
I i ! In a previous article in the JCT CoATINGSTECH Analytical Series, Chalmers discussed the use of infrared (IR) spectroscopy for characterizing and testing coatings. 1 In this two-part companion article, we describe the use ofa complementary technique, Raman spectroscopy, for the same purposes. In common with Chalmers, we will not discuss the detailed principles of either small molecule or polymer characterization using Raman (or IR} spectroscopy; there are a large number of excellent review articles and textbooks which fulfill this purpose. Furthermore, we will not cover the basic aspects of Raman spectroscopy for the same reason. Rather, we concentrate on those aspects of Raman spectroscopy that are specific to coating science _and technology, expanding on the fundamental principles only when necessary for clarity. Emphasis will be on organic coatings, but some attention will be paid to inorganics too. With this in mind, Part I of this tutorial attempts to address the following questions: 
• What sort of information can be obtained using Raman spectroscopy?
• How is a coating studied in a typical Raman experiment?
• How thin ( or thick) of a coating can we study, and what is the influence of the sub­strate?After discussing these issues, Part II of this tutorialt will focus on mapping or imaging chemical or structural variations in a coating. Examples, drawn both from the literature and the author's own work, will be used to illustrate the capabilities and limitations of the tech­nique. This tutorial is not intended to be an exhaustive applications review, but hopefully it will indicate the wide variety of chemical and physical characterization problems that can be ad­dressed. 

WHAT INFORMATION CAN BE 
DERIVED FROM A RAMAN 
SPECTRUM? 

Interpretation and Identification 
of Unknowns The frequency of a Raman ( or IR) band is determined by the masses of theatoms in a molecule or crystal, their equilibrium spatial arrangement, theirrelative displacements during a vibra­tion, and the bond force constants. The intensity depends on either the change in polarizability (Raman) or dipole mo­ment (IR) during the vibration. Anything that changes the equilibriumshape, the atomic masses, or the force constants (including intermolecular in­teractions) can change both the fre­quency and intensity of a band­hence, the sensitivity of vibrational spectroscopy to chemical and physicalstructure. Different parts of the same molecule tend to be strongly coupled, so changing a single atom in the mole­cule can perturb many of its vibrations.

ii1 _ __ _ _  *Measurement Science Group, The Wilton Centre, Wilton, Redcar, TS104RF, UK.ii 1To be published in the September 2005 issue of JCT CoATINGSTECH. 
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by Neil J. Everall, ICI PLC* This means that a subtle structural change can have a large impact, with the advantage that Raman and IR spec­tra provide a unique fingerprint for agiven molecule in a given conforma­tion. The disadvantage is that it is verydifficult to accurately predict the de­tailed spectrum of any but the simplestmolecule. It is simple to use Group Theory to predict the numbers of bands expected in the IR and Raman spectra ofmolecules2 or crystals, 3 but it is difficultto predict their absolute frequency orintensity. So, while most undergradu­ates could give a rather accurate manualprediction of an NMR spectrum of a small molecule, the same task forthe vi­brational spectrum requires sophisti­cated computer software. Even then, there will often be significant errors in band positions and intensities. This sit­uation is improving with the wide­spread availability of user-friendly quantum chemistry software, but eventhe best available predictions typically have frequency errors of several percent,which equates to several tens of cm-1. This is more than enough to cause con­fusion when trying to rationalize com­puted and observed spectra. Most workers who routinely use vi­brational spectroscopy do so on the ba­sis of so-called group frequencies. These use the fact that certain groupingstend to give rise to IR or Raman bands that fall within well defined ranges, irre­spective of the structure of the rest of the molecule. Numerous tabulations of group frequencies are available that canhelp identify the likely functional groupings that are present in an un­known material, 4-5 but because many ofthe bands are due to collective vibra­tions throughout a molecule, it is usu-
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ally impossible to assign the origin of every band in a spectrum (nor is it nec­essary for general purposes).In practice, for many workers the first course of action when confronted by an unknown spectrum is to use spec­tral searching software to match the un­known to a database of reference spec­tra. Undoubtedly, this is a very usefulapproach, but it is worth getting into the habit of checking the spectra of anypotential matches using the functional group approach, just to ensure that theresults make sense. Most seasoned vi­brational spectroscopists have their ownfavorite examples of misleading resultsthrown up by databases, often due tomislabelling of reference spectra. In these cases, even a cursory functional group analysis could avoid an embar­rassing mistake. A more serious prob­lem is the comparative paucity of elec­tronic Raman reference data; this isimproving with time as Raman be­comes a more common analytical tech­nique.
Composition and Structure Often a worker has a good idea of the general classification of a material, but requires information on more sub­tle issues of composition. These couldinclude nature and relative amount of comonomers, molecular conformation and configuration, presence of additivesand fillers, end groups, sequence andbranching, degree of cure/degree of polymerization, residual monomer, andblend composition. Raman spec­troscopy offers information on all of these properties, to a greater or lesserextent. One can also probe physical properties, including molecular orienta­tion, degree of crystallinity, polymorphsor allotropes, crystal and domain size,crystal defects, and stress/ strain. Coatthickness and uniformity can also be measured in favorable circumstances.

