method blanks
were included in each digestion batch.
The blanks were treated the same as
the samples and went through all the
preparative steps.
The digestion vessel was pre-wet by
adding a few drops of ultrapure water
(UPW). Food samples of ca. 0.5 g were
accurately weighed, and then transferred into 75 mL microwave digestion
vessels. Then, 1 mL of UPW was added,
followed by 8 mL HNO3, 2 mL H2O2,
and 0.1 mL of 100 mg/L Au and 100
mg/L Lu. The method blanks, samples,
and matrix spikes were digested in the
same batch using the built-in rice flour
method. Microwave digestion parameters are shown in Table IV.
After digestion, the samples were
decanted into the pre-weighed centrifuge tubes and brought up to the
40 mL mark with UPW to obtain the
intermediate sample solution, and the
weights were recorded. An aliquot
of the intermediate sample solution
(10 mL) was pipetted into a pre-weighed
50 mL centrifuge tube before UPW was
added to the 40 mL mark, and then
the weights were recorded. A total dilution factor of ca. 320 was achieved
and the samples were read y for
ICP-MS analysis.
Results
Evaluation of the Interference
Mitigation/Removal
The effectiveness of the interference
mitigation/removal was evaluated by
the background equivalent concentrations (BECs) of the target elements in
the interference removal checking sowww.spectroscopyonline.com

lutions. The results are shown in Table
V. For As, which is analyzed as AsO,
the background is at ppt/sub-ppt levels
with Zr and Co at concentrations up to
100 ppb; for Hg and Cd, the background
is ≤10 ppt with W and Mo at concentrations up to 50 ppb. In all cases, the concentrations tested for the interfering
elements were much higher than can
be expected in normal food materials.
For this reason, the interfering elements
were monitored in this study to cover extreme analytical scenarios.
Lutetium (Lu) Digestion Spike
Recoveries higher than 85% were
achieved for all digested samples,
including matrix spikes, blanks, and blank
spikes, meeting the acceptance criteria
(≥ 75%) as recommended in AOAC Table
2015.01F (2).
Detection Limits
The limit of quantification (LOQ) was calculated as 10 times the standard deviation of
10 replicated measurements of the method
blank multiplied by the dilution factor.
A comparison of the LOQs achieved
in this work and those provided in AOAC
2015.01 is shown in Figure 1. For all the
target elements, the LOQs obtained in
this work were lower than those of different food types published in AOAC
Table 2015.01H.
Accuracy
The accuracy was verified by evaluating the recoveries of various analytes

TABLE V: Interferences evaluation for the target elements
Element

Concentration
(ppb)

Interfering
Ions

10
Zr

BEC of Interfered Analyte (ppb)
91AsO+

100

<DL
0.0002

10

0.001
59 Co16 O +
2

50

0.002

100

0.003

10
W

0.003
185 W 16 O +

50

0.010

100

0.025

10
Mo

111Cd+

<DL
91Zr+

50

Co

201Hg+

0.002
95 Mo16 O +

50

0.006

100

0.013

achieved for the SRMs: NIST 1568b
(rice flour), NIST 2976 (mussel tissues),
CRM DORM-5 (fish protein), and the
matrix spikes.
The CRMs and matrix spikes were
prepared in duplicates, and each
preparation was measured three
times. The mean recoveries of the
duplicates are shown in Figure 2.
Recoveries between 85% and 114%
were obtained for the certified elements, falling well within the QC criteria of 75–125% as provided in AOAC
Table 2015.01F.
Matrix spikes were performed on
three CRMs. Duplicates were prepared
for each spiked sample. The mean recoveries are shown in Figure 3. Recov-

eries between 75% and 113% were obtained for all target elements, meeting
the QC acceptance criteria of 70–130%
as specified in AOAC Table 2015.01F.
Precision
The precision was evaluated by the
relative percent difference (RPD) of
duplicated sample analysis. The duplicated samples were separately
dig e s ted and went t hroug h t he
same sample preparation process
as individual samples. These tests
were per formed on three CRMs.
In all cases, the RPDs were within the
QC acceptance criteria of <30% as
specified in AOAC Table 2015.01F for
all target elements, as shown in Table VI.

TABLE VI: RPD test results on the CRMs*
NIST 1568b
Measured
Conc.
(µg/kg)
Portion A

Measured
Conc.
(µg/kg)
Portion B

As

296.33

290.80

Cd

19.91

Hg

8.58

Pb

7.08

Element

NIST 2976
RPD
(%)

Measured
Conc.
(µg/kg)
Portion A

Measured
Conc.
(µg/kg)
Portion B

2%

14035.8

21.48

8%

6.76

24%

7.27

3%

DORM-5
RPD
(%)

Measured
Conc.
(µg/kg)
Portion A

Measured
Conc.
(µg/kg)
Portion B

RPD
(%)

13680.4

3%

12884.6

12879.5

0.04%

892.99

890.26

0.3%

154.01

147.66

4%

64.06

57.44

11%

301.34

296.21

2%

1055.0

963.99

9%

50.68

53.77

6%

Sb

<LOQ

<LOQ

-

10.69

11.66

9%

6.48

6.61

2%

Se

383.02

375.03

2%

2056.9

2005.2

3%

2469.1

2464.8

0.2%

* Portion A and Portion B were separately digested
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(3)

T. Ariga, Y. Zhu and K. Inagaki, J.
Anal. At. Spectrom. 34, 1865–1874
(2019)
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FIGURE 3: Spike recoveries for the tested CRMs. *The recoveries of As for
NIST 2976 and DORM-5 were not reported. The spike level in this case was too
low (<5% of the intrinsic amount), resulting in higher errors.
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FIGURE 4: CCV recoveries over an 8-h run of food samples.

Stability Check
To validate the stability of the method,
various food samples were measured repeatedly over 8 h , and the CCV recoveries
were checked over this period. CCV was
measured every 10–15 samples. All CCV
recoveries were normalized to Standard 4
(Table III), and were well within ± 10% of
the original reading, as shown in Figure 4,
meeting the QC acceptance criteria of 85–
115% as specified in AOAC Table 2015.01F.
Conclusions
The method outlined in AOAC 2015.01
was validated with a commercially available ICP-MS instrument using both collision and reaction cell modes, automated
12 Spectroscopy 37(10)
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sampling procedure, and microwave digestion system for the determination of
the toxic elements As, Cd, Hg, Pb, and
Sb in various food matrices. The study
was evaluated for the LOQ, accuracy,
precision, and stability. All the QC criteria were met or exceeded, showing the
method suitability of this equipment in a
routine laboratory environment.
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CHEMOMETRICS IN SPECTROSCOPY

Decimal Versus Binary
Representation of
Numbers in Computers
Howard Mark and Jerome Workman, Jr.

The dichotomy created by the advent of computers and brought
up by the title of this column was
a major quandary in the early
days of the computer revolution,
causing major controversy in both
the academic and commercial
communities involved in the development of modern computer architectures. Even though the controversy was eventually decided
(in favor of binary representation;
all commercially available computers use a binary internal architecture), echoes of that controversy
still affect computer usage today
by creating errors when data is
transferred between computers,
especially in the chemometric
world. A close examination of the
consequences reveals a previously
unexpected error source.

www.spectroscopyonline.com

S

o what’s the cause for all the
furor? Basically, it’s because the
“natural” smallest piece of internal
hardware of a computer (a “bit”—contraction of a binary digit) has two states: “on”
and “off.” The literature assigns various
name pairs to those states: on/off; high/
low; true/false, or one of the various others
depending on the application. The name
pair of special interest to us here is “1/0.”
Conceptually, the 1/0 dichotomy can be
used to implement several different underlying concepts, including Boolean logic
states and numbers. Regardless of this interpretation, the state of the circuit is represented by an actual voltage at the output
of the circuit. Typically, the state “0” would
correspond to an actual zero voltage at the
output, whereas a “1” state would represent some non-zero voltage; five volts
is the common value. Actual hardware
can transiently have intermediate values
while changing from one state to another.
As an example, when analyzing the function the hardware performs, intermediate
voltages are considered disallowed; in actual hardware, intermediate voltages only
occur briefly during a change of state.
Hardware can be devised to create basic
Boolean logic functions such as “AND,”
“OR,” and “NOT.” Combinations of those
basic functions can be, and are, used to
create more complicated logic functions,

and they can also perform functions George
Boole never conceived of as long as the output signal of the hardware is a voltage that
corresponds to either a “zero” or a “one.”
So much for interpreting 1/0 as logic.
What we want to know is how that same
concept is used to represent numbers.
It is very straightforward; it’s done
the same way that we do with decimal numbers. We call our usual number system “decimal,” which is also
called base‑10 because it consists of
10 digits: “0,” “1,” “2,” “3,” “4,” “5,” “6,”
“7,” “8,” and “9” (10 different symbols
representing the 10 digits). In contrast,
binary (base‑2) numbers are only allowed two states, with symbols representing the two states, the zero and
one described above. As a short aside,
mathematicians have described number
systems with different numbers of states
(and corresponding symbols). For example, in a ternary number system, a digit
can have three states (“0”, “1”, and “2”),
although the issue with this system is that
it is not so easily implemented in hardware.
That’s one reason you never see it in dayto-day use. Donald Knuth discusses some
of the more exotic number systems mathematicians have devised in his masterwork
(see section 1.2.2 of [1]), such as number
systems with fractional and even irrational bases (“There is a real number,
October 2022
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TABLE I: Correspondence between numerical representation of the numbers
0–20 in the various number systems we have discussed
Decimal
(Base 10)

Binary
(Base 2)

Ternary
(Base 3)

Octal
(Base 8)

Hexadecimal
(Base 16)

0

0

0

0

0

1

1

1

1

1

2

10

2

2

2

3

11

10

3

3

4

100

11

4

4

5

101

12

5

5

6

110

20

6

6

7

111

21

7

7

8

10000

22

10

8

9

1001

100

11

9

10

1010

101

12

a

11

1011

102

13

b

12

1100

110

14

c

13

1101

111

15

d

14

1110

112

16

e

15

1111

120

17

f

16

10000

121

20

10

17

10001

122

21

11

18

10010

200

22

12

19

10011

201

23

13

20

10100

202

24

14

denoted by e = 2.718281828459045...,
for which the logarithms have simpler properties” (see page 23 in [1]).
That means that e, a number that is
not only irrational, but transcendental,
can be the base of a number system.
But we won’t go there today.).
In fact, some of the alternative number systems are sometimes seen in computer applications. In particular, the octal
(base-8) and the hexadecimal (base-16)
number systems are sometimes used in
special computer applications and for
pedagogical purposes in instructional
texts. Octal- and hexadecimal systems are
particularly well-suited to being used for
representing numbers in computers by
virtue of the fact that they are both powers of two. Thus, they can easily be converted to or from their binary representation. Octal numbers can be expressed
simply by taking the bits of a binary number in groups of three, and hexadecimal
14 Spectroscopy 37(10)
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numbers can be expressed by taking the
bits of a binary number in groups of four.
Conversion to other bases is more complicated and we leave that for another time.
Sometimes, we need to accommodate another limitation of the number
systems we use. For example, all number
systems have one and the same limitation—the number of symbols that are
used to represent numbers is finite and
limited. So how do we represent numbers higher than those that can be represented with a single symbol?
For example, the binary system only allows for two states, so how can we count
to values higher than 1? Again, the answer
is in a similar fashion to how we do it in
the decimal number system. And how
is that? The answer is that we use positional information to enable counting beyond the limit of the number of symbols
available. When we’ve “used up” all the
symbols available to us in one place of

the number, we add another place, and
in it we put the number of times we’ve
“run through” all the available symbols in
the next lower place.
Regardless of the number system, another limitation is that there are only a finite
number of symbols to represent the digits,
so how can we keep counting to higher
numbers when we’ve “used up” the available symbols? Of all the number systems
we’ve mentioned, one of them encounters this problem—the hexadecimal system, which requires 16 different symbols,
six more than our usual numbers do. The
solution generally applied is to co-opt some
of the alphabetic characters as numerical
digits; typically the letters a–f are used to
represent digits with values of 10 to 15.
To see how this all works, Table I shows
how the first 20 numbers (plus zero) are
represented in each of these various number systems. Online utilities are available to
convert from one number base to another
(an example is in the literature [2]). It is obvious that there is danger of confusion because the same symbol combination could
represent different numbers depending
on which number system it is being used
in. In cases where such confusion could
arise, the number system is indicated with
a subscript after the number. Thus, for example, 1002 = 410 (read as: “one-oh-oh in
base two equals four in base ten”), whereas
1003 = 910 (read as “one-oh-oh in base
three equals nine in base 10,” as we can
see from Table I), and the subscripts tell us
which is which. How do we then interpret
the subscripts? Those are decimal!
Numbers in Computers
Once they are constructed, computers
have no problem dealing with any of those
systems of numbers, although some are
more complicated for engineers to set up
than others. However, people have problems with them. For example, consider one
very simple question: “is ef7da116 greater
or less than 11001011101010000102?”
I’m sure that any of our readers could, with
enough time and effort, work out the answer to that question, but the point is that
it doesn’t come easily; certainly, it’s not
as easy as answering the similar question
“Is 510 greater or less than 1310?”
www.spectroscopyonline.com

