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criterion of sample compatibility with the technique, 
ICP-MS fails completely on account of its inability to 
handle any solutions containing significant amounts 
of solute materials and/or corrosive chemicals such as 
hydrofluoric acid and strong inorganic acids and 
bases, whereas GFAAS can readily handle such sam
ples. Since the aqueous, environmental samples for 
kinetic runs are always pretreated with solutes in the 
form of acid-base buffers, and since such solutions 
cannot be diluted in order to make them acceptable to 
ICP-MS, it is not possible to use ICP-MS for such 
kinetic studies without fouling the interior of the 
ICP-MS equipment with encrustations of the solute 
materials, which do serious damage. The alternative 
then is GFAAS, in spite of all its limitations. Because 
of the easy compatibility of GFAAS with the difficult 
sample type described above, GFAAS will continue to 
be used, as it is used now, until another new analytical 
technique which has all the advantages of ICP-MS 
without its fatal deficiencies mentioned above, is 
invented, developed and tested using real-life 
samples, i.e. for a long time. 

See also: Atomic Absorption, Theory; Atomic Emis
sion, Methods and Instrumentation; Atomic Fluores
cence, Methods and Instrumentation; Inductively 
Coupled Plasma Mass Spectrometry, Methods. 
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Introduction 

Chemical reactions that occur at gas-solid and liq
uid-solid interfaces are of central importance to a 
variety of research and technological areas, including 
biomembranes, drug design, drug-membrane inter
action, biosensors, chemical sensors, heterogeneous 
catalysis, thin film growth, semiconductor process
ing, corrosion and lubrication. Many methods are 
used for interface studies, ranging from most simple 
ones like the octanol-water two-phase system for 
mimicking the partition of a drug between a biomem
brane and the surrounding water, to most specialized 
,and expensive techniques such as low-energy electron 
diffraction (LEED), Auger electron spectroscopy 
(AES), X-ray photoelectron spectroscopy (XPS/ 
ESCA) and ion scattering spectroscopy (ISS). 

Among this palette of techniques, optical reflec
tion spectroscopy in the mid- and near-IR range 

occupies an important complementary position. The 
basic equipment consists of a commercial IR spectro
meter and a suitable reflection accessory that usually 
fits into the sample compartment of the spectro
meter. Many reflection techniques permit in situ 
applications, and if applied in the mid IR, result in 
quantitative and structural information on a molecu
lar level. Moreover, IR reflection spectroscopy fea
tures a very high performance-to-price ratio. 

There is a wide range of different spectroscopic 
reflection techniques. First one should distinguish 
between internal (total) and external reflection. At
tenuated total reflection (A TR) belongs to the first 
group. It makes use of the evanescent wave existing 
at the interface of the IR waveguide and the sample. 
Commercial A TR attachments differ mainly in shape 
and mounting of the internal reflection element 
(IRE) in the light path. Most IREs enable multiple in
ternal reflections, a prerequisite for monolayer and 
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sub-monolayer spectroscopy, and a referred to as 
MIRE. 

A variety of external reflection techniques are in 
use. In specular reflection (SR) the radiation reflected 
from the front surface of a bulk sample is collected. 
SR is often measured at or near normal incidence. 
Reflected spectral energy depends on the absorption 
behaviour of the sample. In regions of strong 
absorption the reflected energy is enhanced with 
respect to non-absorbing spectral regions, moreover, 
the reflection spectrum is usually very different from 
a corresponding absorption (AB) spectrum obtained 
by a transmission experiment. AB spectra may, how
ever, be calculated from SR spectra by means of the 
Kramers-Kronig transformation (KKT). Correspond
ing software for SR data processing is supplied with 
most commercial IR instruments. While specular 
reflectance is measured at or near normal incidence, 
IR reflection-absorption spectroscopy (IRRAS) 
works from about 10 0 to grazing incidence. In this 
case the sample is placed on a reflecting substrate, 
usually a metal. The portion of reflected light from 
the sample surface is generally small compared with 
the energy reflected off the metal surface. Therefore, 
IRRAS data and transmission (T) data are analogous. 
From Fresnel's equations (see below), it follows that 
parallel (II) and perpendicular (.1) polarized electro
magnetic waves undergo different phase shifts upon 
reflection. This phase shift is 1800 for .1 -polarized 
light at non-absorbing interfaces. As a consequence, 
incoming and reflected beams cancel at the interface 
(node). On the other hand, at large angles of incidence 
II-polarized incident light results in an enhanced elec
tric field component perpendicular to the reflecting 
interface (z-axis). For thin samples, i.e. sample thick
ness (d) much smaller than the quarter wavelength (AI 
4) of the reflected light, RA spectra report only partial 
information on orientation. It should be noted, how
ever, that for a complete orientation analysis spectra 
obtained with light polarized in the plane of the inter
face (x,y-plane) is also necessary. ATR fulfils this 
requirement, in contrast to RA. 

Diffuse reflectance (DR) is successfully applied to 
obtain IR spectra of rough (scattering) or dull surfac
es, i.e. of media intractable by other reflection tech
niques. The interpretation of DR spectra, however, is 
sometimes handicapped by the fact that they may be 
a mixture of AB and SR spectra. DR spectroscopy is a 
sensitive tool, especially when used with an IR Fouri
er transform (FT) spectrometer (DRIFT). 

Elucidation of structure-activity relationships is 
the aim of many applications of reflection spectros
copy to thin layers at interfaces. In this context, 
polarization measurements are of considerable 

importance, since molecules at interfaces exhibit 
often induced ordering. 

Low signal intensities are common in different 
kinds of interface spectroscopy, especially when the 
sample consists of a monolayer or even submonolayer 
as usual in heterogeneous catalysis and substrate
biomembrane interaction. Although modern FTIR 
spectrometers exhibit very high stability, signal-to
noise (SIN) ratio enhancement by data accumulation 
is limited by environmental and instrumental instabil
ities. The fact that most commercial FT instruments 
are operated in a single-beam mode is disadvanta
geous in this respect, because the longer an 
experiment lasts, the greater is the time lag between 
sample and reference data, which facilitates the 
intrusion of instabilities. Several optional extras are 
available in order to reduce the time lag between 
acquisition of sample and reference spectra. 

One possibility is the conversion of the single-beam 
instrument into a pseudo-double-beam instrument by 
means of a shuttle which moves alternately the sam
ple and reference into the IR beam. Such attachments 
were first developed for transmission experiments, 
and were later adapted for ATR measurements. In the 
latter case the sample and the reference are placed on 
top of one another on the same trapezoidal MIRE. A 
parallel beam of half the height of the MIRE is direct
ed alternately through the upper and lower half of the 
MIRE by computer-controlled vertical displacement 
of the ATR cuvette. This method is referred to as 
single-beam sample reference (SBSR) technique and is 
described in more detail below. 

Polarization modulation (PM) in combination with 
IRRAS is a further possibility to enhance instrumen
tal stability and background compensation when 
working at grazing incidence to a thin sample on a 
metal substrate. PM at about 50 kHz is achieved by 
means of a photoelastic modulator (PEM). Since un
der these experimental conditions the sample will 
only absorb light in the II-polarized half-wave, the .1-
polarized half-wave of the signal is representative of 
the background, i.e. of the reference. Subtraction is 
performed by lock-in technique within each PM 
cycle, i.e. 50 000 times per second. As a consequence, 
environmental and instrumental contributions are 
largely compensated. 

Finally, it should be noted that a more general ap
plication of modulation spectroscopy can be used to 
obtain selective information on an excitable sample. 
Modulated excitation (ME) spectroscopy can always 
be applied with samples allowing periodic stimula
tion via a periodic variation of any external thermo
dynamic parameter, e.g. temperature, pressure, 
concentration, electric field, light flux. ME causes a 
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periodic vanatlon of the absorbance at those 
wavelengths that are typical for the molecules in
volved in the stimulated process. Phase-sensitive de
tection (PSD) by digital lock-in technique adapted for 
FTIR instruments permits spectral registration of the 
modulated, i.e. affected, part of the sample. A typical 
feature of ME with PSD is the comparison of sample 
and reference within each period of stimulation. 
Within this time interval environmental and instru
mental parameters are usually stable so that a very 
good baseline is achieved. Moreover, if one or more 
relaxation times !i of the kinetic response of the stim
ulated sample fulfil the condition 0.1 < W!i < 10, 
where W denotes the angular frequency of stimula
tion, significant phase lags ¢i between stimulation 
and sample responses will occur which are related to 
the reaction scheme and the rate constants of the 
stimulated process. 

