
www.spectroscopyonline.com

AUGUST 2021
VOLUME 36 | NO. S8

SPECTROSCOPYONLINE.com

IR SPECTROSCOPY
for Today’s Spectroscopists

http://www.spectroscopyonline.com


http://www.oceaninsight.com


3www.spectroscopyonline.com

© 2021 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. For uses beyond those listed 
above, please direct your written request to Permission Dept. 
email: ARockenstein@mjhlifesciences.com
MultiMedia Pharma Sciences, LLC. provides certain customer 
contact data (such as customer’s name, addresses, phone 
numbers, and e-mail addresses) to third parties who wish to 
promote relevant products, services, and other opportunities 
that may be of interest to you. If you do not want MultiMedia 
Pharma Sciences, LLC. to make your contact information available 
to third parties for marketing purposes, simply email mmhinfo@
mmhgroup.com and a customer service representative will assist 
you in removing your name from MultiMedia Pharma Sciences, 
LLC. lists.
Spectroscopy does not verify any claims or other information 
 appearing in any of the advertisements contained in the 
publication, and cannot take responsibility for any losses or other 
damages incurred by readers in reliance of such content.
To subscribe, email mmhinfo@mmhgroup.com.

485F US Highway One 
South, 

Suite 210 
Iselin, NJ 08830 

(609) 716-7777 

PUBLISHING/SALES

Senior Vice President, 
Industry Sciences

Michael J. Tessalone 
MTessalone@

mjhlifesciences.com

Group Publisher
Stephanie Shaffer

SShaffer@mmhgroup.com

Associate Publisher
Edward Fantuzzi 

EFantuzzi@mjhlifesciences.com

Account Executive
Timothy Edson

TEdson@mjhassoc.com

Account Executive
Michael Howell

MHowell@mjhlifesciences.com

Senior Director,  
Digital Media

Michael Kushner 
MKushner@mjhlifesciences.com

EDITORIAL

Editorial Director
Laura Bush 

LBush@mjhlifesciences.com

Managing Editor
John Chasse 

JChasse@mjhlifesciences.com

Senior Technical Editor
Jerome Workman 

JWorkman@mjhlifesciences.com

Associate Editor
Cindy Delonas 

CDelonas@mjhlifesciences.com

Assistant Editor
Will Wetzel 

WWetzel@mjhlifesciences.com 

Creative Director, 
Publishing

Melissa Feinen
MFeinen@mdmag.com

Senior Art Director
Gwendolyn Salas

GSalas@mjhlifesciences.com

Senior Graphic Designer
Courtney Soden

CSoden@mjhlifesciences.com

CONTENT MARKETING

Custom Content Writer
Alissa Marrapodi 

AMarrapodi@
mjhlifesciences.com

Webcast Operations 
Manager
Kristen Moore 
KMoore@mjhlifesciences.com

Project Manager
Vania Oliveira 
VOliveira@mmhgroup.com

Digital Production 
Manager
Sabina Advani 
SAdvani@mjhlifesciences.com

Managing Editor,  
Special Projects
Kaylynn Chiarello-Ebner 
KEbner@mjhlifesciences.com

MARKETING/
OPERATIONS

Marketing Director
Melissa Stillwell 
MStillwell@mmhgroup.com

Senior Marketing Manager
Anne Lavigne 
ALavigne@mmhgroup.com

Audience Development  
Stacy Argondizzo
SArgondizzo@mmhgroup.com

Reprints
Alexandra Rockenstein 
ARockenstein@
mjhlifesciences.com

CORPORATE

Chairman & Founder 
Mike Hennessy Sr

Vice Chairman
Jack Lepping

President & CEO
Mike Hennessy Jr

Chief Financial Officer
Neil Glasser, CPA/CFE

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

Senior Vice President, 
Content
Silas Inman

Senior Vice President, 
Operations
Michael Ball

Vice President, 
Human Resources & 
Administration
Shari Lundenberg

Vice President,  
Mergers & Acquisitions
Chris Hennessy

Executive Creative 
Director, Creative 
Services
Jeff Brown

MANUSCRIPTS: To discuss possible article topics or obtain 
manuscript preparation guidelines, contact the editorial director 
at: (732) 346-3020, e-mail: LBush@mjhlifesciences.com. Publishers 
assume no responsibility for safety of artwork, photographs, 
or manuscripts. Every caution is taken to ensure accuracy, but 
publishers cannot accept responsibility for the information 
supplied herein or for any opinion expressed.
SUBSCRIPTIONS: For subscription information: Spectroscopy, 
P.O. Box 457, Cranbury, NJ 08512-0457; email mmhinfo@
mmhgroup.com. Delivery of Spectroscopy outside the U.S. is 3–14 
days after printing.
CHANGE OF ADDRESS: Send change of address to 
Spectroscopy, P.O. Box 457, Cranbury, NJ 08512-0457; provide  
old mailing label as well as new address; include ZIP or postal code. 
Allow 4–6 weeks for change. Alternately, send change via e-mail to 
mmhinfo@mmhgroup.com for address changes or subscription renewal.
C.A.S.T. DATA AND LIST INFORMATION: Contact Melissa 
Stillwell, (218) 740-6831; e-mail: MStillwell@mmhgroup.com
Reprints: Contact Stephanie Shaffer,  
e-mail: SShaffer@mjhlifesciences.com
INTERNATIONAL LICENSING: Contact Kim Scaffidi, 
e-mail: KScaffidi@mjhlifesciences.com 
CUSTOMER INQUIRIES: Customer inquiries can be forwarded 
directly to MJH Life Sciences, Attn: Subscriptions, 2 Clarke Drive, 
Suite 100, Cranbury, NJ 08512; e-mail: mmhinfo@mmhgroup.com

50

% Recycled Paper 10-20%
 Post Consumer W

as
te

 

http://www.spectroscopyonline.com
mailto:mmhinfo@mmhgroup.com
mailto:mstillwell@mmhgroup.com
mailto:mtessalone@mjhlifesciences.com
mailto:amarrapodi@mjhlifesciences.com
mailto:arockenstein@mjhlifesciences.com
mailto:mmhinfo@mmhgroup.com


4  IR Spectroscopy for Today’s Spectroscopists August 2021

www.spectroscopyonline.com

AUGUST 2021
VOLUME 36 | NO. S8

SPECTROSCOPYONLINE.com

IR SPECTROSCOPY
for Today’s Spectroscopists

Articles
 6  Five Reasons Why Not Every Peak Shift in Infrared (IR) 

Spectra Indicates a Chemical Structure Change
  Thomas G. Mayerhöfer and Christoph Krafft
  Peak shifts in infrared spectra may occur for many reasons other than structural 
  changes on the molecular or unit cell level. Here, we discuss several examples.