We’re used to working with decimal
numbers. At the beginning of the computer revolution and even in the times before then when “computers” meant multimillion-dollar devices attended by “high
priests” (as they were perceived at the time),
the question of how to represent numbers
inside a computer arose, and it was an important question. Back then, computers
were used to perform calculations involving
multi-million-dollar business transactions
(at a time when a million dollars was worth
something!), and the results needed to be
checked to ensure that the computers were
working properly and providing correct answers. Only people could do that, and they
had to do it using decimal representation.
That created a strong incentive to have the
computers also use decimal representation
so that the computers’ internal numbers
could easily and directly be compared with
the manual computations.
Eventually, the need for people to comprehend what the computers were doing
was addressed with a hybrid approach

called binary-coded decimal (BCD).
Numerical information was maintained
internally as decimal values, where each
digit 0–9 was expressed individually in
binary. This process required only four
bits per digit, just like hexadecimal,
but only 10 of the 16 possible combinations were allowed to be expressed.
This process allowed combinations to be
put into a one-to-one correspondence
with the ten decimal digits. This scheme
made it easier for humans to interpret,
but it carried some disadvantages: 1)
it increased the complexity of each digit’s
circuitry to prevent it from entering a disallowed state, which made computers
more expensive to construct and more
subject to breakdowns; 2) arithmetic circuits were also more complicated to enable decimal instead of binary operations;
and 3) the circuitry for all four bits for each
digit had to be present for every decimal
digit throughout the computer, even
though only 10 of the possible 16 combinations of those four bits were used.

INTEGRATING
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As a result, it was a very inefficient
use of the hardware. To represent numbers of up to (say) 100,00010, all components, wiring, controls, memory, and
interconnects required 6 x 4 = 24 bits of
(more complicated) hardware for BCD
numbers compared to only 17 bits for binary numbers. The discrepancy increased
as the magnitude of the numbers that
needed to be accommodated increased.
In the days before large-scale integration
techniques were available, that allowed
an entire computer to be fabricated on a
single silicon chip, which imposed a substantial cost penalty on computer manufacturing because the extra bits had to
be included in the control, processing,
memory, and every other part of the computer. Some “tricks” were available to reduce this BCD penalty, but the “tricks”
often had the side-effect of exchanging
higher hardware cost for slower computation speed, and it was still more expensive to build a computer for BCD numbers
than for binary numbers.

The Mid-IR IntegratIR
Great for studying
reflection properties of
solids, analyzing lightscattering and/or highly
absorbing samples and
collecting spectra difficult
to obtain with standard
sampling techniques.

External Integrating Sphere
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highly precise reflectivity
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TABLE II: Decimal equivalent of powers of two
Power of Two

Binary Value

Binary Fraction

Equivalent Decimal Fraction
0.5

2-1

0.1

1/21

2-2

0.01

1/2 2

0.25

2-3

0.001

1/23

0.125

2-4

0.0001

1/24

0.0625

2-5

0.00001

1/25

0.03125

2-6

0.000001

1/26

0.015625

2-7

0.0000001

1/27

0.0078125

2-8

0.00000001

1/28

0.00390625

2-9

0.000000001

1/29

0.001953125

2-10

0.0000000001

1/210

0.0009765625

2-11

0.00000000001

1/211

0.00048828125

2-12

0.000000000001

1/212

0.000244140625

2-13

0.0000000000001

1/213

0.0001220793125

2-14

0.00000000000001

1/214

0.00006103515625

2-15

0.000000000000001

1/215

0.00003051758125
0.0000152587890625

2-16

0.0000000000000001

1/216

2-17

0.00000000000000001

1/217

0.00000762939453125

2-18

0.000000000000000001

1/218

0.000003814697265625

2-19

0.0000000000000000001

1/219

0.0000019073486328125

2-20

0.00000000000000000001

1/2 20

0.00000095367431640625

2-21

0.000000000000000000001

1/2 21

0.000000476837158203125

2-22

0.0000000000000000000001

1/2 22

0.0000002384185791015625

2-23

0.00000000000000000000001

1/2 23

0.00000011920928955078125

2-24

0.000000000000000000000001

1/2 24

0.000000059604644775390625

2-25

0.0000000000000000000000001

1/2 25

0.0000000298023223876453125

In fact, remnants of BCD number representations still persist in the form of any
device that has a built‑in numeric display.
Typically, those consist of a seven-segment
LED (or other electro-optical technology)
are arranged so that activating appropriate segments allow any numeral from zero
to nine to be displayed. Although often
combined into a single circuit, that requires conceptually two stages of decoding to implement. For each digit displayed,
four binary bits are decoded to one of the
10 decimal digits, then each of those is
decoded to determine which of the LED
segments needed to be activated.

puter on the silicon integrated circuit (the
“chip”). Because the “fab” needed to construct such a computer costs several millions of dollars, efficiency in using silicon
“real estate” is of paramount importance,
so modern computers use binary numbers
for their internal operations, whereas input
(accepting data), and output (providing results), both of which involve human interaction, are done using decimal. With the
increases in computer speed and reliability
achieved over the years, the conversions
between the two domains is performed
via the software, bypassing the older problems previously encountered.

Where Are We Today?
In modern times, computers are based
on micro-controllers that often include,
as mentioned above, an entire com-

The Problem
However, we’re not out of the woods yet!
We have not yet accounted for all the
numbers and types of numbers we ex-
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pect our computers to deal with. In particular, ordinary scientific measurements
need to deal with very small (for example,
the size of a proton is 8 x 10 ‑16 meters)
and very large quantities (the universe is
(as of this writing) known to be roughly
92 billion (9.2 x 1010) light years in diameter and
14 billion (1.4 x 1010) years old; a mole
consists of 6 x 1023 atoms, and so forth).
Ordinary numbers were insufficient to
deal with the need to represent these very
small and very large quantities. As a result,
scientific notation was devised to help us
express these extreme quantities, as I just
did at the beginning of this paragraph.
There is a similar problem in computer expression of numbers—how to
deal with very large and very small
numbers. A separate but related problem is how to represent fractions; note
www.spectroscopyonline.com

that the examples and number systems
described above all deal with integers.
However, computers used in the “real
world” have to deal with fractional
values as well as very large and small
ones. The computer community has
dealt with that problem by devising a
solution analogous to scientific notation.
Computers generally recognize two types
of numbers, maintained by the software
and independent of the number base used
by the hardware. These are designated
“integers” and “floating point” numbers.
All the number systems we’ve discussed
above, regardless of the number base,
are integers. Although a mathematician
might disagree with this definition, for our
purposes here we consider “integers” to
mean the counting numbers (as in Table
I). Integers are generally limited to values
from zero to a maximum determined by
the number of bits in a computer “word”
(which is hardware-dependent) and their
negatives, regardless of the number base.
Table I tells us (almost) everything else we
need to know right now about integers.
The other type of numbers, which are
recognized and used internally by computers, is analogous to scientific notation
and called “floating point” numbers.
Floating point numbers come in a variety
of implementations, which are designated
Float-16, Float-32, Float-64, and so forth,
depending on how many bits of memory
are allocated by the computer software
to each “floating point” number. Generally, that is a small multiple of the size of
a computer “word,” which is the number
of bits, determined by the hardware, that
the computer can handle simultaneously
(and not incidentally, usually also determines the maximum size of an integer).
Generally, each number is divided into four
parts: an exponent; a mantissa; sign of the
exponent; and sign of the mantissa.
Because different manufacturers could
split up the parts of a floating point number
in a variety of ways, this scheme could—
and did—lead to chaos and incompatibility problems in the industry, until the
Institute of Electrical and Electronic Engineers (IEEE), a standards-setting organization for engineering disciplines, stepped
in (3). Comparable to the American Sociwww.spectroscopyonline.com

ety for Testing and Materials (ASTM) (4,5),
IEEE created a standard (see IEEE‑754) (6)
for the formats of numbers used inside
computers. The standard defines two
types of floating point numbers, single
precision and double precision. Each is
defined by splitting a number into two
main parts, an exponent and a mantissa.
Per the standard, the 32 bits of a singleprecision number allocate 23 bits for the
mantissa of the number, which gives a pre-

cision equivalent to 6–9 decimal digits depending on the magnitude of the number.
Double precision uses 64 bits to represent
a number and actually provides more than
double that of single precision, the 52-bit
mantissa of an IEEE double-precision number is equivalent to a precision of approximately 16 decimal digits.
However, we’re still not out of the woods.
There’s no flexibility in the binary representation of data in the computer, especially if

Tired of Nitric Acid Baths?
Milestone’s traceCLEAN is your answer.

R

eplacing unsafe acid baths and inefficient microwave cleaning runs
with an automated labware cleaning solution can have a dramatic
effect on your trace metals lab’s throughput. Milestone’s traceCLEAN
automated cleaning system safely eliminates labware contamination and
helps produce superior ICP/ICP-MS results.
IMPROVED WORKFLOW

High productivity is ensured as the
cleaning cycle takes about an hour

EFFICIENT

Hot nitric acid steam ensures
superior cleaning efficiency

AUTOMATED AND CONVENIENT
Place the items to be cleaned
and press “START”

WIDE APPLICABILITY

Suitable for all digestion vessels,
glassware and ICP accessories

SAFE

No operator exposure to acid fumes
through a dedicated exhaust system

See what Milestone can do for your lab.
www.milestonesci.com/traceCLEAN | 866.995.5100

CLEAN CHEMISTRY

MILESTONE

H E L P I N G
C H E M I S T S

milestonesci.com

DIGESTION | MERCURY | ASHING | EXTRACTION

October 2022

Spectroscopy 37(10) 17

TABLE III: Decimal and hexadecimal equivalents of truncated decimal values of pi. “Truncated number” is what gets
sent as successive digits are lost because of incorrect formatting. “Truncated decimal number” is what the receiving
computer receives, and “Hexadecimal equivalent” is what the receiving computer stores in memory. “Recovered value”
is the decimal equivalent of the hexadecimal number that the receiving computer will use for further calculations.
Truncated Number

Truncated Decimal Number

Hexadecimal Equivalent

Recovered Value

3.141592653589793

3.141592653589793 10

400921fb54442d1816

3.14159265358979311599

3.14159265358979

3.14159265358979010

400921fb54442d1116

3.141592653589790007

3.1415926535897

3.14159265358970010

400921fb54442c46 16

3.141592653589969985

3.141592653589

3.14159265358900010

400921fb5444261e16

3.141592653588999972

3.14159265358

3.14159265358000010

400921fb5443d6f416

3.141592658000006074

3.1415926535

3.14159265350000010

400921fb5441174416

3.141592635000000541

3.141592653

3.14159265300000010

400921fb542fe93816

3.141592653000000012729

3.14159265

3.14159265000000010

400921fb53c8d4f116

3.141592650000000208621

3.1415926

3.14159260000000010

400921fb4d12d84a16

3.14159000000006840537

3.141592

3.14159200000000010

400921fafc8b007a16

3.141592000000000162174

3.14159

3.14159000000000010

400921f9f01b866e16

3.141589999999999988261

3.1415

3.14150000000000010

400921cac083126f 16

3.141500000000000181188

3.141

3.14150000000000010

400920c49ba5e35416

3.141592650000000000000142

3.14

3.14150000000000010

40091eb851eb851f 16

3.13999999999886437

they are, in fact, IEEE single-precision numbers, but a problem arises when someone
is careless when changing the representation to decimal for external use, such as
transferring the data to another computer,
displaying it for people to read, or performing computations on it after conversion to
decimal. It doesn’t matter what the data is;
it’s a fundamental problem of number representations. Converting the internal values
in your computer to a format with an insufficient number of decimal digits is the underlying source of a problem, and that will
affect the results of any further calculation
performed on that data.
The IEEE specifications include the following proviso: if a decimal string with at
most six significant digits is converted to
IEEE 754 single-precision representation
and then converted back to a decimal
string with the same number of digits,
the final result should match the original
string. Similarly, if an IEEE 754 single-precision number is converted to a decimal
string with at least nine significant digits, and then converted back to singleprecision representation, the final result
must match the original number (3). So
when you write out your data to a file and
the data is written as decimal numbers,
the data stored in the file will have an
18 Spectroscopy 37(10)
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insufficient number of decimal digits
of precision, and contain neither the sixand-a-half digits worth that the internal
binary representation of the data contains nor the nine that is recommended.
When that data is read into another computer, the binary number generated in the
second computer is not the same as the
original binary number that gave rise to it.
Performing computations, such as a derivative or other processing, does not fix the
problem, because the new data will also be
subject to the same limitations. Thus, transferring data to a different computer so that
a different program can work on it may not
give the same results as performing the
same computations on the original data.
This discussion is pertinent to some
data-transfer standards. For example,
JCAMP-DX (7) is a popular format for
computer exchange of spectral data.
The JCAMP-DX standard does not address the question of the precision of the
data being handled; it permits data to be
stored using an arbitrary number of digits
to represent the original data. Therefore,
an unwary user of JCAMP-DX may use
an insufficient number of decimal digits
to store spectral data in a JCAMP-DX file
and later be surprised by the results obtained after the data has been transferred.

