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Internal Reflection Spectroscopy. Applications in Chemistry and Industry

V.I.Yakutin and O.G.Strukov

Published information on the application of internal reflection spectroscopy (IRS) in chemistry and industry is systematically
discussed, and the theory of IRS is briefly reviewed. The apparatus and experimental techniques are described.
297 References.
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I. INTRODUCTION

Many papers dealing with the application of internal
reflection spectroscopy (IRS) in chemistry and in related
areas of science and industry have appeared in recent
years.

The importance of IRS stems primarily from the fact
that systems which are difficult or impossible to study by
absorption methods can be examined by this method. In
contrast to absorption methods, which rely on the trans-
mission of light through the experimental medium, IRS is
based on the phenomenon of total internal reflection.

The principle of the method is the following: during
total internal reflection, a beam of light can penetrate
from the optically denser into the optically less dense
medium to a depth of the order of one wave length. If the
less dense medium is absorbing, the beam is attenuated
and reflection is not total. If the experimental medium is
strongly absorbing, its attenuated total reflection (ATR)
spectrum can be obtained by measuring with a suitable
spectrometer its reflectivity R (R - I/Io, where /„ is the
intensity of the incident light and / is the intensity of the
reflected light).

Since total internal reflection does not involve any loss
of radiant energy, the method known as multiple attenuated
total reflection (MATR)f can be used to measure the
spectra of very weakly absorbing media such as thin films
and monomolecular layers.

The internal reflection (IRS) spectra of bulk materials,
measured under standard conditions, are very similar to
their transmission spectra, and in the case of very thin
layers the two types of spectrum are practically identical.
Hence, IRS spectra can be interpreted in much the same
way as transmission spectra. Furthermore, IRS spectra
often yield more detailed information on the structure of
the sample than transmission spectra.

t ΟΡΟ and ΜΟΡΟ are the Russian terms for the IRS
methods known in English as ATR and MATR (attenuated
total reflection and multiple attenuated total reflection).
Non-Russian publications sometimes refer to FTR
(frustrated total reflection), which is best rendered in
Russian as NPVO. The term FMIR (frustrated multiple
internal reflection), often encountered in the Western
literature, is synonymous with MATR. The physical
significance of the methods used in IRS is perhaps most
clearly indicated by the terms ATR and MATR (in Russian,
ΟΡΟ and ΜΟΡΟ).

Almost the whole of the spectrum, from ultraviolet to
far infrared, can now be explored by IRS.

In practice, the most important results have been
obtained by i.r. IRS. The availability of commercial i.r.
spectrometers with suitable attachments has greatly
increased the scope of i.r. IRS: in particular, chemical,
physicochemical, and biochemical processes have been
investigated directly in media hitherto inaccessible by
conventional methods.

Because its sensitivity and (in some cases) its precision
are higher than those of i.r. transmission spectroscopy,
i.r. IRS has been used to investigate surfaces, and it has
also been applied in analytical procedures. It is now
widely used in chemical and related industrial practice as
an efficient and reliable method of process control.

The use of total internal reflection to study optical
properties of materials is not an entirely new approach.
As early as 1914, Mandel'shtam1 and, somewhat later,
Baryshanskaya2 had used the phenomenon of total internal
reflection to investigate fluorescence in thin layers,
relying on Eikhenval'd's theoretical model3. A much more
recent review of the possibilities offered by this method
has been published by Hirschfeld4.

Taylor and Glover5 used total internal reflection to
investigate the spectrum of an aqueous solution of potas-
sium permanganate, and Korobko-Stefanov6 discussed
the advantages of this method in studies of strongly
absorbing media.

However, the widespread penetration of IRS into
research techniques began in the 1960's, when the remain-
ing theoretical and experimental difficulties were finally
overcome.

Unfortunately, existing Russian reviews of the practical
application of IRS V are lacking in both breadth and
depth. The only bibliography of the subject8 dates back to
1967, and is therefore wholly inadequate.

Many review articles have been published outside the
Soviet Union9"17, but none of these consider work published
since 1967. However, the number of publications has
increased very rapidly in the last few years, and the
scope of IRS has grown very significantly. None of this
recent work is dealt with in existing reviews, whether
Russian or foreign.

The aim of the present review is to discuss as fully as
possible the applications of IRS in chemistry and in
related areas of science and technology, and to familiarise
the reader with the underlying theory, the apparatus, and
the experimental methods.
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Π. THEORETICAL BASE OF INTERNAL REFLECTION
SPECTROSCOPY

Total internal reflection occurs when a light beam
strikes the boundary between a medium of high optical
density («J and a medium of lower optical density
(n2<n1) at an angle greater than the critical angle of
incidence (0C).1 8 The critical angle is defined by the
expression

where n2i is the relative refractive index (» a = «2/
ni
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and n2 are the absolute refractive indices of the two
optically transparent media.

The condition for total internal reflection is written
θ > 9C = arc sin nn. (2)

However, as pointed out by Newton19, the light penetrates
into the optically less, d.ense medium during total internal
reflection.

This optical penetration effect, which could not be
explained by the corpuscular theory of light, is now
clearly understood in terms of the electromagnetic theory.

As pointed out by Eikhenval'd3, the electromagnetic
field associated with the light wave does not suffer a
discontinuity at the boundary between the two media during
total internal reflection: it penetrates from the medium
^ into the medium n2, where it decays exponentially.
The decreasing amplitude Ε of the electrical oscillations of
the light wave in the second medium is given by the
expression

£=£οβ-« (3)

where γ = 27r(sin20- r^h/\lt Eo is the amplitude at the
interface, ζ is the distance from the interface into the
medium of lower refractive index, λχ is the wave length of
the light in the denser medium.

Figure 1. Penetration of light into the medium of refrac-
tive index n2 during total internal reflection (cZp is the
depth of penetration).

We must stress that in total internal reflection the
intensity of the reflected light (/) is equal to the intensity
(/0) of the incident light: the penetration of the light into
the second medium does not cause any loss of radiant
energy. According to Eikhenval'd, the incident beam
"strays into the second medium" where it follows a
curvilinear path "before re-emerging, unaltered, in the
first medium as the reflected beam" (see Fig. 1).

Defining d p as the depth of penetration for which the

amplitude Ε decreases by a factor of e, we obtain

λι

Examination of Eqn. (4) shows that: 1) for angles θ » 9C

the depth of penetration is less than one wave length,
2) for θ = dc the depth of penetration is very large,
3) the depth increases with critical angle, and 4) it
increases with the wave length.

10 Κ
Figure 2. Plots of R against Κ for different values of
and for different polarisations.

If the light penetrates into an absorbing medium, then
/ 4- IQ- In this case the reflectance R depends not only on
the absorption coefficient K, but also on Θ, n21, and λ in
Eqn. (4). The functional dependence, as shown in Fig. 2,
is very complicated. The variation of R with Κ, 0, n2l,
and polarisation of the light can be calculated in two ways.
One method is to express the reflectivity as a function of
the above variables.

The calculations are usually made by applying the
Fresnel formulae, suitably modified for attenuated total
reflection conditions. The modifications consist in
replacing the refractive index w2, which adequately char-
acterises the optical properties of a transparent medium,
by a complex refractive index23 n*, which characterises the
optical properties of the absorbing medium:

n\ = «2(1 — iK) f (5)

where n2 and Κ are the effective refractive index and the
effective absorption coefficient.

The relationship between Κ and α (the absorption coef-
ficient in the Beer — Lambert law) is given24 by

a=—— , (6)

where λ0 is the wave length of the light in a vacuum,
related to the wave length in a denser medium by the
expression λ0 = X1w1.