 16  Solid Physical State Transformation in Hot Melt Extrusion 
Revealed by Inline Near-Infrared (NIR) Spectroscopy and 
Offline Terahertz (THz) Raman Imaging

  Rui Chen, Mohammed Ibrahim, and Herman He
  Inline FT-NIR and offline terahertz Raman imaging analysis are used to characterize 
  active pharmaceutical ingredient (API) crystallinity and to monitor different solid 
  physical states of the API, to control process parameters of hot melt extrusion.

Spectroscopy Spotlight
24  Advancing Spectroscopy into the Nanoworld of Materials 

Science: Vibrational Nanoscopy and Infrared Nanoscopy
  Jerome Workman, Jr. 
  Infrared nanoscopy is a valuable new spectroscopy tool for exploring the nanoscale of 
  materials science. Mun Seok Jeong of Sungkyunkwan University in Korea explains.

 27  Forensics Applications of Raman Spectroscopy, ATR FT-IR, 
and Chemometrics

  Jerome Workman, Jr. 
  Igor K. Lednev at the University at Albany SUNY in New York explains advances in 
  forensic analysis using a variety of chemometrics techniques to classify ATR FT-IR and 
  Raman spectra of bodily fluids. 

31  Resonant Surface-Enhanced Infrared Spectroscopy 
(Resonant SEIRA) Using Metal Nanoantennas

  Jerome Workman, Jr. 
  Resonant SEIRA overcomes the limitations of traditional Fourier transform infrared 
  (FT-IR) spectroscopy for minute sample sizes of relatively low absorptivity.  
  Frank Neubrech of Heidelberg University is exploring resonant SEIRA in applications 
  such as monitoring dynamic processes and hyperspectral infrared chemical imaging.

IR Spectroscopy 
for Today’s 
Spectroscopists
August 2021

Cover art: 
An artist’s fractal imagination  
of the world of spectroscopy

C
o

ve
r 

im
ag

e
s 

co
u

rt
e

sy
 o

f 
st

o
ck

.a
d

o
b

e.
co

m
/a

rt
e

m
o

n9
1;

 C
o

u
rt

ne
y 

S
o

d
e

n

http://www.spectroscopyonline.com


 

KnowItAll Spectral Software & Libraries
From the Leader in Spectral Data

IR MS RAMAN NMR UV-VIS
IDENTIFY SPECTRA

www.knowitall.com/spec2021
GET TRIAL

http://www.knowitall.com/spec2021


6  IR Spectroscopy for Today’s Spectroscopists August 2021

Five Reasons Why Not Every  
Peak Shift in Infrared (IR) Spectra 
Indicates a Chemical Structure Change

Spectroscopic literature often conveys the impression that peak shifts are general-

ly related to structural changes on the molecular or unit cell level. Here, we discuss  

several situations in which peaks shift for reasons unrelated to chemical struc-

tural changes. To avoid misinterpretations, a practitioner should be aware of 

these reasons.

Thomas G. Mayerhöfer and Christoph Krafft  

W hen you a re a s tud ent and 

lea r n a b o u t  s p e c t ro s c o p ic 

theory, you are told that every 

peak shif t in an infrared (IR) or ultraviolet-

v i s ib le  ( U V-v i s )  s p e c t r um i s  re la te d to 

changes in chemical s truc ture or chemi-

cal composition. However, this impor tant 

lesson sometimes does not hold up in the 

first few months that you star t working on 

your bachelors , mas ters , or PhD thesis .  

The latter happened to one of us when work-

ing on two isostructural compounds for a 

thesis. In one of these isostruc tural com-

pounds, a heavy element was replaced by 

a much lighter one. Based on the accepted 

theory, the expectation was that only some 

peaks should be blueshif ted, because they 

are related to vibrations of the heavier and 

lighter element. However, when the spectra 

were recorded, it was a shock to see that 

nearly all peaks were blueshifted, and X-ray 

dif f rac tion (XRD) confirmed that the two 

samples where chemical ly isostruc tural.  

This raises an important question: What was 

the reason behind this phenomenon?

Peak Shifts Are Consequences 

of Increased Oscillator Strength 

and Molar Concentration

Spectroscopic theory, as we know it today, 

is a simplified version of a merger of wave 

optic s and dispersion theor y, where the 

wave proper ties of light were removed to 

make it easily digestible (1). When Hendrik 

Antoon Lorent z and Max Planck worked 

to unders tand dispers ion based on the 

damped harmonic oscillator model, it was 

clear to them, for example, that peaks shif t 

with oscillator strength (2,3). The damped 

harmonic oscillator model, often called the 

Lorentz oscillator model, generates a peak 

in the absorption index spectrum that blue-

shifts with increasing oscillator strength and 

molar concentration, whereas the oscillator 

position (the band position) remains fixed 

(4). The Lorentz oscillator model is not com-

mon knowledge because Lorentz also de-

rived the Lorentz profile, the peak of which 

does not shift because of some approximations 

(2,5). In academic curriculum, only the Lorentz 

profile is consistently taught. The approxima-
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tions are usually valid for weak oscillators,  

but easily noticeable, for example, for the 

C=O vibration, where it is of the order of  

5 cm-1. This might seem hardly worth mention-

ing, but the oscillators in inorganic materials 

are much stronger and as a result, so are the 

corresponding shifts. 

Why should we care about shifts that we 

might not even be able to see in spectra?  

Because nowadays, techniques are in use like 

2D-correlation spectroscopy (2D-COS), prin-

cipal component analysis (PCA), or multiple 

curve resolution (MCR) (6,7). Even if you do 

not see shifts in conventional spectra, these 

techniques are so sensitive that they will show 

the resulting nonlinearities (8). Accordingly, in 

experimental spectra, because you will always 

get an asynchronous spectrum in 2D-COS, 

you will always detect more principal com-

ponents by PCA than you have chemical com-

ponents, even in ideal systems. Meanwhile, 

MCR will help you to find components that are 

often nothing but a mere linear combination 

of the spectra of the real components, which 

indicates nothing but nonlinearities caused 

by peak shifts and deviations from Beer’s law.
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FIGURE 1: Peak shifts modelled for different concentrations with the constant  
c·d = 5·103 cm·mol/L. Shown here is (a) Lorentz profile, (b) Lorentz oscillator, 
(c) uncoupled oscillator assuming that light induces polarization, and (d) cou-
pled oscillator assuming that induces polarization. The oscillator has an oscilla-
tor strength typical of a C=O vibration (10). Note that the black and red trace 
overlap and all curves in case of (a). Note concentrations shown (in mol/L) are: 
(black) 0.05, (red) 0.5, (green) 5, and (blue) 50.
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Peak Shifts as a Consequence of 

the Polarization of Matter by Light

Sometimes these shifts are cancelled by an 

ef fect known by Lorentz and Planck (2,9).  