Theory of reflectance spectroscopy 

For a comprehensive description of the theory of re
flectance the reader is referred to the Further reading 
section. In this article, theory will only be presented 
when necessary for a general understanding. 

Fresnel's equations 

The theory of reflection and transmission of an elec
tromagnetic wave by a plane boundary was first de
rived by Fresnel. The geometry of specular reflection 
and transmission is depicted in Figure 1. The inci
dent (i) plane wave consists of the parallel (Ill and 
perpendicular polarized (.1) electric field compo
nents EiU and Eu., respectively. The corresponding 
components of the reflected (r) and refracted (trans
mitted t) field components are denoted by E,U' E,l., 
EIU, and Etl.' Fresnel's equations relate the reflected 
and transmitted components to the corresponding 
incident components. 

For a nonabsorbing medium, i.e. the absorption in
dices Kl and K2 equal to zero, one obtains for the ratio 
r between reflected and incident electric field 

Erll H2 cos (); - HI COS ()I. 

I'll = Eill = 112 cos ()i + 11] cos ()t 

E,.1. H] cos ()i - 112 cos ()t 
[1] 

7'1. = -- = 
Ei1. H] cos ()i + n2 cos ()t 

where II and .1 denote parallel and perpendicular po
larization, according to Figure 1. Equation [1] may 
be modified by introducing Snell's law of refraction: 

[2] 

resulting in 

Erll tan(();-()t) 
7'11 =-= 

Eill tan(()i + ()t) 
Er1. sin((); - ()t) 

7'1.=-=- . 
Ei1. sm( (); + ()t) 

[3] 

As concluded from Equation [3], perpendicular po
larized incident light undergoes a phase shift of 1800 

upon reflection, i.e. there is a node at the reflecting 
interface resulting in zero electric field strength at this 
point. On the other hand, parallel polarized compo
nents remain in-phase. However, this conclusion 
holds no longer in the case of absorbing media. 

The corresponding equations for the ratio t be
tween transmitted and incident electric fields are 

[4] 
Etl. 2n] cos ()i 

t1. = - = -------
Ei1. 111 cos ()i + n2 cos ()t 

z 

Figure 1 Specular reflection and transmission. The angles of 
incidence (i), reflection (r) and refraction (t) are denoted by On Or 
and 0" respectively. The corresponding electric field components 
are denoted by E. They are split into orthogonal portions, one 
parallel to the plane of incidence (x,z-plane) and the other per
pendicular to this plane (parallel to y-axis). Accordingly, electric 
fields are referred to as parallel (1) and perpendicular (1.) polar
ized, n" n2, K, and K2 denote the refractive and absorption indices 
in the two media. 
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In order to modify Equations [1], [3] and [4] for ab
sorbing media one has to introduce the complex re
fractive index. For an incoming plane-wave it is 
given by 

'Ii = n + i", [5J 

where n is the refractive index and K is the absorp
tion index. As a consequence, rand t become com
plex and the resulting phase shifts differ from 00 and 
1800 as mentioned above. 

Energy flux density 

The flux density of an electromagnetic wave is de
scribed by the Poynting vector. For the case of the 
plane wave field one obtains for the time average in 
the direction of propagation 

[6J 

where 11- is the permeability, i.e. the product of the 
permeability of vacuum 11-0 and the relative permea
bility 11-, which is unity for nonconductive materials, 
and e denotes the permittivity which is the product 
of the permittivity of vacuum eo and the relative per
mittivity (dielectric constant) e, which is complex for 
absorbing media, according to 

tr = 'li2 = n2 
- ",2 + i . 2n", 

= (n2 + ",2) . exp [i . atan(n;::2)] 
= Itrl· exp (i· <p) [7] 

Introducing the absolute value of Equation [7] into 
Equation [6] results in, for nonconducting media, 

Reflectance p and transmittance r are defined as the 
ratios of the corresponding energy fluxes ]. Accord
ing to Equation [8] they are proportional to the 
square of the electric field, i.e. 

Jr * 
P=~= rr 

Ji 

[9] 

The factor J(n~ + K,~)/ J(nr + K,r) , which reduc
es to n21 for nonabsorbing media, results from the 
change of dielectrica (see Equation [8]), and cosO! 
cosO; takes account of the different cross-sections of 
the beam in media 1 and 2, respectively. 

rr* and tt*, become r2 and t2 for nonabsorbing 
media. In this case, Equations [1], [2] and [8] result 
ill 

PII = 

[lOJ 

where n21 denotes the ratio of refractive indices of 
media 2 and 1, respectively (see Figure 1). For nor
mal incidence, i.e. OJ = 0, Equation [10] reduces to 

[11J 

In order to obtain the reflectance of an absorbing 
medium one may introduce Equation [5] into 
Equation [10] or [11]. The result for normal inci
dence is 

[12] 

It should be noted that in many applications medium 
1 is air or a nonabsorbing crystal, i.e. KI = O. It fol
lows from Equation [12] that the reflectance 
increases with increasing absorption index of 
medium 2 (K2). In the limiting case of K2 --7 00 one 
obtains p --7 1, i.e. a perfect mirror. Expressions for 
the more complicated case of oblique incidence to 
absorbing media have been derived (see Further 
reading). 

The Kramers-Kronig relations 

For normal incidence (OJ = 0) and nonabsorbing me
dium 1 (KI = 0, see Figure 1), one obtains from 
Equations [1] and [5] the following expression for 
the complex ratio r(Oj = 0) between reflected and 
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incident electric fields: 

E'-II n2- n l+ iK2 
i'II(f}; =0) = -,-= . =1ICXp(i¢) 

E;II n2 + nl +lK2 

. E,-~ U2 - nl + iK2 . 
r~(f}i=O)=-E =- . =1]CXp[l(f/)+1f')] 

d n2 + nl + lK2 

[13] 

where YJ and ¢ are the amplitude and phase of 
?(ei = 0). They are functions of the wavenumber \i 
and related to each other by the Kramers-Kronig 
equations: 

00 

- 2 f v¢(v) InTI(v)=- ~dv 
1f' v - v-

i) 
00 

¢(i/) = 2i/ f In1](~) dv 
1f' v 2 - v2 

iJ 

[14] 

Experimentally, YJ( \i) can be determined, since it is 
related to the reflectance at normal incidence by 
p(H; = 0) = 'II(ii)r7(iir, i.e. rl(ii) = J p(H, = 0); see 
Equation [12J. The Drude model may be used to ex
trapolate the measurement to \i = 0 and \i = co. From 
YJ(\i) and ¢(\i) the components of the refractive index 
can be calculated according to 

1 - 1/ 
n = ----'-----.,,-

1 - 2'1 cos ¢ + rp 
21lsin¢ 

'" = ----'----~ 
1 - 27} cos ¢ + 1]2 

[15] 

For a detailed discussion, see the Further reading 
section. 

Internal reflection spectroscopy (ATR) 

Internal reflection can only occur when the angle of 
the refracted beam et is larger than the angle of inci
dence ei• This means, according to Snell's law 
(Equation [2]), that the refractive index of medium 
2 must be smaller than that of medium 1 (n2 < 111)' 

This is contrary to the situation in Figure 1 where 
112> n l was assumed. The region of total reflection 
.begins when et reaches 90°, i.e. at the critical angle 
of incidence e,. It follows from Equation [2] that 

[16] 

It follows from Equations [2] and [16J for ei > ee 
that sinet = sine/sinee > 1, resulting in a complex 
value for the corresponding cosine: 

The ratio r between internally reflected and incident 
electric field components is then obtained by intro
ducing Equation [17] into Equation [1], resulting in 

[18] 

The corresponding equations for medium 2 are 
obtained by introducing Equation [17] into 
Equation [4J, resulting in 

Ell 2cos8; 
t=--=-------~===== 
I EI 8 ·f· 28 2 

I n21 cos;+ln12 ySII1 ;-n21 

[19J 

Finally, it should be noted that incident electric 
fields undergo phase shifts in the ATR mode even if 
medium 2 is nonabsorbing. It follows from 
Equation [18J that 

'b 
tanJL = 

2 

vsin2 Hi - n~l 
n~l cos H, 

5:, Isin2 H-n2 
UL \I ' 21 

tall- = - -!.-----
2 cos H; 

[20] 

where 011 and 0.1 are the phase shifts per internal 
reflection (no absorption) of /I-polarized and .1-

polarized incident light. Since the phase shifts and 
amplitudes are polarization dependent, linearly 
polarized incident light is elliptically polarized after 
an internal reflection. This phenomenon, however, 
does not hinder polarization measurement in the 
ATR mode. 