Quantitation The band intensity depends on theconcentration of scattering species in the laser beam, so Raman spectroscopyis, in principle, a quantitative tech­nique. There is often a linear relation­ship between concentration and bandintensity, but the constant of propor­tionality must be obtained by calibra­tion using materials of known composi­tion. It is unwise simply to assume thatif the band intensity doubles or halves,
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then the concentration varies to the same extent; one needs to prove a linearrelationship before making this asser­tion. Furthermore, many factors can af­fect the absolute band intensity; for ex­ample, laser power, alignment of the sample and collection optics, and the . throughput of the spectrometer. UnlikeFourier transform infrared (FTIR) spec­troscopy, where the sample spectrum is normalized using a background curve toyield an absolute transmission or ab­sorbance spectrum, Raman is a single beam technique; there is no equivalent normalization process. This means that measuring the same sample from day today could give very different intensities.To compensate, in practice one nor­mally uses a reference band to normal­ize the spectral intensity. The normal­ization band could be from a solvent,or from another component in a mix­ture. The ratio of the analyte band tothe reference band should then only vary with the analyte/reference concen­tration ratio.Figure l illustrates this approach us­ing the example of a terpolymer ofstyrene (S), methyl methacrylate (MMA), and butyl acrylate (BuA).7 A setof samples that were prepared with dif­ferent monomer ratios were first ana­lyzed using NMR spectroscopy to accu­rately determine thecomposition. The Raman spectra were Analytical Series fortuitous, since it relies on the fact thatthe ester carbonyl intensity happens, inthis case, to depend solely on the com­bined mass of BuA and MMA present(i.e., it is insensitive to the monomer type). If this were not the case, we couldinstead ratio the 1603 cm-1 styrene bandagainst the 812 cm-1 (MMA) or 842 cm-1 (BuA) bands to give two separate corre­lations.This calibration was necessary be­cause, in practice, these materials are crosslinked using a functionalized acry­late as a fourth monomer. The crosslinked product is insoluble and in­tractable to NMR analysis, but the crosslinker is at too low a level to invali­date the NMR-Raman calibration. Therefore, we can use the calibrated Raman technique to analyze commer­cial materials (including the degree of crosslinking, by monitoring consump­tion of the pendant crosslinker). This isa useful general approach-use a high information content, primary techniquesuch as NMR to provide detailed quan­titative structural information, calibrate Raman spectra using the NMR data, andthen apply Raman spectroscopy in situ­ations where· the primary technique isinapplicable. The primary technique could be compositional ( often NMR or a set of manually prepared mixtures), orthen calibrated in a two-step process. First,the intensity ratio of the 842 and 812 cm-1 Raman bands (whicharise from C-C vibra­tions from the respec­tive polymerized monomers) was corre- Figure 1-Calibration of Raman data for the composition of astyrene-butylacrylate-methylmethacrylate terpolymer. Calibrationis a two-step process: first the styrene/total ester ratio, then theMMA/BuA ratio. Fortuitously in this case, the ester carbonyl inten­sity only depends on the total mass fraction of ester present, noton the ester speciation. Redrawn from Figure 4.10 of reference 7,with permission from Blackwell Press.lated with the BuA/MMA mass ratio. This gives a calibrationfor the ratio of the twoacrylic monomers. Then, the styrene/totalacrylic mass ratio [S/(BuA+MMA)] was correlated with the in­tensity ratio of the 1603 cm-1 (pendantaromatic) and 1731 cm-1 ( ester carbonyl) bands. Figure l showsthe quality of fit for both calibrations. Infact, the S/(BuA+ MMA} fit is somewhat II "' 
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I i ! In a previous article in the JCT CoATINGSTECH Analytical Series, Chalmers discussed the use of infrared (IR) spectroscopy for characterizing and testing coatings. 1 In this two-part companion article, we describe the use ofa complementary technique, Raman spectroscopy, for the same purposes. In common with Chalmers, we will not discuss the detailed principles of either small molecule or polymer characterization using Raman (or IR} spectroscopy; there are a large number of excellent review articles and textbooks which fulfill this purpose. Furthermore, we will not cover the basic aspects of Raman spectroscopy for the same reason. Rather, we concentrate on those aspects of Raman spectroscopy that are specific to coating science _and technology, expanding on the fundamental principles only when necessary for clarity. Emphasis will be on organic coatings, but some attention will be paid to inorganics too. With this in mind, Part I of this tutorial attempts to address the following questions: 
• What sort of information can be obtained using Raman spectroscopy?
• How is a coating studied in a typical Raman experiment?
• How thin ( or thick) of a coating can we study, and what is the influence of the sub­strate?After discussing these issues, Part II of this tutorialt will focus on mapping or imaging chemical or structural variations in a coating. Examples, drawn both from the literature and the author's own work, will be used to illustrate the capabilities and limitations of the tech­nique. This tutorial is not intended to be an exhaustive applications review, but hopefully it will indicate the wide variety of chemical and physical characterization problems that can be ad­dressed. 