When light hits matter, the latter becomes polar-

ized. As a consequence, the local electric field 

is not the one externally applied (it is the same 

effect you know from capacitors). For example, 

these local fields lead to increasing redshifts if 

you put your solute in different solvents with in-

creasing refractive index or dispersion strength 

(10,11). Figure 1 displays a comparison between 

the Lorentz profile, a Lorentz oscillator, and this 

effect for various concentrations. The same is 

observed when changing from potassium bro-

mide (KBr) to cesium iodide (CsI) and finally to 

silver bromide (AgBr) as a matrix material for the 

pellet technique (12). This transformation occurs 

because of an interaction that is induced by light 

and vanishes if switched off, which is a macro-
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FIGURE 2: Comparison of the influence of sample geometry, technique, and sub-
strate on absorbance spectra of (a) poly(methyl methacrylate) (PMMA), and 
(b) spinel (inorganic material). Film thicknesses for layers on calcium fluoride 
(CaF2) and silicon substrates are 1 µm and 500 nm for gold (Au); in these cases, 
wave interference is at play. For attenuated total reflection (ATR) the film thick-
ness is much larger than the effective thickness to reflect only effects intro-
duced by the ATR technique (4). Key to spectra are (black) calcium fluoride, 
(red) silicon, (green) gold, (blue). (a): ATR ZnSe 45°-s; (b) ATR germanium 60o-s, 
(orange) true absorbance.
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scopic manifestation of the uncertainty principle: 

By observation, you change what you want to see.

Peak Shifts as a Consequence 

of the Influence of the 

Refractive Index on Spectra

Comparably strong redshifts that are not related 

to matrix effects, but are also because of the in-

fluence of the refractive index, this time not of 

the embedding, but of the incidence medium 

and the sample, occur for attenuated total re-

flection (ATR) (4,13). In the case of ATR, the ab-

sorbance is modulated by the refractive index 

dispersion of the sample. Because the refractive 

index has a maximum redshifted relative to that 

of the maximum of the absorption index, the ab-

sorbance maximum is also redshifted, easily by 

10 cm-1 and more, even for organic substances 

if you use the very common combination of a 

zinc selenide (ZnSe) ATR crystal with an angle 

of incidence of 45° (4). Note that the shift scales 

again with oscillator strength, which means that 

for mixtures the shift increases with concen-

tration because it is often combined with the 

one resulting from local field effects. To avoid 

corresponding problems, you can either use a 
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FIGURE 3: Reflectance spectra of randomly oriented, polycrystalline fresnoite  
(Ba2TiSi2O8) and strontium fresnoite (Sr2TiSi2O8) with crystallites small and 
large compared to the resolution limit of IR light. Key to spectra are (black) small 
polycrystalline fresnoite, (red) large polycrystalline strontium fresnoite, (green) 
large polycrystalline fresnoite.
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high index incidence medium like germanium 

at a high angle of incidence, which only gives 

problems with inorganic materials. As long as 

the critical angle of the sample is always lower 

than the incidence angle of your accessory, you 

can also correct the problem with an advanced 

ATR correction procedure, or, with an even more 

advanced procedure, which lets you determine 

the optical constants of your sample, but this 

requires use of a polarizer (4). Figure 2 compares 

the influence of the sample geometry, tech-

nique, and substrate on absorbance spectra. 

Peak Shifts as a Consequence 

of the Wave Nature of 

Light and Interference Effects

Quite often, samples consist of layers on sub-

strates. It seems to be clever to use refractive-

index matched substrates to avoid interfer-

ence effects within the layers (which change 

the internal fields from the ones applied), but 

because absorption is accompanied by refrac-

tive index changes, this approach can easily 

fail, particularly for thinner layers (4 μm or less 

in case of calcium fluoride) (14). If you use a 

highly reflecting substrate, like a low-e glass 

or a metal-coated substrate, the interference 

effects can be so strong that not only the peaks 

can shift by 25 cm-1 or more, but new peaks 

not directly related to vibrations may emerge 

(15,16). New peaks emerge because the prod-

uct of electric field intensity and absorptivity 

because of a neighboring peak is particularly 

high. Such inter ference ef fects are not re-

stricted to layers—for example, they also exist 

in spheres (17). Correspondingly, Mie scatter-

ing-related effects in heterogeneous samples 

do not only generate disturbing baselines, but 

also cause interference-related shifts in spec-

tra. Keep in mind that just getting rid of ripples 

or fringes in the baseline does not correct the 

shifts in your spectra!

Peak Shifts as a Consequence 

of Anisotropy and the 

Continuity Relations of the 

Electric Field at Interfaces

A last ef fec t that we will touch upon that 

c au se s sh i f t s  in  s pec t r a i s  an i sot ro py.  

This may be surpr ising, but the signal in 

your spec trum does not only depend of 

the orientation of the transit ion moment 

relat ive to the polar izat ion direc t ion, as 

you usual ly hear. The or ientat ion of the 

transition moment relative to the inter face 

is also important because this orientation 

can cause shi f t s (1,18,19). Why? Because 

if the transition moment is perpendicular 

to the sur face, then the transmit tance or 

ref lec tance does not depend on the di -

electric function, but on its inverse (this is 

a consequence of the continuity relations 

of the electric field between two dif ferent 

media). The maximum in the spectrum is, 

therefore, at the minimum in the dielectric 

func tion, which is always blueshif ted. For 

organic materials this shif t is usually 5 cm-1 

or smaller, but for inorganic materials a shift 

of 50 cm-1 is nothing out of the ordinary (1).  

Actually, this was also the case for the ex-

ample we mentioned in the beginning —

have a look at Figure 3. Funnily enough, 

these two samples were randomly oriented 

polycrystalline samples, but it was never-

theless an ef fect related to the anisotropy 

of the individual crystallites and how orien-

tation averaging takes place. The lat ter is 

dif ferent if the crystallites are small or large 

compared to the resolut ion l imit , which 

causes the blueshif ts. The simple (but not 

always cheap) solution is to use the corre-

sponding single crystals instead. 

From the potpour r i  of examples that 

we presented, you get a good impres -

sion of the many dif ferent ef fects that can 
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be at work , somet imes in combinat ion,  

and that you may have to correc t before 

you can interpret remaining peak shif ts in 

the classical way. In principle, such a cor-

rec t ion is adequate with the determina-

tion of the optical constants of a sample, 

 which can require significant effort at times.  