ATR AND REFLECTANCE IR SPECTROSCOPY, APPLICATIONS 63 

Applications 

Diffuse reflectance 

The geometry of a diffuse reflection experiment is 
shown in Figure 2. The incident beam (I) is colli
mated to the sample S by means of the ellipsoidal 
mirror Mi' Two reflection mechanisms must be con
sidered, specular reflection, R., and diffuse reflec
tion, Rd' The former occurs at the surface and is 
governed by the Fresnel equations (Equations [1], 
[3] and [10-12]). As a consequence of anomalous 
dispersion, specular reflected light exhibits S-shaped 
intensity changes at the wavelengths of sample ab
sorption. In contrast, diffuse reflected light exhibits 
absorption bands at frequencies observed also with 
transmitted light, but with intensities deviating sig
nificantly from those measured in a transmission ex
periment. The intensity of the diffuse reflection 
spectrum may be described by the Bouguer-Lambert 
law (Eqn [21]), the analogous expression to the 
Lambert-Beer law in transmission spectroscopy. 

~ = 10 exp( -ad) [21J 

where d is the mean penetrated layer thickness, i.e. 
the depth of light penetration into the surface layer 
which results in an intensity decrease by a factor of 
lie, and a denotes the napierian absorption 
coefficient. 

Diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFT) has become a frequently used 
technique to obtain IR spectra from materials intrac
table by transmission spectroscopy. A number of 
high-performance reflection accessories are available 
from different manufacturers (see below), allowing 

Figure 2 Diffuse reflection experiment. M" M, = ellipsoidal mir
rors for incident and reflected light; S = sample; I, Rd, 

A. = incident diffuse, and specular reflected beams, respective
ly. In the magnified circle a possible ray tracing through a surface 
particle is shown, demonstrating the formation of mixed diffuse 
and specular reflected light. d is the mean penetrated layer thick· 
ness according to the Bouguer-Lambert law (Equation [21]). 

the detection of quantities down to the nanogram 
region. Nevertheless, DRIFT spectroscopy is con
fronted with two intrinsic problems: (i) the superpo
sition of diffuse and specular reflected light (see 
Figure 2), which may lead to distorted line shapes, 
and (ii) the dependence of the mean penetration 
depth d on the absorption coefficient. d is found to 
be inversely proportional to the absorption coeffi
cient a, thus leading to a certain leveling of the band 
intensities. 

The disturbance by specular reflection may be re
duced considerably by technical means (trapping) on 
the reflection attachment. The resulting diffuse re
flection spectrum then has to be corrected in order to 
correspond to the absorbance of a transmission 
spectrum. This mathematical procedure is generally 
performed according to the Kubelka-Munk theory. 
For a comprehensive and critical discussion of this 
theory the reader is referred to the Further reading 
section. 

Specular reflection spectroscopy (SRS) 

In specular reflectance, only light reflected off the 
front surface is collected (see Figure 2). The reflected 
energy is generally small (<10%) for non-absorbing 
regions at normal or near-normal incidence. Howev
er, according to Equation [12], enhanced reflectance 
is observed in regions of sample absorption. As illus
trated by Figure 3, radiation intensity is different to 
transmission intensity, since S-shaped bands result as 
a consequence of anomalous dispersion of the refrac
tive index in the region of an absorption band. As a 
typical example, the specular reflectance spectrum of 
a black plastic is shown in Figure 3. 

III 
o 

Ql • 
u O 
c: 
!9 
u 
Ql 

;;::: 
Ql 0 
CI:0 

ci 

3500 
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B 
~ ~ iA. 

3000 2500 2000 1500 1000 
Wavenumber (cm-') 

."" 

500 

Figure 3 (A) Specular reflectance (SR) spectrum of a black 
acrylonitrile-butadiene-styrene polymer film measured at near 
normal incidence, (B) Absorbance spectrum after data treatment 
of SR spectrum by a Kramers-Kronig transformation. Repro
duced in part with permission of Elsevier Science from Zachman 
G (1995) Journal of Molecular Structure 348: 453-456. 
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Reflection absorption spectroscopy (RAS) 

RAS at ncar normal incidence This is one of the 
most common and straightforward external 
reflection techniques. The IR beam is directed to the 
sample in the angular range 10-50°. The sample film 
must be on a reflective support. Under these condi
tions the RA spectrum is dominated by absorption 
since specular reflectance from the outer sample sur
face results in only 4-10% as shown by Figure 4. 
For this reason RA spectra resemble transmission 
spectra very closely. Accordingly, typical sample 
thicknesses are between 0.5 and 20 ~m. 

RAS at grazing angle Sensitivity at grazing angle is 
significantly enhanced with respect to near-normal 
reflectance and to transmission. The enhancement is 
explained by a polarization effect a the reflective sur
face. This effect is greatest for metal substrates and 
angles of incidence above 80°. As a general effect, 1.
polarized incident light has a node at the interface 
(see above). The resulting reflectance will be very 
weak as long as the layer thickness is significantly 
smaller than A./4. Therefore, 1.-polarized reflectance 
may be used as reference spectrum. /I-Polarized inci
dent light produces electric field components in the 
x- and z-directions. On metal surfaces, however, the 
x- and y-components vanish, but, the z-component is 
significantly enhanced owing to interference of inci
dent and reflected beams. Compared with near-nor
mal incidence, RAS magnification may be by more 
than one order of magnitude, thus permitting inono
layer spectroscopy by a single reflection. Detailed 
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CD 0.6 u 
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C1l 0.5 U 
CD 

;;::: 0.4 CD 
a: 
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Figure 4 Specular reflectance calculated according to 
Equation [10j. Refractive indices: n, = 1 and n2 = 1.5, II, .1 denote 
parallel and perpendicular polarized incident light. The Brewster 
angle, where pll = 0 for a nonabsorbing medium, is calculated as 
(;I, = (;Is = 56.3", according to tan (;Is = n2,. 

information on RAS techniques applied to study car
bon monoxide (CO) adsorbed on metal surfaces can 
be found in the Further reading section. 

More recently, RAS at grazing angle has been 
applied successfully for in situ spectroscopy of lipid 
monolayers and proteins at the air-water interface of 
a Langmuir trough, using the water surface as 
reflector (see Further reading section). 

PolaJ:ization modulation RAS This technique 
makes use of the fact that 1.-polarized incident light 
has a node at the reflecting interface resulting in zero 
absorbance at this point and nearly no absorbance of 
films significantly thinner than the quarter wave
length. Under these conditions, the 1.-reflectance 
spectrum may be used as a reference spectrum for 
the II-reflectance spectrum. Since monolayer and sub
monolayer quantities of organic molecules result in 
jow-intensity spectra, such measurements are suscep
tible to instrumental and environmental instabilities. 
This problem may be overcome by polarization 
modulation (PM). For this purpose, a photoelastic 
modulator (PEM) is placed in the light path, leading 
to very fast periodic polarization changes of the inci
dent light. The frequency range is 40-100 kHz, i.e. 
high enough to avoid interference's with the interfer
ometer frequencies. Phase-sensitive demodulation of 
the PEM signal results in the interferogram of the 
difference between 11- and 1.-RA spectra, which is 
then normalized by division by the stationary 
response featuring the sum of 11- and 1.-mean reflect
ance according to 

t::.R RII - R.l 

R RII + R.l 
[22J 

A description of an experimental setup and of the 
relevant equations for PM-IRRAS can be found in 
the Further reading section. 

Instabilities are largely compensated because sam
ple and reference spectra are measured and evaluated 
within one period, i.e. within 10-25 ~s. If applied in 
the IR region, this technique is referred to as PM
IRRAS. 

It should be noted, however, that significant base
line problems may occur owing to different transmit
tance of 11- and 1. -polarized light by the 
spectrometer. This is demonstrated by the IRRAS 
data of a cadmium arachidate monolayer on a gold 
surface in Figure 5. 

