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I. Introduction

The surfaces of polymers and interfacial reactions between polymers and other

materials are of much interest to the coatings and adhesive industries. There are

many techniques (1-4) which are available to study these surfaces, but none can

yield as much information about the chemical nature of polymer surfaces as infrared

spectroscopy. In the past, such studies were severely limited by a lack of speci-

alized surface-specific IR techniques for the study of opaque samples or samples

with small quantities (monolayer amount) of surface species. With the development

of Fourier Transform Infrared Spectroscopy (FT-IR), this situation has changed.

The increased sensitivity, selectivity, energy throughput, reproducibility, and

computerization of the FT-IR technique now allow the spectroscopists to probe the

chemical nature of polymer surfaces routinely.

It is the purpose of this article to describe the recent developments in the

field of FT-IR spectroscopy which have increased the understanding of the surface

properties of polymers. Particular attention is paid to the new techniques that

evolved with the development of FT-IR. The theory of each technique is discussed

as well as their applications.

Throughout the following discussion of the various infrared techniques, Figu-

res 1 and 2 will be helpful in allowing one to visualize and understand the theo-

retical basis of each of these techniques. Figure 1 is an overview of the physical

processes that affect light as it passes through two materials of different refrac-

tive indexes as a function of the angle of incidence. Light is transmitted at a

90' angle of incidence, reflected and refracted at e < 0c' or totally reflected

at 6 > ec. Figure 2 shows the experimental set up of all the techniques discussed;

PAS, specular reflection, RA, multiple RA, Emission, IRS, multiple IRS, trmsmission,
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and diffuse reflectance. In each ease the sample is represented by slanted lines.

When considering each technique separately, these Figures will be cited for coa-
parison purposes.

- II. Photoacoust ic Spectroscopy

The development of FT-IR Spectroscopy has renewed interest in an old technique

developed in 1881 (5-7) to study solid samples in the mid-IR region of the spectrum

called Photoacoustic Spectroscopy (PAS). Any sample: solid, liquid, or gas can

be studied using PAS, however PAS has little advantage over conventional infrared

methods for generating the spectra of liquids and gases. This new technique, FT-IR-

PAS, has the advantage that no sample preparation is required before the spectrum

can be obtained. In this respect, the PAS technique is comparable to the diffuse

reflectance technique (8-10), but has the advantage that the sample can be analyzed

"as received". A PAS study requires a small amount of the sample (1 ms). However,

the SNR is very low, making long scan times necessary to obtain good spectra. The

low penetration depth of PAS also makes it an ideal technique to study surface

phenomena and surface interactions between coatings and solids.

The photoacoustic effect is based on the generation of sound when a sample ia

exposed to modulated light. The sample is placed in a closed cell containing a

coupling gas (helium or argon) or air and a very sensitive microphone. If the

sample absorbs any of the modulated light which is controlled by the mirror velo-

city of the interferogram of the FT-IR, its internal energy levels are excited.

Due to the modulation of the light, the heating of the sample is periodic in nature.

Upon de-excitation of the internal energy levels, a portion of the absorbed energy

is transformed to heat. This periodic heat flow causes pressure fluctuations within

the cell which are detected by a sensitive microphone creating the PA signal. Re-

flected or scattered light not absorbed by the sample does not contribute to the

t V;-,
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PA effect. Such samples are conveniently studied by PAS.

The theory of PAS has been updated by Rosencwsis and Gersho (11), they discuss

six special cases of samples optically thick and thin, and Rosencwsis has recently

written a book on the topic (12). The basic requirement for obtaining a PA spectra

is that the optical absorption length uB of the sample must be similar to or larger

than the thermal diffusion length p. This requirement allows optically dense sam-

ples to be studied by PAS. For quantitative studies it is important to consider

saturation and scattering effects. Saturation will occur when the optical absorp-

tion length approaches the thermal diffusion length of the sample. This is not a

serious problem in the infrared region of the spectrum, however. The light scat-

tering problem, at first thought to be unimportant in PAS, has recently been re-

evaluated (8,10,13). Scattering shows a tendency to increase the band intensities

because the thermal diffusion path length to the surface is reduced (8). The pene-

tration depth of the incident light is dependent upon the modulation frequency of

the interferometer mirror. In general, the penetration depth has been found to be

greater at low mirror velocities and much less at higher mirror velocities. At low

mirror velocities saturation becomes a significant problem while at high mirror

velocities the PA method can be used to probe surface phenomenon (9).

A PA sample cell is shown in Figure 2 (a). The window of the cell must be

transparent to IR radiation and is usually made of KBr. There are several important

factors to consider when designing PA cells to optimize the SNR (14). The SNR can

be optimized by: 1) isolating the cell and microphone from any outside noise;

2) using different gases; 3) lowering the temperature (increase resolution); 4)

minimizing any extraneous PA signal arising from the interaction of light with the

walls of the cell; 5) modifying the microphone configuration; and 6) designing the

cell to maximize PA signal for the type of sample to be studied.
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Many of the applications of the PAS technique come from biological studies,

(11,15). The following substrates have been studied by FT-IR-PAS: coal (8,9,16);

silica (9,13,17-19); and alumina (20). The technique has also been applied to poly-

mers (8,9,21-23). Studies by Low and Parodi (17,19) demonstrate that surface species

can be detected on silica and alumina. When the silica sample is modified with a

silane, the resulting PA spectra yields peaks which are assigned to surface Si-OH,

Si-O-SiHC12, Si-H, and other bands. When alumina is modified by esterification,

the Al-OOCH3 peaks were clearly present in the resulting spectra. Rockley and

Devin (16) have demonstrated the usefulness of the FT-IR-PAS technique to study the

surfaces of aging coal samples. They were able to study the effects of oxidation

of the coal samples. These examples illustrate that PAS is a very useful technique

for studying the surfaces of many solid systems which are difficult to study by

transmission methods.

Quantitative analysis using the PA method is difficult (24). This is due in

part to the dependence of the signal amplitude on such sample properties as the

thermal diffusion length, absorbance, and the various instrumental variables.

Furthermore, light scattering has been found to significantly alter the intensity

of the bands (8,10,13). Currently, most of the work involving PAS is qualitative

and involves analysis of surfaces and polymer systems.

Unfortunately, much of the initial enthusiasm has been lost for this technique

due to the low sensitivity of PAS and the difficulties in optimizing the experi-

mental set-up for quantitative analysis. Yet FT-IR-PAS should be seriously con-

sidered along with the diffuse reflectance technique whenever difficult sample

preparation are barriers to the IR analysis of solids. If the problems associated

with quantitative analysis can be overcome, this technique has a bright future for

the study of surfaces and interfaces in solids.

.. , '.
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III. Infrared Reflection Techniques

In the past, there were two main classifications for reflection techniques,

internal reflection (IRS) and external reflection spectroscopy (ERS). The internal

reflection technique is also commonly referred to as multiple internal reflection

(MIR), attenuated total reflection (ATR), or frustrated total reflection (FTR).

The external reflection technique is most commonly referred to as reflection-absorp-

tion (RA) or sometimes specular reflection, but these two do not refer to the same

process. Recently, a third reflection technique has been revived, diffuse reflec-

tance.