Before we close, a word of caution: At the 

moment , many exc i t ing innovat ions are 

becoming available, such as new modali-

ties with which you can record spectra via 

surprising ways like photothermal IR upon 

quantum cascade laser irradiation, but we 

are still investigating the resulting conse-

quences of the new measurement schemes 

or radiation sources. However, we can say 

that all ef fects described in this paper will 

stay, but additional ones will be introduced.
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Solid Physical State Transformation in 
Hot Melt Extrusion Revealed by Inline  
Near-Infrared (NIR) Spectroscopy and 
Offline Terahertz (THz) Raman Imaging 

In this article, inline monitoring of active pharmaceutical ingredient (API) crys-

tallinity by Fourier transform near-infrared (FT-NIR) during a hot melt extrusion 

process is described. The area of the peak at 6100 cm-1 was used to track the 

transitions between different solid dispersions during a hot melt extrusion in 

real time. The NIR observations are further corroborated by an offline terahertz 

(THz) Raman imaging analysis. Overall, both high process temperature and 

high screw speed are conducive to the formation of amorphous acetaminophen 

(APAP) dispersions, but temperature appears to more directly impact the forma-

tion of the most desired amorphous dispersion. FT-NIR is effective in providing 

real-time information on the solid physical state transformation, but through 

bulk measurements. Raman microscopy complements FT-NIR by offering direct 

visualization of the spatial distributions of different solid physical states of  

the API. 

Rui Chen, Mohammed Ibrahim, and Herman He

H ot melt extrusion (HME) is gaining 

increased interest in the pharma-

ceut ical indus t r y because of i t s 

high manufac tur ing ef f ic ienc y and eco-

nomic benefits. HME has been utilized to 

develop versatile dosage forms, especially 

for poorly soluble ac tive pharmaceutical 

ingredients (API) (1–3). In an HME process, 

APIs are compounded with thermoplastic 

polymers and extruded to form solid dis-

persion. The polymer matrix acts as a solid 

solvent for the drug molecules. Amorphous 

API dispersions in a polymer matrix at the 

molecular level is highly desirable because 

the drug is in a dissolved molecular state 

with no lattice energy to overcome prior to 

dissolution. Fur thermore, amorphous API 

dispersions can provide a physical barrier 

to recrystallization or aggregation of drug 

par t ic les and reduce the r isk of physical 

change post-manufacture. 

To ensure the consistency and the prod-

uct quality, it is imperative to have a thor-

ough understanding of the critical process 

parameters, such as screw design, rotational 

speed, and zone temperature, in real time 

as well as their impact on the quality of the 

final products. To that end, Fourier trans-

form near-infrared (FT-NIR) spectroscopy 

in conjunc tion with mult ivar iate analysis 
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(MVA) techniques have long been used as 

an in-process analytical tool to provide mo-

lecular level chemical information through 

direct measurements of the material being 

processed (4– 6). Recently, Repka and oth-

ers repor ted the successful implementa-

tion of FT-NIR for inline API concentration 

and process s tabil i t y monitor ing dur ing  

HME processes (7,8). 

Another integral part of the overall HME 

process design and optimization is charac-

terizing the solid physical state of extru-

dates (amorphous, crystalline, or par tially 

amorphous), which provides critical infor-

mation on produc t s tabil i t y dur ing shelf 

life, crystallization propensity, drug disso-

lution, and drug bioavailability, as well as 

process ef f ic iency (2). Previously, we re-

ported a method employing terahertz (THz)  

Raman imaging to charac ter ize the solid 

state of the acetaminophen (APAP) within 

a sol id dispersion prepared by HME (9).  

The low-frequency Raman shift region of ≤ 6 

THz or ≤ 200 cm-1, commonly referred to as 

the THz region, is sensitive to the variations 

in crystal structures, such as lattice form and 

orientation. Therefore, THz Raman spectros-

copy readily identifies different polymorphs 

of APIs and monitors API crystallization and 

dissolution processes (10–12). 

In this article, we describe the use of in-

line FT-NIR to characterize the solid physi-

cal states transformation of acetaminophen 

(APAP) in hydroxypropyl methylcellulose 

Die
(Zone 9)

Polymer, API
Blend

Zone 8 Zone 7 Zone 6 Zone 5 Zone 4 Zone 3 Zone 2 Zone 1

Conveying, Discharge Conveying Conveying Initial Feed, Conveying
8½ L/D

2 L/D 2 L/D 2 L/D
10 L/DMixing 3 Mixing 2 Mixing 19 L/D 6½ L/D

EXT FS
7 6 5 4 3 2 1 8 8 8 6 5 4 3 2 1 8 10 9 8 7 6 5 4 3 2 19 7 6 5 4 3 2 1

FS FS FS FS FS FS A90 FS FS FS FS FS FS FS FS FS FS
½FS

A90 A901 FS FS FS FS FS FS FS FS FS FS FSFS FS FS FS

FIGURE 1: Schematic of a Process 11 twin screw extruder configured in this study.

TABLE I: HME processes and parameters

HME Process Extrusion 
Temperature (⁰C)

Screw Speed 
(rpm)

Feeder Screw 
Speed (rpm)

PRC 1 130 50 6

PRC 2 130 200 24

PRC 3 170 50 6

PRC 4 170 200 24
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(HPMC) matrix prepared by HME. By track-

ing the changes in the peak area associated 

with crystalline APAP during HME, the un-

derlying transitions between dif ferent solid 

dispersions under dif ferent process condi-

tions are rationalized. The FT-NIR data is fur-

ther corroborated by an offline THz Raman 

imaging analysis. 

Materials and Methods

Acetaminophen (APAP) (Spectrum Chemi-

cals), a crystalline biopharmaceutics clas-

sification system (BCS) I drug with a melt-

ing point of 169°–170 °C, was chosen as 

the model API. Hydroxypropyl methylcel-

lulose (HPMC) (Ashland) E5 grade, a com-

mon hydrophilic matrix material for amor-

phous solid dispersions, was used as the  

polymer matrix. 

Hot-Melt Extrusion

An 11-mm t win-sc rew ex t ruder, Thermo 

Scientific Process 11 was used for the HME 

processes. Figure 1 is a schematic show-

ing the screw profile design as well as the 

process conf igurat ion. APAP and HPMC 

were tumbling mixed for 30 min before fed 

into the extruder at the Zone 1 posit ion.  

The Zones 2 through 8 were mixing, convey-

ing and discharge zones. The Zone 9 is a die 

that reduces the barrel configuration to a 

single circular orifice with 5 mm in diameter. 

The blending ratio of APAP and HPMC 

was 30:70 (w/w). Four dif ferent HME pro-

cesses were per formed with two dif ferent 

screw speeds at two different temperatures, 

as shown in Table I. For each HME process, 

after the extrusion reached the steady state, 

the extrudates from the die (zone 9) was col-
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FIGURE 2: (top) FT-NIR spectra acquired during the extrusion processes. (bottom) 
FT-NIR spectra of amorphous and crystalline APAP.
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lec ted and pressed into thin films using a 

hydraulic press with heating panels at 40 °C 

to be analyzed by Raman imaging.