One should note that the usually intense absorp
tion bands of CH2 stretching, v(CH2 ) in the 2800-
2950 cm-I region and of CH2 bending near 
1470 cm- I are very weak in the IRRAS, spectrum in 
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Figure 5 PM-IRRAS spectrum of an arachidic acid monolayer 
on a gold surface. The spectrum was normalized according to 
Equation [22]. It should be noted that only molecular vibration 
can be detected by IRRAS when the corresponding transition 
moment exhibits a component normal to interface (z-direction). 
Reproduced in part with permission from Beccard Band 
Mapanowicz R (1995) Nicolet Application Note AN-9S42. Madi
son, WI: Nicolet. 

contrast to a corresponding DPPA monolayer ATR 
spectrum (see Figure 9). The reason is that IRRAS of 
thin layers on metallic surfaces offers only the elec
tric field component normal to the interface, i.e. E., 
as already explained above. The intensities of CH2 
stretching and CH2 bending in Figure 5 are consist
ent with hydrocarbon chains of arachidic acid 
aligned along the normal to the interface. The lack of 
a Ex and Ey components, i.e. of an electric field com
ponent parallel to the interface, disables the determi
nation of a tilt angle. In this respect, IRRAS is at a 
disadvantage with respect to ATR, the technique 
presented in the following section. Moreover, A TR 
allows significantly better baseline control, especially 
if special techniques such as SBSR (single-beam sam
ple reference technique) or ME (modulated excita
tion) are applied. 

Attenuated total reflection (ATR) spectroscopy 

A number of interesting conclusions may be drawn 
from Equations [18] and [19]. First, calculation of 
the reflectance according to Equation [9] results in 
PII = P J. = 1, which means total reflection. Howev
er, if medium 2 is absorbing, one has to insert the 
complex refractive index (Equation [5]) into Equa
tion [18], resulting in PII i:- pJ. < 1, which means 
attenuated total reflection (A TR). 
. Second, in order to obtain more information on the 
nature of this process, one may calculate the propa
gation of a plane-wave in medium 2 under the condi
tions of total reflection. The result for a nonabsorbing 
medium 2 is that there is no transmittance normal to 
the interface, i.e. LZ = 0, however, there is an energy 

Figure 6 ATR setup. Optical and structural features are related 
to the IRE fixed-coordinate system x,y,z. E" and E1. denote the 
parallel and perpendicular polarized electric field components of 
the light incident to the IRE under the angle 8;. £" results in the 
E .. and Ez components of the evanescent wave, while E1. results 
in the Ey component. m denotes the unit vector in direction of the 
transition dipole moment vector of a given vibrational mode, and 
m .. mY' mz are the corresponding components in the IRE coordi
nate system. m goes off at an angle a with respect to the z-axis 
and the projection of m to the xy-plane goes off at an angle ¢ with 
respect to the x-axis. Reproduced with permission of the Ameri
can Institute of Physics from Fringeli UP et al. (1998) AlP Confer
ence Proceedings 430: 729-747. 

flux in the x,y-plane near the interface, i.e. LX, Ly i:- O. 
Hence, there is a electromagnetic wave beyond the in
terface, although the whole energy is totally reflected. 
This wave is referred to as evanescent wave. Straight
forward calculation results in that the electric field 
strength of this wave decreases exponentially with 
distance z from the interface, according to 

Ex,y,z = Eox,y,z exp [- ~] [23] 

The subscripts x, y, z stand for the electric field com
ponents of the evanescent wave in the corresponding 
directions. Subscript 0 denotes the value at z = 0 (in
terface in medium 2) and dp is the so-called penetra
tion depth, which results in 

[24] 

where A denotes the wavelength in vacuum and Alnl = 
Al is the wavelength in medium 1, i.e. in the internal 
reflection element (IRE). A typical ATR setup is 
shown in Figure 6. 
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Hence the penetration depth is the distance in the 
z-direction within which the electric field is de
creased by a factor of lie. This distance varies be
tween a fraction of a micron and a few microns 
depending on the refractive indices of the IRE (e.g. 
nCe = 4.0, nZnSe = 2.4) and the medium 2(nl::::; 1.5 
for organic materials), as well as the angle of inci
dence. Harrick has given further practical details (see 
Further reading section). As a consequence of Equa
tions [23] and [24], the A TR spectrum features in
formation on materials within a distance of one or a 
few d,} from the reflecting interface, resulting the 
highest sensitivity at the interface. Therefore, A TR 
spectroscopy is an optimum tool for in situ thin im
mobilized layer analysis. For reviews on membrane 
spectroscopy the reader is referred to the Further 
reading section. 

Quantitative analysis of A TR spectra 
The concept of effective thickness The concept of 
effective thickness was introduced by Harrick. The 
quantity de indicates the thickness of a sample that 
would result in the same absorbance in a 
hypothetical transmission experiment, as obtained 
with the genuine ATR experiment. This concept 
enables the straightforward application of the 
Lambert-Beer's law on ATR data according to 

[25] 

where A = NEcdc denotes the absorbance resulting 
from N internal reflections. For an isotropic layer 
extending from z = Zi to Z = zr one obtains 

dOl' __ 1_ 112 ell' E'" 
C - CQ;ie i 1/,l 2 112 

[ ( 
2Zi) (2ZI)] x ex]) - - - exp --
£II} til} 

[2G] 

According to Equation [26] de turns out to be 
wavelength dependent via dp• As a consequence, 
A TR spectra of bulk media generally show increas
ing intensity with increasing wavelength. However, 
if the thickness of the layer d = Zr-Zj is small com
pared with d,} then Equation [26] reduces to Equa
tion [27J, which is independent of the wavelength. 
E~2 denotes the relative electric field component at 
the reflecting interface of medium 2. For Zi = 0 one 
obtains 

diso = _1_ rt2 el E'~ 
c COSeinl 02 

[27] 

For a bulk medium extending from Zi = 0 to zf= 00 

Equation [26] results in 

(i SC' = _1_ 112 ril) E,.1 
" cos e, n 1 2 1J2 

[28] 

A more detailed presentation including an approx
imate calculation of the effective thickness for inter
mediate layer thickness, i.e. d "" dp, and references for 
a rigorous application of the general formalism are 
given in the Further reading section. 

Relative electric field components The relative elec
tric field components E~2 are obtained from Equa
tions [19] according to 

£;;2,11 = V(tlltll*); E;;2,1- = V(t1-h *) 

E ' E' eEr E1' 'e 1J2.,,. = 112.11' cos I; 112.: = 1l2.11· sm t 

E r E" 02,y - 02.1-

[29] 

Explicit expressions of Equations [29] for thin films 
and bulk media can be found in references in the 
Further reading section. 

Validity of the effective thickness concept Since the 
effective thickness concept permits the application of 
Lambert-Beer's law to A TR data, experimental 
validation may be performed easily by comparing 
spectra of the same sample measured by both, A TR 
and transmission (T). As long as the results do not 
differ significantly from each other the formalism 
described above is considered to be applicable. ATR 
and T measurements with aqueous solutions of 
NaZS04 have shown that at a 1 M concentration 
Lambert-Beer's law is still fulfilled for the very 
intense S04Z- stretching band at 1100 em-I. Even for 
the strong H 20 bending lo(HzO)] band of liquid 
water at 1640 cm- l the integral molar absorption 
coefficients determined by ATR with a germanium 
IRE at an angle of incidence of 0i = 45 0 was found to 
be equal to T data within the experimental error. 
However, a few per cent deviations were found when 
peak values of the absorbance were used to deter
mine the molar absorption coefficient. The latter 
indicates the onset of band distortion, a phenomenon 
well known in A TR spectroscopy under conditions 
of strong absorption. This finding is in accordance 
with calculations by Harrick using Fresnel's equa
tions with complex refractive indices. For Ge in con
tact with liquid water and 0i = 45 0 the analysis 
resulted in an upper limit of the absorption 
coefficient a max "" 1 000 em-I. The concept of effective 
thickness as described above may be considered to be 
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valid for a < a max ' For organic compounds this con
dition is generally fulfilled. In case of o(H20) of 
liquid water, however, the absorption coefficient 
results in a = e( 1640 cm-I)c = 1.82 x 104 cm2 mol-I 
x 5.56 x 10-2 mol cm-3 = 1011.9 cm-I, which indi
cates that the limit of validity of the approach is 
reached, in complete accordance with experimental 
data mentioned above. Furthermore, it turned out 
that the anomalous dispersion in the range of strong 
water absorption bands should be taken into account 
if sample absorption within this range is analysed 
quantitatively. 

