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Abstract
This paper presents a new extension to the classic 
PM-IRRAS theory for spectral data processing. A new
easy-to-use formula that directly converts PM-IRRAS
spectral intensities to absorbance units is proposed and
experimentally confirmed. This work not only clears up the
confusions in PM-IRRAS spectral data processing but also
demonstrates the significant advantages of dual-channel
PM-IRRAS over conventional IRRAS for studying mono-
layer samples in detection sensitivity, data collection time
and final spectral quality.

Introduction
Infrared reflection absorption spectroscopy (IRRAS) is a
useful technique for studying thin films on reflective sub-
strates. Molecular orientations of a thin film on a metallic
substrate can be determined based on the selective absorp-
tion of s- and p-polarized light by the adsorbed molecules
when the incident angle is in the grazing angle range.
Polarization modulation (PM) is highly recommended for
IRRAS measurement in order to increase the sensitivity 
of the measurement. In a typical PM-IRRAS experiment,
two modulations are applied simultaneously: the Fourier
modulation produced by the FT-IR interferometer and the
polarization modulation by the photoelastic modulator.
Thus, the raw detector signal contains contributions from
both modulations when proper electronic flittering is used. 

In order to obtain direct quantitative information of
monolayer absorptivities, conversion of PM-IRRAS spectral
intensity to absorbance units is necessary. In this paper, a
new theoretical formula that directly links experimental
PM-IRRAS spectral intensities to absorbance units is derived
from the classic PM-IRRAS theory and experimentally
confirmed with spectral data of a monolayer film on a gold
substrate. In addition, the data generated for confirming
the proposed theoretical formula also demonstrate the 
significant sensitivity enhancement of dual channel 
PM-IRRAS over conventional IRRAS for monolayer studies.

Theory
In the classic PM-IRRAS theory,1 normalized PM-IRRAS
spectral intensity is expressed as

(1)

where Ip, Is = intensities of reflected p- and s-polarized light;
J2 (ϕ0) = second-order Bessel function;
g = G+ /G- = ratio of overall gain for the two channels;
γ = Cp /Cs = ratio of overall optoelectronic responses for 

p and s polarizations;
ρ = Ip(0)/Is(0);
A(d)pseu = 1-Ip(d)/Ip(0) = pseudo absorption spectrum.

In Equation (1) the numerator [∆I(d)/ΣI(d)]exp, 
represents the PM-IRRAS demodulated signal (difference)
ratioed over the non-demodulated detector raw signal
(sum) for a sample with monolayer thickness of d, and 
the denominator, [∆I(0)/ΣI(0)]exp, represents the same
quantity for a reflective bare substrate reference (i.e. zero
thickness of film), such as a gold-coated glass slide. 

An expression for spectral intensity in absorbance is
obtained through derivation:2

(2)

A(d) in general should be positive according to
Equation (2), since when γρ< 1, the surface bands on a raw
experimental PM-IRRAS spectrum (ratio of demodulated
signals over detector raw signals) are oriented upwards
above the J2(ϕ0) curve, and subsequently the normalized
PM-IRRAS signal is greater than 1, and when γρ>1, the
surface bands are oriented downwards below the J2(ϕ0)
curve and subsequently the normalized signal is less than 1.
For a typical monolayer sample, such as an organic thin
film on a gold-coated substrate, ρ ≈ 0.95 (at 1000 cm-1, 
e varies very little across the entire mid-IR spectrum) and 
γ ≈ 1. Equation (2) then reduces to

(3)

Equation (3) is readily applied to PM-IRRAS spectral
data processing for monolayer films on gold (or gold-
coated) substrates. It is a more straightforward and 
mathematically strict approach than other procedures
reported in the literature.3
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Experimental
A dual-channel Nicolet® Nexus® 870 research spectrometer
with a PEM module for PM-IRRAS and a SAGA™ grazing
angle accessory for conventional IRRAS was used in the
experiment. The optical diagram of the PEM module is
shown in Figure 1. A liquid nitrogen cooled MCT detector
was used for both experiments. In the PM-IRRAS experi-
ment, the sum and difference PM-IRRAS spectra were 

collected simulta-
neously. The PM-
IRRAS spectrum
was collected with
100 scans at 8 cm-1

resolution and 83°
reflection angle. 
In the conventional
IRRAS experiment,
100 and 400 scans
were respectively
used to collect
background and
sample spectra at
8 cm-1 resolution.
The sample consists
of (poly)-l-lysine
monolayer on a
gold-coated glass
slide, and the 
reference is a 
clean gold-coated
glass slide.

Figure 1: Optical layout
of the PEM module for
PM-IRRAS

Results and Discussion
Figure 2 shows a directly measured absorbance spectrum
of a poly-l-lysine film on a gold-coated glass substrate by
using a Smart SAGA grazing angle accessory (top) and 
a converted absorbance spectrum of the same sample, 
collected by using dual-channel PM-IRRAS and processed
by Equation (3) (bottom). The grazing angle difference
between the regular IRRAS (80º) and PM-IRRAS (83º)
was also factored into the calculation of the converted
absorbance spectrum.