The chemical changes which take place between polymers and metal surfaces or

in chemical reactions that occur on the surface of metals can be studied nondestruc-

tively with the IRS or ERS techniques. The instrumental considerations for IR ana-

lysis are discussed (25,26) and apply to both types of instruments. Other reviews

(26-34) also discuss these reflection techniques.

A. External Reflection

An External Reflection technique, RA, is useful for studying the structure of

materials in contact with metal surfaces. The infrared absorption spectra of sur-

face species and thin films on metal surfaces are obtained by reflection from the

metal surface. The RA technique was developed by Francis and Ellison (35) and

Greenler (36). Francis and Ellison (35) demonstrated that it is possible to study

the molecular structure of monolayers adsorbed on the surface of polished metals.

When infrared radiation illuminates a metal surface, an electrical field arises

near that surface. The magnitude of this electric field is determined by the angle

of incidence of the radiation. At normal incidence the waves are phase shifted

180* and form a standing wave with a node very close to the metal surface. The

result of this normal incidence is that very little interaction between the radia-
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tion and the sample occurs (y component or parallel) so no IR spectrum is obtained.

A similar trend is also observed for all angles of incidence when perpendicular

polarized light is used. The phase shift for the component polarized parallel to

the plane of incidence changes rapidly, however, at high angles of incidence. When

the phase shifts change but are not 1800 out of phase, an electric field is set up

at the surface of the metal that has a sizable component normal (in the z direction)

to the metal surface. The maximum interaction is obtained between the sample and

the incident light at an angle of 88' (measured from the normal)(36). Sufficient

interaction also occurs between the angles of 750 to 89* for absorbance bands to be

seen in the IR spectrum. When polarized parallel radiation is used, only the dipole

moments of the surface species which are normal (in the z direction) to the metal

surface will interact with the electric field. This change gives rise to an IR

spectrum. Practically no absorption bands are observed when polarized perpendicular

radiation is used. This unique feature of RA has been used to study the orienta-

tion of Blodgett films of metal stearates on metal mirrors (35). A schematic dia-

gram for a single reflection experiment is shown in Figure 2 (b).

Multiple reflections increase the signal strength in the RA technique. It

would appear that the more reflections there are, the stronger the signal. This

is not the case, however. The reflections in RA are not loss-less like in the ATR

technique, which means the background decreases with each reflection causing a drop

in the intensity of the radiation. Greenler (37) has demonstrated that the maximum

(SR) was obtained when the number of reflections reduced the background energy to

37Z of its initial value. It was also found that the angle of incidence was not

as critical when multiple reflections ware used. The number of reflections is

easily increased by reducing the distance between the two sample mirrors.

Greeler (38) has determined t he optimum number of reflections for 19 different
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metals. Taking into consideration all of the variables (angle of incidence,

frequency of radiation, optical properties of the metal, etc.) the optimum number

of reflections was calculated at two different frequencies (2100 and 500 cm-r).

It was found that a single reflection experiment produces absorbance bands that

are generally greater than 60% of the optimum value obtainable if multiple reflec-

tions were used. Therefore, a multiple reflection device may add little to the RA

spectra of most coatings on metal substrates.

RA spectroscopy can be used to study both thin films (monolayers and less) and

relatively thick films (multilayer to 500A). For thicker films a single reflection

is usually sufficient. Generally, much thinner films are studied by the RA tech-

nique than are studied by the ATR technique. One important difference is that in

RA spectroscopy the reflection is already built in ince the sample is the film-

substrate (metal) combination.

For optimum conditions, it has been shown (26,36) that a reflection spectrum

of a thin film can be 10 to 50 times stronger than the corresponding transmission

spectrum for the same film supported on a transparent substrate at normal incidence.

Frequency shifts in the RA spectra for thin films have been reported. A theoretical

discussion of this phenomenon has been reported for thin films on reflective sur-

faces (39). Bates (40) has demonstrated that the frequency of the absorption

bands shift as a function of the angle of incidence with the RA technique. The ef-

fect of refractive index on the band shape and intensity are discussed (41).

The change in reflectance, AR, of a metal coated by a thin film is (42):

R 16wdk2 sin
2
9

AR -1 - - n 3  o
o 2

where R is the reflectivity of the metal, Ro is the reflectivity of the metal with

a film on it, d is the film thickness, B is the angle of incidence, n2 is the re-

* *4 - *.**
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fractive index of the film and, k2 is the absorption constant of the film (42).

k2  2.303 cc

T 4-n

Where e is the absorptivity and c is the density of the absorbing species, AR re-

duces to

AR ccd 9.212 sin
2E

3 cose
2

for 0 < e < 80. For thin films the change in reflectivity is small. Therefore

proper experimental alignment must be used to obtain interpretable spectra.

In the past, most of the applications of RA-IR spectroscopy have dealt with the

study of adsorbed species on metals. The most popular species has been the adsorp-

tion of carbon monoxide (CO) on various metals (43-53). These works indicate the

sensitivity of the RA technique since most had submonolayer quantities of CO on

the metal substrate and were obtained by a single reflection.

Particularly relevant to this review, are the examples of RA application to

the study of polymers and surface coatings on metal substrates. Much of this work

has been done by Boerio et al. (53-59) and involved the adsorption of silane coup-

ling agents on metal substrates. Silanes are used as primers for metals to improve

the adhesion of metals in contact with polymers. The RA technique is ideal for

this type of study because the orientation and adsorption mechanism of the coupling

agent can be probed.

Boerio and Chen (60) have used the RAS technique to study thin epoxy films on

iron and copper mirrors. A 78 angle of incidence with six reflections off the

copper mirror and two reflections off the iron mirror were used to obtain the spec-

tra of the epoxy films. It was concluded that the epoxy molecules were adsorbed

vertically to the surface through a single oxirane oxygen,

7,77 77
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Chan and Allara (61) used RA to study the oxidation of a copper-polyethylene

interface. Allara (26) used RA to study the oxidation of poly (1-butene) films on

gold and copper. The RA technique has been used in combination with FT-IR spectro-

meters. The FT-IR-RAS technique (62) was used to study the depolymerization of

poly (methyl methacrylate) on gold, nickel, and zinc surfaces. The depolymerization

of the polymer was followed by observing changes in the PNWA C-O 1740 cm-1 band.

The results indicate that the rate of the depolymerization process is influenced by

the metal substrate, with the fastest rate on nickel and slowest on zinc. This

study indicates that the chemical properties of thin films are much different from

the chemical properties of bulk polymer samples.

FT-IR-RAS was used (39) to study the distortions that occur in the absorption

spectra of thin polymer films (PMMA) on metals. The films ranged in thickness from

2 um down to nearly monolayer coatings on gold and silicon surfaces. From this

study several generalizations were made about band shifts and distortions of polymer

films analysed with RA and compared to transmission spectra. These results are

summarized as follows: 1) broad absorption bands are shifted wich more than narrow

bands; 2) for bands with small attenuation constants (k < 0.1) the RAS spectra

closely resemble the transmission spectra except that the band intensities may not

be the same; 3) the bands are always shifted to higher frequencies for very thin

films; and 4) for similar bands in a spectrum, the distortion effects are greater

in the higher frequency bands and the film thickness is increased.