For ATR conditions, the Fresnel formulae become25
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where the subscripts J- and " indicate that the vector of the
electrical oscillations is perpendicular (-0 or parallel (D)
to the plane of incidence.



694 Russian Chemical Reviews, 41 (8), 1972

Calculations of R as a function of K, 9C, and 9, and
also of polarisation, have been reported and discussed in a
number of papers9»24"29. We shall confine ourselves to a
consideration of some general rules which relate specif-
ically to the practical exploitation of the ATR method.

length in transmission spectroscopy, and that this para-
meter can be calculated from the expressions9 J^»29»33»34:

eff _L = (11)

nn cos θ (2 sin2 Θ— n*t) λ ι

«(1 - "\d [sin2 θ (i - «·,) - η\χ\ (sin2 θ - n*J

(12)

10 20 JO W 50 SO 70 80 90 θ

Figure 3. Rx as a function of Κ and Θ.

It is evident from Figs. 2, 3, and 4 that the method
offers maximum sensitivity in the range 0 < Κ < 0.2,
which includes the i.r. absorption bands of most organic
compounds.

We note also that the reflectivity depends not only on K,
but also on 9, dc, and polarisation: R decreases as 9
decreases and as 9C increases.

Other conditions being equal, Rx < R».
R falls off sharply as 9 -* 9C; in other words, the con-

ditions for maximum sensitivity and therefore precision of
the ATR method are found28»28 close to the critical angle of
incidence, the best choice of which depends on the value of

However, the IRS bands observed at the optimum criti-
cal angles are distorted relative to the transmission
spectra: they are broadened towards the long-wave end of
the spectrum, and their peaks are shifted towards lower
frequencies7 i9"11»18»29'31. Yet, it would be desirable to
obtain IRS spectra as similar as possible to the correspon-
ding transmission spectra.

Calculations based on the Fresnel formulae have shown
that undistorted IRS spectra can be obtained from very
weakly absorbing samples only at angles θ » 9C. 28,30,32

The values of R for weakly absorbing samples can be
calculated by means of simple expressions, derived from
Eqns. (7) and (8) by expanding them into a power series and
retaining terms up to K3:29>32

R* = 1 — a · deff II

(9)

(10)

where deff is an effective thickness having the same order
of magnitude as the wave length.

It follows from Eqns. (9) and (10) that the role of the
effective thickness is analogous to that of the optical path

It is not hard to show that Eqns. (9) and (10) are ana-
logues of the Lambert — Beer equation for the case of very
weak absorption9>3S, and therefore they can be re-cast in
the form

R = e-
ad^ (13)

Thus, the Lambert —Beer law is formally applicable to
the undistorted IRS spectra26»32, and we may use these IRS
spectra for quantitative measurements in the same way as
transmission spectra.
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Figure 4. R± as a function of Κ and n2.

Although these generalisations of the Fresnel equations
provide a theoretical foundation for the practical applica-
tion of the ATR method, they do not give a physical picture
of the interaction of light with the absorbing medium. It
should also be noted that the use of Eqns. (7) and (8) in
daily laboratory work is complicated by the need for elec-
tronic computation20.

Hence, an alternative solution of the problem could be
attractive if it relied on simple mathematical expressions
describing the mechanism of light absorption and the main
features of IRS spectra in cases of practical interest
(0 < Κ < 0.2) without resorting to the use of computers.

Let us consider the case of weak absorption. As
stated above, in this case R can be found from Eqns. (9) —
(12), whence it follows that deff, and therefore also %
and Θ, are independent of a. From the same equations we
can show that the product a. deff is simply the fraction of
radiant energy absorbed by the medium of lower refractive
index. Thus, the behaviour of the electric field in a
weakly absorbing medium can be discussed independently
Of CU.!>>2°»29>32-34#



I ( Russian Chemical Reviews, 41 (8), 1972 695

According to Harrick20, the absorption a, i.e. the
interaction between the light beam and the weakly absorb-
ing medium over the whole of the penetration path, can be
described by the equation

cos θ
(14)

where Ε = £0.e~'y z ' is the amplitude of the electric field in
the less dense medium relative to the amplitude of the
incident light.

From Eqn. (14) we find

• "" JF*^. = ±. (15)

where the expression on the left-hand side denotes the
effective thickness9»20»33»34

i e f f = "« Τ Βάζ
cos θ J (16)
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Figure 5. Relative depth of penetration and relative
effective thickness as a function of θ (η2ί = 0.423):

) d A , 2) aeiU/X, 3) deii±/X.

We shall now discuss the dependence of deff, and
therefore also of the absorption, on the factors which enter
into Eqn. (16).

We have two cases, depending on whether the thickness
d of the absorbing layer is greater or smaller than the
depth of penetration. For "thick" layers {d > dp) we
obtain the following formula [from Eqn. (16)] for the effec-
tive thickness:

(17)
2 cos 9

It follows from Eqn. (17) that the effective thickness of
"thick" layers depends on four factors. The physical
significance of the first three Eo, and dp) has already

p
been discussed; the fourth (1/cos Θ) determines the area
over which light interacts with the sample.

Fig. 5 shows the variation of deff (which determines the
interaction between the tailing electric field and the
weakly absorbing medium) with angle of incidence and with
polarisation. It is evident that deff is greatest near the
critical angle, and reaches a maximum [see Eqn. (17)]
when the refractive index τ\ of the internal reflection
element (ERE)} is very close to the true refractive index
n2, i.e. when ηΆ —»1. Hence, to obtain the strongest
possible bands in IRS spectra we must choose an ERE with
a refractive index close to that of the experimental medium
(n2) at the maximum of the dispersion curve (Fig. 6), and
use near-critical angles of incidence26. Under these con-
ditions the quantities n21, Eo, and dp, which determine
deff, have their maximum values.

Figure 6. Absorption coefficient a (full line) and refrac-
tive index n2 (broken line) as a function of wave length in
the region of the absorption band.

It follows from Eqn. (14) that the absorption depends not
only on the value of ot, but also on the value of the integral,
which defines the total intensity of the light over the whole
of the penetration path. Evidently, this intensity is a
function of the amplitude Έο at the phase boundary on the
side of the less dense medium. The value of Eo as a
function of the angle of incidence and of the polarisation of
the light can be calculated from the equation for the stand-
ing electromagnetic wave produced at the phase boundary
on the side of the denser medium by the superposition of
the incident and the reflected light. These calculations,
carried out by Harrick20»33»34, have shown that: 1) Eo is a
maximum for θ = dc; 2) EQ decreases as θ increases;
3) Eo vanishes for θ = ττ/2; 4) Eo vanishes for Eox <EoH.

As θ increases, Eo and dp fall off, causing a decrease
in deff and hence in absorption36. When θ = π/2, Εο = 0,
and therefore deff = 0 (i.e. there is no absorption). We
note that when θ = 45°, d p = (deff + deff )/2.

It has been shown20»33"35 that formulae (9) - (13), which
are strictly applicable only to weak absorption (they can
be obtained from (14) and (17) 2 0 ), can in fact be used over
a fairly wide range of Κ values (0 <K < 0.2), since they
differ by only 10% from the exact Fresnel formulae when
R falls to 10% (see Fig. 2).

% In ERS the optically transparent, denser medium is
sometimes called the ERE.
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Eqn. (Π) can be used to explain the difference between
the IRS spectra obtained with "thick" layers and the trans-
mission spectra of the same materials· Since dp

increases with λ, the absorption also increases with λ.
Hence, the intensity of the bands in the IRS spectra
increases with wavelength10'11'20'29'33'34.