For example, if the data is to be used
for chemometric calibration purposes
(for example, multiple linear regression
[MLR] or principal component regression
[PCR]), different results will be obtained from
data after it has been transferred to a second computer than if it was obtained from
the original data in the original computer.
How can this be fixed? As per the
discussion above, any external decimal
representation of the data must be formatted as a decimal string of at least
nine decimal digits. Currently, examples
of JCAMP-DX files I’ve seen sometimes
use as few as five decimal digits. I have
seen JCAMP-DX files written by current
software packages that wrote the spectral data using as few as six or seven
decimal digits, which is better but still
short of the nine required. I am not completely convinced that nine digits is sufficient, although at least it errs on the
side of safety. The reasons for my doubt
are explained in the appendix below.
Therefore, rewriting the code you use
to export the data, so that it writes the
data out with nine significant digits, is a
minimal requirement on what needs to
be done. Any other programs that read
in that data file must also accept and
properly convert those digits.
www.spectroscopyonline.com

Appendix
The below is a demonstration of the need
for sufficient digits in the decimal representation of numbers converted from internal
binary to decimal.
As in any number system, numbers are
represented by the sum of various powers
of the base of the number system. In a
binary system as used in computers, the
base is 2. Integers (counting numbers ≥1)
are represented as the sum of powers of
2 with positive exponents: N = A020 + A121
+ A222 + A323 + …In the binary system,
the multiplier, Ai, can only have values of
0 or 1; the corresponding power of two is
then either in or not in the representation
of the number.
Floating point numbers (for example, IEEE-754 single precision)
are represented by binary fractions;
that is, numbers less than 1 that consist
of the sum of powers of 2 with negative
exponents (for example, A12-1 + A22-2 +
A32-3 + …), where again, the various Ai
can only have values of 0 or 1. When we

convert this representation to decimal,
each binary digit contributes to the final
result an amount equal to its individual
value. Table II presents a list of the exact
decimal values corresponding to each
binary bit. In Table II, these decimal values are an exact representation of the
corresponding binary bit. If a conversion of a number from binary to decimal does not include sufficient digits
in the representation, then it does not
accurately represent the binary number.
When the number is converted back to
binary in the receiving computer, that
number will not be the same as the
corresponding number in the original.
We discuss this point further below.
Numbers greater than 1 are represented by multiplying the mantissa (from
Table II) by an appropriate power of two,
which is available as the “exponent” of
the IEEE‑754 representation of the number. You should be careful when decoding
the exponent because there are a couple
of “gotchas” that you might run into;

those are explained in the official standard
(available as a PDF file online), in discussions of the standard, and in the literature
(8) that provide details for creating and decoding the exponent, as well as the binary
number comprising the mantissa.
There are several takeaways from Table
II: first, we see that the number of decimal
digits needed to exactly express the value
of the number (including the leading zeroes) equals the power to which 2 is raised.
We also see a repeating pattern: beyond
2-3, the last three digits of the decimal
number repeat the sequence ...125, ...625,
...125.... From Table II, we also see that the
statement “single precision corresponds
to (roughly) 6.5 digits” (as derived from
the IEEE-754 standard [3]) means that by
virtue of the leading string of zeros in the
decimal-conversion value, any bits beyond
the 23rd bit will not affect the value of the
decimal number to which binary representation is converted. Table II demonstrates
that property because all of the first seven
digits of the decimal equivalent are zero at
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and beyond the 24th bit. Therefore, when
added into the 6-decimal-digit equivalent of the binary representation, the sum
would not be affected.
At any stage, the exact decimal representation of a binary number requires exactly the same number of decimal digits to
represent the corresponding binary fraction as the exponent of that binary digit.
One point of this exercise was to demonstrate that because these representations of
the binary digits are what must be added to
give an exact representation of the original
binary number, it therefore requires as many
decimal digits to represent the binary number as there are bits in that binary number.
Errors in Representation
Above, we alluded to the fact that floatingpoint numbers are inexact, and that the degree to which they are inexact depends on
the number base. For example, the decimal
number 0.310 cannot easily be represented
in the binary system. 2‑12 = 0.510 is already
too large and 2‑22 = 0.25 is too small. We
can add smaller increments to approach
0.3 more closely. For example, 0.0112 = 2‑22
+ 2‑32 = 0.2510 + 0.12510 = 0.37510, which is
again too large. And 0.01012 = 0.312510 is
still too large, whereas 0.010012 = 0.2812510
is again too small. We’re closing in on 0.310,
but clearly it’s not simple. Using an online
decimal-to-binary converter (2) reveals that
0.01001100110011...2 is the unending binary
approximation to 0.310 but any finite-length
binary approximation is inevitably still in
error. Different number bases are not always
easily compatible.
This issue becomes particularly acute
when converting numbers from the binary
base inside a computer to a decimal base
for transferring data to another computer,
and then back again. Ideally, the binary
value received and stored by the recipient computer should be identical to the
binary value sent by the initial computer.
For some data transfer protocols, for example, JCAMP-DX allows for varying precision of the decimal numbers used by the
transfer. In Table III, we present the results
of a computer experiment that emulates
this process while examining the effect of
truncating the decimal number used in the
transfer (perhaps because of insufficient
20 Spectroscopy 37(10)
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numbers of decimal digits being specified
as the format). We picked a single number
to represent the numbers that might be
transferred and expressed it in decimal
and hexadecimal numbers; the hex number represents the internal number of the
transmitting computer. The decimal number was successively truncated to emulate
the effect of different precision during the
transfer and the truncated value used, to
learn what the receiving computer receives
(the value recovered). The test number
we used for this experiment was pi—
a nice round number! We used Matlab
to convert decimal digits to hexadecimal
representation. Unfortunately, Matlab has
no provision to allow entry of hexadecimal
numbers, so an on‑line hex‑to‑decimal software program was used to implement the
hex‑to‑decimal conversions.
Conclusion
The results in Table III are enlightening.
Most users of JCAMP software packages
(and probably other spectrum-handling
software as well) do not provide enough
decimal digits in the representation of
the spectral data that is transferred to ensure that spectra transferred from one to
computer to another are identical on both
computers. Therefore, any further computations the computers execute will give
different answers because of the use of different data values, which is particularly pernicious in the case of “derivatives,” where
the computation inherently provides the
results of small differences between large
values. This pushes the (normally negligible) errors of the computation into the
more significant figures of the results.
Correction
A previous column, published in the July,
2022 issue of Spectroscopy, contained an
error. The title of that column was given
as “Chemometrics in Spectroscopy: Data
Transforms in Chemometric Calibrations:
Simple Variations of MLR, Part 1.” Unfortunately, the column prior to that one,
published in the February, 2022 issue,
also had the title “Chemometrics in Spectroscopy: Data Transforms in Chemometric Calibrations: Simple Variations of
MLR, Part 1.” Clearly, someone (probably

myself, when proofreading) fell asleep at
the keyboard. Obviously, the July column
was, and should have been titled, “Part 2.”
We apologize for the error.
References
(1) D.E. Knuth, The Art of Computer Programming (Addison-Wesley, Menlo
Park, CA, 1981).
(2) D. Wolff, Base Convert: The Simple
Floating Base Converter (accessed
September 2022). https://baseconvert.com/.
(3) IEEE, IEEE Society (accessed September 2022). https://www.IEEE.org.
(4) H. Mark, NIR News 20(5), 14–15
(2009).
(5) H. Mark, NIR News 20(7), 22–23
(2009).
(6) Wikipedia, IEEE 754 (accessed September 2022). https://en.wikipedia.
org>wiki>ieee_754.
(7) R. MacDonald and P. Wilks, Appl.
Spectrosc. 42(1), 151 (1988).
(8) IEEE Computer Society, IEEE Standard for Floating-Point Arithmetic,
IEEE Std 754™-2008 (IEEE, New York,
NY, 2008). https://irem.univ-reunion.fr/
IMG/pdf/ieee-754-2008.pdf
Howard Mark
serves on the Editorial Advisory Board
of Spectroscopy,
and runs a consulting service, Mark
El e c tro n ic s , in S uf fe rn , N ew
York. Direct correspondence to:
SpectroscopyEdit@mmhgroup.com
J e ro m e Wo r kman, Jr. serves on
the Editorial Advisory Board of Spectroscopy and is the
Senior Technical
Editor for LCGC and
Spectroscopy. He is
also a Certified Core Adjunct Professor at U.S. National University in La
Jolla, California. He was formerly the
Executive Vice President of Research
and Engineering for Unity Scientific
and Process Sensors Corporation. ●
www.spectroscopyonline.com

LASERS AND OPTICS INTERFACE

Where Perception Meets Reality:
The Science of Measuring Color

Ethan Montag and Steve Buckley

Color is something that most
people take for granted. A key assumption in color science is that
our perceptions are similar and
individual differences are small.
Predictable rules, such as additive
color mixing, make color modeling
possible so that we can describe
the richness of color in relatively
low-dimensional spaces like red,
green, and blue (RGB). Here, we
look at how scientists define and
calibrate color, various color measurement methods, and issues that
arise when attempting to accurately measure and quantify color.
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S

pectroscopy can be defined
as “the interaction of light with matter,” and typically involves judgments
about the matter based on light absorption or emission. Hence, spectroscopists
deal with the electromagnetic spectrum
regularly, and we’re particularly interested
in emission or absorption of particular wavelengths of light. The initial modern study of
matter with light may be traced to the flame
spectroscope devised by Bunsen and Kirchoff in the 1800s in Heidelberg, which allowed them to identify elements by their
emission spectrum when they were injected into the eponymous Bunsen burner.
The motivation for this occurrence was almost certainly the addition of a common
salt such as table salt, which generated the
intense emission of the sodium “D” lines
at 589.0 and 589.6 nm. The pair went on to
discover two new elements, cesium and rubidium, with their spectroscope.
Although spectroscopists work continuously with light of various wavelengths, we are typically thinking of
discrete wavelengths corresponding
with emission or absorption. Few of us
have had a formal introduction to color
science, and how the perception of
“color” is derived from viewing either
continuous sources (like a tungsten
filament or other hot source emitting
blackbody radiation) or a combina-