Yoshida and Ishida (63) have taken advantage of the sensitivity of FT-IR-RAS

to study the orientation of imidazoles on copper and gold mirrors. Imidazoles act

as corrosion inhibitors when applied to metal surfaces. An example of the quality

of the spectra obtained by the RAS technique is shown in Figure 3, which shows the

spectra of undecylimidazole obtained by RA and transmission in KBr pellet form.
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The RA spectrum shows the asymmetric CH3 stretching band at 2955 cm, the asymmetric

CH2 stretching band at 2925 cm
- 1, and the CH out-of-plane bending band of imidazole

at 763 cm- I on gold. These bands have their dipole moments perpendicular to the

gold surface. In contrast, the dipole moments of the NH stretching at 3077 cm-I .

the symmetric CR2 stretching mode at 2850 cm- 1, the stretching and bending modes of

the imidazole ring and CH2 bending mode at 1578, 1470 cm
- l respectively are parallel

to the gold surface because they only appear in the transmission spectrum of the

film which has random orientation. From these results, it is deduced that the imi-

dazole ring is adsorbed parallel to the surface along with the C-C bonds of the

side chain oriented parallel to the gold surface. Similar results were obtained

when the substrate was copper, but the mechanism was more complicated.

B. Internal Reflection Spectroscopy

Another popular reflection technique is IRS. The first applications of IRS

were independently reported by Harrick (64) and Fahrenfort (65,66). Harrick (32)

has developed the technique and discussed its theory and potential areas for appli-

cation. The IRS technique is useful for studying the surface properties of many

materials, polymers included, that can be brought into contact with the internal

reflection element (IRE). Often these materials (rubbers, fibers, coatings, etc.)

are difficult to study by transmission spectroscopy.

The basic principles of IRS are shown in Figures 1 and 2 (d and e). The sam-

ples are in optical contact with the IRE (prism). The IR radiation passes through

the IRE and makes a total internal reflection at the surface of the ample a shown

in Figure 1. The IRE is optically denser than the sample. When the angle of inci-

dence exceeds the critical angle Gc, total internal reflection takes place. The

incident light forms a standing wave perpendicular to the interface between the two

70
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surfaces. If the sample absorbs some of the radiation, the incident wave interacts

with the sample and becomes attenuated (loses energy) giving rise to an ATR. The

main difference between the IRS and RAS experiment is the location of the sample.

In IRS, the sample is located on the opposite side of the interface from the incoming

radiation.

Theoretically in the IRS technique the incident radiation is not lost as the

number of reflections increase. In a properly designed system the energy remains

constant regardless of the number of reflections. This is not the case in RA where

the energy of the incident beam is lost to the metal. Therefore, multiple reflec-

tions can be used to enhance a very weak absorption band.

One of the most imporLant considerations of IRS spectroscopy, and for the

study of surfaces, is the ability to control the depth of penetration of the radi-

ation into the sample. The depth of penetration is described (32) by equation [1]

dp- 0  _ 1]
2irnl(sin7O - n1

where Jp describes the distance required for the electric field to fall off to e-l

of its value at the surface, e is the angle of incidence, n21 is the refractive in-

dex of the sample (n2) divided by the refractive index of the IRE (n1) and Ao is

the wavelength of radiation. Examination of equation [1] indicates that: 1)

increases linearly as the A is increased which causes the absorption bands at long

wavelengths to be distorted and 2) the dp decreases as a) the angle of incidence is

increased, b) as the refractive index (n) increases, and c) as the refractive In-

dex (n2) decreases. The depth of penetration reaches a maximm at the critical

angle of total Internal reflection.

The most Important aspect of the IRS experiment is the reflection elements (RI)
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used. Various geometries are available such as trapezoids and parallelepipeds with

fixed angle RE's. The radiation propagates the length by multiple reflection, where

the number of reflections is given by

1
N - tanO

t

The RE can be a single pass system or a double pass system with the entrance and

exit apertures at the same end. The variable angle RE's are very useful for chan-

ging spectral contrast and for investigating layers of various thicknesses by chan-

ging the depth of penetration. A variety of materials have been used for RE (32,67)

with the most common of these being KRS-5 (thallium bromiodide), Si, Ge, Ge glass,

ZnSe, and CaF2. When multiple reflections are used, the nature of the RE's surface

becomes very important. Special polishing and cleaning techniques (32,67) have been

developed to insure proper finish and geometry of the RE. When multiple reflections

are used to enhance absorption bands, energy losses can occur if the surface of the

IRE is not polished and cleaned.

Surface contact between the sample and RE is one of the major problems of IRS.

For hard, rough materials, the surface contact is the most difficult variable to

accurately control. Soft flexible materials make excellent contact with the RE,

but hard samples make only line or point contact. Thus the amount of pressure ap-

plied can cause changes in the absorption characteristics. But soft IRE's are

easily scratched and lead to distortions in the spectra. Sample homogenity, posi-

tion of the sample on the IRE surface (68), and area of the IRE coverage also af-

fect the reproducibility of an IRS spectrum (69). For these reasons, it is very

difficult to obtain quantitative results using the internal reflection technique.

Versatility is an asset of IRS. Unlike RA spectroscopy, any sample which can

be brought into contact with the IRE and interacts with IR radiation can be studied

C, W' . , 41
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by the IRS technique. Thick and thin films can be studied. Also the sample can

be adsorbed or coated on the RE plate. The problem of interference fringes which

arise in the study of films by transmission IR does not occur when the IRS tech-

nique is employed (32).

The dependence of the reflectivity on the angle of incidence is shown in

Figure 4 for both internal and external reflection for a specific set of condi-

tions (32,70). In the case of parallel polarized radiation for external reflec-

tion, the reflectivity is zero at the Brewster's angle. There is a similar condi-

tion at the principle angle for internal reflection. The two are related as 0 +

eb - 90*. In the case of internal reflection, where the total reflection occurs

above the critical angle, the reflectivity is 100% for both parallel and perpendi-

cular polarized radiation. Figure 2 helps one to visualize the differences in re-

fl, -ivity that arise when the two different reflection techniques are used.

IRS is most useful for the study of thin films on a thick substrate. Jakob-

sen (31) has studied several thin films on polymer surfaces such as rubbers, epoxies,

PMMA on graphite, polyethylene, and an eye lens. An interesting application of

ATR was to study the effect of abrasion on airplane tires of silicone modified un-

filled rubber (SMR). The results indicate that the additive is lost and that iso-

merization of the double bonds may be the first step in the degradation caused by

abrasion.

There are several recent examples of depth profile studies of polymer films

(31,71-73). Coleman and Painter (72) studied the morphology and structure of poly-

urethane using the FT-IRS technique. The spectra of the various levels were ob-

tained by subtraction of spectra obtained by varying the angle of incidence and

using different IRE's. This study showed that two morphologies were present in

polyurethane, one related to the surface and the other attributed to the bulk.
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Sung et al (73) used FT-IR and barrier films of different thicknesses to study the

morphological differences in segmented polyurethanes. This is one alternative to

V changing the angle of incidence or the IRE to change the depth of penetration.

Jakobsen (31) studied the interaction of steric acid films on metal substrates to

form metal salts as a function of film thickness. The angle of incidence was

changed and the spectra obtained at two different angles were subtracted to yield

the spectra of an intermediate layer. This approach can be used to characterize

thin films up to the maximum depth of penetration of the IR radiation for each

IRE used.