As stated above, IRS spectra obtained with θ close to 9C

appear distorted. To identify the cause of the distortion
we turn to Fig. 6, whence it is evident that n2 (as well as
OL) varies with wave length. The largest value of n2 is
found on the long-wave side of the absorption band. Since
the critical angle reaches a maximum and the difference
θ - dc (for a given (?) reaches a minimum on the long-wave
side of the absorption peak, it is not surprising to find an
increase in n21, EQ, and dp (and therefore an increase in
absorption) on the long-wave side of the peak. As a
result, the absorption maximum is shifted towards lower
frequencies, and the band shows some broadening in the
same direction7>9~13>29"31.

Obviously, the distortion of the IRS spectra arises from
the fact that the ATR method is sensitive to changes in
both the optical constants Κ and n2. This suggest that
IRS can be used to evaluate these constants24»25»28 J 3 7 " 4 9 .

In order to obtain an IRS spectrum free from the dis-
tortion associated with anomalous dispersion we must
choose conditions such that deff is not sensitive to changes
in the coefficient n2. It can be seen from Fig. 5 that when
the angle θ is much greater than dc, i.e. when the differ-
ence β - 9C is large, the fluctuations in this difference
due to changes in the critical angle have very little influ-
ence on the depth of penetration. The same can be said of
Eo, which is insensitive to changes in #c if θ » θα as
demonstrated by Harrick9. Therefore, it is essential to
work with an angle of incidence much greater than the
critical angle if the aim is to obtain an IRS spectrum
almost identical to the transmission spectrum. However,
small differences in frequency (of the order of a few cm"1)
are nevertheless to be expected50.

Starting from the refractive index n2 of the experimen-
tal medium, measured by normal refractometric methods,
the expected absorption coefficient Kt and the condition29

/</(sin20 - n\\)«l} it is possible to choose an angle of
incidence and an IRE refractive index such that the IRS
spectrum is free from the distortion associated with
anomalous dispersion. We can readily show that this con-
dition is satisfied for small Κ values, and as Κ increases
for θ » dc.

However, the IRS spectrum plotted at large angles of
incidence has a low intensity7J9"11»30»35»51. Stronger bands
can be obtained by the MATR method, which produces
spectra both undistorted and intense7 >9-n»3o>35,52-56.

In this method, de£f is increased in proportion to the
number of reflections (iV), and therefore the absorption is
increased by a factor of N. Evidently, Eqn. (13) for the
MATR method must be re-written20»35

/ ^ = β-«·"β£Γ" (18)

Clearly, by adopting the MATR method we can not only
increase the intensity of the IRS method but also use it at
higher sensitivity.

We shall now turn to the case of "thin" layers (d < dp).
In this case the electric field penetrates beyond the thin
absorbing layer into the underlying optically transparent
medium§. Since the layer is very thin, the electric field

may be assumed to be constant within the film20. Then,
using Eqn. (16), we obtain

• - * (19)
cos θ

Thus, with "thin" layers as with "thick" layers the
parameter deff depends on four factors. We can evaluate
deff for a "thin" layer using the formulae proposed by
Harrick9»20»33»34?:

eff .11 =

4n 2 1 · cos θ · d

1 cos β [(1 + n*2) sina 6 - n^] d

(20)

(21)

where n21 = njn{, n32 = njn2, n31 = n3/n1 < 1 are the relative
refractive indices. Formulae (20) and (21) are accurate when

— <0,l and Κι<0Λ

Eqns. (19) — (21) lead to a number of generalisations
applicable to IRS spectra obtained with "thin" layers.

It follows from Eqn. (19) that deff is independent of the
depth of penetration. Hence, the intensity of the bands in
the IRS spectra of "thin" layers does not increase with
wave length. Furthermore, we can see from Eqns. (20)
and (21) that deff is limited for θ = t?c, where 9C = arc sin
njrt^. Clearly, the IRS spectrum of a "thin" layer—
unlike the spectra of "thick" layers—is free from anoma-
lous dispersion distortions and is practically identical to
the transmission spectrum.

It is important to note that the IRS spectrum of "thin"
layers can be obtained even when the true refractive index
of the thin layer is greater than the refractive index of the
IRE. Furthermore, and in contrast to "thick" layers for
which deff M > deffj.> the parameter deff |( can be greater or
smaller than deff ± in "thin" layers, depending on whether
the ratio n\Jn\\ in Eqn. (21) is greater or smaller than
unity.

It follows from (20) and (21) that deff for "thin" layers
can be much greater than the physical thickness of the
layer if njn^ —* 1. By using MATR, the sensitivity of the
method can be dramatically increased58 to ~10~14 mole.

We had previously stated that light polarised in a
parallel direction interacts more strongly with the absorb-
ing medium than light polarised at right angles59, which is
true only for isotropic media. In anisotropic media the
interaction will depend on the orientation of the dipoles.
Hence, ATR and MATR methods can be used to study
anisotropic media20»25»27>60~62.

ΠΙ. APPARATUS AND EXPERIMENTAL TECHNIQUES

The apparatus used to record IRS spectra consists of a
standard spectrophotometer with a special attachment in
the cell compartment. The optical system of the attach-
ment is designed according to the optical and geometrical
features of the IRE and of the spectrometer. Depending
on the IRE, the attachment can provide single or multiple
reflections. In single-reflection attachments the IRE may

be
u.'
de

al
it
in
b«
r£
in
pi
fo
tv

di
s]
is

§ The theory of multilayer systems, with reference to
the ATR method, has been discussed by Hansen 5 7.

\ Formulae (20) and (21) are given2 0 without proof, but
a derivation of these formulae was published later 2 5 .
However, formula (21) is somewhat different from the
corresponding formula obtained in Ref. 25.
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be in the form of a prism15»54»63-65 (mainly for work in the
u.v. and visible regions), a hemisphere, or ahemicylin-
der24,35,37,e6-7t (for j > r . measurements).

The use of a hemicylinder is convenient because it
allows an arbitrary choice of angle of incidence and hence
it can replace several'prisms with different angles of
incidence. Furthermore, it is easy to obtain a parallel
beam within the hemicylinder9,24»25»35»68»70 over a wide
range of angles of incidence, and therefore the angle of
incidence can be calculated unambiguously and with great
precision (~0.5'}66· This level of precision is essential,
for example, in determinations of optical constants by the
two-angle method25»46.

Attachments using a hemicylindrical IRE have been
designed for the IKS-14,67 Hilger H-800,68 and UR-20 70

spectrophotometers. The operation of these attachments
is easily understood from Fig. 7.

It should be noted that any divergence of the light beam
within the plate causes ambiguity in the angle of inci-
dence9»35 even though it may be beneficial in ensuring total
illumination of the surface of the plate10»11.

Figure 8. Multiple reflection attachment.

Figure 7. Single reflection attachment.