FT-NIR Spectra Collection

A Thermo Sc ient i f ic Antar is I I  MDS F T-

NIR spectrometer equipped with a dif fuse 

reflectance probe was used for spectral ac-

quisition. The probe and a metal reflector 

were screwed opposite into the sensor ports 

of the die (zone 9) with a gap of 4 mm. NIR 

spectra were collected every 20 s with the 

spectral range of 4000 –10,000 cm-1, 8 cm-1 

spectral resolution, and 16 scans were co-

added (8 s scan time). FT-NIR data acquisition 

was performed using the Thermo Scientific 

Result v3 software package. Data process-

ing and modeling was performed using the 

Thermo Scientific TQ Analyst software. 

FT-NIR Spectral Peak Area Calculation

To track the polymorphous change of APAP 

during the extrusion processes, the spec-

tral peak at 610 0 cm -1 was chosen as the 

indicator for crystalline APAP. All spectral 

data was first processed with 11-data point 

and third-order Savitzky–Golay smoothing. 

The peak area was then integrated between 

6055.39–6124.81 cm-1 with a two-point base-

line correction.

Raman Spectroscopy and Raman Imaging

Raman spectroscopy and Raman imaging 

were per formed using a Thermo Scientific 

DXR3xi Raman imaging microscope, using 

a 532 nm laser operated at 8 mW power at 

the sample. Data acquisition and processing 

were carried out using the Thermo Scientific 

OMNICxi software. 

Raman images were obtained by the Cor-

relation Prof i l ing option of the OMNICxi 

software, using the THz region (≤ 200 cm-1) 

of the crystalline APAP Raman spectrum as a 

reference. The correlation profile shows the 

correlation between the spectrum at each 

pixel (sampling point) in the Raman image 
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FIGURE 3: (a) The top shows screw speed vs. time; the middle of the figure shows pro-
cess temperature vs. time; and the bottom of the figure shows the area of the peak 
at 6100 cm-1 vs. time. (b) Illustration of the three different types of solid dispersion. 
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and the spec i f ied re fe rence spec t rum.  

Each color in the rainbow-colored intensity 

scale represents a degree of correlation with 

the reference spectrum. The higher the in-

tensity value, the greater similarity to the 

reference spectrum. A value of 1.0 indicates 

that the sample spec trum and reference 

spectrum are identical and is displayed as 

red. For the purpose of direct comparison, 

a correlation range of 0.75–1 were applied 

to all the Raman images. 

Results

As shown in Figure 2, al l FT-NIR spec tra 

have strong features in the first over tone 

C–H stretching region around 60 0 0 cm -1. 

The amorphous and crystalline APAP, how-

ever, are noticeably di f ferent (Figure 2).  

The crystalline APAP spectrum has a sharp 

peak around 6100 cm-1, whereas the amorphous 

APAP has a broad feature around 6600 cm-1. 

Spectral peak wavelengths are predomi-

nately determined by molecular structures, 

interac tions among molecules, as well as 

their env ironment, and peak intensi t ies 

are of ten proportional to component con-

centrations. Therefore, the area of crystal-

line APAP peak at 6100 cm-1 is an indicator 

for the concentrations of crystalline APAP 

in the samples. When the extrusion pro-

cess was operated at 130 °C and 50 rpm  

(PRC 1), the spectral peak at 6100 cm-1 is ap-

parent. As the extrusion condition moved to 

a higher screw speed (PRC 2), a higher extru-

sion temperature (PRC 3), or a combination 

of both (PRC 4), the crystalline peak at 6100 

cm-1 decreased while the amorphous peak 

at 6600 cm-1 increased concurrently, indi-

cating a solid physical state transformation 

from crystalline to amorphous. A high tem-

perature promotes amorphization as well 

as dif fusion of the API molecules through 
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(a) PRC1, 50 rpm, 130 ºC

(c) PRC3, 50 rpm, 170 ºC (d) PRC4, 200 rpm, 170 ºC

(b) PRC2, 200 rpm, 130 ºC

FIGURE 4: Raman images of extrudates from different HME processes. Images (a–c) 
were collected using a 50× objective and a 5 µm pixel size. Image (d) was collected 
using a 100× objective and a 0.5 µm pixel size. 
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the polymer chains for adequate mixing.  

On the other hand, increasing the screw 

speed increases the dissolution of the drug 

into a molten carrier and dispersion by im-

parting the energy generated by the friction 

between screws and extruded material.

F igure 3a shows the calculated peak 

areas of c r ys ta l l ine APAP under d i f fe r-

ent HME process conditions. Under PRC 1  

(130 °C, 50 rpm), the extrudates exhibit the 

highest crystallinity. When the screw speed 

was increased to 200 rpm while maintaining 

the same temperature at 130 °C (PRC 2), the 

crystallinity decreased. When the process 

condit ions were changed back to PRC 1, 

the crystallinity also rever ted to its origi-

nal value, suggesting the reversible nature 

of the transition from PRC 1 to PRC 2 and 

back to PRC 1. Next, the temperature was 

increased to 170 °C while maintaining the 

screw speed at 50 rpm (PRC 3). The crystal-

linity decreased again, but to a level below 

the value observed in PRC 2, as indicated 

by the gap bracketed by the two green ar-

rows in Figure 3a. Clearly, PRC 3 resulted in 

an overall more amorphous solid dispersion 

than PRC 2. However, increasing the screw 

speed to 200 rpm (PRC 4) did not further de-

crease the crystallinity. Finally, the process 

was changed back to PRC 1. Interestingly, 

the crystallinity remained at the low value 

and did not change to the value previously 

observed in PRC 1. 

A two-component, API-polymer carrier 

solid dispersion can form multiple structures 

depending on their composition and process-

ing history (13), as illustrated in Figure 3b.  

The drug can be molecularly dispersed within 

the polymer matrix, forming a thermodynami-

cally stable, homogeneous solid solution (SS), 

the most desirable structure of solid disper-

sions. Another form is a dispersion of crys-

talline drug par ticles in a polymer matrix, 

referred to as a crystalline solid dispersion 

(CSD). Alternatively, an intermediate, meta-

stable structure where amorphous drug ag-

gregates are dispersed in a polymer matrix 

(ASD) can be formed. The initial process 

changes from PRC 1 to PRC 2 and back to 

PRC 1 likely induced a transition of CSD to 

ASD and back to CSD, at least in portions of 

the sample, causing the rise and fall of the 

overall crystallinity value. Because ASD is a 

meta-stable state, it can be converted to the 

equilibrium CSD provided that the thermo-

dynamic driving force is suf ficient to over-

come the Gibbs free energy barrier. The later 

transitions of PRC 1 to PRC 3 by raising the 

temperature to 170 °C resulted in the forma-

tion of SS, indicated by the lowest crystallin-

ity value. Once the solid dispersion reached 

the SS, the polymer matrix provided both a 

physical barrier to aggregation and stabiliza-

tion through the drug–polymer interaction.  

As the result, the API stays in that solid solution.  

Further transitions from PRC 3 to PRC 4 then 

back to PRC 1 did not change the crystallinity. 