Molecular orientation studies can also be performed using the ATR technique.

Takenaka et al (74) used polarized ATR to study the orientation of stearic acid

films. The results show that the films are uniaxially oriented with respect to the

z-axis and that the molecular orientation may become slightly more random as the

thickness of the film is inzreased. More recently, Nakahara et al (75) applied

the polarized ATR technique to study orientation of thin films. Seven anthraqui-

none derivatives with a varying number of stearylamino groups (1 or 2) at different

positions were used. The results are consistent with previous findings employing

other techniques that found the orientation of the anthraquinone was a function of

both the number of substituents and the relative position. Care must be taken in

these studies to insure that the surface of the IRE is of high quality. Surface

roughness randomizes the dipole orientation of the spectra even if a polarizer is

used (76). Sung (77) developed a new sampling technique to perform FT-ATR dich-

roism studies which measures the surface orientation of polymers (polypropylene)

to approximately lum. This technique utilizes a symmetrical double-edged IRZ.

The sample holder can be rotated, eliminating the possibility of changing the con-

tact area between the sample and IE. This setup also eliminates the need to
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correct the reflectivities to an internal absorption band which must be insensitive

to orientation. When a uniaxially drawn polypropylene sample was tested, the

results showed that the surface orientation was the same as the bulk. When an

injection molded polypropylene sample was tested however, the results shoved more

orientation at the surface than the core. These results were confirmed by bi-

refringence measurements.

The FT-ATR technique has sufficient sensitivity to study submonolayer quanti-

ties of materials coated on the IRE (32). Hartstein et al (47) was the first to

demonstrate that the sensitivity of the ATR technique could be enhanced by the

use of thin metal overlayers. The samples studied were monolayers of organic

acids on silicon. The metals used were Ag or Au and were evaporated at room

temperature after the monolayers were applied to a thickness of approximately

60X. The maximum increase in the absorption which resulted from the use of the

metal overlayers was by a factor of 20. It is believed that the enhancement

arises from an increase in the electric field as a result of the electron reson-

ances related to the metal deposited on the samples. This new technique increases

the sensitivity of the ATR technique for the study of monolayer and subnonolayer

quantities of materials which absorb infrared radiation weakly.

The ATR technique has also been spplied to study an epoxy adhesive by

Jakobsen (31). Titanium aircraft parts are bonded together by the epoxy ad-

hesive. Two titanium pieces were joined by the epoxy and later pulled apart.

FT-ATR was used to determine if the adhesive failure occurred at the interface

between the titanium and epoxy or within the epoxy matrix. The results shoved

that the failure was between epoxy-epoxy bonds, not between epoxy-mtal bonds,

as both spectra of the titanium strips had the characteristic epoxy bands pr ent.
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C. Diffuse Reflectance Spectroscopy

With the improved sensitivity of FT-IR spectrometers, it is possible to

obtain spectra through diffuse reflectance spectroscopy. Diffuse reflectance

overcomes most of the disadvantages associated with Kr and mull techniques

for solid and powdered samples or turbid solutions. Willey (78) developed an

FT-IR spectrometer built solely for the purpose of collecting diffuse reflectance

measurements. The mid-IR region was never developed because the same optical

systems that were used in the UV and near IR regions were inefficient due to

the insensitivity of the mid-IR detector.

The basic principle behind diffuse reflectance spectroscopy (79) is that

light incident upon a solid or powdered surface will be diffusely scattered in

all directions [see figure 2(f)]. The scattered light is collected with the

proper optical setup and directed to the IR detector for analysis. The general

theory which describes the diffuse reflectance process for powdered samples was

developed by Kubelka and Munk (80,81). This theory relates the sample concen-

tration to the scattered radiation intensity. The Kubelka-Munk (K-M) equation

is usually written as:

f(R.) - (1- _ g) 2 . k
2Rc --

where Rw is the absolute reflectance of the layer, s is the scattering coeffi-

cient, and k is the molar absorption coefficient.

Griffiths (82) discussed the K-H theory of diffuse reflectance and demonstrated

that in certain cases it can be used for quantitative studies. The theory predicts

a linear relationship between the molar absorption coefficient and the maximum

value of f(R..) for every peak, if s is held constant. The scattering coefficient,

s, is dependent on the particle size of the sample and must be kept constant to

obtain quantitative results. Therefore, the K-M formula can be rewritten as:

-7, N~>
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, (- R.)2  C
2Ro k

where c is the concentration, and k' depends on the particle size and the molar

absorptivity of the sample by k' - s/2.303 e. At high concentration ranges,

however, the K-H function becomes nonlinear.

Diffuse reflectance spectra are usually generated by recording a single

beam reference spectrum (KBr or KCl powder) and a single beam sample spectrum

(either neat or diluted 95 to 99% with the alkali halide powder). The reflec-

tance spectrum, Pw, is produced by ratioing the sample with the reference spectrum.

The K-M plot is easily generated. It is interesting to note that spectra of

both powdered and solid samples can be obtained using the diffuse reflectance

technique. The samples are usually dispersed in an alkali halide powder, however,

to obtain more scattering and a better SNR.

It is well known that the K-M function is applicable for quantitative

analysis over a limited concentration range. Hecht (83,84) has attempted to

isolate the factors which are responsible for the breakdown of the K-H function.

He discussed some alternative methods which would be useful to interpret the

-aflectance data over an increased concentration range. These methods attempt

..o correct for the anisotropic factor of scattering in dense samples. This

approach extends the concentration range that can be studied by diffuse reflec-

tance but is too cumbersome for routine use.

In the past, several types of devices have been used for collecting diffusely

reflected light (85-89). Griffiths (82) reports that the hemiellipsoidal and

ellipsoidal types of devices are the most efficient for collecting and trans-

mitting the diffuse radiation to the detector. A liquid nitrogen cooled Mercury

cadmium telluride (MCT) detector is recommended, because it allows the spectra

to be collected in under five minutes with very good SNR.

7,1 7|
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Krishnan et al (90) have obtained the spectra of several solid samples

such as aspirin, coal, and cement using diffuse reflectance. Spectra of these

types of samples are very difficult to obtain by any other technique. The

spectra of these samples obtained using the KBr grinding technique have been

compared with spectra obtained using a Digilab diffuse reflectance attachment.

In all cases the diffuse reflectance spectra showed more detail than those

spectra obtained by grinding the samples in KBr. Kunath (91) has demonstrated

that it is possible to obtain spectra of a coupling agent (y-methacryloxypropyl-

trimethoxy silane) on glass fibers. The intense absorption of light by the

strong Si-O vibrations of the glass give rise to a weak diffuse reflectance
below 1500 cm 1 . The C-H stretching bands near 2900 cm- the C-0 band at 1720

-l1-
cm , and C=C band at 1640 cm-I of y-MPS are present. In our laboratory, work

involving the study of coupling agents on E-glass mats by diffuse reflectance

using a Digilab attachment has been done, (see figure 5). Similar results to

those of Kunath were obtained. Peaks are clearly visible above 1500 cm-I where

the Si-O vibration of the glass does not strongly absorb radiation. Note that

the SNR is high.