Single-reflection attachments have one serious draw-
back: they cannot produce intense, undistorted spectra.
This drawback is overcome in multiple-reflection attach-
ments, which can accept IRE's of different geometrical
configurations such as plates with fixed or variable angles
of incidence, and with single10»11»15»72-77 or double9»15'20»78

light transmission. IRE's can be trapezoidal79 or rosette-
shaped80, with multiple light transmission, or in the form
of a light-guide15»81. An IRE with a curved surface has
been described82»83. The most commonly used of these
elements is the multiple internal reflection (MIR) plate
with fixed angle of incidence and single light transmission.
This is because both the construction and the calculations
are simpler with these plates. In the simple geometry of
the plate, the number of reflections is easily calculated:

• = — cot0!

t
(22)

where L is the length and t is the thickness of the plate.
It follows from Eqn. (22) that the number of reflections

increases as the angle of incidence decreases. The num-
ber of reflections increases in proportion to the length,
and in inverse proportion to the thickness of the plate.
However, it should be remembered that the length of the
plate cannot be increased indefinitely without total extinc-
tion of the light beam as a result of optical imperfections
in the polished surfaces. The scattering by these imper-
fections is a function of wave length, and is most pro-
nounced in the u.v. region58. Hence, the reflectivity of
the plate depends on the quality of its optical finish35»54.
The thickness of the plate, also, is limited, and cannot be
decreased below the width of the spectrometer slit10»11»35.

MIR plates are now commonly used in commercial
attachments (see Fig. 8), made both in the Soviet Union and
abroad. Attachments for the IKT-14,71 UR-20 84»85, and
various Perkin — Elmer spectrometers54"56 have been
described in detail.

Attachments using an MIR plate as the IRE are used in
the u.v. and the visible region54, and also in the i.r.
region76 and in the far infra-red86. MIR plates giving up
to 50 — 300 reflections have been constructed87-89.

Cells for special investigations have been developed
using MIR plates. Some of these, produced54»55 by the
firm of Wilks Scientific Corporation (USA), are particular-
ly interesting because they are equally suitable for analyt-
ical work and for physicochemical research.

Figure 9. Cell for viscous liquids: (a) Teflon holder,
(6) IRE plate.

Fig. 9 shows a cell for the analysis of high-boiling com-
pounds (lubricants, oils, adhesives, and other viscous
materials). The cell consists of a Teflon holder and an
IRE in the form of a plate. The IRS spectrum is obtained
by spreading the material on the surface of the plate.
25 reflections are possible.

The microcapillary cell (Fig. 10) is used to examine
fractions isolated by gas — liquid chromatography. It
consists of a Teflon holder and two thin MIR plates,
between which the substance to be analysed is placed.
Because of the large number of reflections (~50), the
sample size can be very small (~10~* g).



698 Russian Chemical Reviews, 41 (8), 1972 ' R

The cell shown in Fig. 11 is used for liquid samples.
The gap between the MIR plate and the metal holder is not
critical, because the absorption does not depend on the
thickness of the layer of sample.

Figure 10. Micro-capillary cell.

The combined-cell andireaction vessel (Fig. 12) and the
flow-through cell t&ig. 13) have been designed for studies
of the kinetics and mechanisms of chemical reactions88.

In spectrophotometric studies of powders, paper,
tissues, rubber, polymers, films, and various coatings,
the solid-sample cell shown in Fig. 14 is used. Mechani-
cal pressure is applied to increase the area of contact
between the plate and the experimental material.

Figure 11. Liquid sample cell.

Cells for direct spectroscopic studies of aerosol parti-
cles90, and for measurements in high vacuum9 and at high
temperatures54»55, have also been described. Special
attachments in which the IRE extends beyond the cell com-
partment of the apparatus have been developed for studies
on large samples10»11.

Differential spectra can be obtained, if necessary, by
using single and multiple reflection cells. However, it is
not always possible to compensate exactly for the differ-
ences between two IRE's. With isotropic media, the
residual background absorption can be compensated with
polarisers91 or variable-area cells54. In addition to the
various attachments, special spectrometers for IRS spec-
troscopy have been described10»11»54»55»92, but in every case
the essential component, which determines the quality of
the spectra, is the IRE. Obviously, the material used to

fabricate the ERE must have some special optical, physical,
and chemical properties.

The material must have: 1) a high refractive index, so
as to give undistbrted spectra with samples of widely dif-
ferent refractive indices; 2) high purity and optical trans-
mission, since the length of the optical path in the MIR

Figure 12. Reaction cell.

Figure 13. Flow-through cell.

Figure 14. Solid-sample cell.
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plate can be 100 mm or more; 3) high elasticity, hard-
ness, and mechanical strength, since the IRE must not be
easily deformed, scratched, or bent; 4) chemical
stability, since the IRE material must not dissolve in or
react with the material being analysed.

Characteristics of materials.

No.

1

2

3

4

5

6

7

8

Material

Germanium:

Silicon

KRS-5

Iitran-4

KRS-6

Silver chloride

Sapphire

Quartz
(fused)

Chemical
composition

4 2 % — TlBr
58%—Til

ZnSe

40% TlBr
60% TlCl

AgCl

A12O3

SiO2

"D.

4.0

3.5

2.5

2.4

2.2

2.0

1.7 (above
2 at λ < 0.2

μτη)

1.43(1.65
at λ < 0.2
μτη)

14.5

16,6

23.6

24.6

27.0

30.0

36.0

44.4

Spectral
region, jum

2—11,5

2-6.5
40-300

1—40

2—16

0.4—25

1—20

0.18-6

0.18—
—0.75

Max.
temp.,
°C ,

125

300

125

300

100

200

Remarks

Hard, brittle, chemically
stable. Used in the i.r.
region.

Hard, brittle, chemically
stable. Used in the i.r.
and far i.r. region.

Elastic, soft, insoluble in
many solvents. Sparingly
soluble in water. Used
in the i.r. region.

Hard, stable, insoluble
in water. Used in the
i j . region.

Softer.than KRS-5. Used
in the i j . region. Can be
used in the visible.

Very soft, insoluble
in water. Used in the
ijr. region.

Very hard. Used in the
u.v. and visible region.

Used in the u.v. and
visible region

* 0g; values calculated relative to air.

In addition, the IRE material must: 5) be easy to grind
and polish, and 6) retain its transparency at high temper-
atures.

Because of these stringent requirements, the materials
used to obtain transmission spectra are not always suitable
for IRS. The literature dealing with materials for
internal reflection spectroscopy is exten-
sive9"17 ,34,54-56,72,85,93# Some properties of materials
commonly used in IRS are listed in the Table.

IV. APPLICATIONS OF INTERNAL REFLECTION
SPECTROSCOPY

As stated above, internal reflection spectra are quali-
tatively similar to transmission spectra if the distortion
resulting from anomalous dispersion can be overcome.
(Suitable conditions are discussed in Section Π). Hence,
existing data on the transmission spectra of related com-
pounds can often be used to interpret IRS spectra. This
allows IRS methods to be applied to a wide variety of
problems, including the identification of various com-
pounds, studies of their structure and reactivity, and a
wide range of associated problems.

However, IRS has a number of advantages over trans-
mission spectroscopy: it is unique in its ability to
examine materials in any state of aggregation, of any
consistency, and of practically any size or thickness.

1. Types of Material

The IRS method has no special advantage over trans-
mission spectroscopy in work with liquids and some
solutions, but in practically every other case it is greatly
superior, and in some cases it is the only possible method.

P o w d e r s . The study of powders by i.r. spectro-
scopy is a very common problem. Conventional tech-
niques (pressing into tablets with alkali halides, prepara-
tion of mulls, etc.)94 are laborious and often unsatisfactory:
they tend to contaminate the sample and to disturb its
crystal structure, and chemical interaction between the
sample and the matrix cannot always be avoided.
Furthermore, the spectra are sometimes incomplete or
otherwise unsatisfactory, due to scattering or masking by
the bands of the diluent.