The observations in the FT-NIR experi-

ments were fur ther corroborated by THz 

Raman imaging analysis. At 130 °C and 50 

rpm (PRC 1, Figure 4a), agglomeration of 

crystalline APAP (CSD, red regions), partially 

amorphous dispersion (ASD, green regions), 

and amorphous dispersion (SS, blue regions) 

coexist. Note that the processing tempera-

ture was well below the temperature of APAP 

(169 °C), and the energy imparted to APAP 

by screw rotation was not enough to accom-

plish complete amorphization. At this low 

processing temperature, even with a higher 

screw speed of 200 rpm (PRC 2, Figure 4b), 

the sample still contains noticeable amount 

of par tially amorphous dispersion (ASD). 

Figures 4a and 4b are in sharp contrast to 
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those of the extrudates processed at a higher 

temperature of 170 °C (PRC 3 and PRC 4; Fig-

ures 4c and 4d). By raising the temperature, 

near-complete amorphous APAP dispersion 

(SS) were formed with both screw speeds. 

The comparison between the four processes 

clearly illustrate that screw speed is a criti-

cal process variable that dictates the energy 

supply to the extruded material, the degree 

of mixing, and, to a lesser extent, the resi-

dence time. Increasing screw speed increases 

dissolution of drug into a molten carrier and 

dispersion. However, the higher temperature 

is more conducive to the formation of SS. 

Conclusions

In this study, inline monitoring of API crystallinity 

by FT-NIR during an HME process was demon-

strated. The crystallinity of APAP, measured by 

the peak area at 6100 cm-1, shows three distinct 

values, which are speculated to be associated 

with three different forms of solid dispersion: 

crystalline solid dispersion, amorphous solid 

dispersion, and solid solution. Overall, high 

process temperature and high screw speed are 

conducive to the formation of amorphous APAP 

dispersions, but temperature appears to have 

a more direct impact on the formation of the 

desired amorphous APAP dispersion. These ob-

servations are further corroborated by an offline 

THz Raman imaging analysis. The extrudates 

with the highest crystallinity value (least amor-

phous) show the coexistence of appreciable 

amount of CSD with ASD and SS, whereas the 

extrudates with the lowest crystallinity value 

(most amorphous) contain predominantly SS. 

FT-NIR is effective in providing real-time infor-

mation on the solid physical state transforma-

tion, but through bulk measurements. Raman 

microscopy complements FT-NIR by offering 

direct visualization of the distribution of differ-

ent solid physical states of the API. 
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M un Seok Jeong of the Department 

of Energy Science at Sungkyunkwan 

University in Korea is exploring the 

nanoscale of material science using a suite of 

new spectroscopy tools. A prominent analytical 

tool for this nanoanalysis is infrared nanoscopy  

We recently spoke to him about his work.

You have used infrared nanoscopy to mea-

sure and study the degradation of organic–

inorganic hybrid perovskite (OHP) fi lms 

in the field of optoelectronics (1). Why is 

this important, and what is unique about 

the application of infrared nanoscopy to  

this problem?

One of the significant issues of the perovskite 

material is its long-term stability due to environ-

mental degradation. Generally, perovskites de-

compose easily when exposed to environmental 

factors such as oxygen, moisture, heat and light. 

Therefore, there are still difficulties in commercial-

ization using the perovskite materials. Many stud-

ies have been investigated, but it is still insufficient 

to clarify this issue. Herein, we conducted infra-

red (IR) nanoscopy measurement to investigate 

the degradation of OHP film in nanoscale. The IR 

nanoscopy is a high spatial resolution chemical 

analysis apparatus to measure changes in physi-

cal chemistry properties on a nanoscale that were 

not previously identified. As a result, we obtained 

the clear mechanism of degradation in perovskite 

film. This research is a unique approach in the 

field of nano chemistry research because it can 

be intuitively investigated in the nanoscale region  

(~10 nm) using the AFM-tip.

How would you describe the differences 

between classic infrared microspectroscopy 

and infrared nanoscopy?

Unlike classic IR microspectroscopy which can 

investigate the materials with several tens of 

micrometer spatial resolution, IR nanoscopy 

combined with AFM can identify substances in 

nanoscale region. Also, this technique can ob-

serve the structural and chemical properties of a 

sample simultaneously with the tens of nanometer 

scales. For realizing nanoscale spatial resolution, 

the amplitude of ring-down motions of the atomic 

force microscope (AFM) tip on the sample due to 

thermal expansion of sample at certain wavenum-

ber were recorded along the incident IR laser.  

Finally we can achieve the mapping image of 

chemical vibrational modes and topography with 

~10 nm spatial resolution.

Advancing Spectroscopy into the 
Nanoworld of Materials Science: 
Vibrational Nanoscopy and 
Infrared Nanoscopy

Jerome Workman, Jr. 

SPECTROSCOPY SPOTLIGHT
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How was infrared nanoscopy developed?

We purchased a commercial instrument system 

and adapted it for our work.

You have also applied infrared nanoscopy to 

identify defects and to improve the quality and 

performance of low-dimensional organic lead 

halide perovskites (OHPs), which comprise white 

light-emitting diodes (LEDs) (2).What has infrared 

nanoscopy revealed for this application that other 

analytical techniques have not shown?

The white emission in 2D OHPs have been explained 

by self-trapped exciton at polaron states (STEs). 

Large organic cation for 2D OHP structure induces 

the size restriction of polaron and distortion of PbX6 

octahedrons resulting in unique polaron proper-

ties. In this point of view, the direct observation of 

organic cation at nanoscale is very important in 2D 

OHP studies. Other nanoscale mapping techniques 

such as photoluminescence (PL) or Raman scattering 

hindered to observe organic cation directly because 

of indirect effect of organic cation in band structure 

or high photoluminescence intensity. However, using 

IR nanoscopy, the effects of organic cations and 

moisture related to white emission in 2D OHP can be 

observed simultaneously. Herein, we revealed that 

the correlation of white emission and organic cation 

defect site by using the IR nanoscopy. In addition, 

white emission is not only originated from STEs, but 

it also came from defect sites by water molecules.

What is most important about the quality of white-

light emission in LEDs?

The LEDs are the systems with several materials such 

as active layer, electrode, and charge injection layers. 

The performance of LEDs with outstanding materials 

can be poor without understanding of interaction 

with each material. Thus, the most important for 

better performance of white-light emission in LEDs 

is the understanding of interaction with materials.  

For that, we study single or heterostructure of  

material step by step.
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A s forensic analysis cont inues to 

advance, such as in the under-

standing of source identification 

and analysis of trace quantit ies of bodily 

f luids, spectroscopic techniques and ma-

chine learning are play ing a s igni f icant 

role. Igor K. Lednev, a chemistry professor 

at the University at Albany, SUNY, in Albany, 

New York , has been work ing in this f ield 

with his team. The analytical methods cur-

rently under investigation include Raman 

spectroscopy, at tenuated total ref lec tion 

Four ie r  t r an s fo r m in f r a red ( ATR F T- IR ) 

spec troscopy, and advanced chemomet-

r ic c lass i f icat ion and analys is methods.  