The Diffuse Reflectance technique has good sensitivity and can be used

for micro-sampling (92). Spectra of high quality can be obtained quickly with

little sample preparation. But diffuse reflectance also has several disadvan-

*tages: 1) it is necessary to keep the particle size constant for quantitative

results; 2) the concentration range of quantitative results is limited by aniso-

tropic scattering of particles; 3) the depth of penetration is wavelength limited;

and, 4) strongly absorbing modes destroy sensitivity in those overlapping regions

of the spectrum, like glass fibers below 1500 cmi- .

70",v
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, IV. Emission Spectroscopy

The high sensitivity of the FT-IR technique allows one to study emission

from a sample. Several early studies (93-96) showed that the IR emission spectra

could be used to identify samples that were heated [see figure 2(g)]. For a

sample to be in thermal and radiative equilibrium with the environment, the

amount of radiation adsorbed is equal to the amount of radiation emitted. This

is given by Kirchoff's Law (97) which states that, at a given temperature, the

absorbance, a, of a sample is equal to its emissivity, e. The emission devends

only on the temperature of the sample. This type of radiation is called black-

body radiation. The emission spectra of a sample should be directly related

to its absorbance spectra.

In practice, real objects never comply to the laws of blackbody radiators.

These are three processes which occur preventing an object from being a black-

body radiator (98). Some of the incident radiation may be: 1) adsorbed, a;

2) reflected, r; or, 3) transmitted, t. The sum of these factors must add up

to one:

aX + rX + TX = 1

Kirchoff's Law relates absorbance to emission:

eX=ak=l- (rA -T)

Therefore, in order to have a perfect blackbody, the material would have to be

opaque and nonreflective.

In practice, the emission spectrum is usually measured from a hot sample

to a cooler detector. All emission spectra must be ratioed to the energy emit-

ted by a blackbody at the same temperature as that of the sample (99). No

sample can emit more energy than a blackbody at a given temperature. The eris-

sivity, e, is calculated by ratioing the energy emitted by a sample at any

frequency to the energy emitted by a blackbody at the same frequency and te-

perature (100).

'1 "' 7 777,77
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In IES, any background emission from the instrument (mirrors, beamuplitter,

interferometer, etc..) will distort the spectrum. A four-measurement experiment

has been developed to remove the background emission (101). The correction

involves measuring the spectra of both the sample and blackbody interference

at two temperatures. When a room temperature triglycine sulfate (TGS) detector

is used, the four-measurement background correction experiment is not neces-

sary. But the background correction is needed if a liquid nitrogen cooled

Mercury cadmium telluride (HgCdTe) detector is used.

A number of materials have been used to model blackbody sources for the

reference material (99,102-104). However, none of these methods of producing

a blackbody reference has been established. The most recently recommended

method is to coat an aluminum cup with an Epley-Parsons solar black lacquer

paint which has an emittance of greater than 98% over the mid-infrared spectral

range (101).

The sample being studied is usually mounted on a metal plate [figure 2(g)].

The metal support must be highly polished so that very little emission is ob-

tained from the support. The support and sample are heated together and the

emission spectrum is obtained. Both thick and thin films can be studied by

this technique, but it is better suited for thin films. Thermal gradients

usually arise in thick films and cause distortions in the resulting spectrum.

A pure emission spectrum can originate only if the sample is at a uniform tem-

perature throughout. In the case of thick samples (105) the temperature gradients

lead to partial reabsorption of the mission band causing distortion of the

peaks. This problem can be avoided if a properly designed heating cell that

heats the sample from the front so that the outer layers are at the highest

temperature is used. Also, by varying the intensity of the heating radiation,

different thicknesses of the sample can be probed (106).
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Greenler (107) has reported the theoretical considerations for studying

thin films (overlayers) on highly reflective metal surfaces. Baungunten (108)

demonstrated that optical interference effects caused the emission spectrum

of overlayers to differ from those of the same thickness obtained by transmis-

sion. For very thin films (much less than a wavelength) perpendicular to the

metal surface, no emission spectrum is obtained. At high angles from the normal,

the emission should be strong. The angular dependence of emission spectral

intensities has been verified (100,109). This angular dependence is analogous

to that observed in the RAS technique (36,37). In a similar manner, the changes

in polarized light can be related to changes in the dipole moment of the mole-

cule perpendicular to the metal surface.

Emission studies can be carried out with very samll temperature differ-

entials (4*C) between the sample and the detector (101) and with the increased

sensitivity and lower noise level of Yr-IR. The first FT-IR emission spectra

were reported by Low and Coleman (95,110), including the spectra of polystyrene

and nylong. Griffiths (105) then reported the potential of FT-IR for emission

studies. The emission spectra can be obtained from FT-IR without heating the

sample and using a low temperature detector (111,112). A major area of interest

for emission spectroscopy is that of thin films and coatings on metal surfaces.

Many of these examples are reviewed by Bates (112).

Other applications (104) include the emission spectra of polymer films

such as polyvinylchloride, mylar, polyethylene-polyvinylacetate, and the poly-

meric coatings on beer cans. The degree of cure of the beer can coating was

determined from the emission spectra. To show the scope of Emission Spectroscopy

with the air of FT-IR, the following reported applications are mentioned.

IR-emission spectroscopy has been used to monitor gaseous air pollutants (113,114).

Several studies have also appeared of adsorbed species on metal surfaces (115,116)

Z-n-
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where the heating of the sample is ideal to study the decomposition of the

catalysis and their interaction with the reactants. Aronson et al (117) have

developed the theory of emittance for fibrous materials. They have success-

fully demonstrated that, for polypropylene fibers, the experimental results

confirm the validity of the theory.

V. Transmission Spectroscopy

Of all the specialized infrared sampling techniques now available to study

the surface species of polymers, transmission remains the most popular for samples

which can be prepared in a transparent form. Naturally, the transmission mode

cannot be used to analyze opaque samples. The advent of FT-IR spectrometers

has greatly aided the IR studies of polymer materials. Due to the quantitative

nature of the transmission measurements, transmission is always the preferred

technique to study a sample in the infrared region. If the transmission tech-

nique cannot be used, however, then one must resort to one of the above techniques.

The comparison of FT-IR spectrometers to dispersive spectrometers has been

well documented by Griffiths (118) and Koenig (119). The FT-IR spectrometer

is built around the Michaelson interferometer. All of the spectral information

is collected in an interferogram from a single scan of the movable mirror in

the interferome~er. The interferometer contains no slits so the amount of energy

received by the detector may be 80 to 200 times greater in an FT-IR instrument.

The frequency is monitored by a laser in the FT-IR spectrometer to an accuracy

of better than 0.01 cmJ. This allows one to signal average the scans to the

SNR can be improved.

The dedicated minicomputer greatly aids in the study of surface phenomena.

The ability to subtract two absorbance spectra opened a whole new area for

the transmission study of solids. If the absorbance spectra of a bulk sample

can be obtained as well as the spectra of the same bulk sample which has beenii.

I'_0.t
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surface modified, the spectral subtraction technique can be used to remove

the contributions of the bulk phase. This method allows one to observe the

effect of the surface treatment. The surface species can also be quantita-

tively determined. Spectral subtraction routines are the most widely used

data manipulation programs in FT-IR. The literature shows that the subtrac-

tion routines are used in nearly every study that involves polymers. The

bases of these programs have been developed by Koenig et al (119-121) and

Hirschfield (122), and reviewed by Coleman and Painter (72).