WHAT INFORMATION CAN BE 
DERIVED FROM A RAMAN 
SPECTRUM? 

Interpretation and Identification 
of Unknowns The frequency of a Raman ( or IR) band is determined by the masses of theatoms in a molecule or crystal, their equilibrium spatial arrangement, theirrelative displacements during a vibra­tion, and the bond force constants. The intensity depends on either the change in polarizability (Raman) or dipole mo­ment (IR) during the vibration. Anything that changes the equilibriumshape, the atomic masses, or the force constants (including intermolecular in­teractions) can change both the fre­quency and intensity of a band­hence, the sensitivity of vibrational spectroscopy to chemical and physicalstructure. Different parts of the same molecule tend to be strongly coupled, so changing a single atom in the mole­cule can perturb many of its vibrations.
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by Neil J. Everall, ICI PLC* This means that a subtle structural change can have a large impact, with the advantage that Raman and IR spec­tra provide a unique fingerprint for agiven molecule in a given conforma­tion. The disadvantage is that it is verydifficult to accurately predict the de­tailed spectrum of any but the simplestmolecule. It is simple to use Group Theory to predict the numbers of bands expected in the IR and Raman spectra ofmolecules2 or crystals, 3 but it is difficultto predict their absolute frequency orintensity. So, while most undergradu­ates could give a rather accurate manualprediction of an NMR spectrum of a small molecule, the same task forthe vi­brational spectrum requires sophisti­cated computer software. Even then, there will often be significant errors in band positions and intensities. This sit­uation is improving with the wide­spread availability of user-friendly quantum chemistry software, but eventhe best available predictions typically have frequency errors of several percent,which equates to several tens of cm-1. This is more than enough to cause con­fusion when trying to rationalize com­puted and observed spectra. Most workers who routinely use vi­brational spectroscopy do so on the ba­sis of so-called group frequencies. These use the fact that certain groupingstend to give rise to IR or Raman bands that fall within well defined ranges, irre­spective of the structure of the rest of the molecule. Numerous tabulations of group frequencies are available that canhelp identify the likely functional groupings that are present in an un­known material, 4-5 but because many ofthe bands are due to collective vibra­tions throughout a molecule, it is usu-
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ally impossible to assign the origin of every band in a spectrum (nor is it nec­essary for general purposes).In practice, for many workers the first course of action when confronted by an unknown spectrum is to use spec­tral searching software to match the un­known to a database of reference spec­tra. Undoubtedly, this is a very usefulapproach, but it is worth getting into the habit of checking the spectra of anypotential matches using the functional group approach, just to ensure that theresults make sense. Most seasoned vi­brational spectroscopists have their ownfavorite examples of misleading resultsthrown up by databases, often due tomislabelling of reference spectra. In these cases, even a cursory functional group analysis could avoid an embar­rassing mistake. A more serious prob­lem is the comparative paucity of elec­tronic Raman reference data; this isimproving with time as Raman be­comes a more common analytical tech­nique.
Composition and Structure Often a worker has a good idea of the general classification of a material, but requires information on more sub­tle issues of composition. These couldinclude nature and relative amount of comonomers, molecular conformation and configuration, presence of additivesand fillers, end groups, sequence andbranching, degree of cure/degree of polymerization, residual monomer, andblend composition. Raman spec­troscopy offers information on all of these properties, to a greater or lesserextent. One can also probe physical properties, including molecular orienta­tion, degree of crystallinity, polymorphsor allotropes, crystal and domain size,crystal defects, and stress/ strain. Coatthickness and uniformity can also be measured in favorable circumstances.