We recently interviewed him about his work. 

In one recent study, you reported the de-

velopment of a multivariate discriminant 

mode l us ing ATR FT- IR spec tra of d ry 

urine to identify the sex of the donor (1).  

Which specif ic analytes are being mea-

sured for this discriminant analysis? What 

specif ic chemometric approach was re -

quired for optimizing the discrimination?

We utilized one of the multivariate statis-

tical methods called par tial least-squares 

discriminant analysis (PLS-DA).To improve 

fur ther the discrimination, we also applied 

genetic algorithm (GA) analysis to the de-

rivative urine spectra. The GA is a compu-

tat ional method that ident i f ies spec tral 

regions that contr ibute the most to the 

dif ferentiation power of the model. In ad-

dition, the spectral regions selected by GA 

may be instrumental for understanding the 

chemical origin of sex dif ferences in urine 

samples. Although a specific biochemical 

assignment based on the regions selected 

by GA was chal lenging, there was good 

agreement with the characteristic spectral 

peaks of creatinine. Creatinine is a waste 

product from creatine, which is consumed 

in muscles. Detection and quantification of 

creatinine in biological f luids, par ticularly 

urine, have been previously investigated.  

It has been shown that the concentration of 

creatinine in urine depends on the muscle 

mass and donor sex, as the urine of male 

subjec t s t ypical ly has a h igher concen-

tration of creatinine than that of females.  

Let me also mention that this was a collab-

orative project between our laboratory and 

Prof. Takeaki Ozawa’s laboratory at the Uni-
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versity of Tokyo. A very talented PhD stu-

dent, Ayari Takamura, spent half a year in 

our laboratory conducting research.

Research using ATR FT- IR spectroscopy 

was used to d isc riminate sex and race 

based on the analysis of bloodstain sam-

ples (15). In this work, ATR FT-IR spectra 

were acquired from dry bloodstains and 

PLS-DA was used to classify these sample 

spectra. What do you think is the basis 

of the fundamental chemical differences 

in these samples that was detected using 

ATR FT-IR?

To address this question, we used GAs and 

determined ATR FT-IR spectral regions that 

contributed the most to the dif ferentiation 

of blood samples based on the donor sex 

and race. Specifically for the sex dif ferenti-

ation, we observed a region corresponding 

to lipid contribution that is consistent with 

the literature, reporting dif ferent levels of 

high-density lipoprotein (HDL) cholesterol 

and double bond index in fatty acids within 

the blood serum of males and females.  

In addition, a spec tral region with a con-

tribution from carbohydrates was selected 

by GA that is consistent with the literature 

data, indicating higher levels of glucose in 

blood of female donors. As for the race dif-

ferentiation, the results of our analysis of 

ATR FT-IR spectral data are consistent with 

the literature indicating that the levels of 

lipoproteins, apolipoproteins, hemoglobin, 

and total protein concentration in blood 

varies with the donor race.

What would you consider to be the most 

meaningful contributions of your work, in-

cluding teaching and patent work?

An academic career i s at t rac t ive to me 

because it gives plenty of oppor tunity to 

make various meaningful contributions in-

cluding those to a scientif ic f ield, profes-

sion, and even society. Training the next 

generation of experts is probably the most 

important duty of the university professor. 

I am very happy that all students graduated 

from our lab are developing successful ca-

reers in pharma, major crime laboratories, 

and academia. I guess publishing about 250 

research papers and reaching the h-index 

of 58 might indicate a noticeable contr i -

bution to the scientific field, but I leave it 

for my peers to evaluate. Af ter many years 

of fundamental research, I  have shi f ted 

the focus of our program toward applied 

s c ie nc e d u r ing t he la s t  d e c ad e o r  s o,  

specifically targeting the development of 

new methods for medical diagnostics and fo-

rensic purposes. Most recently, I cofounded 

two star tup companies aiming at the com-

mercialization of our patented technolo-

gies. Should this ac t iv i t y be success ful,  

it will probably make the most meaningful 

societal contribution.

Wou ld you sha re w i th ou r  read e rs  to 

desc ribe your work eth ic ,  ph i losophy, 

and how you plan your da i ly or weekly  

work schedule?

T h i s  i s  a  s e r i o u s  q u e s t i o n ,  w h i c h  d e -

ser ves a separate conversat ion. Br ief ly, 

my work ethic is probably quite standard: 

be honest, be respec t ful, and work hard.  

Although this might sound trivial, it is not. 

One of the key elements of my teaching 

philosophy is to make sure that s tudents 

learn how to learn. A s for the research 

training, my main approach is to give stu-

dents as much independence and respon-

sibilit y as they can handle. In my opinion,  

and based on many years of experience, this 

is the best way to prepare students for their 
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future careers. I am investing time and sig-

nificant ef fort to generate a priority “wish” 

lis t for my ac tivit ies. My daily and weekly 

work schedule includes my duties (teaching,  

service, and professional) and then, if there is 

time left, top activities from the priority list.

What words of wisdom do you have for any 

young people interested in a scientific re-

search career?

Go for it! However, do not expect that it will 

be easy. Good luck!
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Resonant sur face-enhanced infrared 

spectroscopy (resonant SEIRA) over-

comes the limitation of traditional 

Fourier transform infrared (FT-IR) spectros-

copy for minute sample sizes of low infrared 

absorption cross-sections (relatively low ab-

sorptivity). This technique provides orders 

of magnitude enhancement in the detec-

tion of infrared vibrations of molecules lo-

cated in the proximity of resonantly excited 

(plasmon related) elec tromagnetic f ields.  

Resonant SEIRA has been demonstrated in 

applications such as the monitoring of dy-

namic processes, the detection of proteins, 

and in hyperspectral infrared chemical imag-

ing. We were recently able to interview Frank 

Neubrech, PhD, postdoctoral research asso-

ciate at Heidelberg University working with 

Professor Harald Giessen at the 4th Physics 

Institute at Stuttgar t University, Germany, 

regarding this research.

You have developed a new SEIRA tech-

nique using resonant metal nanoantennas 

(resonant SEIRA) (1). How did you come to 

discover this phenomenon? What is unique 

about the capabilities of your approach as 

compared to traditional FT-IR and earlier 

work in SEIRA?

The original discovery was by Frank Neu-

brech, published in Physical Review Letters 

in 2008 (2). Resonant plasmonic nanoanten-

nas and coupling to electronic transitions of 

emitters such as dye molecules or quantum 

dots was a very hot topic at the time. 

Increasing the nanoantennas size to shift 

their localized sur face plasmon polariton 

resonance from the visible into the near- and 

mid-IR was a sensible research direc tion. 