Many techniques are available to prepare polymer samples for FT-IR

transmission measurements. These include KBr pellet technique, mulls, solvent

casting techniques, and pressing the material into transparent wafers or self-

supporting thin films. The major requirement for surface and interfacial

studies is that the sample preparation step leaves the chemical nature of the

sample unchanged. This requirement is often the limiting factor in the study

of surface species. The number of new sampling techniques which have been

developed to overcome specific problems when the sample cannot be studied by

transmission emphasizes the importance of this requirement. The transmission

absorbance FT-IR technique is the technique of choice to study polymer sampl..,

but if this proves unsuccessful, then another sampling technique must be used.

Glass reinforced plastics and other composite materials are some of the

major areas of polymer interfacial studies today. It has been known for many

years that the mechanical properties of composite materials are enhanced when

coupling agents are applied to the surface of the glass fibers. The coupling

agent is viewed as an adhesion promoter that chemically links the glass rein-

forcement material to the polymer matrix. These composite systems are of interest

because the wet strength of composites is superior when a coupling agent is

present. The most widely studied coupling agents to date are:
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y-aminopropyltriethoxysilane (y-APS) (123-125), y-methylpropylaethacrylsilane

(y-MPS) (126), vinylsilane (VS) (127-129), and others.(128-130).

High surface area materials must be used even with FT-IR studies, so that

enough coupling agent is present to be detected. For example, monolayer coverage

of a silane was detected on a high surface area cab-o-sil (125). The results

showed evidence that a chemical bond had formed between the coupling agent

and the glass. Similar studies using E-glass fibers (123-126,128,129) have

shown that multilayers of siloxanes have formed and the number of layers formed

is concentration dependent. When E-glass fibers were used (due to multilayer

formation) no direct evidence of the chemical bonds between the coupling agent

and glass was seen, however.

Other studies have focused on the coupling agent matrix interface (128).

It was observed that a copolymerization occurred at the interface of the amino-

silane coupling agent and polyester matrix between the y-MPS and styrene monomers

in the resin matrix. Chiang and Koenig (131,132) have studied the silane-matrix

interface of aminosilane-epoxy system. In both studies the results indicated

that a chemical reaction occurred between the coupling agent and the matrix

resin. It was found that a stronger reaction occurred when a secondary amino-

silane (N-methylaminopropyltriethoxysilane) (MAPS) was used instead of a primary

aminosilane. It is believed that the MAPS catalyzes the reaction at the inter-

face.

FT-IR has also been used to study the hydrothermal stability of the coupling

agent interphase. Three silanes, y-MPS, VS, and CS (cyclohexysilane) have been

studied (129,133). After 600 hours of exposure to water at 80C, major hydrolysis

in the silane interphase was observed. This indicates that the interphase is

easily hydrolyziable and desorbs. The surface layers remain intact, however,

if the silane is copolymerized with the matrix resin. The mechanism for this

i- - -..
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reaction is not known, but may be related to some type of interpenetrating

network that forms between the coupling agent and resin matrix.

A new area of interest in the study of fiber reinforced composites is

the interaction between silanes on particulate fillers. When high surface

area fillers are used, they can be pressed into KBr pellets and studied by

the transmission method. The diffuse reflectance technique appears to be

particularly well suited for this type of study, however, because the fillers

are in a powdered form. Both techniques are currently being used in our

laboratory to study coupling agent filler interfaces (134).

VI. Conclusions

The new techniques that have recently been developed for the infrared

region of the spectrum have made an already popular technique much more versa-

tile for the study of solid materials such as polymers. The use of FT-IR

instruments allows one to routinely study the vibrational properties of surfaces

and interfaces. Naturally, not every sample can be studied by the transmission

method, but enough techniques are available that most samples can be studied

by infrared spectroscopy. The proper choice of the IR sampling technique is

the most important decision to be made in order to obtain useful, interpretable

spectra of the vibrational modes and chemical structure of the sample. This

review has highlighted the potential applications of each of the techniques

discussed, and pointed out the differences between them in order to help one

make such decisions. It is clear that the field of FT-IR analysis of polymers

will continue to grow in the near future due to the versatility of this technique.

ACKNOWLEDOMENT: This work was suppoited in part by the Office of Naval Research.

- 117 M_: ** %,



Page 27

VII. Literature Cited

1. Powell, C.J., Appi. Surf. Sci. 1 143 (1978).

2. Park, R.L., "Introduction to Surface Spectroscopies," in Experimental
Methods in Catalytic Research, Characterization of Surface and Absorbed
Species, Vol. III, Academic Press, New York (1976) pp. 1-40.

3. Holm, R. and Storp, S., Surf. Interface Anal. 2 96 (1980).

4. Baum, W.L., Appl. Surf. Sci. 4 291 (1980).

5. Tyndall, J., Proc. R. Soc. London 31 303 (1881).

6. Rontgen, W.C., Philos. Mag. 11 308 (1881).

7. Bell, A.G., Philos. Hag. 11 510 (1881).

8. Vidrine, D.W., Appl. Spectros. 34 314 (1980).

9. Krishnan, K., Appi. Spectros. 35 549 (1981).

10. Freeman, J.J., Friedman, R.M., and Reichard, H.*S., J. Phys. Chemn. 84 315
(1980).

11. Rosencwaig, A. and Gersho, A., J. Appi. Phys. 47 64 (1976)..

12. Rosencwaig, A., "Photoacoustics and Photoacoustic Spectroscopy," John
Wiley and Sons, New York (1980).

13. Burggraf, L.W. and Leyden, D.E., Amer. Chem. Soc. 53 759 (1981).

14. Rosencwaig, A., Ann. Rev. Biophys. Bioeng. 9 31 (1980).

*15. Rockley, M.G., Davis, D.M. and Richardson, H.H., Science 210 918 (1980).

16. Low. M.J.D. and Parodi, G.A., Spectros. Lett. 11 581 (1978).

17. Rockley, M.G. and Devin, J.P., Appi. Spectros. 34 407 (1980).

18. Lochmuller, C.H., Marshall, S.*F., and Wilder, D.R., Anal. Chem. 52 19 (1980).

19. Low, M.J.D. and Parodi, G.A., J. Mol. Struct. 61 119 (1980).

*20. Kanstad, S.0. and Nordal, P.E., Infrared Phys. 19 413 (1979).

21. Riseman, S.M., Yaniger, S.I., Eyring, E.M., Macinnes, D., MacDiarmid, A.G.,

Reeger, A.J., Appl. Spectros. 35 557 (1981).

22. Rockley, M.G., Chem. Phys. Lett. 68 455 (1979).

23. Rockley, M.G., Chem. Phys. Lett. 75 370 (1980).



Page 28

24. Loyd, L.B., Burnham, R.K., Chandler, W.L., Eyring, E.M., and Farrow, M.M.,
Anal. Chem. 52 1595 (1980).

25. Blanke, J.F., Vincent, S.E., and Overend, J., Spectrochim. Acta, 32A 163
(1976).

26. Bell, A.T., ACS Symp. Ser. 137 (Vib. Spectros. Adsorbed Species) (1980).

27. Stobie, R.W., Rao, B., and Dignam, M.J., Surf. Sci. 56 334 (1976).

28. Harrick, N.J., in Infrared and Raman Spectroscopy of Polymers (H.W. Siesler
and K. Holland-Mority, eds.) Marcel Dekker, Inc., New York (1980) pp. 118-
129.