Quantitation The band intensity depends on theconcentration of scattering species in the laser beam, so Raman spectroscopyis, in principle, a quantitative tech­nique. There is often a linear relation­ship between concentration and bandintensity, but the constant of propor­tionality must be obtained by calibra­tion using materials of known composi­tion. It is unwise simply to assume thatif the band intensity doubles or halves,
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then the concentration varies to the same extent; one needs to prove a linearrelationship before making this asser­tion. Furthermore, many factors can af­fect the absolute band intensity; for ex­ample, laser power, alignment of the sample and collection optics, and the . throughput of the spectrometer. UnlikeFourier transform infrared (FTIR) spec­troscopy, where the sample spectrum is normalized using a background curve toyield an absolute transmission or ab­sorbance spectrum, Raman is a single beam technique; there is no equivalent normalization process. This means that measuring the same sample from day today could give very different intensities.To compensate, in practice one nor­mally uses a reference band to normal­ize the spectral intensity. The normal­ization band could be from a solvent,or from another component in a mix­ture. The ratio of the analyte band tothe reference band should then only vary with the analyte/reference concen­tration ratio.Figure l illustrates this approach us­ing the example of a terpolymer ofstyrene (S), methyl methacrylate (MMA), and butyl acrylate (BuA).7 A setof samples that were prepared with dif­ferent monomer ratios were first ana­lyzed using NMR spectroscopy to accu­rately determine thecomposition. The Raman spectra were Analytical Series fortuitous, since it relies on the fact thatthe ester carbonyl intensity happens, inthis case, to depend solely on the com­bined mass of BuA and MMA present(i.e., it is insensitive to the monomer type). If this were not the case, we couldinstead ratio the 1603 cm-1 styrene bandagainst the 812 cm-1 (MMA) or 842 cm-1 (BuA) bands to give two separate corre­lations.This calibration was necessary be­cause, in practice, these materials are crosslinked using a functionalized acry­late as a fourth monomer. The crosslinked product is insoluble and in­tractable to NMR analysis, but the crosslinker is at too low a level to invali­date the NMR-Raman calibration. Therefore, we can use the calibrated Raman technique to analyze commer­cial materials (including the degree of crosslinking, by monitoring consump­tion of the pendant crosslinker). This isa useful general approach-use a high information content, primary techniquesuch as NMR to provide detailed quan­titative structural information, calibrate Raman spectra using the NMR data, andthen apply Raman spectroscopy in situ­ations where· the primary technique isinapplicable. The primary technique could be compositional ( often NMR or a set of manually prepared mixtures), orthen calibrated in a two-step process. First,the intensity ratio of the 842 and 812 cm-1 Raman bands (whicharise from C-C vibra­tions from the respec­tive polymerized monomers) was corre- Figure 1-Calibration of Raman data for the composition of astyrene-butylacrylate-methylmethacrylate terpolymer. Calibrationis a two-step process: first the styrene/total ester ratio, then theMMA/BuA ratio. Fortuitously in this case, the ester carbonyl inten­sity only depends on the total mass fraction of ester present, noton the ester speciation. Redrawn from Figure 4.10 of reference 7,with permission from Blackwell Press.lated with the BuA/MMA mass ratio. This gives a calibrationfor the ratio of the twoacrylic monomers. Then, the styrene/totalacrylic mass ratio [S/(BuA+MMA)] was correlated with the in­tensity ratio of the 1603 cm-1 (pendantaromatic) and 1731 cm-1 ( ester carbonyl) bands. Figure l showsthe quality of fit for both calibrations. Infact, the S/(BuA+ MMA} fit is somewhat II "' 
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Figure 2-(a) Shape of the focal volume of a 
Gaussian laser beam in air and (b) under-fill­
ing of beam focus by a thin coating on a 
thick substrate. Both diagrams not to scale. 