tion of discrete sources with narrower
wavelength emissions.
Here, we cover some of the basics
of color science with my colleague,
Ethan Montag, who is an expert in color
science. I had the opportunity to ask
him a number of questions about color.
Hopefully, the discussion of how color is
parameterized and how we make accurate
color measurements serves as a good introduction that piques your interest!
There are lots of ways to describe
color, known as color spaces. Most
readers of Spectroscopy are probably familiar with the red, green, blue
(RGB) color system, whereby the three
primary colors can be additively combined to make any other color. Could
you describe any other color systems?
For example, what is the purpose and
origin of the International Commission
on Illumination Laboratory (CIELAB)?
Color is a perception. It is not a property
of an object, but the effect of light emitted
or reflected from objects impinging on the
eye and interpreted by the nervous system.
The ability to describe color using different
color spaces all derive from the fact that
there are three independent channels for
conveying color information from the eye
to the brain. The process of distinguishing color begins in the retina, where there
October 2022
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are three types of cone receptors, each
sensitive to a different, but overlapping,
region of the visible spectrum. My thesis
advisor, Robert M. Boynton, liked to point
out that the Young-Helmholtz Theory of
Trichromacy is the only theory in psychology to be experimentally confirmed.
There are many different types of
color spaces that are used for different
purposes. There are device-dependent color spaces (for example, cyan,
magenta, yellow, key [CMYK ] and
RGB) that are used to specify the production of color by subtractive (dyes
and pigments) or additive (displays)
mixing of primary colors. Then, there
are device-independent color spaces
(for example, standard RGB [sRGB]
and Pantone) used for color communication and specifying colors between
devices. For example, profiles can be
made that can transform the RGB of a
particular calibrated display to sRGB
and then back to the RGB of a different, calibrated display so that the two
displays match.
In color metrology, we use the
device-independent color spaces adopted by the CIE based on color matching experiments performed in the last
century. These include the CIE 1931
2° XYZ color space and the CIE 1964
10° supplementary XYZ color space.
These color spaces are based on linear
transforms of specific RGB primaries
used in color-matching experiments.
Because of trichromacy, these XYZ primaries are linear transforms of the actual cone response in the eye. Because
the curves describing the sensitivity of
cones to the visible spectrum overlap,
it was impossible to measure them directly when the system of colorimetry
was being developed. Vision researchers now have excellent values for the
long-, medium-, and short-wavelength
sensitive cones (abbreviated as LWS,
MWS, and SWS, respectively), but the
color science community has been
slow to adopt these physiologically
based primaries.
These primary-based color spaces
are actually “color blind.” That is, they
tell you whether two color patches
22 Spectroscopy 37(10)
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match (to the ideal observer) under
specific geometric illumination and
viewing conditions, but they do not tell
you what the color looks like. An empirically derived color space, CIELAB,
converts XYZ color coordinates to a
three-dimensional (3D) color space
where Euclidian distances (ΔE*ab) are
meant to be correlated with perceived
color differences. A unit distance between the [L*, a*, b*] coordinates of two
colors represents a noticeable difference between the colors. This space allows for the setting of color tolerances
for color reproduction. Over the years,
the use of this space has been refined
by replacing the Euclidian distance
with more complicated color difference
equations using the same coordinate
system. Although often represented
as a color appearance space, CIELAB
is more of an intermediate stage between the CIE XYZ and appearance.
There are color spaces, such as
the physical Munsell Book of Colors
and various color appearance models (CAMs), that attempt to organize
colors based on perceptual attributes
such as lightness, hue, and chroma
(colorfulness). The opponent processing of color is built into these spaces.
The appearance of color is based on
two opponent channels, red–green
and blue–yellow. These dimensions are
typically part of an appearance space.
However, the appearance of a color is
difficult to quantify because it depends
on the observer’s state of adaptation,
the context of the colored area being
viewed (its complex surroundings), and
both the conscious and subconscious
expectations of the observer.
What are some of the challenges in
making standardized color measurements? How does one “normalize”
illumination in the computation of
color values?
As mentioned in the last answer, colorimetry is based on an ideal (theoretical)
observer’s response derived from a limited set of human observers making real
color-matching judgments of isolated
color patches. Briefly, the color of a reflec-

tive surface is calculated by integrating over
the visible spectrum the product of the illuminant spectral power, the reflectance
factor of the surface, and each of the standard observer’s color matching functions
(x , y , and z ) to get tristimulus values (X, Y,
and Z). The system was designed so that
the color matching functions are all positive and y is the luminous efficiency function, V(λ), so that Y is directly proportional
to luminance. Therefore, they do not look
like any real primaries you might see in a
display. A non-spectroscopic form of color
measurement uses a colorimeter that has
three sensors, each with a sensitivity close
to the color matching functions (or a linear
transform of them). You might notice that
when we do this calculation, the reflectance of the object is lost. This observation might be surprising to spectroscopists
unfamiliar with color measurement.
A consequence of this occurrence is
color metamerism. Illuminant metamerism is the change in the color of an
object because of a change in the illumination. Two surfaces might match
under one illuminant but appear different under another. The ramifications
of this for color inspection is that the
desired illuminant must be specified.
The quantification and evaluation of
the effects of illumination metamerism is part of the portfolio of the field
of illumination engineering.
Observer metamerism is the mismatch between colors because of
changes in the observer. Two people
may have slightly different spectral sensitivities in their LWS cones, so a match
for one of them does not hold for the
other. In the extreme, this issue is manifested by color-blindness, dichromacy,
a missing cone type, or anomalous trichromacy where LWS or MWS cones
have sensitivities shif ted closer to
each other. In the normal color population, there are differences between
people because of slight wavelength
shifts in the LWS and MWS cone types.
Pre-retinal pigments can also contribute to observer metamerism. As one
ages, changes in the densities of optical structures in the eye can cause
spectrally selective changes as well,
www.spectroscopyonline.com

so that you can make different color
matches than your younger self.
A controversial topic in color vision
is tetrachromacy. It has been observed
that multiple MWS and LWS cone pigments with slightly different peaks can
be expressed in the cones. A small
percentage of biological females have
four cone types where the additional
cone has a shifted SWS or LWS cone
pigment. Although this trait is rare in
biological females, it influences color
matching behavior and discrimination
(they’re better than us!). The consensus
understanding is that the neural pathways to the brain are still trichromatic,
meaning that these individuals do not
have any additional dimensions of color
sensations. An analogous effect is that
under mesopic conditions, illumination levels where the rod photoreceptors and the cones both can respond.
The color-matching behavior is different than under photopic illumination
where only the cones contribute because the rod response is saturated.
We are all monochromats under scotopic (low-light) illumination where only
the rods are functional.
This information leads to the questions that people of ten ask about
color: Do colors look alike to everyone?
Is it possible that my “red” is perceived
as “green” to you? Because the physiology, color-matching behavior, and
color-opponency of color-normal humans is, to within close limits, the same,
I tend to believe, based on transitive
relationships, that colors “look alike”
to normal trichromats.
However, it is important to note that
it doesn’t mean that cultural and personal aspects of the “meaning” of color
do not affect how we see color in a
more expansive definition of what perception is (as opposed to sensation).
The association of pink for girls and
blue for boys is a cultural imposition,
which actually flipped the convention
from the early 1900s. It is very difficult
to control for the cultural influence of
color meaning when trying to study
whether different colors have emotional or physiological effects. I refer
www.spectroscopyonline.com

you to the literature on Baker-Miller
Pink, or the question of why we don’t
have yellow fire engines if you want to
enter the morass I try to avoid.
Why do we measure color? Are there
particular benefits from using one or
another of the structured color systems? How are color measurements
calibrated?
Why do we measure color? Before I attempt to answer this, we should address
what color is used for. I can list three purposes of color: identification; quality assessment; and aesthetics. Color is perhaps
the first tool we use to help us identify objects in the world. Think of a bookshelf in
your home. If you want to find a particular
one, you might typically think of the color
of the object and narrow your search by
focusing only on the books with that color.
Likewise, when you try to find your car in
a crowded parking lot, color is what you
use to search efficiently. Camouflage
is a nice example of how color helps us
in identification.
There is a theory that color vision
may have evolved to aid in the identification of ripe fruit in a background
of leaves. Although it may be problematic to apply a teleologic explanation
to the development of a biological
characteristic, it is hardly controversial
to say that color vision aids us in functions that help us maintain our species.
Although we can see the shape of a fruit
without color, we use color to assess its
quality. Likewise, we use color to assess
other aspects of fitness and health.
Therefore, it is conceivable that
aesthetic s plays the biggest role
in our use of color. Because of this,
color measurement becomes important so that we can ensure the faithful and consistent reproduction of
objects we use in the world. Unlike
other aspects of spectroscopy, color
measurement is rarely used to assess
the physical characteristics of objects.
Sur face reflec tance in the visible
spectrum does not give us much information about material properties.
We leave this to other regions of the
spec trum or high energy applica-

tions such as Raman or laser-induced
breakdown spectroscopy (LIBS).
Therefore, colorimetry is primarily
used to ensure visual consistency of
the color of an object. For example,
if your company produces widgets,
the process in which they are colored
may be susceptible to changes over
time because of changes in the formulation or other process changes.
You may want to measure a few of your
widgets coming from a new batch to
make sure they are the right color.
If your widgets are made up of multiple
parts joined together, you may want to
bin your parts based on their color so
that you join matched parts together.
In some industries, there is a need for
an 100% inspection of color for quality
control (QC). If you buy paint, you want
the color to match from one can to the
next. If you buy floor tiles, you want all
the tiles to match.
However, even the measurement
of surface reflectance is complicated.
To ensure that our color measurements
are not misinterpreted, the method in
which they are made are also specified.
To fully describe the reflectance of
an object, one would need to measure the bidirectional reflectance distribution function (BRDF). The BDRF
describes the ratio of reflected light
to incident light at every angle of incidence and reflectance. A perfectly
diffuse surface reflects light equally in
all directions. A perfect mirror reflects
light only in the specular direction.
In between these extremes are materials with various degrees of gloss.
There may also be a change in reflectance
that is wavelength-dependent as seen in
iridescent and pearlescent materials.
Generally, it is too expensive and
time-consuming to make goniometric
measurements of a surface. Instead,
there are standard geometries that are
typically used with spectrophotometers
for color measurement. For example, we
use integrating spheres to gather light
at all angles to get an estimate of the
overall reflectance factor. We describe
the illumination as diffuse if it enters the
side of the sphere and then specify the
October 2022

Spectroscopy 37(10) 23

Detector
Integrating
sphere
8°
Illuminant

sample
FIGURE 1: Schematic of a d/8° sphere geometry for spectrophotometry.

angle from the normal at which the spectrometer measures
the sample, as shown in Figure 1. We define this geometry
as d/8°. Because of Helmholtz reciprocity, this geometry is
equivalent to 8°/d where we switch the positions of the detector and the illumination. In this sphere configuration, all
the light reflected from the surface is measured, including
the specular reflectance that is reflected off the surface at
-8°. We call this configuration specular component included
(SCI). We can put a hole (a light trap) in the sphere at -8°
so that the specular component of the reflectance leaves the
sphere, which we call the specular component excluded (SCE).
Another common configuration is to illuminate the surface
of the sample at 45° and measure at 0°. Typically, a ring of
lights is positioned at the 45° angle for this 45°/0° configuration (in this scenario, there is no specular component contributing to the measurement). Custom configurations can
be used, but the measurement geometry must be specified
in the reporting of the measurement. Different instruments
have been developed for multi-angle measurement. For example, multi-angle instruments are used in the automotive
paint industry because of the complex nature of the coatings
used on cars. In addition to the illumination and measurement geometry, the size of the measured area must also
be considered. For example, if you are measuring a surface
with texture or a printed surface with a halftone pattern,
you must ensure that you are measuring a large enough area
to integrate over the local nonuniformities.
Let’s get into the weeds a bit to describe color measurement. What we are measuring with these different geometries is the spectral reflectance factor. This is the fraction of
light reflected off the sample relative to a perfectly diffuse
reflector. We calibrate the spectrophotometer with a calibrated plaque with a known reflectance factor. In its simplest
form, the reflectance factor is calculating using this equation:

D (λ)
~
R (λ)
Ri (λ) = i
Dw (λ) w
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~
where Ri is the calculated reflectance factor of sample, i; Di
is the spectrometer response from the sample; D w is the
spectrometer response from the calibration plaque, and Rw
is the reflectance factor of the calibration plaque. In practice,
correction factors may need to be applied.
Once we have measured the reflectance, we can use CIE
colorimetry to calculate the [X, Y, Z] tristimulus values for any
illuminant, which map to the RGB coordinates. The CIE has
tabulated a variety of standard illuminants and the American
Standards of Testing and Materials (ASTM) has standards for
calculating tristimulus values as well.
Now that we have calculated the tristimulus values of a
sample, we may want to find out how different they are from
the color we want to achieve. As mentioned above, this is
where CIELAB may be used. The CIELAB calculation uses
a white point to normalize its coordinate system The white
point is the tristimulus values of the perfect diffuse reflector (a reflectance value of one at all wavelengths). Now we
can calculate the color coordinates in CIELAB space of the
sample and the standard and use a color difference equation
to determine if the sample is within the desired tolerance.
Setting these tolerance limits is a science within itself.
There are different techniques that can be used including
performing visual experiments to find tolerance limits and
adjusting coefficients in color difference equations. The goal
is to choose the proper geometry that produces measurements that correlate with the perceptual assessments for the
samples you are measuring.