29. Cobler, J.G. and Chow, C.D., Anal. Chem. 49 159R (1977).

30. Ishida, H. and Koenig, J.L., Am. Lab. 10 33 (1979).

31. Ferraro, J.R. and Basile, L.J., Fourier Transform Infrared Spectroscopy:
Applications to Chemical Systems, Vol. 2, Academic Press, New York (1979)
pp. 165-191.

32. Harrick, N.J., Internal Reflection Spectroscopy, Wiley, New York (1967).

33. Tompkins, H.G., Appl. Spectros.30 377 (1976).

34. Tompkins, H.G., in Methods of Surface Analysis (A.W. Czanderna, ed.)
Elsevier, New York (1975) ch. 10.

35. Francis, S.A. and Ellison, A.H., J. Optic. Soc. Am. 49.131 (1959).

36. Greenler, R.G., J. Chem. Phys. 44 310 (1966).

37. Greenler, R.G., J. Chem. Phys. 50 1963 (1969).

38. Greenler, R.G., J. Vac. Sci. Technol. 12 1410 (1975).

39. Allara, D.L., Baca, A., and Pryde, C.A., Macromol. 11 1215 (1979).

40. Bates, J.B., Chem. Phys. Lett. 22 156 (1973).

41. Greenler, R.G., Rahn, R.R., and Schwartz, J.P., J. Catal. 23 42 (1971).

42. Poling, G.W., J. Electrochem. Soc. 117 520 (1970).

43. Hollins, P. and Pritchard, J., Springer Ser. Chem. Phys. 15 (Vib. Spectros.
Adsorbates) 125 (1980).

44. Tompkins, H.G. and Greenler, R.G., Surf. Sci. 28 194 (1971).

45. Hollins, P. and Pritchard, J., Surf. Sci. 89 486 (1979).



Page 29

46. Pritchard, J., 3. Vac. Sci. Tech. 9 895 (1972).

47. Hartstein, A., Kirtley, J.R., and Tsang, J.C., Phys. Rev. Lett. 45 201 (1980).

48. Pritchard, J. and Sims, H.L., Trans. Faraday Soc. 66 427 (1970).

49. Yates, J.T., Jr. and King, D.A., Surf. Sci. 30 601 (1972).

50. McCoy, E.F. and Smart, R.St.C., Surf. Sci. 39 109 (1973).

51. Bradshaw, A.M. and Hoffmann, F.M., Surf. Sci. 72 513 (1978).

52. Golden, W.G., Dunn, D.S., and Overend, J., J. Catal. 71 395 (1981).

53. Boerio, F.J. and Greivenkamp, J.E., Proc. Ann. Conf., Reinf. Plast./Compos.
Inst. 32 Sect. 4-A (1977).

54. Boerio, F.J., Cheng, S.Y., Armogan, L., Williams, J.W., and Gosselin, C.,
Proc. Ann. Conf., Reinf. Plast./Compos. Inst. 35 Sect. 23-C (1980).

55. Boerio, F.J. and Williams, J.W., Proc. Ann. Conf., Reinf. Plast./Coupos.
Ind. 36 Sect. 2-F (1981).

56. Boerio, F.J., Armogan, L., and Cheng, S *Y., J. Colloid Interface Sci. 73
416 (1980).

57. Boerio, F.J. and Greivenkamp, J.E., Proc. Ann. Conf., Reinf. Plast./Compos.
* Inst. 32 SPI, Sect. 4-A (1977).

58. Boerio, F.J., and Gosselin, C.A., Proc. Ann. Conf., Reinf. Plast./Compos.
Inst. 36 SF1, Sect. 2-G (1981).

59. Boeria, F.J. and Cheng, S.Y., J. Colloid Interface Sci. 68 252 (1979).

60. Boerio, F.J. and Chen, S.L., Appl. Spectros. 33 121 (1979).

61. Chan, M.G. and Allara, D.L., 3. Colloid Interface Sci. 47 697 (1974).

62. Allara, D.L. and Pryde, C.A., private commaunication.

63. Yoshida, S. and Ishida, H., Proc. Ann. Conf., Reinf. Plast./Compos. Inst.
37 SF1, Sect. 2-F (1982).

64. Harrick, N.J., J. Chem. Phys. Solids 8 106 (1959).

65. Fahrenfort, J., Spectrochim. Acta 17,698 (1961).

66. Fahrenfort, 3. and Visser, W.M., Spectrochim. Acta 18 1103 (1962).

67. Kane, P.F., Larrabee, G.B., and Graydom, B. (eds.) Characterization of
Solid Surfaces, Plenum Press, New York (1974).

68. Cilby, A.C., Cassels, 3., and Wilks, P.A. Jr., Appl. Spectros. 24 539 (1970).



Page 30

69. Wilks, P.A., Jr., Appi. Spectros. 23 63 (1969).

70. Harrick, N.J., J. Phys. Chem. 64 1110 (1960).

71. Hirschfeld, T., Appi. Spectros. 31 289 (1977).

72. Coleman, M.H. and Painter, P.C., J. Hacromol. Sci.-Rev. Hacromol. Chem.
C16 197 (1977-78).

73. Sung, C.S.P., Ru, C.B., Merrill, E.W., and Salzman, E.W., 3. Bioned. Mater.
Res. 12 791 (1978).

74. Takenaka, T., Nogami, K., Gotoh, H., and Gotoh, R., J. Colloid Interface
Sci. 35 395 (1971).

75. Nakahara, J. and Fukuda, K., J. Colloid Interface Sci. 69 24 (1979).

76. Gidaly, G. and Kellner, R., Mikrochim. Acta. 1 131 (1981).

77. Sung, C.S.P., Report (1980).

78. Willey, R.R., Appi. Spectros. 30 593 (1976).

79. Kortum, G., Reflectance Spectroscopy, Springer-Verlag, New York (1969).

80. Kubelka, P. and Munk, F., Z. Tech. Phys. 12 593 (1931).

81. Kubelka, P. and Hunk, F., J. Opt. Soc. An. 38 448 (1948).

82. Fuller, M.P. and P. Griffiths, Anal. Chem. 50 1906 (1978).

83. Hecht, H.G., Appi. Spectros. 34 161 (1980).

84. Hecht, H.G., Appi. Spectros. 34 157 (1980).

85. Coblentz, W.W., Natl. Bur. Stand., U.S. Bull. 9 293 (1913).

*86. White, J.U., J.- Opt. Soc. Am. 54 1332 (1964).