(a) 
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Coating 

Substrate physical (X-ray diffraction, density, ther­mal analysis, etc). Selection of an acceptable reference band is very important. In a simple mix­ture of non-interacting components, al­most any non-overlapped band from a known component is acceptable. The band ratio should vary linearly with the component ratios, as shown in Figure 1. Difficulties arise when components inter­act differently at different concentra­tions. With copolymers, we sometimes find that, as the concentration ratio varies, we move from a random to a blocky sequence, so the intrinsic band intensities change as a result. This would be manifested as a nonlinear cal­ibration curve. For another example, it might be tempting to use one of the wa­ter Raman bands as a reference for aqueous solutions, but the intrinsic in­tensity and shape of the water bands usually depends on the solute concen­tration. This is because the water struc­ture is perturbed by the dissolved species. A rather different problem arises when trying to monitor the extent of a chemical reaction. One measures loss of a reactive species (such as C=C), but needs a reference band from a vibration that is not strongly coupled to the reac­tive group. Otherwise, the intrinsic in­tensity of the reference band will change during the reaction. The poly­merization of styrene is a good specific 
40 August 2005 example; one can easily follow the loss of the vinyl C=C group (Nl630 cm·1), but this group is conjugated to the aro­matic ring, so the nearby 1602 cm·1 ring band changes intensity very dramati­cally when the C=C bond reacts. In fact, the 1602 cm·1 band is over five times more intense in the monomer than it is at the same concentration in the poly­mer, due to the loss of conjugation on reaction, so it makes a wholly unsuit­able internal standard.8 In this case, a solvent band would provide a more reli­able reference. The quantitative effect on a calibration curve of a non-constant reference band has been discussed in detail elsewhere.7 Finally, we should mention that there are a variety of calibration tech­niques that do not require manual se­lection of Raman bands for the analytes of interest. Among the most popular are the multivariate methods such as partial least squares analysis (PLS). These methods automatically select bands that correlate well with the property of inter­est, which could be compositional, as above, or a physical property such as crystallinity. However, even these meth­ods require a normalization step, to ac­count for the large variations in overall spectral intensity that can occur when measuring the same sample from day to day. One method that we have found to work well is to normalize the total area under each spectrum ( or the spectral range of interest) to unity. We have used this approach to build PLS models to measure the crystallinity of poly( eth­ylene terephthalate) (PET) and poly(ethylene) (PE) from their Raman spectra.9• 10 Alternatively, the user can se­lect an appropriate reference band to scale the spectra. Vickers and Mann have given a useful summary of factors to be considered for quantitative Raman spectroscopy.11 

Ordering in Semi-Crystalline 
Systems When a polymer crystallizes, signifi­cant lengths of the chain adopt a regu­lar, extended conformation, and these ordered lengths become aligned to form a regular lattice in three dimensions. Crystallization therefore involves in­tramolecular and intermolecular order­ing. The change in conformation has by far the largest effect on the vibrational spectrum; this is because the shape of the molecule is a major factor in deter­mining the band frequency and inten­sity. The 3D alignment of neighboring chains usually has a much smaller effect due to the relative weakness of inter­molecular interactions, although strong interactions (such as intermolecular H­bonding in polyamides) can have a large effect on band positions and in­tensities. Weak interactions are often manifested by band splitting as the lo­cal symmetry becomes reduced; a classic case is the splitting of the IR band at 720 cm·1 in the spectrum of poly( ethyl­ene). In fact, many of the spectral changes that have been attributed to polymer crystallization should be more correctly referred to as regularity bands, arising from conformation rather than chain packing. One rarely obtains a di­rect measure of crystallinity from a vi­brational spectrum, and this can cause confusion in cases where one can vary the conformation without inducing crystallization. For example, PET can be cold-drawn to produce highly extended, regular polymer chains but without gen­erating the intermolecular registration required for crystallization.12 The dis­tinction between conformation, regular­ity, and crystallinity effects was clearly made long ago, 13 but incorrect termi­nology and confusion still occur occa­sionally in the literature. 