Figure 2: Comparison of IRRAS spectra of a poly-l-lysine thin film on a 
gold-coated glass substrate collected by using a conventional (top) and dual
channel polarization modulation (bottom) methods.

It can be seen by comparing IRRAS spectra in Figure 2
that: 1) The dual channel PM-IRRAS has tremendous
advantages over conventional IRRAS in terms of signal-
to-noise ratio, clean removal of spectral interferences from
water vapor and other randomly oriented environmental
species, and data collection time, even though the large PEM
chamber was opened repeatedly for placing the samples;
and 2) The converted PM-IRRAS spectrum in absorbance
units using Equation (3) corresponds well with the values
measured by regular IRRAS as indicated by the band
intensity at 1664 cm-1 (0.00123 abs. vs. 0.00138 abs,
respectively). An attempt has also been made to digitally
correct water vapor interferences on the conventional IRRAS
spectrum with the post-processing option in OMNIC®

software. There is some improvement with digital suppres-
sion of water vapor, but the monolayer peaks are still noisy.

Conclusions
A new theoretical formula for converting PM-IRRAS spec-
tral intensities to absorbance units has been derived from
the classic PM-IRRAS theory and confirmed experimentally.
Comparison of spectral data of PM-IRRAS and conventional
IRRAS shows that the dual channel PM-IRRAS is an 
effective and easy-to-use vibrational spectroscopic technique
for studying monolayer films on reflective substrates. Its
tremendous advantages over conventional IRRAS in sensi-
tivity, speed and SNR performance have been demonstrated.

Acknowledgements
The authors would like to thank Dr. Bryce Nelson of
GenTel Inc. (Madison, WI) for providing the monolayer
sample for this study.

References
1. T. Buffeteau, B. Desbat, J. M. Turlet, Appl. Spectrosc., 45, 380 (1991).

2. E. Y. Jiang, Chapter VI of “Advanced FT-IR Spectroscopy”, Thermo
Electron Corporation (2003). (to be published).

3. B. L. Frey, R. M. Corn and S. C. Weibel, “Polarization-Modulation
Approaches to Reflection-Absorption Spectroscopy,” in the “Handbook of
Vibrational Spectroscopy”, Eds., J. M. Chalmers, P. R. Griffith, John Wiley
and Sons, Ltd., Chichester, UK, Vol. 2, 1042 (2001).

©2003 Thermo Electron Corp.
All rights reserved worldwide.
We make no warranties,
expressed or implied, in 
this product summary, and
information is subject to 
change without notice. 
All product and company 
names are property of their
respective owners.

AN_N0399  3/03

Thermo Electron Corporation 
has direct subsidiary offices in 
North America, Europe and
Japan. To complement these 
direct subsidiaries, we maintain
a network of representative 
organizations throughout the
world. Use this reference list or 
visit our Web site to locate the
representative nearest you.

Australia 
Tel: +61 (0)2 9898 1244

Austria 
Tel: +43 (0)1 333 50 34 0

Belgium 
Tel: +32 (0)2 482 30 30

Canada 
Tel: +1 905 890 1034

China 
Thermo ARL: 
Tel: +86 10 6833 6715

Thermo Elemental: 
Tel: +86 10 6592 0232

Thermo Nicolet: 
Tel: +86 10 6597 3388 ext 2912

France 
Tel: +33 (0)1 39 30 53 00

Germany 
Tel: +49 (0)6102 3671 0

Italy 
Tel: +39 02 6601 6351

Japan 
Thermo Elemental: 
Tel: +81 774 201245

Thermo Nicolet: 
Tel: +81 45 450 1112

Netherlands 
Tel: +31 76 5724840

Nordic 
Thermo Nicolet: 
Tel: +358 9 3291 00

Thermo ARL: 
Tel: +46 (0)8 556 468 31

South Africa 
Tel: +27 (0) 11 570 1840

Spain 
Tel: +34 (91) 657 49 30

USA: 5225 Verona Road
Madison, WI  53711-4495
Tel: +1 800 201 8132, +1 608 276 6100
Fax: +1 608 273 5046
Email: spectroscopy@thermo.com

UK: 8 Mercers Row
Cambridge, CB5 8HY, UK
Tel: +44 (0)1223 345410
Fax: +44 (0)1223 345411
Email: spectroscopy.uk@thermo.com

Switzerland: En Vallaire Ouest C
case postale, CH-1024, Ecublens
Tel: +41 (0)21 694 71 11
Fax: +41 (0)21 694 71 12
Email: spectroscopy.ch@thermo.com

IR

Focusing
Mirror

Sample

Lens

MCT-A Detector

Polarizer

PEM

w w w. t h e r m o . c o m / n i c o l e t