Quantitative analysis taking sample absorption and 
thickness into account Recently, the validity of 
Harrick's weak absorber approximations has been 
checked by comparison with the general thickness
and absorption-dependent model. It was found that 
the formalism depicted in the section above may be 
used for film thicknesses up to 20 nm. Especially if 
the film· is in contact with a third bulk medium, e.g. 
water, the deviation between accurate and approxi
mate calculation of relative electric field components 
according to Equation [29] was found to be below 
3 %, i.e. within the error of most experiments. A 
comprehensive description of ATR spectroscopy of 
polymers using the general formalism can be found 
in the Further reading section. 

Since quantitative analysis of ATR data by the 
general formalism is very cumbersome, the use of 
more tractable approximations is recommended if 
possible. One possibility is the weak absorber ap
proximations described above; another approach 
was derived for the study of electrochemical reac
tions by ATR spectroscopy. 

Further more general information on quantitative 
methods and applications of ATR spectroscopy, see 
the Further reading section. 

Orientation measurements Considering a transi
tion dipole moment M associated with a vibrational 
mode of a given molecule and the electric field E, re
sponsible for vibrational excitation, the magnitude 
of light absorption depends on the mutual orienta
tion of these two vectors according to Equation [30] 
which is the basis for orientation measurements. M x , 

My and M z denote the components of the transition 
dipole moment in the IRE fixed coordinate system 
shown in Figure 6. 

A = (E· M)2 

= IEI2 . IMI2 . cos2(E, M) [30] 

= (ExMx + EyMy + EzMz)2 

It is usual to work with dimensionless relative 
intensities instead of absolute intensities in order to 
get rid of physical and molecular constants, e.g. the 
magnitude of the transition moment. Introducing the 
so-called dichroic ratio R, the absorbance ratio 
obtained from spectra measured with parallel and 
perpendicular polarized incident light, i.e. 

R~~= de•1I 
A-L de.-L 

= E; (m;) + E; (m;) + 2 Ex Ez (mx m z) [31J 
e; (m~) 

where A and de denote absorbance and effective 
thickness relative to 11- and .i -polarized incident 
light, respectively. Ex, Ey and Ez denote the relative 
electric field components according Equation [29]. 
(m;), (m;), (m;) and (mx mz) are ensemble mean val
ues of the components of the unit vector in the direc
tion of the transition dipole moment, see Figure 6. 
(mx mz) = 0 for uniaxial orientation, e.g. isotropic 
distribution around all relevant orientation axes. On 
substitution of the unit vector components according 
to the geometry depicted in Figure 6, one obtains for 
the dichroic ratio 

where (cos2 a) denotes the mean square cosine of the 
angle between the transition moment and the normal 
to the interface. This quantity is accessible via two 
measurements, one with II-polarization and the other 
with .i-polarized incident light, resulting in R. The 
relative electric field components are available from 
Fresnel's Equations [19] with Equation [29]. For an 
isotropic sample, (cos2 a)iso = 113. Insertion of this 
value into Equation [32] result in 

[33] 

It should be mentioned that an isotropic sample 
results in R = 1 in transmission but, according to 
Equation [33], not in ATR, where R:;::R ~ 1. As an 
example, for total reflection with a bulk material 2 
and (),. = 45°, one obtains R ATR = 2.0 irrespective of 

ISO 

nl and n2, except nl > n2' 
The segmental order parameter Sscg is frequently 

used to characterize molecular ordering, e.g. To 



68 ATR AND REFLECTANCE IR SPECTROSCOPY, APPLICATIONS 

describe the fluctuation of a functional group in a 
molecule via the polarized absorption bands of a typ
ical group vibration. For uniaxial orientation the or
der parameter is defined according to 

3 2 1 
Sse!', = 2 (cos a) - 2 

Thus, if the A TR geometry and the optical constants 
of the system are known, then Sseg may be determined 
measuring the dichroic ratio R of a given absorption 
band, followed by the calculation of the mean square 
cosine (cos2 a) and inserting this value into Equation 
[34]. A typical example is discussed later. 

For more details and examples of application the 
reader is referred to the Further reading section. 

Determination of surface concentration The effec
tive thickness as indicated by Equations [26]-[28] 
holds for isotropic samples. Modification for 
oriented samples results 

d - 3(r 2)diso 
- 3 (cos2 a) (iso 

't':; - 11,:; "'::' - , t':; 

From Equation [25J and the relation dell = dex + dez 
and del. = dey one obtains for the surface concentra
tion r. 

d·AII 
f=c·d=-7::----:"-

v·N.d,'II·c; 

d·Al. 

d· f Alldii 

v ' N . dell . J c;dii 

d· J Al.dii 
[36] 

where All and AJ. denote the absorbance measured 
with parallel and perpendicular polarized incident 
light, respectively, E is the molar absorption coeffi
cient, v denotes the number of equal functional 
groups per molecule and N is the number of active 
internal reflections. It should be noted that Equation 
[36] holds for peak absorbance and integrated ab
sorbance, provided that the corresponding molar 
absorption coefficients are used. 

Special experimental ATR techniques 

Single-beam sample reference (SBSR) tech
nique Most FTIR spectrometers are working in the 

single-beam (SB) mode. As a consequence a single
channel reference spectrum has to be stored for later 
conversion of single-channel sample spectra into 
transmittance and absorbance spectra. This tech
nique suffers inaccuracy owing to drifts resulting 
from the instrument, the sample or atmospheric 
absorption. In order to eliminate these unwanted 
effects to a great extent, a new ATR attachment has 
been constructed, converting a single-beam instru
ment into a pseudo-double-beam instrument. The 
principle features of this attachment are depicted in 
Figure 7. As usual, a convergent IR beam enters the 
sample compartment. However, the focal point is 
now displaced from the centre of the sample 
compartment by means of the planar mirrors Ml 
and M2 to the new position F. The off-axis 

11\!\1~11··~ M4 M5 I' F , / I 

I ATR': 

II M1 ____ -- -----

T Ii A----,--

(AI 

I~ POL j! \G -------rir ----
,~~=~§~~~:? (~~:=-=? 

M7 M6 M2 M3 

L 

Figure 7 Single-beam sample reference (S8SR) ATR attach
ment. (A) The focus in the sample compartment is displaced to 
the position F by the planar mirrors M 1 and M2. The off-axis para
bolic mirror M3 produces a parallel beam with a diameter of 1 cm, 
i.e. half of the height of the MIRE. The cylindrical mirror M4 fo
cuses the light to the entrance face of the MIRE, M5, which has 
the same shape as M4, reconverts to parallel light directing it via 
the planar mirror M6 through the polarizer POL and it is then be
ing focused to the detector DET by the off-axis parabolic mirror 
M7. (8) Alternating change from sample to reference is per
formed by computer-controlled lifting and lowering of the ATR cell 
body_ Reproduced with permission of the American Institute of 
Physics from Fringeli UP et al. (1998) AlP Conference Proceed
ings 430: 729-747. 
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parabolic mirror M3performs a conversion of the 
divergent beam into a parallel beam with fourfold 
reduced cross-section. This beam is focused to the 
entrance face of a trapezoidal MIRE by a cylindrical 
mirror M4. Therefore, the ray propagation in the 
MIRE is still parallel to the direction of light propa
gation (x-axis), enabling subdivision of the two 
reflective faces (x,y-planes) of the MIRE alongside at 
half-height. One half of the MIRE is then used for 
the sample (S) and the other one for the reference 
(R). Both Sand R were encapsulated by flow
through cuvettes, independently accessible by liquids 
or gases. This principle is referred to as the Single 
beam sample reference (SBSR) technique. 

SBSR absorbance spectra are calculated from sam
ple and reference single-channel spectra which have 
been measured with very short mutual time delay. A 
most favourable benefit of SBSR technique is that no 
waisted time for purging is required before starting a 
measurement after closing the sample compartment. 
Moreover, the whole sequence of single-channel 
spectra in the Sand R channels is also available, al
lowing reconstruction of the history of each channel 
at any time by conventional data handling. 