Given that molecular vibrations are situated 

in the mid-IR, it was clear that in that case 

one might also couple resonant energy to 

molecular vibrations and phonons instead 

of electronic transitions. 

Traditional FT–IR has limited sensitivity 

when it comes to single-molecule layers. 

Only in geometr ies such as IR ref lec tion 

absorption spectroscopy (IRRAS) is it pos-

sible—when utilizing grazing incidence and 

large areas to get enough signal—to detect 

IR v ibrat ions of s ingle-molecular layers.  

Traditional SEIRA utilized mostly just the 

fact that at a surface (or an interface) such as 

metal-to-air or dielectric-to-air, electric fields 
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of incident light could be enhanced. This held 

par ticularly true for rough sur faces where 

hot-spots of light potentially formed, how-

ever with the plasmonic resonance strongly 

detuned from the molecular vibration. 

In contras t , resonant SEIR A took the 

unknown out of this technique by tai lor-

ing the localized sur face plasmon polari-

ton resonance of a plasmonic nanoantenna  

(or as many call it, the plasmonic antenna 

resonance) such that it was in resonance with 

molecular vibrations or phonons in solids. 

The field enhancement was thus larger, more 

quantifiable, and more reproducible.

How does resonant SEIRA overcome the 

limitation of low IR absorption cross-sec-

tions inherent to common FT–IR spectro-

scopic measurements?

In resonant SEIRA, the incoming light is ab-

sorbed and scattered by a plasmonic nano-

antenna and excites a localized surface plas-

mon polariton resonance in it. The electric 

field distribution around the nanoantenna 

is enhanced up to 1–2 orders of magnitude, 

and this light then interacts with the molecu-

lar vibrations or phonons of the molecules 

in solids that are situated right in these tai-

lored hot spots of light.

Would you briefly explain to our readers, 

the principle of resonant coupling between 

plasmonic and vibrational excitations?

When two harmonic oscillators of the same 

f requenc y are brought in c lose v ic ini t y,  

they can couple to each other. If the oscil-

lators are of similar oscillator strength and 

line width, then typically normal mode cou-

pling and splitting of the resonances occurs 

in case of strong coupling. If the oscillators 

are dissimilar in oscillator strength and line 

width, then a Fano-t ype si tuat ion ar ises 

which is indicated by a strongly asymmetric 

(dispersive) narrow line shape that sits within 

or on top of the Lorentzian line shape of the 

broader oscillator. 

In SEIRA, the plasmonic oscillator typi-

cally takes the role of the broader, stronger 

oscillator, whereas the molecular vibration 

or phonon takes the role of the weaker and 

narrower oscil lator. Microscopically, i t is 

the polarizations of the displaced dipoles  

( in one case the collec tive motion of the 

elec trons in the sur face plasmon of the 

nanoantenna, and in the other case the di-

polar molecular polarizability upon its vibra-

tional motion) that couple with each other 

due to Coulomb interaction.

Would you exp la in the i s sues a ssoc i -

ated with maximizing the resonant SEIRA  

signal enhancement and how this affects 

the choice of nanostructures geometry,  

a rrangement,  and mate ria l s? In othe r 

words, how do these choices affect the in-

tensity of localized surface plasmon polari-

ton resonances (LSPRs)?

It is necessary to increase the local electric 

field at the position of the molecules or sol-

ids as much as possible. This can be done by 

choosing an appropriate geometry, such as 

a rectangular nanoantenna or a gap antenna 

or sharp-tipped geometries such as bow-tie 

antennas. We found that also low-index sub-

strates such as calcium fluoride (CaF2) help 

as they expel the elec tric f ield out of the 

substrate and thus towards the molecules. 

Fur thermore, single cr ystall ine metals 

such as gold for the nanoantennas seem to 

be beneficial as well. The resonance of the 

antenna should be as large and as narrow 

as possible. Lower quality factor plasmons 

in materials such as titanium nitride (TiN) 

or aluminum (Al) are not beneficial for the 
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maximum resonant SEIRA signal. High Q 

resonances in graphene nanoribbons or in 

silicon nanoresonators (as used by Hatice 

Altug’s group in [3] and [4]) are beneficial.

Wh a t  i m p rov e m e n ts  w o u l d  re s o n a n t 

SEIRA have for hyperspec tra l  in fra red  

chemical imaging?

Again, due to the large local field enhance-

ments, smallest amounts of chemical traces 

can be locally detected and hence imaged 

with appropriate detectors. We have dem-

onstrated this by using pat terns of buck-

minsterfullerene (C60) and pentacene on a 

nanoantenna array.

What are the unique aspects of sample 

preparation for resonant SEIRA? Are there 

sample size limitations that limit the appli-

cability of this technique? Are you surprised 

at the leve l of s igna l enhancement for  

this technique?

The molecules or solids should be brought to 

the positions of maximum field enhancement 

of the nanoantenna array. This can be done 

by tailored chemical functionalization, evap-

oration techniques, or simple dropcasting. 

There are in pr inc iple no sample s ize 

limitations if one can prepare large nano-

a n t e n n a  a r r a y s  b y  s u i t a b l e  m e t h o d s ,  

such as e lec t ron beam l i thography, ion 

b e a m l i t h o g r a p h y,  p h o t o l i t h o g r a p h y,  

interference lithography, direct laser writing, 

or bottom-up self-assembly methods such 

as colloidal hole l i thography or colloidal  

etching lithography. 

We were glad that the signal enhance-

ment was up to one mill ion compared to 

conventional FT–IR measurements, but in 

hindsight this corresponded to the enhance-

ment values given the local field enhance-

ments and the local field distributions.

What special discoveries have you made 

using this method and which of these has 

surprised you the most?

Apart from identifying many chemical spe-

cies, we were able to detect in-vitro protein 

folding and are working on doing so at the 

single nanoantenna level. 

What do you believe is the potential for this 

method to achieve single molecule sensitivity? 

Would you tell us a little about the potential 

for real-time monitoring of lipid membranes?

The vibration-specific detection of single 

molecules is our ult imate goal. If the an-

tenna resonance is optimized and the light 

source is br i l l iant enough and spec trally 

stable and has small enough noise, and if 

good coupling and photostability are pres-

ent, vibration-specific single molecule de-

tection should be feasible. Also, real-time 

monitoring of lipid membranes was already 

demonstrated (5).

What do you anticipate is your next area of 

research in this field; what would be your 

next steps in advancing this work? And do 

you anticipate your team doing any work in 

the THz region in the near future? 

We hope to take this method also into de-

tec tion of adsorbed gaseous molecules.  

We have been able to go into the THz region 

as well, both in the double and single digit 

THz region (6). Whether the method can be 

taken into the 1 THz or even to the hundreds 

of GHz region to couple to really low-energy 

excitations remains to be seen. 
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