IRS methods are free from all these drawbacks. The
only pre-treatment needed is to spread the sample on an
adhesive tape54, which is then pressed against the IRE.
With amorphous powders the procedure is even simpler:
the sample is deposited directly on the internal reflection
plate54. Sands, various precipitates95, and other fairly
coarse (up to 300 μΐη particle size) powders have been
analysed in this way, and have always yielded high-quality
spectra (Fig. 15).

Figure 15. Internal reflection spectrum of sorbic acid
powder. IRE—Ge plate (25 reflections).

S o l i d b o d i e s . Solid bodies cannot be examined
directly by transmission spectroscopy. A sample must
first be removed, finely powdered, and examined by a
standard method. In some cases (e.g. coal analysis96)
the preparation of the sample may take up to 8 hours.

On the other hand, the study of solid bodies (including
coals97) by IRS methods is quite straightforward: special
attachments have been developed10»11»54 for recording
spectra from samples of any size.

The difficulties encountered in studying single crystals
by transmission spectroscopy98 are well known: again,
this type of sample can yield IRS spectra without difficul-
ty60»"-103. The IRS method is particularly effective in
studies of anisotropic media: in particular, it is greatly
superior to transmission spectroscopy for studying
dichroism60"62»99.
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F i l m s . The examination of fairly thick films by the
classical spectroscopic methods presents a number of
difficulties. Even at thicknesses of a few tens of
microns98 analysis of the film by classical methods may
become impossible. In direct contrast, films are per-
haps the best type of sample for DRS studies (Fig. 16).
In addition to solving various problems in the physics of
films104, these methods have been used successfully for
film identification54 (including films of metal hydrox-
ides7 '1 0 5). Coatings on films7 are easily analysed,
including measurements of thickness107 and composi-
tion1 0 6 '1 0 7. IRS methods are seen at their best in the
analysis of multilayer films7»108»109, since they can yield
identifiable spectra for the individual layers.

Figure 16. Transmission (a) and IRS (δ) spectra of a
polystyrene film. IRE—KRS-5 plate (25 reflections).

V i s c o u s m a t e r i a l s . Viscous materials are not
easily studied by transmission spectroscopy in their
natural form, yet they are almost the ideal type of sample
for IRS54. For example, IRS spectra for a large number
of adhesives have been obtained very easily78, including
industrial adhesives110»111 and adhesive coatings112.

M e l t s . Fairly complicated techniques are available
for measuring the i.r. spectra of melts. They become
very much simpler when IRS methods are used113»114.

L i q u i d s and s o l u t i o n s . In studies of the i.r.
spectra of liquids, and some solutions, the use of IRS
methods is hardly justifiable. However, the u.v. trans-
mission spectra of liquids and concentrated solutions are
almost impossible to measure. Furthermore, the scope
of i.r. spectroscopy of solutions is often limited by the
difficulty of finding a suitable solvent, since most solvents
have strong absorption bands and therefore they can only
be used over a limited region of the spectrum. Water is
one of these solvents, and in many cases aqueous solutions
are the only form in which the material of interest can be
investigated. With biologically active substances and
their model compounds aqueous solutions are vitally
important because they most closely resemble natural
(in vivo) conditions. However, the study of aqueous solu-
tions still presents considerable difficulties115, and several
important regions of the spectrum remain inaccessible
even with the thinnest available cells.

With the introduction of IRS methods the scope of
aqueous i.r. spectroscopy has become much wider, and at
the same time the experimental procedures have been
simplified. The i.r. spectra of aqueous solutions can now
be measured over practically the whole of the spectral
region by usingthe available range of crystals (KRS-5, l i5

AgCl,116»117 Irtran-2, 1 1 8 Ge 95)f, by choosing the ATR116-1"
or the MATR115»123,124 method as required by the problem,
and by taking advantage of the most up-to-date equip -
ment117»119.

The possibilities and the advantages of the IRS method
in comparison with the transmission method have been
demonstrated by measurements on aqueous solutions of
acetylcholine125, various aminoacids115»116»118"120, and
carbohydrates115»120»128. IRS methods are widely used to
study aqueous solutions of inorganic and organic acids and
their salts16»115,117,118»120-122»127"132, and other com-
pounds115»120, and also the structure of water itself121»129»133.
IRS methods are particularly effective in studies of multi-
phased systems, e.g. aqueous emulsions of disperse and
turbid media, etc.95»118»120, which cannot as a rule be
examined by conventional transmission methods. The IRS
spectra of concentrated aqueous solutions have also been
examined in the u.v. region72»81.

The IRS technique has greatly extended the range of
solvents which can be used in i.r. spectroscopy. Thus,
universally acceptable solvents such as alcohols, dimethyl -
formamide, dimethylsulphoxide, etc. can now be exploited
by the i.r. spectroscopist. A comparative study134 of the
solvents most commonly used in chemistry has shown that
their transmission bands are much broader in i.r. IRS
spectra than in conventional i.r. absorption spectra.

2. Applications

Because of the unique features of the IRS method, its
potential applications in chemistry and in related areas of
science and technology are many. Some examples of the
application of IRS in areas where the method appears
particularly promising are discussed below.

a) Study of c h e m i c a l r e a c t i o n s
Molecular spectroscopy is undoubtedly one of the most

powerful methods of studying various types of chemical
change, and important problems in chemical kinetics and
reaction mechanisms. However, the scope of transmis-
sion spectroscopy in this particular area is severely
limited. Thus, it is seldom possible to study a reaction
without a solvent, or in concentrated solutions; unfortu-
nately the commonest solvents are strongly absorbing, and
therefore the reaction systems cannot be studied by trans-
mission methods even in dilute solutions.

All these difficulties can be fully or partially overcome
by resorting to IRS methods, whose extensive technical
arsenal (various crystals with different angles of incidence
and number of reflections, special reaction vessels54»55)
allows almost any reaction to be investigated either in
solution (in one of the increasing number of usable sol-
vents134) or without a solvent.

A good example of the advantages of IRS over ordinary
transmission methods is provided by Roberts' work135 on

t It must be noted that KRS-5 is sparingly soluble in
water, particularly in hot water95, and that AgCl can react
with aqueous solutions giving rise to corrosion of the
steel parts of the cell16»95.
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reactions involving carbonium ions, based on measure-
ments of u.v. IRS spectra. Carbonium ions absorb very
strongly in the u.v., and they can be studied only at high
dilution. On the other hand, they are so highly reactive
that unwanted side-re actions with the solvent are almost
unavoidable. For these reasons, the study of carbonium
ion reactions by normal u.v. spectroscopy is not a practi-
cal proposition.

On the other hand, IRS methods have been found very
effective in this case, and studies of carbonium ion reac-
tions (including intermediates) have been successfully
carried out by these methods over a range of concentration,
temperature, and pressure.

Infrared IRS is widely used to study polymerisation
reactions76'136"138, including high-temperature polymerisa-
tion138, which do not lend themselves to conventional
transmission spectroscopic investigation (Fig. 17).

Figure 17. IRS spectra of hexamethylcyclotrisilazane
during hydrolysis: (a) initial compound, (b) hydrolysis
product. IRE—KRS-5 plate (25 reflections).