Modulated excitation (ME) spectroscopy and 2D IR 
spectroscopy Change of any external thermody
namic parameter generally exerts a specific influence 
on the state of a chemical system. The system re
sponse will be relaxation from the initial state (e.g. an 
equilibrium) to the final state (a new equilibrium 
state or a stationary state). In the case of a periodic 
change (modulation) of the parameter, the system re
sponse will also be periodic with angular frequency 
w, relaxing from the initial state to a stationary state. 
All absorption bands of the spectrum which result 
from stimulated molecules or parts of them will be la
belled by the frequency w. As a consequence, it is pos
sible to separate the modulated response of a system 
from the stationary response, resulting from parts of 
the system that were not affected by modulated exci
tation (ME) as well as from the background. More
over, if the kinetics of the stimulated process is in the 
same time range as the period of external excitation, 
phase lags and damped amplitudes will result. Both 
depend characteristically on the stimulation frequen
cy, and therefore one can derive relevant information 
on the reaction scheme and the kinetics of the stimu
lated process (see also caption to Figure 8). 

A variety of ME experiments have been reported. 
(i) Temperature ME of POlY-L-lysine was used to 
study induced periodic secondary structural changes 
as well as the sequence of transients. (ii) The classical 
ATR setup (see Figure 6) facilitates the application 
of electric fields to immobilized thin films, such as 

biomembrane assemblies or to bulk materials such as 
liquid crystals, since a Ge A TR plate, supporting the 
membrane, may be used as one electrode, and the 
back-wall of the cuvette as counter electrode. (iii) 
Hydration modulation was used to detect hydration 
sites of model membranes, and (iv) ME by UV radia
tion permitted kinetic studies of photoinduced chem
ical reactions. (v) ME by chemical substrates is a 
further versatile method to study chemically induced 
conformational changes of a sample immobilized to 
the MIRE. For that purpose, two computer-control
led pumps are used for periodic exchange the liquid 
(water) environment of the sample in a flow-through 
cell. An example demonstrating the sensitivity and 
high quality of background compensation of ME 
techniques is presented later. The principles of ME 
spectroscopy are depicted schematically in Figure 8. 

2D FTIR spectroscopy Absorption bands in a set of 
modulation spectra that exhibit equal phase shifts 
with respect to the external stimulation are consid
ered to be correlated. 20 correlation analysis is a 
statistical graphical means to visualize such a correla
tion in a 20 plot. Consequently, phase-resolved mod
ulation spectra are data of a higher level and 
unambiguously allow a more direct and accurate 
evaluation. 20 plots look attractive, but, one should 
be aware that the information content is lower than 
that of the underlying modulation spectra, first be
cause band overlapping may result in inadequate 
phase information, and second because 20 spectra 
are affected much more by baseline errors than the 
original modulation spectra. A comprehensive dis
cussion can be found in the Further reading section. 

Sensitivity of ATR spectroscopy 

Sensitivity of stationary ATR measurements Com
mercial multiple internal reflection elements MIRE 
permit up to 50 internal reflections. This is generally 
enough for thin-layer spectroscopy in the nanometre 
or even subnanometre region. As an example, 
Figure 9 shows a dipalmitoylphosphatidic acid mon
olayer, i.e. a lipid monolayer of about 2 nm thick
ness, which has been transferred from the air-water 
interface to a germanium MIRE by means of the 
Langmuir-Blodgett technique. 

The dominant bands in Figure 9 result from the 
stretching vibrations of 28 CH2 groups of the two sat
urated hydrocarbon chains of the OPPA molecule. 
Looking at three resolved weaker bands gives an im
pression of the absorbance to be expected from a 
monomolecular coverage by functional groups of me
dium or weak molar absorption. The first is the ter
minal methyl group of the hydrocarbon chains. The 



70 ATR AND REFLECTANCE IR SPECTROSCOPY, APPLICATIONS 

Spectrometer Signal S(t) PSD Output 
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Figure 8 Schematic setup for modulated excitation (ME) experiments. A periodic excitation is exerted on the sample with frequency 
w. The sample response S(~, as sensed by IR radiation. contains the frequency wand higher harmonics at wavelengths that are sig
nificant for those parts of the sample that have been affected by the stimulation. Selective detection of the periodic sample responses 
is performed by phase-sensitive detection (PSD). resulting in the DC output and An of fundamental w(n = 1) and their harmonics nw 
(n = 2. 3 •.... ). as well as the phase shifts rpn between the nth harmonic and the stimulation. This phase shift is indicative of the kinetics 
of the stimulated process and of the underlying chemical reaction scheme. Since the PSD output An(n = 1. 2 • .... n; frequency nw) is 
proportional to cos(rpn-rpn.pSo), absorption bands featuring the same phase shift rpn are considered to be correlated. i.e. to be repre
sentative of a population consisting of distinct molecules or molecular parts. rpn.pso is the operator-controlled PSD phase setting. Be
cause of the cosine dependence. different populations will have their absorbance maxima at different rpn.pSO settings. thus allowing 
selective detection. Moreover. since in the case that 0.1 < wrj < 10 (rj denotes the ith relaxation time of the system). rpn becomes w 
dependent. <Pn = rpn(w). The spectral information can then be spread in the <Pn.pSo- w plane. resulting in a significant enhancement of 
resolution with respect to standard difference spectroscopy and time-resolved spectroscopy. 
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Figure 9 Parallel (Ill and perpendicular (.1) polarized ATR absorbance spectra of a dipalmitoylphosphatidic acid (DPPA) monolayer 
transferred at 30 mN m- 1 from the aqueous subphase (10-4 M CaCI,) to a germanium multiple internal reflection element (MIRE). 
Spectra were obtained from the dry monolayer in contact with dry air. A surface concentration of r = 3.93 x 10-10 mol em-' was 
calculated by means of Equation [36) using the dichroic ratio of the symmetric CH2 stretching vibration at 2850 cm- 1 with respect to a 
linear baseline (B). resulting in RATA [v'(CH,ll = 0.923. Angle of incidence ()j = 45°; number of equal functional groups v = 28; number 
of active internal reflections N = 39. 

antisymmetric stretching vibration, vas(CH3) absorbs 
~t -2960 em-I. As concluded from Figure 9, this 
monolayer results in a peak absorbance of about 
6 mAU. A weaker band is observed near 1420 cm-! 
and may be assigned to the bending vibration of the 
a-methylene groups of the hydrocarbon chains, 

o(a-CH2 ). Thus an approximate monolayer ofa-CH2 

groups results in an absorbance of only about 1 mAU. 
Third, a monolayer of phosphate head groups results 
in more intense absorption bands because of the 
larger transition dipolemoment of the polar group. 
The corresponding absorbances of P03 stretching 
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vibrations in the range 1000-1250 em-I are within 5 
and 10 mAU. It is concluded that conventional ATR 
measurements may allow significant access to bands 
of about 0.2-0.5 mAU, which corresponds to 20-
50% of a monolayer of weak absorbers. 

Quantitative analysis of stationary A TR 
spectra The DPPA monolayer spectra shown in 
Figure 9 are now used to demonstrate the ease of 
application of the formalism for quantitative analy
sis of ATR spectra presented earlier. 

Dichroic ratio of symmetric CH2 stretching The di
chroic Ratio according to Equation [32] was calcu
lated from the integrated absorbances of the 
symmetric CH2 stretching bands, vs(CH2), using line
ar baselines as marked in Figure 9 with lower and 
upper limits at 2828 and 2871 em-I, respectively. 
The corresponding integrals were found to be 
f Alldv = 0.381 em-I, and J Aldv = 0.413 em-I 
resulting in RATR = 0.923. This is the relevant experi
mental quantity. 

Mean orientation of hydrocarbon chains Uniaxial 
orientation, i.e. isotropic distribution of DPPA 
around the z-axis, is assumed. The mean square 
cosine of the angle between the transition dipole 
moments of v.(CH2) of the whole population of CH2 
groups of the molecule (28 groups in hydrocarbon 
chains, 1 in the glycerol part, slightly shifted in fre
quency) can be calculated from Equation [32], result
ing in Equation [37]. 