Are there any other interesting facts about color and
color science you would like to share?
I focused mainly on the practical aspect of simple color measurement and inspection in the last answer. But this is only
a small part of color science and the study of color vision.
There are too many interesting topics to choose from. It was
fun when “the dress” picture (1) went viral in 2015, and I still
get asked about this. Even regarding basic color measurement, we encounter interesting phenomena such as the
changes in surface color that can be caused by changes
in temperature and humidity. As a multidisciplinary field,
there are surprises around every corner.
Conclusion
Thanks to Ethan for an interesting and entertaining introduction to color science and perception. I certainly learned a lot of
new vocabulary and gained some new understanding through
working with him on this article, which is entirely the point of the
“Lasers and Optics” column in Spectroscopy magazine. I will
note here that this article concludes nearly 7 years of my contributions to this column—allowing you, dear readers, some new
and fresh perspectives. It has been a pleasure to write for the
wonderful staff at Spectroscopy, and you will no doubt hear more
from me occasionally in this magazine and on other channels.
● Continued on Page 35
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IR SPECTRAL INTERPRETATION WORKSHOP

Infrared Spectroscopy of
Polymers, VIII: Polyesters
and the Rule of Three
Brian C. Smith

In the last column, we reviewed the
spectroscopy of the carbonyl group
and that of ketones. We then analyzed
our first C=O containing polymer.
In this column, we continue to study
C=O containing polymers by first reviewing the spectroscopy of the ester
functional group and then analyzing
the spectra of several important polyesters. Among the spectra we study
is that of polyethylene terephthalate
(PET), one of the most economically
important polymers in the world.

R

ecall (1) that if an alcohol
and a carboxylic acid are reacted,
a functional group called an ester
is synthesized, and the reaction is called
esterification. The molecular framework
of the ester functional group is shown
in Figure 1.
In the figure, the carbon in the C=O
group is called the carbonyl carbon,
the carbon to the left of the carbonyl
carbon is called the alpha carbon,
and the oxygen to the right is called
the ester oxygen. If the alpha carbon
is saturated, it gives a saturated ester,
whereas if the alpha carbon is aromatic,
we have an aromatic ester. Esters are
commonly found in food and generally taste good. For example, isoamyl
acetate is what gives a banana some of
its flavor, and ethyl acetate gives cherries some of their flavor. Polyesters are
important polymeric materials being
made into beverage bottles, fabric, and
clothing and hence are worth studying.
The Infrared (IR) Spectroscopy
of Esters: A Review
Note from Figure 1 that ester groups
contain a carbonyl bond and two C-O
bonds. We have already studied the
IR spectroscopy of these bonds, so we
can take a stab at predicting what their
spectra might look like. Recall (2–7) that
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carbonyl stretching peaks are strong
and generally occur between 1800 and
1600 cm -1 (assume all peak positions
noted in this article will be in cm-1 units,
even if not explicitly stated). We also
know (6) that C-O stretches are intense
peaks typically seen between 1300 and
1000. Because one of the C-O bonds
in the ester group is attached to the
carbonyl carbon and the other is not,
we might expect them to be chemically
distinct, have different force constants,
and hence give rise to two separate
peaks between 1300 and 1000.
As it turns out, our predictions are correct. Esters have a memorable pattern
of three intense peaks at ~1700, ~1200,
and ~1100 from the C=O and two C-O
stretches, and hence follow what I call
the “Rule of Three” (1). The first of these
peaks is the C=O stretch, which we know
from previous experience (7) will be an intense peak in the vicinity of 1700. We also
learned last time that carbonyl stretches
for aromatic carbonyl groups tend to
be 30 cm-1 lower than for saturated carbonyl groups because of conjugation (7).
Thus, for saturated esters, the C=O
stretch falls from 1755 to 1735. Note that
this is a little higher than some other
saturated C=O groups, and if you see
a C=O stretch around 1750, one of your
first thoughts should be saturated ester.
October 2022
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Carbonyl
Carbon

Ester
Oxygen

Alpha
Carbon

FIGURE 1: The molecular framework of the ester functional group.

FIGURE 2: The C-C-O stretch of the ester functional group. This vibration is
responsible for the second of the “Rule of Three” peaks.

FIGURE 3: The O-C-C stretch of the ester functional group. This vibration is
responsible for the third of the “Rule of Three” peaks
TABLE I: The Rule of Three peak positions for saturated and aromatic esters
Vibration

Saturated Ester

Aromatic Ester

C=O Stretch

1750–1735

1730–1715

C-C-O Stretch

1210–1160

1310–1250

O-C-C Stretch

1100–1030

1130–1100

For aromatic esters, the C=O stretch
falls from 1730 to 1715. This is a tricky peak
position because several other functional
26 Spectroscopy 37(10)
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groups, including saturated ketones (7),
have C=O stretching peak positions in this
range. This is why, as is typical for carbonyl

spectra, we will be dependent upon other
peaks besides the C=O stretch to identify
the carbonyl functional group present in
a sample.
The first C-O single bond stretch of esters and the second of the Rule of Three
peaks involves the asymmetric stretching
of the alpha carbon, carbonyl carbon, and
carbonyl oxygen as seen in Figure 2. I call
this the “ester C-C-O stretch (8).”
This vibration is reminiscent of the
C-C-C stretch of ketones (7), except that,
of course, esters contain a C-C-O linkage
instead of a C-C-C linkage. In general, for
saturated esters, this peak falls from 1210
to 1160, whereas for aromatic esters, it falls
from 1310 to 1250.
The third of our rule of three peaks involves the asymmetric stretch of the ester
oxygen and the one or two carbons attached to its right. This is called the “OC-C stretch (8),” as illustrated in Figure 3.
For saturated esters in general, the
O-C-C stretch appears from 1100 to 1030,
and from 1130 to 1100 for aromatic esters.
A summary of the group wavenumbers for
saturated esters is found in Table I.
Note in Table I that there are six separate wavenumber ranges listed because each type of ester, saturated and
aromatic, follows its own rule of three.
This is because the peak position of
all three ester peaks are sensitive as to
whether the ester is saturated or aromatic.
This means that any of the ester Rule of
Three peaks can be used to distinguish
saturated from aromatic esters, and, if a
sample contains both a saturated and aromatic ester, it will have six ester peaks total.
The Infrared Spectroscopy
of Polyesters
A polyester is a polymer where the ester
group is found in the backbone of the
polymer chain. A ubiquitous polymer
in our modern society is polyethylene
terephthalate (PET), otherwise known
as soda bottles and polyester clothing.
The chemical structure and spectrum of
PET are seen in Figure 4.
Note that the ester group is in the backbone of PET, and that it is also an aromatic
ester. The Rule of Three peaks in Figure 4
are labeled A, B, and C. Note how these
www.spectroscopyonline.com
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three peaks stick up out of the spectrum like
the index, middle, and ring fingers of your
hand, and these peaks are often times the
three most intense peaks in the spectrum of
an ester. In the spectrum of PET, the C=O
stretch is at 1721, the C-C-O stretch is at
1245, and the O-C-C stretch is at 1100.
The spectrum of another polyester,
polybutylene terephthalate (PET), is seen
in Figure 5. The Rule of Three peaks are
labeled A, B, and C. The C=O stretch for
this polymer is seen at 1730, the C-C-O
stretch is at 1286, and the O-C-C stretch
falls at 1133. Note that the third of the
Rule of Three peaks is smaller than the
other two as expected.
The only chemical difference between
PET and polybutylene terephthalate is that
the former has two methylene groups in a
row, whereas the latter has four CH2s in a
row. Recall (9) that when an alkyl chain has
four or more methylenes in a row, the CH2
rocking peak falls around 730. In Figure 5,
this peak is found at 742 and labeled D.
A common biodegradable polymer
that you might not think of as being a
polyester actually is one. Polylactic acid,
which is found in sour milk (among other
things), does have a saturated ester group
in its backbone, as you can see from its
structure in Figure 6. This polymer is becoming increasingly important because it
is made from readily available biological
materials and will biodegrade, alleviating
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FIGURE 4: The IR spectrum of polyethylene terephthalate (PET).

somewhat the worldwide problem of plastic pollution (10). For example, it is made
into biodegradable cutlery (10). Polylactic
acid is made from the condensation reaction (splitting off of water) of lactic acid.
The structure and spectrum of lactic acid
are seen in the top of Figure 6, whereas
the structure and spectrum of polylactic
acid are seen in the bottom of the figure.
Note that lactic acid is a carboxylic
acid, whose spectra we have studied
previously (11).

Briefly, the spectra of carboxylic acids
are characterized by a broad and intense
O-H stretching envelope because of
hydrogen bonding from 3500 to 2500,
a carbonyl stretch around 1700, and a C-O
stretch around 1250. These peaks for lactic acid are labeled A, B, and C in Figure 6.
Note in Figure 6 that, upon the reaction of lactic acid to polylactic acid,
the broad O-H stretching envelope has
disappeared because the OH of the acid
has reacted away. Polylactic acid exhibits

stretch.
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of esters. We then reviewed the spectra of polyethylene terephthalate, PET,
and polylactic acid, and found that they
all clearly followed the Rule of Three.
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the classic ester Rule of Three peaks,
as you can see in Figure 6. A is the
C=O stretch, B is the C-C-O stretch,
and C is the O-C-C stretch. Note that
these are the three biggest peaks in
the spectrum.
Conclusion
Polyesters contain an ester linkage in
their backbone. We reviewed the spectra
28 Spectroscopy 37(10)
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of esters and noted that they follow the
Rule of Three, meaning they have a series of strong peaks at ~1700, ~1200, and
~1100. These three peaks are from C=O,
C-C-O, and O-C-C stretching, respectively. We also found that saturated and
aromatic esters follow their own Rules of
Three, meaning that each of the Rule of
Three peaks is sensitive as to whether an
ester is saturated or aromatic, and any
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Kinetic Fluorimetric
Determination of Formaldehyde
by Oxidation of Rhodamine B
with Potassium Bromate
Wang Zhao-qun, Sheng Li, Han Feng, Zhang Xin, Li Hai-su, and Su Bi-quan

Based on the H 2 SO 4 -Rhodamine BKBrO3 system, the kinetic fluorescence
method was used to determine formaldehyde. The experimental results
show that in the sulfuric acid medium,
the fading process of oxidized rhodamine B by potassium bromate is
inhibited by the catalytic action of
formaldehyde. The results showed
that the formaldehyde concentration in the range of 0.4 to 4.4 μmol/L
had a good linear relationship with
lg (I F /I 0 F ) = 0.01385 c ( μ mol/L) +
0.02353, the correlation coefficient
was 0.9974, and the method detection limit was 0.3027 μ mol/L. In the
determination of formaldehyde in the
synthetical water sample and laundry
water, the recoveries were 98.68%
and 103.20%. The results were consistent with the certified value.