IRS is one of the most effective methods of monitoring
surface reactions on opaque materials. For example,
the effect of u.v. radiation on the stability of polymers and
the effect of inhibitors on the course and the rate of reac-
tions on polymer surfaces have been studied139 by IRS
spectroscopy. The behaviour of modifiers and other
polymer additives under the influence of light has also been
examined140. IRS has been used to study surface oxida-
tion141, the oxidative polymerisation reactions involved in
the drying of certain oils142, and various other processes
on polymer surfaces143.

b) Sur face phenomena and adso rp t ion
The future of IRS in the study of these important

chemical problems is assured144»145. In particular, IRS
methods are among the few which can give information on
surface states in semiconductors and on their influence on
the electrical properties of the surface144. In this case
the application of the method stems from the fact that the
reflectivity is a function of the electric charge at the
surface, which is itself influenced by external electric
fields or by adsorption. Harrick27,53»82»146 was the first
to use IRS in the study of surface states, but the method
was soon adopted by other workers147"149. More recently,
IRS has been used to study a wide range of problems in
semiconductor surface chemistry, including the chemical
nature and the behaviour of solid and liquid surface films
formed by the action of electrolytes, during etching,
e t c · 7 3 ' 1 5 0 " 1 5 7 , and also adsorption processes on semicon-
ductors27»158.

Adsorption is the branch of chemistry where the
advantages of IRS are most clearly evident, as shown by
the large number of papers published on this subject.
Among the most interesting are studies of the adsorption
of hydrocarbons82, fatty acid derivatives154"159, and other
organic and inorganic substances159"161 including gases27»158.

The various modifications of carbon are technically
important as adsorbents, but the study of these materials
by the traditional methods of transmission and reflection
spectroscopy (particularly in the i.r. region) often
presents insuperable practical difficulties arising from
their very strong absorption162 (which can exceed the
absorption of organic compounds by 102 —103). However,
by using multiple reflection techniques in very sensitive
spectrometers we can identify the functional surface
groups which determine the adsorption properties of the
different carbons, measure their concentration, and
examine various problems bearing on the nature of the
adsorption process. In particular, we can answer
questions such as: how do adsorbates affect the structure
of the surface, which functional groups are involved in
sorption processes, what is the nature of the sorption
bond, etc.96»141»162"164.

c ) E l e c t r o c h e m i s t r y
The most important problems in electrochemical

research are to establish the mechanism of the electrode
reactions, to identify the intermediate activated states of
the products formed by electron transfer, etc. Informa-
tion of this type cannot be obtained directly from electro-
chemical measurements. Other methods, including
transmission spectroscopy, are also unsuitable.

IRS, on the other hand, is ideally suited to the study of
electrochemical processes in situ.

The theory of IRS developed by Hansen165 for multilayer
systems has been widely applied in studies of electrochem-
ical reactions by u.v. and i.r. internal reflection spectro-
scopy.

The electrode for studies in the u.v. region usually
consists of a glass prism or plate coated with a thin con-
ducting layer of tin oxide166"169, gold149»170"172, platinum
and palladium173, or antimony171. For work in the i.r.
region the electrode is either pure germanium174 or
germanium coated with a metallic film (e.g. gallium)88»175.

A good example of the successful application of u.v.
IRS in electrochemistry is a series of studies166"168»173 of
the electrochemical oxidation of o-toluidine, in which the
kinetics and the mechanism of the reaction were examined
under different conditions, the electrolysis products were
identified on the electrode surface, and their concentra-
tion was measured. A similar study of eosin-Y has also
been published165,170,171.

Other examples of the use of IRS in the u.v. region for
electrochemical studies include an investigation of dis-
crete states at the electrode — solution interface147»176»177

and studies of the reduction of 8-quinolinol, tetramethyl-
benzidine, and various carbonyl compounds88»175. Elec-
trolysis mechanisms were investigated, the reduction
products were identified, and their concentration was
determined. The effect of electrode potential on the
intensity of the spectral bands due to intermediate pro-
ducts was also found (Fig. 18).

d) B iochemis t ry , c l i n i ca l chemis t ry ,
and pharmacology

Molecular spectra (and, in particular, vibrational
spectra) are widely used in biochemical research.
Significant advances have been made in recent years178"180,
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but the preparation of samples for spectroscopic measure-
ments remains a complicated and laborious procedure1 8 0,
involving many preliminary operations such as homogeni-
sation, dehydration, and pressing into alkali halide disks,
which can lead to losses and contamination of the sample.
However, the most serious shortcoming of these tech-
niques is the danger of altering the properties of delicate
biological samples.

Figure 18. IRS spectra of p-benzoquinone (broken line)
and its electrolysis products (full line): Β at 0.7 V, C at
1.1 V, 1) at 2.0 V. A is the spectrum of the solvent.
IRE—germanium plate (25 reflections) coated with a layer
of gallium.

properties of healthy and of pathological tissues. The use
of IRS to study healthy and diseased tissues in the human
eye (cornea, and crystalline lens) has also been propos-
ed1*4.

New prospects in biochemical and clinical research
(e.g., in the diagnosis of skin diseases) may be expected
from the latest refinements in the design of IRS apparatus.
Thus, special attachments have been developed185 to take
IRS spectra from the surface of practically any part of the
human body. These provide detailed information on the
skin retention of ointments, creams, and other prepara-
tions, and on the nature of their interaction with the skin
(Fig. 19).

Figure 19. IRS spectrum of human skin treated with an
ointment. IRE—AgBr plate.

IRS methods have opened an entirely new chapter in
biochemistry and clinical chemistry, because they enable
biological tissues to be examined without pre-processing.
Thus, spectra have been obtained from whole blood126,
bone tissues and collagens181, tendons181»182, etc.

One of the main advantages of the IRS methods is their
unique ability to examine not only the tissues themselves
but also numerous processes occurring within the tissues
as a result of various influences. For example, spectra
have been obtained from the upper integument of the brain
cortex of the white rat, undergoing narcosis7 6. IRS
methods have been used also to study stimulated chemical
changes in animal tissues under the influence of biological-
ly active preparations1 8 3. One of the most important
discoveries has been the selectivity of these preparations
towards different organs: for example, spectral changes
were detected in kidney and liver tissues after the injec-
tion, but not in other tissues. Thus, IRS methods can, in
principle, monitor the distribution of biologically active
substances within the organism, and therefore they can be
used to study the mechanism of biological interactions1 8 3.

The use of IRS in biochemical studies of normal and
pathogenic animal and human tissues may lead to signifi-
cant advances in the diagnosis and study of various
diseases. Results so far obtained are extremely promis-
ing. Thus, spectra have been obtained from normal and
from pathological erythrocytes in human blood76. Infrared
IRS spectra have been recorded, and studied, from the
tissues of various human organs1 8 4: spleen, liver, blood
vessels, etc. Significant differences have been found
between the spectra of the aorta of a new-born infant and
that of an adult suffering from arteriosclerosis. We may
therefore classify IRS among the methods available for
comparative studies of the chemical composition and

One of the most interesting biochemical applications of
IRS is the study (and, in some cases, the identification) of
micro-organisms such as bacteria and algae. By using
special membrane filters to "accumulate" the micro-
organisms, their spectra can be recorded95»186»187, and
furthermore the organisms can be identified, since the
spectra of, say, two varieties of algae show some distinct
differences95. In principle, mixed cultures can be
analysed from their IRS spectra with the help of a com-
puter.

Among the many other biological applications of IRS,
the following are particularly interesting: a study of the
structure of liquid water in crystalline animal haemoglo-
bin76, a study of the surface reactions of bio-poly-
mers1 8 8»1 8 9, and also measurements of the u.v. spectra of
chlorophyll79 and of the i.r. spectra of carbohy-
drates120»126»190, aminoacids1 1 8"1 2 0, steroid hormones1 9 1,
and various biologically active substances and prepara-
tions160»192»193.