The squares of relative electric field components at 
the interface (z = 0) in medium 2 as calculated from 
Equation [29] for OJ = 45°, nl = 4.0 (germanium), 
n2 = 1.5 (DPPA monolayer) and n3 = 1.0 (dry air) 
result in E~x.2 = 1.991, E~.2 = 2.133, and E~<.2 = 
0.450. It follows that E~II.2 = E~x 2 + E~<.2 = 2.441 and 
E~.L.2 = E~Y.2 = 2.133. The dichroic ratio for an iso
tropic film under these conditions would result in, 
according to Equation [33], R~.~ = 1.144. Explicit 
equations for relative electric components calculated 
by means of Harrick's weak absorber approximation 
can be found in the Further reading section. 

Introducing the experimental value of RATR and 
the calculated squares of relative electric field 
components into Equation [37], one obtains for the 
mean square cosine of the angle between the 
transition moment of vs(CH2) and the z-axis 
(cos2 a) = -0.025. This value should not be negative 
because its minimum is zero; however, since it is 

small, we consider it to be within experimental and 
predominately systematic errors. Therefore, we set 
(cos2 a) = 0, resulting in a = 90°. This result requires 
that all methylene groups of the hydrocarbon chains 
assume an all-trans conformation and, moreover, all 
hydrocarbon chains are aligned normal to the MIRE, 
i.e. parallel to the z-axis (tilt angle 0°). The exact 
wavenumber of the symmetric stretching vibration 
of the CfI2 group in glycerol is not known. Howev
er, overlapping with vs(CH2) of the hydrocarbon 
chains is probable. Consequently, the bisectrice of 
the glycerol CH2 group may also be concluded to be 
predominately parallel to the x,y-plane. 

Mean order parameter of CH2 groups The mean 
segmental order parameter resulting from Equation 
[34] is found to be 5,eg[vs(CH2)] = -1' This value is 
representative of a perfectly ordered molecular entity 
with isotropic arrangement of transition dipole mo
ments around the z-axis and perfect parallel align
ment to the interface (x,y-plane). It should be noted 
that for (cos2 a) = 1, i.e. transition moments perfect
ly aligned normal to the interface (z-axis), Equation 
[34] results in the upper limit 55es = 1. Lipids in natu
ral biomembranes consist of a considerable amount 
of unsaturated hydrocarbon chains. Since double 
bonds cause unavoidably gauche defects in elongated 
hydrocarbon chains, which leads to a reduced chain 
ordering, 5scg[vs(CH2)] is increased, reaching zero for 
an isotropic chain arrangement, since (cos2 a) = 1/3 
in this case. 

It should be noted that the determination of order 
parameters of individual methylene groups in the hy
drocarbon chains requires generally selective deuter
ation. In this respect, comprehensive deuterium 
NMR work should be mentioned (see Further 
reading section). 

A more general case of sample geometry is that of 
a transition moment being inclined by an angle. e 
with respect to the molecular axis a and isotropically 
distributed around a. Furthermore, the molecular 
axis a forms an angle y with respect to the tilt axis t, 
and is isotropically distributed around it, and finally, 
the axis t forming a tilt angle 0 with the z-axis and is 
isotropically distributed around it. In this case, the 
segmental order parameter, e.g. Sseg[v.(CH2)], may be 
expressed as superposition of three uniaxial 
orientations according to 

5seg = G (cos2 8) - D . G (cos2 y) - D 
x G(cos2 8)-D 

= 50' 5y ' 5e [38] 
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The angles 0, y and 8 may be distinct or fluctuating 
(partly or all), describing a microcrystalline ul
trastructure (MCU) and a liquid crystalline ultra
structure (LCU), respectively. Sy is referred to as the 
molecular order parameter Sl11ol. 

Applying Equation [38] to the DPPA monolayer 
under discussion, one obtains: So = 1, Sy = 1, Sa = 
-1, meaning no tilt (0 = 0), molecular axis (hydro
carbon chain) normal to the interface (y = 0), and 
transition dipole moment normal to the molecular 
axis (8 = 90). 

Surface concentration and area per molecule The 
surface concentration may be calculated using Equa
tion [36J. The following additional information is re
quired: (i) the integrated molar absorption 
coefficient related to a linear baseline from 2828 
to 2871 cm-I (see Figure 9) was fEdv = 5.7 x 
105 cm mol-I, (ii) the real thickness of the layer was 
assumed to be d = 2.5 nm, (iii) the number of equal 
functional groups v = 28, and (iv) the effective thick
nesses de for parallel or perpendicular polarized inci
dent light, which were calculated from Equations 
[27] and [35], resulted in dc,1I = 3.97 nm and 
de.L = 4.30 nm. The mean surface concentration was 
fo'und to be 3.93 x 10-10 mol cm-2, corresponding to 
a molecular cross-section of 0.427 nm2 per molecule 
(42.3 A2 per molecule). This value leads to the con
clusion that the two hydrocarbon chains of a DPPA 
molecule predominantly determine the area per mol
ecule, since the cross-section of an elongated hydro
carbon chain is 20-21 A2. 

Conclusions Quantitative analysis, including orien
tation measurements, has been shown to be straight
forward when the formalism based on Harrick's 
weak absorber approximation is applied. For thin 
adsorbed layers, such as the DPPA monolayer under 
discussion, the results are fairly good. Application to 
bulk materials may introduce systematic errors as 
discussed above. If the weak absorber approxima
tion is still to be applied, one should take care to 
work with an angle of incidence which is at least 15 0 

larger than the critical angle, in order to avoid signif
icant band distortions. In many cases it is possible to 
use quantitative data from transmission experiments 
to check the validity of the formalism applied to 
ATR data. 

A general critical aspect concerning the baseline 
selection should be mentioned. A linear tangential 
baseline has been used for quantitative analysis of the 
symmetric CH2 stretching vibration of DPPA (see 
Figure 9). Obviously the correct baseline is lower, i.e. 
the integrated absorbances used for analysis are sys
tematically too small. The reason for this procedure is 

only to permit good reproducibility. While the deter
mination of the dichroic ratio is indifferent with 
respect to the choice of the baseline, it is mandatory to 
use integrated or peak molar absorption coefficients 
which have been determined under the same condi
tions. Even then deviations in the range of several per 
cent may occur among different operators. 

Finally, it should be noted that ATR spectroscopy 
allow~ very good background compensation, when 
adequate equipment is used. 

Sensitivity of modulated excitation (ME) A TR 
spectroscopy An impression of the sensitivity of 
stationary measurements was given the last but one 
section. A limit of 0.2 mAU is suggested. This limit is 
beaten by one order or magnitude when the ME tech
nique is appliel;i. As mentioned above, the sample 
must fulfil the condition of a reversible stimulation 
by a periodically altered external thermodynamic pa
rameter. Here, the excellent sensitivity and instru
mental stability will be demonstrated, for example, 
with a chemical modulation experiment performed in 
liquid water, a very strong absorber in the 3400 and 
1640 cm-I region. 

In order to study the influence of immobilized 
charges on a lipid model membrane, an arachidic 
acid (ArAc) bilayer was prepared on a germanium 
MIRE by means of the Langmuir-Blodgett (LB) 
technique. The MIRE was transferred in the hydrat
ed state from the LB trough into a flow-through cell 
and kept in permanent contact with an aqueous 
buffer solution. Since the carboxylic acid groups of 
the second monolayer were facing the aqueous 
phase, the degree of protonation could be controlled 
via the environmental pH. A periodic pH modula
tion between pH 3 and 10 induced a periodic proto
nation and deprotonation of the carboxylic acid 
group. It should be noted that the first ArAc LB layer 
was attached by head to the Ge MIRE. Obviously, 
this binding was so special that typical absorption 
bands of the carboxylic acid groups were not visible 
in the spectrum. Therefore, one may assume that the 
head group signals shown in Figure 10 result pre
dominately from the outer monolayer of ArAc. The 
stationary spectral intensity is comparable to that of 
the DPPA monolayer shown in Figure 9. Moreover, 
one should note that the experiments were per
formed in H 20, where in the 1640 and 3400 cm- i re
gions there is very low spectral energy available, 
favouring perturbations by incomplete background 
compensation. 