www.spectroscopyonline.com

F

ormaldehyde can cause great
harm to the human body. It can
cause skin and mucous membrane
irritation. When a high concentration of
formaldehyde is inhaled, severe respiratory tract irritation and edema, eye irritation, headaches, and other symptoms
can occur. Therefore, it is important to
obtain a reliable and accurate formaldehyde result in environmental monitoring.
The detection methods of formaldehyde
mainly include spectrophotometry (1),
kinetic spectrophotometry (2), fluorescence photometry (3), gas chromatography (GC) (4), liquid chromatography (LC)
(5,6), and the electrochemical analysis
method (7). Among them, kinetic spectrophotometry offers several key advantages as a technique, including high sensitivity, high selectivity, simple operation,
and a large linear range. Compared with
kinetic spectrophotometry, other methods have their own shortcomings (8–16).
Rhodamine B is a red-purple or green
crystalline powder. It is easily soluble
in alcohol, water, and most organic solvents. In polar solvents, such as ethanol
or water, the strong polarity of the solvent changes the molecular structure
of rhodamine B, making it a zwitterion
R+-. When the pH is less than 3, R+- can
be protonated to generate RH+, RH22+,
and RH33+. These three cations can form

various ion associations with halogen
ions, such as Cl- and Br-, such as RHCl,
RH2Cl+, and RH2Cl2.
On the basis of the existing literature
(17,18), we found that in the sulfuric acid
medium, the fading process of rhodamine B oxidation by potassium bromate can be inhibited by the catalysis
of formaldehyde. The concentration of
formaldehyde has a good linear relationship with lg (IF /I 0 F ) in the range of
0.4–4.4 μmol/L. Based on this, a new
method for determining the content of
formaldehyde has been established.
Experimental
Apparatus
A F-7100 fluorescence spectrophotometer (Hitachi Ltd., Japan), a BS 110S
electronic balance (Beijing Sartorius
Instrument System Co., Ltd., China),
a U3900H UV spectrophotometer (Hitachi Ltd., Japan), a HH-2 constant temperature water bath (Guohua Electric Co.,
Ltd.), and a KQ3200E ultrasonic cleaner
(Kunshan Ultrasonic Instrument Co., Ltd.)
was used in this study.
Reagents
Potassium bromate was acquired from
the Tianjin Quartz Clock Factory Baxian Chemical Plant; rhodamine B was
acquired from the Tianjin Tianxin Fine
October 2022
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FIGURE 1: Excitation emission matrix spectra.
TABLE I: Error caused by interfering ions
Interfering Ion

Multiple

Error

Interfering Ion

Multiple

Error

SO42-

2500

-3.6%

Cu2+

500

-4.7%

-

2500

-3.6%

Ca2+

500

1.8%

Na+

1000

-4.2%

CH3OH

100

0.7%

K+

1500

2.1%

C6H 6

500

4.2%

NH4+

500

-3.4%

C6H5COOH

200
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FIGURE 2: Fluorescence emission spectra of the rhodamine B system. 1: 2 mL
0.10 mol/L sulfuric acid solution + 0.50 mL 1.00 × 10 -3 mol/L rhodamine B;
2: 1 + 5 mL 0.10 mol/L potassium bromate solution; 3: 2 + 2.00 mL 1.00 ×
10 -5 mol/L formaldehyde standard solution; 4: 2 + 4.00 mL 1.00 × 10 -5 mol/L
formaldehyde standard solution.
TABLE II: The results of sample analysis
Sample

Found
(μmol/L)

Added
(μmol/L)

Total
Found
(μmol/L)

Recovery/
(%)

Found
by AHMT
(μmol/L)

Synthetical
water sample

0.7673

0.4000

1.1620

98.68

0.7533

Laundry water

0.4440

0.2000

0.6504

103.20

0.3921
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Chemical Plant Development Center; the
sulfuric acid originated from the Beijing
Chemical Plant; formaldehyde came from
the Tianjin Fuchen Chemical Reagent
Plant; hydrochloric acid came from the
Beijing Chemical Plant; nitric acid was acquired from the Baiyin Liangyou Chemical
Reagent Co., Ltd.; and acetic acid came
from the Tianjin Oboke Chemical Co., Ltd.
All reagents were of analytical grade.
A 1.00 × 10-3 mol/L rhodamine B solution, a 0.10 mol/L sulfuric acid solution,
and a 0.10 mol/L potassium bromate
solution was prepared with the above
reagents and pure water.
The formaldehyde standard solution
(1 mmol/L) was prepared with a 1.00
mmol/L formaldehyde standard solution with a 37% formaldehyde solution
before being calibrated by an iodometric method and diluted with water to a
0.01 mmol/L standard working solution
before use.
Experimental Method
This experiment utilized four 25 mL
colorimetric tubes (numbered 1–4).
In each tube, the 2.0 mL 0.10 mol/L
sulfuric acid solution and the 0.50 mL
1.00 × 10 -3 mol/L rhodamine B solution
were added, respectively. Then, 5.0 mL
of the 0.10 mol/L potassium bromate
solution were added respectively to
the colorimetric tubes numbered 2–4.
Finally, the 2.00 mL 1.00 × 10-5 mol/L formaldehyde standard solution was added
to the tube labeled 3. The 4.000 mL
1.00 × 10-5 mol/L formaldehyde standard
solution was added to the tube labeled
number 4, and the volume constant was
made. All the colorimetric tubes were
placed in a water bath at 90 °C for 15 min.
Then, they were removed from the bath
and cooled with flowing cold water for
3 min. Finally, the fluorescence intensity
IF of the catalytic solution and the fluorescence intensity I0F of the non-catalytic
solution at λex = 572 nm and λem = 584 nm
were measured, respectively.
Results and Discussion
Excitation Emission Matrix Spectra
The excitation emission matrix (EEM)
spectra of the blank solution withwww.spectroscopyonline.com

Optimum Condition for the Reaction
Effect of the Acid Type
Different types of acids have a greater
impact on the experimental results.
The experiment investigated the effects
of sulfuric acid, hydrochloric acid, nitric
acid, and acetic acid on the fluorescence intensity of the reaction product.
The results are shown in Figure 3. In the
H2SO4 medium, the inhibitory effect of
formaldehyde was obvious, and the ΔIF
was the largest. In the HNO3, HCl, and
acetic acid (AcOH) mediums, the fluorescence intensity of the inhibitory reaction and the non-inhibitory reaction
did not change much. Therefore, H2SO4
was used as the reaction medium in the
subsequent experiments.
Effect of the Sulfuric Acid Concentration
The experiment investigated the effect
of the different amounts of sulfuric acid
on the fluorescence intensity of the reaction product. The results are shown in
Figure 4. When the volume of H2SO4 was
2.50 mL, the inhibitory effect of formaldehyde was obvious, and the ΔIF was the
largest. Therefore, the optimum volume
of the H2SO4 solution in the subsequent
experiments was 2.50 mL.
www.spectroscopyonline.com
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Fluorescence Spectra
In Figure 2, curves 1 and 2 show that
under acidic conditions, the fluorescence intensity of rhodamine B under
the action of potassium bromate is
significantly reduced, indicating that
KBrO3 can oxidize rhodamine B in an
acidic medium, with large peak intensity changes. From curve 3 and 4,
it can be seen that the fluorescence
intensity in the system increases as the
amount of formaldehyde increases,
indicating that formaldehyde can
significantly inhibit the fading reaction, which can be used as a basis for
measuring formaldehyde.

Fluorescence intensity (a.u.)

out formaldehyde is shown in Figure
1. It can be seen from Figure 1 that
when the excitation wavelength is
572 nm and the emission wavelength
is 584 nm, the sample has maximum
fluorescence intensity.

Fluorescence intensity (a.u.)
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FIGURE 3: The fluorescence intensity of the reaction system in different acid
mediums. (a) a’: 2.0 mL sulfuric acid solution + 0.50 mL 1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L potassium bromate solution; a: a’ + 2.00 mL formaldehyde standard solution. (b) b’: 2.0 mL hydrochloric acid solution + 0.50 mL
1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L potassium bromate solution;
b: b’ + 2.00 mL formaldehyde standard solution. (c) c’: 2.0 mL nitric acid solution + 0.50 mL 1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L potassium bromate solution; c: c’ + 2.00 mL formaldehyde standard solution. (d) d’: 2.0 mL
acetic acid solution + 0.50 mL 1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L
potassium bromate solution. d: d’ + 2.00 mL formaldehyde standard solution.

Effect of Potassium Bromate Dosage
Under the above selected conditions,
the experiment investigated the influence of different volumes of the potassium bromate solution on the experimental results. The results are shown
in Figure 5. When the volume of KBrO3
was 5.0 mL, the inhibitory effect of formaldehyde was obvious, and the ΔIF was
the largest. Therefore, the volume of the
KBrO3 solution in the subsequent experiments was 5.0 mL.
Effect of Rhodamine B Dosage
Under the above selected conditions,
the experiment investigated the influence of different volumes of rhodamine
B on the experimental results. The results
are shown in Figure 6. The fluorescence
intensity value of the non-inhibitory re-

action gradually increased with the increase of the volume of rhodamine B,
but when the volume of rhodamine B
was 0.50 mL, the reaction had a higher
fluorescence intensity and the inhibitory effect of formaldehyde was obvious, so the volume of the rhodamine B
solution in the subsequent experiments
was 0.50 mL.
Optimal Reaction
Temperature and Time
Under the above selec ted conditions, the experiment investigated
the influence of the water bath temperature on the experimental results.
The results are shown in Figure 7.
When the temperature was 90 °C, ΔIF
had a maximum value, so in the subsequent experiments, the reaction temOctober 2022
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FIGURE 4: The fluorescence intensity of the reaction system in different volumes
of sulfuric acid. (a) a’: 0.5 mL sulfuric acid solution + 0.50 mL 1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L potassium bromate solution; a: a’ + 2.00 mL formaldehyde standard solution. (b) b’: 1.0 mL sulfuric acid solution + 0.50 mL 1.00 × 10-3
mol/L rhodamine B + 5 mL 0.10 mol/L potassium bromate solution; b: b’ + 2.00
mL formaldehyde standard solution. (c) c’: 1.5 mL sulfuric acid solution + 0.50 mL
1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L potassium bromate solution; c: c’
+ 2.00 mL formaldehyde standard solution. (d) d’: 2.0 mL sulfuric acid solution +
0.50 mL 1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L potassium bromate solution; d: d’ + 2.00 mL formaldehyde standard solution. (e) e’: 2.5 mL sulfuric acid
solution + 0.50 mL 1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L potassium
bromate solution; e: e’ + 2.00 mL formaldehyde standard solution. (f) f’: 3.0 mL
sulfuric acid solution + 0.50 mL 1.00 × 10 -3 mol/L rhodamine B + 5 mL 0.10 mol/L
potassium bromate solution; f: f’ + 2.00 mL formaldehyde standard solution.
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FIGURE 5: The fluorescence intensity of the reaction system in different volumes of
the potassium bromate solution. (a) a’: 1 mL 0.10 mol/L potassium bromate solution
+ 2.5 mL sulfuric acid solution + 0.50 mL 1.00 × 10-3 mol/L rhodamine B; a: a’ + 2.00
mL formaldehyde standard solution. (b) b’: 3 mL 0.10 mol/L potassium bromate
solution + 2.5 mL sulfuric acid solution + 0.50 mL 1.00 × 10-3 mol/L rhodamine B; b:
b’ + 2.00 mL formaldehyde standard solution. (c) c’: 5 mL 0.10 mol/L potassium bromate solution + 2.5 mL sulfuric acid solution + 0.50 mL 1.00 × 10-3 mol/L rhodamine
B; c: c’ + 2.00 mL formaldehyde standard solution. (d) d’: 7 mL 0.10 mol/L potassium
bromate solution + 2.5 mL sulfuric acid solution + 0.50 mL 1.00 × 10-3 mol/L rhodamine B; d: d’ + 2.00 mL formaldehyde standard solution. (e) e’: 9 mL 0.10 mol/L
potassium bromate solution + 2.5 mL sulfuric acid solution + 0.50 mL 1.00 × 10-3
mol/L Rhodamine B; e: e’ + 2.00 mL formaldehyde standard solution.
32 Spectroscopy 37(10)