87. Wood, B.E., Pipes, J.G., Smith, A.M., and Roux, J.A., Appl. Opt. 15 940
* (1976).

88. Kortum, G. and Delfs, H., Spectrochim. Act& 20 405 (1964).

89. Dunn, S.T.. Richmond, J.C., and Wiebelt, 3 .A., J. Res. Hati. Bur. Stead.
70C 75 (1966).

90. Krishnan, K., Hill, S.L., and Brown, L.H., Am. Lab. 12 104 (1980).

91. Haulhardt, H. and Kunath, D., Appl. Spectros. 34 383 (1980).

92. Fuller, H.P. and Griffiths, P.R., Appi. Spectra.. 34 533 (1980).

93. Low, N.J.D., 3. Catal. 4 719 (1965).



Page 31

94. Low, MLJ.D. and Coleman, I., Ap. Opt. 5 1453 (1966).

95. Coleman, I. and Low, M.J.D., Spectrochim. Acta 22 1293 (1966).

96. Kozlowski, T.R., Appi. Opt. 7 795 (1968).

97. Houghton, J. and Smith, S.D., Infrared Physics, Oxford. Univ. Press,
Oxford (1966).

98. Warren, C., Kirk-Othmer Encyclo. Chem. Technol. 3rd ed. (1981) 13,
pp. 337-55.

99. Griffiths, P.R., Am. Lab. 7 37 (1975).

100. Kember, D., Chenery, D.R., Sheppard, N., and Fell, J., Spectrochim. Acta,
35A 455 (1979).

101. Chase, D.B., Appl. Spectros. 35 77 (1981).

102. Griffiths, P.R., Appl. Spectros. 26 73 (1972).

103. Hadni, A., Essentials of Modern Physics Applied to the Study of the Infra-
red, Pergamon, Oxford (1967).

104. Barr, J.K., Infrared Phys. 9 97 (1969).

105. Koenig, J.L. and Jennings, W., unpublished results.

106. Keumber, D. and Sheppard, N., Appl. Spectros. 29 496 (1975).

107. Greenler, R.G., Surf. Sci. 69 647 (1977).

108. Baumgarten, E., Spectrochim. Acta 32A 865 (1976).

109. Blanke, J.E., Vincent, S.E., and Overend, J., Spectrochim. Acta, 32A 163
(1976).

110. Low, M.J.D. and Coleman, I., Spectrochim. Acta. 22 369 (1966).

111. Brown, R.J. and Young, B.G., Appi. Opt. 14 2927 (1975).

112. Bates, J.B.,, Fourier Transform Infrared Spectroscopy, Application to
Chemical Systems, Vol. 1, (J.R. Ferraro and L.J. Basile, eds.) Academic,
New York (1978), Chap. 3.

113. Herget, W.F. and Brasher, J.D., Appi. Opt. 18 3404 (1979).

114. lierget, W.F. and Brasher, J.D., Optic. Engin. 19 508 (1980).

115. Primet, M., Fouilloux, P., and Imelik, B., Surf. Sci. 85 457 (1979).

116. Van Woerkom, P.C.M., Blok, P., Van Veenendaal, H.J., and do Groot, R.L.,
Appi. Opt. 19 2546 (1980).



Page 32

117. Aronson, J .R., Emslie, A.G., Ruccia, F.E., Sualliman, C.R., Smith, E.M.,
and Strong, P .F., Appi. Opt. 18 2622 (1979).

118. Griffiths, P.R., Chemical Infrared Fourier Transform Spectroscopy, Wiley,
New York (1975).

*119. Koenig, J.L., Appi. Spectros. 29 293'(1975).

120. Koenig, J.L., D'Esposito, L., and Antoon, M.K., Appi. Spect. 31 292 (1977).

121. Antoon, M.K., Koenig, J.H., and Koenig, J.L., Appi. Spectros. 31 518 (1977).

122. Hirschfeld, T., Anal. Chem. 48 721 (1976).

123. Naviroj, S., Koenig, J.L., and Ishida, H., Proc. Ann. Tech. Conf., Reinf.
Plast./Compos. Inst. 37 SPI, Sect. 2-C (1982).

124. Ishida, H., Naviroj, S., Tripathy, S.K., Fitzgerald, J.J., and Koenig, J.L.,
Proc. Ann. Conf., Reinf. Plast./Compos. Inst. 37, SPI (1982).

125. Chiang, C-H., Ishida, H., and Koenig, J.L., 3. Colloid Interface Sci. 74
396 (1980).

126. Ishida, H., Naviroj, S., and Koenig, J.L., in Physicochemical Aspects of

Polymer Surfaces, (K.L. Mittal, ed.) Plenum Publishing, New York, in press.

127. Ishida, H. and Koenig, J.L., J. Colloid and Interface Sci. 64 565 (1978).

128. Ishida, H. and Koenig, J.L., J. Polym. Sci.-Polym. Phya. 17 1807 (1979).

129. Ishida, H. and Koenig, J.L., 3. Polym. Sci.-Polym. Phys. 18 233 (1980).

130. Allen, K.W., Hungrani, A.L., and Wake, J. Adhes. 12 199 (1981).

131. Chiang, C-H. and Koenig, J.L., Proc. Ann. Conf., Reinf. Plast./Compos.
Inst. 35 SPI, Sect. 23-D (1980).

132. Chiang, C-H. and Koenig, J.L., Proc. Ann. Conf., Reinf. P3last./Compos.
Inst. 36 SPI, Sect. 2-D (1981).

133. Ishida, J. and Koenig, J.L., in "Silylated Surfaces, Midland Nacromolecular
Monographs No. 7," (D.E. Leyden and W. Collins, eds.) Gordon and Breach,* j New York (1980), p. 73.

134. Ishida, H. and Miller, J., unpublished results.



Page 33

Figure Captions

Figure 1 Shows the effect of refractive index on light as a function of

angle of incidence. Transmission at 90, reflection and refraction

at e- ec, and total internal reflection at e> ec.

Figure 2(a) PAS cell, the incident light produces pressure fluctuations

which are detected by a sensitive mircophone.

(b) Single reflection RA set-up. Light penetrates the sample first

and is reflected by the metal mirrors (E should be 70 to 89.5').

(c) Multiple reflection RA set-up. Light penetrates the sample

first and is reflected by the metal mirrors (0 should be 70

to 89.50).

(d) Single reflection IRS set-up. Light passes through the IRE first

and is totally reflected at O> Oc .

nisinec=n2sin9o

sinOc - n2/n1

(e) Multiple reflection IRS set-up.

(f) Diffuse reflectance, the scattered light is collected by mirrors

and directed to the detector.

(g) Emission technique, the sample is heated and the emitted radiation

is analyzed.

(h) Transmission spectroscopy.

(i) Spectral reflection (mirror-like), angle of incidence equals

angle of reflection.

If.- ~ ~ A- -P _ --
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Figure 3(A) Transmission infrared spectrum of undecyllmidazole in Or

pellet.

(B) Reflection-absorption infrared spectrum of undecylimidazole

on gold mirror withdrawn from lOg/l ethanol solution. (From
,V ref. 63.)

Figure 4 Reflectivity versus angle of incidence for an interface between

media with indices, nj- 4 and n2 - 1.33, for light polarized

perpendicular, R, and parallel, R, to plane of incidence for

external reflection (solid lines) and internal reflection

(dashed lines). Gc, OB, and O and the critical, Breweters',

and principal angles, respectively. (From ref. 32.)

Figure 5 Diffuse reflectance spectra of y-APS (top) and y-HPS (bottom)

on E-glass mats; the contribution of glass was subtracted out.
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