In this context, only the sensitivity and selectivity 
of ME techniques will be discussed. A comprehen
sive presentation and analysis of polarized pH mod
ulation spectra will be given elsewhere. 
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Sensitivity of ME-spectroscopy Taking the pH
modulated spectrum shown in Figure 10 as a typical 
example, one may estimate the sensitivity by compar
ing the most intense ME spectra (<PrsD = 60 0 /<PPSD 
= 90°, the maximum is expected at <PrsD "" 75°, conse
quently, <PrsD "" 165° should result intensity zero) with 
the lowest intensity ME spectrum at <PrsD = 0°. In or
der to check the SIN ratio, the <PrsD = 0° spectrum was 
expanded 25 times in the CH2 wagging region and is 
plotted as a dashed inset in Figure 10. The ordinate 
scaling factor for the zoomed spectrum is 4.0 x to-5• 

Comparing it with the other ME spectra (scaling fac
tor 1.0 x to-3) one can conclude that bands as weak 
as 1.0 x 10-5 AU are still detectable. 

Selectivity of pH ME The highest selectivity of ME 
spectroscopy is achieved if the stimulation frequency 
wand the kinetics of the stimulated process are 
matched, i.e. if 0.1 < wrj < 10, where rj denotes the ith 
relaxation time of the system. rj is a function of the 
rate constants involved in the stimulated process. Un
der these conditions, significant w-dependent phase 
shifts are expected, resulting in <pj = arctan(-wr;) for a 
linear system. Consequently, a molecular or confor-
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mational population represented by the relaxation 
time rj exhibits maximum absorbance in the ME spec
trum at a PSD phase setting <pj = <PrsD, thus allowing 
selective detection and kinetic analysis by means of 
phase-resolved ME spectra. Moreover, w acts as an 
additional experimental degree of freedom in this 
context, since information on selectivity and kinetics 
can be spread in the W/<PrsD plane which is more 
selectiv~ than the unidirectional information resulting 
from conventional relaxation measurements. 

In the actual case of pH modulation exerted on a 
monolayer of ArAc, there is no phase resolution ob
served, owing to the long modulation period of 
r", = 16 min, i.e. no kinetic information is available. 
However, unambiguous discrimination between the 
protonated and deprotonated populations is poss
ible. Only one characteristic example will be given 
here. The most prominent band from the protonated 
state is the C=O stretching vibration v(COOH) of the 
carboxylic acid group near 1700 em-I. All other 
bands in the ME spectrum that have the same phase 
belong to the protonated population, whereas the re
maining bands featuring opposite sign are members 
of the deprotonated population. Consequently, if no 
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Figure 10 pH-modulated excitation (ME) of an arachidic acid (ArAc) bilayer attached to a germanium multiple internal reflection el
ement (MIRE). ME was performed by pumping alternatively two buffer solutions (100 mM NaCl, pH 3 and 100 mM NaCl, pH 10) 
through the ATR cuvette with a modulation period of 1" = 16 min. T = 10·C. Upper trace .40; stationary spectrum of a protonated ArAc 
iayer for comparison with modulation spectra. Traces A1; modulation spectra at PSD phase settings tPpso = 0, 30, ... , 180·. The 180· 
spectrum corresponds to the O· spectrum with opposite sign, because the PSD output is proportional to cos (tP-t/Jpso), see also 
Figure 8. tP denotes the phase difference between a given band and the stimulation. Owing to the long period of 1"m = 16 min, the 
observed bands in the modulation spectra exhibit only two resolved tP values, which are 180· apart, as a consequence of the fact that 
the chemical relaxation time of protonationldeprotonation of ArAc is much shorter than the stimulation period. In order to demonstrate 
the excellent SIN ratio, the ordinate of the weakest modulation spectrum has been expanded in the CH2 wagging region by a factor of 
25, I.e. the ordinate scaling factor for the dashed spectrum results in 4.0 x 10-5 (see text). . 
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phase resolution is achieved, ME spectra reduce to 
difference spectra, which, however, have a considera
bly better background and instability compensation 
than conventional difference spectra, since corre
sponding sample and reference spectra are measured 
and evaluated/accumulated within each period of 
stimulation. 

Consider now the wagging region 'Yw(CH2} of the 
spectra shown in Figure 10. The wagging motion 
'Yw(CH2} is described as in-phase displacement of 
both H atoms through the H-C-H plane of a meth
ylene group, where the C atom remains predomi
nately in place. In an all-trans hydrocarbon chain the 
transition dipole moment of 'Yw(CH2} is expected to 
be parallel to the chain direction. Deviations may oc
cur, however, from coupling with a polar end group. 
In the stationary absorbance spectrum Ao, one can 
observe nine weak bands between about 1180 and 
1320 cm- t • This sequence results from concerted 
wagging vibrations of all methylene groups in a hy
drocarbon chain with an all-trans conformation. Ac
cording to IR selection rules one has to expect n/2 
IR-active vibrations for an even number n of CH . 2 
groups m an all-trans conformation. ArAc has 18 
CH2 groups per chain, resulting in the above-men
tioned sequence of nine bands in accordance with 
theory. Since these bands are found to be in phase 
with v(COOH}, one can conclude that deprotona
tion of COOH is paralleled by reversible disordering 
of the chain structure, most probably by introducing 
gauche defects. 

Finally, it should be mentioned that 'Yw(CH2} be
longs to the group of weak absorption bands. One 
can conclude, therefore, that ME IR ATR spectrosco
py allows significant quantitative studies on a molec
ular level with submonolayer quantities of weak 
absorbers. 

Manufacturers of reflection 
accessories 

Standard equipment for reflection spectroscopy 

ASI Sense IR Technologies, 15 Great Pasture Road, 
Danbury, CT 06810, USA. 

Bruker Optics, Wikingerstrasse 13, D-76189 Karls-
ruhe, Germany. 

Graseby Specac Inc., 301 Commerce Drive, Fairfield, 
• CT 06432, USA. 
H~rrick Scientific Corporation, 88 Broadway, Ossin

mg, NY 10562, USA. 
International Crystal Laboratories, 11 Erie Street, 

Garfield, NJ 07026, USA. 
Spectra-Tech, Inc., Warrington WA3 7BH, UK. 

Special equipment for SBSR-ATR and ME-ATR 
spectroscopy 

Optispec, Rigistrasse 5, CH-8173 Neerach, Switzer
land. 

List of symbols 

A = absorbance (decadic); d = sample thickness' 
de = effective thickness (Harrick); dp = penetratio~ 
depth; d = mean penetrated layer thickness' 
E = electric field; Ex = electric field component in x~ 
~irection; Ey = electric field component in y-direc
£lOn; Ez = electric field component in z-direction; 
J = energy flux (time average); mx = x-component of 
the unit vector in the direction of M; my = y
component of the unit vector in the direction of M· 
m z = z-component of the unit vector in the directio~ 
of M; M = transition dipole moment; n = refractive 
index; n = complex refractive index; N = number of 
active internal reflections; r = ratio of reflected to in
cident field; RATR = dichroic ratio related to ATR 
spectra; R = dichroic ratio; R = reflectance· 
Sy = Smoi = molecular order parameter; So = tilt orde; 
parameter; So = order parameter with respect to the 
molecular axis; Sscg = segmental order parameter' 
S = Poynting vector (time average); t = ratio of tra~s~ 
mitted to incident field; T = transmittance' 
z = d!stance from surface; II, .L = parallel and per~ 
pendlc~lar polarized light, respectively; 
* = conjugate complex; a = absorption coefficient; 
a = angle between transition dipole moment and z
axis; 0 = phase shift; e = permittivity; e = molar ab
sorption coefficient; eo = permittivity of vacuum; 
er = relative permittivity (dielectric constant); 
t] = amplitude; B •. = critical angle; Bj = angle of inci
dence; Br = angle of reflection; Or = angle of refraction 
(transmission); Ie = absorption index; A. = wavelength; 
Ii = perm.eability; lio = permeability of vacuum; 
!J:r = relative permeability; v = number of equal func
tIOnal groups per molecule; v = wavenumber; 
p = reflectance; 'l" = transmittance; 'l" = relaxation 
time; r = surface concentration; ¢ = phase lag; 
w = angular frequency. 

See also: Electromagnetic Radiation; Industrial 
Applications of IR and Raman Spectroscopy; Polymer 
Applications of IR and Raman Spectroscopy; Raman 
and IR Microspectroscopy; Surface Studies by IR 
spectroscopy. 
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