October 2022

perature was selected to be heated in
a water bath at 90 °C.
Under the above selected conditions, the experiment investigated the
influence of heating temperature on
the experimental results. The results are
shown in Figure 8. As the reaction time
increased, ΔIF first increased and then
decreased. When the reaction time was
15 min, ΔIF was relatively stable and had a
maximum value, so the reaction time was
15 min in the subsequent experiments.
As a result, the optimum conditions
were as follows: 2.50 mL of the dilute
H2SO4 solution was added, 5.0 mL of the
KBrO3 solution was added, and 0.50 mL
of the rhodamine B solution was placed
in a 25-mL colorimetric tube and put in
a water bath at 90 °C for 15 min before
being cooled with cold water for 3 min.
Working Curve and Detection Limit
Drawing of Working Curve
For this part of the experiment, 12 25 mL
colorimetric tubes were used and 0, 1, 2,
3, 4, 5, 6, 7, 8, 9, 10, and 11 mL of formaldehyde standard solution was added
to them before reacting under the optimal experimental conditions described
above. Then, the fluorescence spectrum
was measured in the range of 500~700
nm. The experimental results are shown
in Figure 9. The results show that when
the formaldehyde concentration is
0.4~4.4 μmol/L, the lg (IF/I0F) of the system has a linear relationship with the concentration of formaldehyde, as shown in
Figure 10. The linear equation was lg (IF/
I0F) = 0.01385 c (μmol/L) + 0.02353, and
the maximum linear correlation coefficient was 0.9974.
Determination of Detection Limit
The fluorescence intensity of the 11 blank
samples was measured to obtain the
standard deviation σ. Then, we divided
3σ by the slope of the standard working curve to obtain a detection limit of
0.3027 μmol/L.
Ion Interference Experiment
The experiment investigated the influence of common ions and compounds
on the determination of formaldewww.spectroscopyonline.com
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FIGURE 6: The fluorescence intensity of the reaction system in a rhodamine B
solution with different volumes. (a) a’: 0.10 mL 1.00 × 10 -3 mol/L rhodamine B
+ 2.5 mL sulfuric acid solution + 5 mL 0.10 mol/L potassium bromate solution;
a: a’ + 2.00 mL formaldehyde standard solution. (b) b’: 0.30 mL 1.00 × 10 -3
mol/L rhodamine B + 2.5 mL sulfuric acid solution + 5 mL 0.10 mol/L potassium bromate solution; b: b’ + 2.00 mL formaldehyde standard solution. (c) c’:
0.50 mL 1.00 × 10 -3 mol/L rhodamine B + 2.5 mL sulfuric acid solution + 5 mL
0.10 mol/L potassium bromate solution; c: c’ + 2.0 mL formaldehyde standard
solution. (d) d’: 0.70 mL 1.00 × 10 -3 mol/L rhodamine B + 2.5 mL sulfuric acid
solution + 5 mL 0.10 mol/L potassium bromate solution; d: d’ + 2.00 mL formaldehyde standard solution. (e) e’: 0.90 mL 1.00 × 10 -3 mol/L rhodamine B +
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e: e’ + 2.00 mL formaldehyde standard solution.
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Sample Analysis
Analysis of Synthetical Water Sample
A water sample was prepared with the following components: 0.8 μmol/L formaldehyde; 0.1 μmol/L Na2SO4; and 0.2 μmol/L
KNO3. Next, an appropriate amount of
the laboratory synthetical water sample
was taken. Then, 10 mL was measured
after filtration and transferred to a 100
mL volumetric flask and diluted with water
to the volume and mixed. After that step
was completed, 3.0 mL of the sample was
added to the 25-mL colorimetric tube before the test was carried out according to
the best experimental conditions while
the addition experiment was performed
at the same time. After the reaction, the
fluorescence spectrum was measured in
the range of 500~700 nm on a fluorescence spectrophotometer, and the fluorescence intensity value corresponding to

(a)

Fluorescence intensity (a.u.)

Possible Reaction Mechanism
In polar solvents such as ethanol or water,
the structure of rhodamine B would be
changed by the strong polarity of the solvent, making it a zwitterion R+-. When the
pH is less than 3, R+- would be protonated
to generate RH+. The positively charged
RH+ can combine with the negatively
charged BrO3- and be oxidized by it. The
conjugated structure of rhodamine B was
destroyed as the fluorescence intensity of
the solution decreases (19–21); its fading
process is shown in Figure 11.
Formaldehyde has weak reducibility
and can be oxidized by potassium bromate to formic acid, which can oxidize
rhodamine B and generate formaldehyde. Therefore, formaldehyde competes with rhodamine B for the opportunity to combine with potassium bromate,
so it can inhibit the fading process of rhodamine B. The fluorescence intensity of
the reaction system increases with the
increase of the formaldehyde concentration. Within a certain range, lg (IF/I0F)
shows a good linear relationship with the
concentration of formaldehyde.

2500

Fluorescence intensity (a.u.)

hyde. The allowable relative error was
controlled within ±5%. The allowable
multiples of the following interfering ions
are shown in Table I.

Fluorescence intensity (a.u.)
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FIGURE 7: The fluorescence intensity of the reaction system at different water
bath temperatures: (a) 30 °C, (b) 60 °C, (c) 90 °C, and (d) 100 °C.

584 nm was taken. Then, the fluorescence
intensity value obtained was brought into
the standard working curve equation,

where the formaldehyde concentration
and standard recovery rate was calculated. The results are shown in Table II.
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FIGURE 8: The fluorescence intensity of the reaction system under different
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Analysis of Laundry Water Samples
To analyze the laundry water samples,
a new piece of clothing was soaked in
tap water for 5 h, and 10 mL of washing
water was measured with a graduated
cylinder. The liquid was then transferred to a 100 mL volumetric flask,
and the volume and mix was diluted
with water. Then, 3.0 mL of the sample
was added to a 25 mL colorimetric
tube, and then the procedural steps
outlined in “Analysis of Synthetical Water Sample” were repeated.
The results are shown in Table II.
Conclusion
In this paper, a kinetic fluorimetric
method for the determination of formaldehyde by potassium bromate oxidation of rhodamine B was established.
In sulfuric acid medium, the fading
process of potassium bromate oxidation of rhodamine B would be inhibited by the catalysis of formaldehyde.
As the concentration of formaldehyde
increased, the fluorescence intensity gradually increased. In a certain
range, lg (I F /I 0 F ) had a good linear
relationship with the concentration
of formaldehyde, so it could be used
as a basis for determining formaldehyde. After defining the optimal experimental conditions, further experiments were carried out on this basis.
The experimental results showed that
the concentration of formaldehyde
had a good linear relationship with
lg (IF /I 0 F ) in the range of 0.4 μmol/L to
4.4 μmol/L. The standard working
curve was lg (IF/I0F) = 0.01385 c (μmol/L)
+ 0.02353, the correlation coefficient
was 0.9974, and the detection limit of
the method was 0.3027 μmol/L. In the
determination of formaldehyde in the
synthetical water sample and laundry
water, the spike-and-recovery rates
were 98.68% and 103.20%, respectively,
and the results were good.
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Density Functional Model of Raman
Spectra for the Seminiferous Tubules
of Hindlimb Unloaded Mice
Muhammad Azeem, Rizwan Qaisar, Asima Karim, Anu Ranade, and Adel Elmoselhi

A model Raman spectrum was constructed by using density functional
theory (DFT) to track amino acid
changes in the seminiferous tubules
of hindlimb unloaded (HU) mice.
A B3LYP functional with 6-31G* polarization basis sets were used in the calculations. A number of features in the
model were comparable to the experimentally obtained spectrum collated
with a 785-nm laser from the testicular
tissues of the male mice unloaded for
two weeks. A comparison of the theoretical and the experimental Raman
spectra indicated that hydroxyproline
and tryptophan are the major amino
acids in the seminiferous tubules.
By using Raman spectroscopy, we also
confirmed by histological measurement that the same molecules showed
depression. The changes in these molecules resulted in the disruption of the
testicular seminiferous tubules, resulting in pathological conditions such as
epithelial atrophy, tubular shrinkage,
and lumen expansion. Our observations indicated that the DFT model of
the Raman spectra has the potential to
precisely predict and analyze the features of the experimental spectra in the
testicular tissues of HU mice.
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A

mino acids can be found in varying quantities in different proteins
(1). The structure and dynamics
of various amino acids have been studied extensively through the use of Raman
spectroscopy (2). The majority of the studies
have been conducted on analytical grade
samples of the individual amino acids.
The literature is devoid of studies that discuss the composite spectrum of amino
acids that are directly obtained from biological tissue. The composite Raman spectrum would not only be influenced by all the
amino acids present in a biological specimen, but it would also highlight their interactions. Therefore, the goal of this study was
to gain insight into the resultant spectrum of
amino acids from the biological samples by
conjoining the theoretical and experimental
Raman spectroscopic techniques.
Raman spectroscopy detects the vibrational frequencies of several types of
organic molecules. More recently, Raman
spectroscopic techniques have also been
applied to determine the structure, function, and properties of proteins (3), including amino acids (4–7) and for cancer diagnosis (8,9). Although the characteristic peaks
(10–13) in the spectroscopic data of the
biological samples denote the vibrational
frequencies of specific molecules, the interpretations of the spectra in the literature
are not consistent (8,14), which is partly be-

cause the biological objects are intrinsically
variable and present a serious challenge
in interpreting the Raman spectra. For example, protein molecules adopt different
spatial structures and geometries in various
conditions, and each geometry has its own
unique vibrational fingerprint. Therefore, the
experimental spectrum is the cumulative fingerprints of all spatial molecular variants of
a molecule. Furthermore, a low-energy molecular configuration is more stable than a
high-energy one, indicating that not all variants of a molecule are equally represented
in a spectrum. This structural variation poses
a significant problem for the characterization of molecules through spectroscopic
techniques. The vibrational modes can be
of several types depending on the molecular structures, conformations, and the
frequency at which these modes occur and
the Raman bands from different molecular
components overlap, thus creating further
difficulties in the identification process.
The problem of interpreting overlapping
vibrational frequencies because of various
amino acids and their conformations in
biological samples can potentially be resolved by calculating the theoretical Raman
spectra. In density functional theory (DFT)
calculations, the choice of exchange and
correlation functionals, coupled with the
basis sets, plays a vital role in these calculations. In the modeling of biological
www.spectroscopyonline.com
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systems, the Becke, three-parameter,
Lee–Yang–Parr (B3LYP) functional is the
most common because it gives an accurate
description of hydrogen-bonded systems
(15,16). The choice of the basis sets to accompany the functionals depends on the
molecular system. Some examples of basis
sets include 6-311++G(*,*) (17), aug-cc-pVTZ
(5), aug-cc-pVDZ (4), 6-311++G(d,p) (18), and
6-31 + G(d) (6). This study examined whether
the computed spectrum can be used
to accurately identify amino acids when
compared to the measured spectrum of
a biological sample. Earlier, we characterized several signature molecular changes in
the skeletal muscles of hindlimb unloaded
(HU) mice by Raman spectroscopy (19),
which were in agreement with the previous
reports about the unloaded muscles (20).
We further extended our findings by collecting the experimental Raman spectra from
the testes of the HU and ground-based control mice to show that a sustained impairment in the blood flow to the testes does
impact the early stages of spermatogenesis
and can lead to testicular malfunction.
Materials and Methods
The experimental details about the HU
mice conditions are previously described
by us in the literature (19). The male mice
were maintained under pathogen-free
conditions, with 2–3 mice housed per cage
(control) or one mouse per cage (unloaded)
in a 12:12 (light:dark) cycle and provided with
food and water ad libitum, as previously described in the literature (21). All mice were
16–18 weeks old at the start of the experiments. One group of mice was suspended
for HU, whereas the other group was kept
as the ground-based controls for 21 days.
Following this, the mice were euthanized via
cervical dislocation, and the testes tissues
were collected from the HU and control
mice (N = 5–6/group) for Raman spectroscopy and histological analysis.
In Raman spectroscopic experiments
involving biological tissues, the first important parameter that is always considered is the selection of a laser that had an
appropriate wavelength. Because of phonon–photon interactions, the intensity of
the Raman signal is inherently very weak.
Furthermore, the Raman scattering intenwww.spectroscopyonline.com

TABLE I: Comparison of the experimental vibrational bands with the calculated bands for hydroxyproline and tryptophan amino acids.
Experimental
Band (cm -1)

Hydroxyproline
Band (cm -1)

Tryptophan
Band (cm -1)

Model Band
(cm -1)

353

352
O7-H6 rocking
H1-C1-H2 rocking

348
H8-N12-H9 rocking
H5-C5-H6 rocking

351

415

400, 423, 435
(combination)

435 (combination)

419

454

464 ring vibration

446 combination

455

530

-

-

-

586

584 (combination)

550, 565, 570
ring vibration

567

651

654, 664
H7-O9 rocking
H1-C1-H2 rocking
C4-C5 stretching

-

640

709

732
H7-O9 rocking
C5-O8 stretching

695, 731
O15-H11 rocking and
C-C ring vibration

715

789

799 combination

755, 765, 774, 782
H1, H2, H3, H4 rocking
H15-O11 rocking
and stretching

775

851

840, 878
combination

815, 848
C6-H7 rocking
and combination

823, 859

938

952, 988 combination

980
H8-N12-H9 wagging
C5-C9 stretching
H5-C5-H6 rocking

935, 971

1005

-

-

-

1089

1046, 1079
H1-C1-H2 wagging
H3-C2-H4 rocking
C4-H11 rocking

1029, 1057
H8-N12-H9 wagging
H5-C5-H6 rocking

1064

1160

1162, 1171
O9-H7 rocking
O9-C5 stretching
C4-C5 stretching

1154
combination

1151, 1179

sity is inversely proportional to the fourth
order of the illuminating wavelength,
implying that at longer wavelengths,
the intensity of the Raman signals would
drop dramatically. Therefore, Raman signals are suppressed by the higher noise
level and by the decreased sensitivity if
obtained using laser sources of wavelengths higher than 800 nm. This limitation has previously been reported in
several studies (22). On the other hand,
illumination by the shorter wavelength
(405 nm or 532 nm) causes the materials
to generate fluorescence, which hides the
Raman peaks. We avoided these shortfalls
by using a 785-nm laser, which offers an optimal balance between the scattering efficiency and the influence of fluorescence.