IRS methods are very attractive in pharmacology194,
since they can be used in the structural analysis and
quality control of medicinal preparations1 9 5.

e) C h r o m a t o g r a p h y
Infrared spectroscopy is one of the most effective meth-

ods of analysis and identification of chromatographic
fractions. However, this method cannot always be
applied: in order to achieve the optimum separation con-
ditions, it is often necessary to work with very small
samples, which may lie below the limits of sensitivity of
standard methods of analysis.

In gas chromatography, the problem can be overcome
by using the capillary multiple reflection cell described
in the previous Section54»185»196, which may be connected
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directly to the chromatographic fraction collector. This
method overcomes the loss of sample which is unavoidable
in normal methods, and it offers very high sensitivity
(down to 0.01 μΐ) by virtue of the large number of reflec-
tions possible (up to 50)196. The apparatus can be used
with substances covering a wide range of boiling point
(60 — 200°)185» 1 9 6.

Typical examples of the use of IRS in chromatography
include the analysis of fractions of steroids191, pesti-
cides192, adhesives110, and other substances112,, with sam-
ples weighing only a few microgrammes192 (see Fig. 20).

Thin-layer chromatography and paper chromatography
also involve very small samples, which cannot be analysed
by normal i.r. spectroscopy after being fractionated and
extracted from the substrate. Larger samples are
sometimes collected by combining several peaks192, but
the procedure is time-consuming.

Figure 20. IRS spectrum of a chromatographic dioxan
fraction isolated from a 0.7 μΐ sample of dioxan — acetone
mixture. IRE—KRS-5 (50 reflections).

Considerable time saving, and simpler experimental
procedures, can be achieved by resorting to IRS methods.
Thus, it is sometimes possible to record spectra and to
identify the fractions directly from the surface of the
chromatogram, and even to analyse a mixture quantita-
tively19', in other cases191»192 the chromatographic spot is
extracted with a suitable solvent and the solution is applied
to the IR plate. With this technique, a few microgrammes
of sample are sufficient to give a strong spectrum, partic-
ularly if a plate capable of 50 or more reflections is
used54.

f) I n d u s t r y
The important new features of IRS (as compared with

transmission spectroscopy) offer great scope not only in
scientific and research work but also in industrial labora-
tories responsible for the analysis of production runs.
Molecular spectroscopy may now find general application
fs a method of process control and quality assurance in
industry, whereas until relatively recently the method had
oeen applied only in a few specialised areas.

The outlook can be illustrated by some examples.

*; P a p e r . IRS methods are already widely
applied in the analysis of various types of paper, card-
ooard, etc. They are used also in the analysis of pulp
and unbleached paper198»199, and to identify and to deter-
mine the composition of paper coatings200»201 including
Donding7,302-204 and colouring agents1 6»1 0 6. Different types
. .^ticle have been analysed: paper-coated aluminium
IO11°5, cardboard boxes and labels199, stamps206. IRS
methods have been applied to specific problems such as

identifying the contaminants of the matting in paper-making
machinery199, and also in determining the stability of
paper coatings under the influence of temperature, light,
etc.54»204.

2 . Wood. IRS methods have been used to solve
problems related to the composition of wood, and to
analyse various wood coatings126.

The chemical composition of its surface determines
many important properties of wood, such as its ability to
bond to other surfaces. IRS spectral studies of different
types of wood207 have shown that the chemical composition
of wood near a cut surface is very dependent on the angle
of the cut. In particular, the xylene content of the surface
region can vary by a large factor, depending on the angle
of the cut.

3. T e x t i l e s . The development of IRS methods has
led to the solution of a number of problems in the textile
industry. Thus, both natural54»105»208"210 and synthet-
iC54,99,i26,2io,2ii fibres and fabrics have been successfully
identified, glass fibres have been studied105, and the
composition of their surface coatings has been deter-
mined105»111 >208. Because of the high sensitivity of the IRS
methods, minor components of surface coatings can be
detected111 at concentrations below 1%. Other successful
applications of IRS include the quantitative analysis of
fibre compositions (for example, the ratio of cotton to
nylon in semi-synthetic fabrics31), and the analysis of
residues of finishing materials2 0 8, which may include
impurities harmful to the fabric111.

4 . L e a t h e r . The different types of natural212 and
synthetic7»111 leather can easily be identified by IRS
methods; it is possible also to analyse coatings and resi-
dues of finishes on the leather surface.

5. P o l y m e r s . Articles made from polymers are
extensively used in industry and in everyday life. They
can all be identified and analysed by IRS methods. These
methods can also be applied for process control in the
production of polymers76»136»213, and for the analysis of
finished articles7»24»69. In conjunction with special pyrol-
ysis attachments, IRS methods can give useful information
on polymer additives and fillers185»211»214'215.

The use of IRS methods to analyse and identify polymers
in the footwear industry110, and also in the packaging and
other industries108, has also been reported.

6. F o o d s t u f f s . I.r. IRS spectra have been mea-
sured on many food products, including margarine,
gelatin70»126, and milk powder182. By using membrane
filters187, components present in suspension in liquid
foodstuffs can be analysed (for examples, yeasts in differ-
ent types of beer1 8 6). In principle, IRS enables the quality
of any foodstuff to be assessed and the presence of adul-
terants to be detected.

7. C o s m e t i c s . The analysis of cosmetic
articles by IRS methods is much more effective than anal-
ysis by the classical transmission spectroscopy methods,
used until recently216. The most varied types of cream
can be analysed189»217 (including cream present on the
skin185), and also toothpaste182,217, liquid soap218, foam54,
shampoo218, domestic liquid detergents218, and others219.

The importance of i.r. spectroscopy as an operational
method of quality assurance and process control in
industry is well known220. The development of IRS has
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greatly extended the scope and the range of the industrial
applications of i.r. spectroscopy: as stated above, i.r.
spectroscopy can now be applied in the paper, textile,
food, and other industries as an analytical method. IRS
may have an important part to play in the solution of some
urgent industrial problems (e.g. effluent analysis95»115).

In the chemical industry, IRS offers exciting new pros-
pects in the area of direct process control (e.g., on-line
product analysis24»221»222).

Problems of these types can seldom be solved by the
classical methods of spectroscopic analysis, which are
severely limited by the need to use extremely thin optical
cells. On the other hand, analysers based on the IRS
principle can be used in a wide variety of automatic pro-
cess control loops handling any type of liquid system,
including very viscous liquids.

Industrial i.r. IRS analysers have been developed223»224,
and have been used successfully under factory conditions224.

g) T r a c e a n a l y s i s
One of the main attractions of the IRS method is its

very high sensitivity, which enables quantities of the order
of 1 0 " e — 1 0 " 7 54,37,95,191,193 o r e v e n i O - s 3 5 g of s a m p l e
to be detected and identified. It is thought58 that even
lower limits of detection may be practical. Hence, the
IRS method is very attractive for the detection of very
small concentrations of harmful and dangerous substances
(a very important problem in chemical plant, storage
areas, etc.).

An IRS trace analyser139 has been developed for the
detection of toxic vapours from rocket fuels, which may
build up to dangerous concentrations in rocket storage
sheds. A more recent modification of this equipment is
used160 to detect traces of organo-phosphorus compounds
in air. The key component of the apparatus is a germa-
nium multiple reflection plate coated on both sides with a
thin platinum film which acts as the adsorption surface.
Under the best conditions (film thickness 500 — 800 A,
surface temperature 15 — 20°) the apparatus can detect
the presence of 10"7 g litre"1 of dimethylmethylphospho-
nate in air in 30 s.