The experimental Raman spectra were
obtained by using a Renishaw Raman spectrometer. Three specimens were selected
for the control and the HU testes. A set of
10 spectra were collected from various locations of each sample to obtain the average
spectrum. In each recording, the site of a
specimen was exposed for 10 s to a 785-nm
wavelength laser with a spot size of 50 µm
and a laser power of 1%. The spectral range
was kept between 100 cm-1 and 1200 cm-1,
which represents the fingerprint region for
finding signature peaks from the biological
molecules. To avoid damage to the testes tissues from the intensity of the laser,
the spectra were collected at intervals of
500 cm-1 before being stitched together to
obtain the full spectrum.
October 2022
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(a)
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FIGURE 1: (a,b) Changes in the testicular architecture in the hindlimb of unloaded mice.
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FIGURE 2: Experimental Raman spectrum (red dots), the Lorentz fit (black
dashes), and the cumulative fit of each Lorentz peak (black solid).
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FIGURE 3: The molecular structures for the (a) hydroxyproline [(2S,4R)-4-hydroxypyrrolidine-2-carboxylic acid] and the (b) tryptophan (2S)-2-amino-3(1H-indol-3-yl) propanoic acid.

Typically, the experimentally obtained
spectra exhibit Mie scattering and the
Raman vibrational peaks are not clearly
visible. To resolve the peaks contributed
by each molecule in the sample, the frequencies and the intensities of the spectra
were fitted with the Lorentzian function
(23) by using a commercial computer program (24). The Lorentzian peak function
38 Spectroscopy 37(10)
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has a bell shape and much wider tails than
the Gaussian function and is defined by
equation [1] below:

y = y0 + ( 2A )(
�

w
) [1]
4(x–xc)2 + w 2

The parameters y0, xc, w, and A represent the offset, center, full width at

half maximum (fwhm), and the area of
a peak, respectively.
Our analysis shows that the hydroxyproline and the tryptophan are the major
molecular constituents of the testes in addition to unraveling several novel molecular
changes in the mouse testes under HU conditions. For the histology, the testes tissues
were fixed in Bouin’s solution and stored in
70% ethanol, followed by paraffin embedding. The tissues were then sectioned at
4 µm slices and further stained with hematoxylin and eosin for light microscopic
examination, as described in the literature
(25). Morphometric analysis for the architecture of seminiferous tubules, as well as
tubular diameter, epithelial height and luminal diameter, were performed following the
procedure described in the literature (26).
Theory and Calculations
A model of the theoretically generated
Raman spectra was constructed by performing energy calculations within DFT on
the isolated single amino acid molecules
in their electronic ground state in the gas
phase. The DFT calculations were based
on the assumption that the exact energy
may be expressed as a function of electron density. In this work, we used the
B3LYP functional, which combined Slater,
Hartree–Fock, and Becke exchange with
the correlation terms because of Lee, Parr,
and Yang. It is a global hybrid generalized gradient approximation functional
(GH-GGA), which was applied to determine the electronic structure of biological
systems (16). A 6-31G* polarization basis
set was chosen for the density functional
models. A molecular vibration is Raman
active if it changes the polarizability of the
molecule. Therefore, the B3LYP functional
with 6–31G* polarization basis sets was
considered the most suitable approximation to calculate the Raman spectra
for biological systems. All calculations
were performed by using the Spartan ‘18
Parallel Suite version 1.3.0 software (27).
Results and Discussion
The unloading of the mice resulted in a
characteristic disruption of the testicular
architecture under the light microscope as
shown in Figure 1.
www.spectroscopyonline.com
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(a) Hydroxyproline

Normalized intensity

The unloading was associated with
epithelial atrophy (green arrows), a reduction in the tubular diameter (red arrows),
and an expansion of the luminal diameter
(yellow arrows) in the seminiferous tubules.
The experimental Raman spectrum from
a representative control testes sample is
shown in Figure 2. The experimental spectrum (red dots) was fitted with the Lorentz
fit (black dashes) to obtain the cumulative spectrum (solid black) to resolve the
Raman peaks. The cumulative spectrum
clearly shows the vibrational bands at
351 cm-1, 416 cm-1, 459 cm-1, 526 cm-1, 581 cm-1,
650 cm-1, 710 cm-1, 782 cm-1, 854 cm-1, 932 cm-1,
1003 cm-1, 1087 cm-1, and 1164 cm-1.
To identify the amino acids, we calculated the Raman spectra for several
amino acid molecules, including hydroxyproline (C 5 H 9 NO3 ) and tryptophan (C11H12N2O2), the most abundant
molecules (28) in the testes specimen.
The molecular structures were obtained
from the Pubchem database (29) and are
shown in Figure 3. Each atom is marked

(b) Tryptophan
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FIGURE 4: The calculated Raman spectra for (a) hydroxyproline molecules
and (b) tryptophan.

with a number to describe its vibrational
mode at a particular frequency.
The theoretically calculated spectra
for both molecules is shown in Figure 4.
The calculations were performed on the
pure molecular forms in the gas phase.
The calculated spectra show the combination bands (two or more fundamental vibrations, excited simultaneously)
and the overtones (vibrational mode ex-

cited from the ground state to a state
higher than the first excited state) because of the complex geometries of
the molecules. Combination bands and
overtones generally have lower intensities than the fundamental bands. An
actual spectrum from the specimen is
the resultant effect of all the molecules
present in the specimen. Accordingly,
the theoretical model is constructed
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FIGURE 5: The theoretical calculated model Raman spectrum (red solid line)
compared to the experimental spectrum (black solid line).
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FIGURE 6: (a) The histological changes and (b) the molecular spectra obtained by via Raman spectroscopy *p < 0.05.

by computing an average spectrum of
both molecules as shown in Figure 5.
The calculated Raman spectrum shows
peaks that are narrower and frequently
more intense than the experimental spectrum because the calculation is made on
single molecules in the gas phase. The calculations show that the band at 351 cm-1,
which agrees with the experimental spectrum at 353 cm-1, is a cumulative effect of
the rocking vibrational modes of the H-NH, H-C-H, and C-O-H bonds of tryptophan
and the O-H bonds of hydroxyproline. The
effects of the O-H vibrations are the strongest among the four bonds. A strong and
sharp band at 415 cm-1 shown in the experimental spectrum is the cumulative effect of
the H-C-H and C-O-H vibrations and agrees
with the model at 419 cm-1. The band at 454
cm-1 in the experimental also agrees with
the model, albeit with a more intense peak.
40 Spectroscopy 37(10)
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The band arises because of C-C ring vibrations of hydroxyproline. A weak band at 530
cm-1 in the experimental spectrum does not
seem to have a counterpart in the model,
although the model shows a shoulder at
539 cm-1. The double C-C bond of tryptophan is responsible for the vibrational band
at 586 cm-1, which is in agreement with the
model (567 cm-1) within the experimental
uncertainty. The model band at 640 cm-1,
and the experimental band at 651 cm-1 are
close as well, which are generated by the
rocking vibration the O-H bonds in the hydroxyproline molecule. Next, the model
shows a weak shoulder at 687 cm-1 and
a strong peak at 715 cm-1, the average of
which is seen in the experimental at approximately 709 cm-1. The experimental band at
789 cm-1 also falls close to 775 cm-1 of the
model. The band is predominantly the
contributions of the rocking and stretching

vibrations of the C-C ring of the tryptophan
molecule. A strong peak in the model at
823 cm-1 and 859 cm-1 was averaged at 840
cm-1, whereas in the experimental, a peak
at 851 cm-1 was observed. The peaks were
the result of the strong C-H vibrations from
hydroxyproline and relatively weaker vibrations of C-H bonds in tryptophan. A weak
shoulder at 907 cm-1 followed by a band at
938 cm-1 in the model was also observed
in the experimental at 935 cm-1. However, a
weak peak at 971 cm-1 in the model was not
found in the experimental spectrum. The
experimental vibrational band at 1004 cm-1
was contributed by the breathing modes
of C-C rings in proteins (8). Because we did
not include proteins in the calculations, we
did not observe this vibrational band in the
model. The band at 1064 cm-1 corresponds
to the band at 1089 cm-1 in the experimental spectrum. Finally, the model bands at
1151 cm-1 and 1179 cm-1, whose average is
1164 cm-1, is present in the experimental
spectrum at 1160 cm-1. As expected, these
bands represent the C-H bonds vibrations
in the hydroxyproline and the tryptophan
molecules, respectively. Considering the
uncertainty of up to 5% in the experimental
measurements, the model was constructed
from the single molecules, and the agreement between the experiment and the
model is fair. The summary of the mode of
vibrations is given in Table I.
It should be noted that our experimental
observations of the Raman spectra are significantly different from the previous reports
(11,28,30). This is partly because of methodological differences as we used a different
source of laser. Previous observations were
made by using laser sources of 1064 nm (30),
532 nm (11,28), and 514.5 nm (30), whereas
the source wavelength in our experiments
was 785 nm. Because our experimental
spectra are strongly in agreement with the
theoretical model, we trust our observations
and interpretations.
Furthermore, we hypothesized that
the histopathological changes in testes,
shown in Figure 6a, were accompanied
by alterations in the concentration amino
acids present in the seminiferous tubules.
The atrophy of the tubular epithelia, along
with an expansion of the lumen and shrinkage of the tubular diameters (all p < 0.05),
www.spectroscopyonline.com
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was seen clearly in Figure 1. These findings were consistent with similar reports
in the testes of HU rats (31) and indicate
the vulnerability of testicular architecture
to injuries associated with unloading.
The cephalic redistribution of fluids seems
to be a major trigger of testicular disruption
in these cases. Additionally, considering the
crosstalk between testes and the musculoskeletal system (32), pathological changes
in skeletal muscle and bones can also contribute to testicular dysfunction in HU mice.
A disruption of the hypothalamic-pituitary
axis was recognized in HU conditions (31),
and it can be a potential cause and consequence of testicular pathology in these
mice. The Raman spectra from the preidentified locations from the control and HU
testes are shown in Figure 6b. We found a
significant drop in the intensity of the spectral peaks of the HU testes. The histological
changes were accompanied by generalized depression of the molecular spectra
obtained by via Raman spectroscopy
(*p < 0.05). This finding provides robust evidence that the concentration of the amino
acids has drastically fallen in the HU testes of
mice following unloading. It is interesting to
note that the peaks above 1000 cm-1, which
are associated with the C-H vibration, have
not appeared in the unloaded spectrum,
indicating the breakdown of the amino
acid molecules. It has been shown previously that the accumulation of the unfolded
protein molecules was illustrated by the
changes in the spectra range greater than
the 1300 cm-1 in the Raman spectrum (19).
Conclusion
The Raman spectra of the hydroxyproline
and tryptophan amino acids were calculated by using DFT, and their resultant effect
was modeled and compared with the experimental Raman spectra. The theoretical
and the experimental spectra agree within
the uncertainty which is almost 5% in our
experiments. Our model shows that the
molecular changes in the seminiferous tubules can be tracked by employing experimental as well as theoretical Raman spectra.
Furthermore, our data shows that the HU
result in characteristic disruption of normal
testicular histology, which is accompanied
by a generalized depression of Raman
www.spectroscopyonline.com

spectra and changes in the intensity or locations of Raman peaks for the hydroxyproline
and the tryptophan molecules.
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