The function of the platinum coating is to ensure that
the adsorption is reversible: the adsorbate can be
removed from the surface in a few seconds, simply by
flushing the apparatus with air, and the sensitivity of the
surface remains constant over long periods.

Similar devices can be used90 to detect solid particles.

3. Quantitative Measurements

It was pointed out in Section Π that the reflectivity of
the surface can be approximately described by an equation
analogous to the Lambert —Beer law if the refractive
index and the angle of incidence of the IRE are correctly
chosen. The formal optical density ln(R0/R) then
becomes a linear function of the concentration c.

From Eqn. (13) we have

ί R \
In ——) =av • c • (23)

Eqn. (23) can be used to calculate the concentration of
the material of interest by the procedures and methods of
quantitative transmission spectroscopy.

The practical aspects of quantitative analysis by IR
spectroscopy were discussed by Wilks31, who examined the
dependence of the precision, reproducibility, and sensi-
tivity of the method on factors such as the material of the
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plate, the number of reflections, the angle of incidence,
the area of the plate covered by the sample, the position
and uniformity of the sample, and the effectiveness of the
contact.

It should be noted that, because of the linear dependence
of the effective thickness upon wave length, the IRS band
intensities are not directly comparable with those of
transmission spectra. It can be shown, however, that the
integral intensity of a band in the IRS spectrum is equal
to the G integral in the transmission spectrum, obtained by
integrating over the logarithm of the frequency46»76. Thus,
the IRS method offers a simple way of determining the
integral band intensities in the spectra of pure liquids and
solutions32.

The ATR and, particularly, the MATR method show
great promise in routine analysis, when absolute methods
are very seldom necessary and the main objective is to
establish the effect of varying many factors. Relative
methods are fully adequate in these circumstances.
Typical applications of IRS methods in routine analysis
include the quantitative analysis of aqueous and alcoholic
solutions72»95»112»117 »ua>124>127, and of coatings on paper201»203,
fabrics208, and films107»219. Other reported applications
of quantitative IRS methods include the compositional
analysis of alkyd resins215 and adhesives112, semi-synthetic
fabrics31, and paper pulp198. Quantitative analyses of
medicinal products195, cosmetics218»219, chromatographic
fractions197, and mixtures of powders31 have also been
mentioned. It has been shown that the method can mea-
sure the concentration of electrochemical reaction prod-
ucts on electrode surfaces197, and the concentration of
functional groups on adsorbent surfaces164, and that it can
be used to monitor polymerisation processes quantita-
tively138. Lastly, analysers for the quantitative control of
continuous industrial processes have been developed223»224.

The precision of quantitative IRS methods is always of
the order of a few per cent117»124»198»215»218, which is as
good as in ordinary transmission spectroscopy. However,
the former technique has a number of advantages over the
latter, such as freedom from interference errors (Fig. 16).
IRS methods also have some operational advantages by
being less time consuming than transmission methods
(mainly because of the simpler sample preparation proce-
dures).

Many examples of the successful application of IRS in
important areas of science and technology have been
listed in this review. However, the list is by no means
exclusive. It may be said, without exaggeration, that the
scope of IRS, and therefore the area of application of ATR
and MATR methods, is almost limitless. It would be
difficult to enumerate all the areas of science and technol-
ogy in which IRS methods have been successfully applied.

IRS has been used to study the liquid-crystal state2 2 5,
electrophoresis54 and diffusion9, and in mineralogy103; it
has also been used to analyse asphalt226 and tiles1 5 6. ATR
and MATR methods are used to analyse pollutants in
air2 2 7, to determine the composition of cigarette smoke95

and exhaust gases186, and to identify inks186 and wire
coverings54. IRS methods have been proposed for the
analysis of sludge deposits95 and lunar dust87. There are
reports of the successful use of IRS in philately75»206 and in
forensic science10. IRS methods may be useful in estab-
lishing the authenticity of paintings from the composition of
the paints185, which may be determined by direct IRS
measurements on the painting itself. Wilks, one of the
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founders of practical IR spectroscopy, rightly points out
that the limitations of the IRS methods, and the specific
areas of science and technology where these methods can
be applied, are mainly determined by the ingenuity of the
investigator.

In conclusion, we note that IRS methods can be generally
recommended, in all cases where the conventional methods
of transmission spectroscopy are difficult or impossible to
apply· The number of such cases is ever-increasing:
many new problems in science and technology are soluble
in principle, but they present insuperable difficulties
arising from the limitations of transmission spectroscopy
methods. Therefore, a more extensive penetration of
molecular spectroscopy into chemistry and industry is
almost unthinkable unless accompanied by a wider applica-
tion of IRS methods in research and industrial laboratories.

these topics deal with the physiochemical processes
occurring in the surface layers of polymers during photo-
chemical oxidation265"267, under the influence of a corona
discharge268, in the presence of ozone269»270, and they also
describe further studies of various processes in poly-
mers 2 7 1" 2 7 4. Adsorption234, surface phenomena on semi-
conductors275"279, and corrosion inhibitors280 have also
been investigated. In addition, IRS has been used to
study the surface orientation of polymers281 and biopoly-
mers282»283, the behaviour of surface-active molecules at
an interface284, solutions of alkali metals in liquid
ammonia285, adhesion between epoxy resins and cellu-
lose2 8 6 '2 8 7, the hydrolysis of glass surfaces288, and also a
number of films and surface coatings289"291.

Furthermore, the ATR method continues to be widely
used to measure optical constants292"297.

Many new publications have appeared while the present
review was being prepared. The most important is
undoubtedly Harrick's monograph228, translated into
Russian with an appendix by V. M. Zolotarev in which IRS
equipment commercially available in the Soviet Union is
described.

Two reviews229»230 deal with general problems, and dis-
cuss some practical aspects of the application of IRS
methods. In the latter, formulae for calculating effective
thickness are obtained from a new mathematical treat-
ment231 of the problem.

Many interesting review papers can be found in the
proceedings of a conference on applied spectroscopy held
in 1970 in the USA.232

Section m of the present review, dealing with apparatus
and techniques, would be incomplete without mention of
some multi-purpose attachments for plotting u.v. and i.r.
spectra233, for adsorption studies234, for low-temperature
work235»236, for studies of solids undergoing pyrolysis237,
and also of an attachment in which the light passes twice
through the IRE.2 3 8

Mention must be made also of a number of interesting
papers dealing with experimental methods, including the
possibility of applying compensation measurements in
IRS,239 the optimum conditions for recording the spectra240,
and still further examples of the use of internal reflection
spectroscopy with widely different types of sample includ-
ing disperse media241, suspensions242, single crystals243?244

and powders245'246, and in particular metal oxides247.
The practical applications of IRS methods continue to

grow, as shown by the large number of papers published
in the recent past. Among the most noteworthy we
include IRS studies of paints248 and textiles249, of cellu-
lose250, of various foodstuffs251, and of organic impurities
in water252.

IRS methods are being used on an increasing scale to
study chemical reactions. Some of the more recent
examples include studies of the interaction of proteins with
polysaccharides253, or resorcin with formaldehyde254, and
studies of the formation of elastomers in the solid phase255

and studies of electrochemical reaction mechanisms256"260.
In biochemistry the MATR method has recently been

used in process control (separation of steroids by thin-
layer chromatography261); in pharmacology it has been
used to identify medicinal compounds and prepara-
tions262"264.

IRS continues to be widely used in studies of surface
Phenomena and adsorption. The most recent papers on
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