SAMPLING CONSIDERATIONS 
General The infrared spectroscopist has a di­verse array of sampling techniques for surface analysis.1 For example, it is triv­ial to selectively examine the surface 1 µm of a material using Attenuated Total Reflection (ATR)-FTIR spectroscopy. In contrast, it is actually rather difficult to obtain a pure Raman spectrum on the same scale, so in that sense Raman spec­troscopy is less suited for routine sur­face analysis. Most Raman experiments use a lens to focus a laser beam onto a sample ( exceptions being near-field Raman spectroscopy, 14 some fiber optic probe designs, 15 and total internal re­flection spectroscopy16). A focused laser beam has a diffraction- limited waist given by w0=2fJ...,/d, where f is the focal length of the lens, 'A is the laser wave­length, and d is the diameter of the col­limated laser beam (Figure 2a). Note, w0 can be submicron when a high power microscope objective is employed. The beam remains approximately collimated (within a factor of Nl.4) to a distance L on either side of the focal plane (L=nw//2A). This simple picture neg-
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lects the influence of the discontinuity in refractive index when a sample is placed in the beam (more will be dis­cussed on this later). If the laser beam fills the focusing lens ( the usual case when a microscope objective is used), the size of this focal volume roughly de­termines the best attainable spatial reso­lution ( and, hence, the thinnest coating that can be analyzed without substan­tial contributions from surrounding material). Ideally, we would like to arrange for the sample to at least fill the laser focal volume. Most modern Raman systems use a back-scattering geometry, so the lens which focuses the laser beam also col­lects the Raman light and projects an image back onto the entrance slit of the spectrometer. In any Raman experiment, there is a significant intensity of Raman scatter generated outside of the nominal laser focal volume, and this light can also be relayed back through the en­trance slit to the detector ( albeit with lower efficiency). 
Practical Arrangements for 

Analyzing Coatings Figure 2b illustrates the simplest method of studying a coating, namely focusing the laser directly onto the sur­face. Matching the laser focal volume to the coat thickness is important. Unless it is very thick, a coating will usually be studied using a microscope objective. In our laboratory, we typically use a lOx microscope objective for "macroscopic" sampling, or a SOX or lOOx objective for microscopic analysis. A 1 cm focal length objective, focusing a 2 mm diam­eter, 500 nm laser beam is calculated to give a beam focus with a waist w0N5 µm and length 2�0.2 mm. Longer focal length objectives quickly lose depth res­olution. It is possible to study coatings that are much thinner than the depth of focus of the objective, but the data will suffer from poor signal to noise, and ex­cessive contributions from the substrate. Nonetheless, if the substrate is highly reflective, or a weak or inactive Raman scatterer, or if the coating is an excep­tionally strong Raman scatterer, then it may be possible to obtain a reasonable spectrum of a thin coating that does not fill the laser focus. In summary, selecting the correct fo­cusing optic is a compromise between correctly filling the laser focal volume so as to obtain the desired spatial reso­lution, and the desire to work with the 
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highest f# objective possible to maxi­mize collection efficiency. The f# is sim­ply the lens focal length divided by its diameter. A high power microscope ob­jective would typically have f/0.15 (that is, f#=0.15), while a sampling lens used for laboratory macroscopic measure­ments might lie between Nf/0.9 and Nf/2. Pelletier has summarized the rela­tionship between f#, collection effi­ciency, and the considerations involved in selecting optics that maximize throughput through the spectrometer, 17 while another excellent text is available which discusses in fine detail the opti­cal design and performance of Raman spectrometers and microscopes.18 
Depth Profiling Coatings: 

Confocal versus Mechanical 
Sectioning To measure the average composition of a coating, ideally one would match the collimation length 2L to the coat thickness. Thus, a low power lens cou­pled to a spectrometer which does not have a microscope might be perfectly adequate. If a much tighter laser focus is used, one would need to sample at many different positions in order to es­timate the average composition. However, if the spatial variations are of interest, a higher power objective, cou­pled to a Raman microscope, will be needed to map or image the sample.19,20 This can be very time-consuming, de­pending on the spatial resolution re­quired and the area of sample to be studied, but the ability to probe the mi­crostructural details of a coating is one of the key advantages of Raman mi­croscopy. It is worth considering this point in some detail. Let us imagine that one is interested in depth profiling the composition of a coating with the best possible spatial resolution. There are two ways this could be attempted with a Raman mi­croscope. First, one could section or polish a smooth cross-section of the sample, and map across the sample, col­lecting data point by point (Figure 3a). In this case, which is sometimes referred to as lateral profiling, the spatial resolu­tion is determined mainly by the waist diameter w0, although there will be contributions from light above and be­low the plane of tightest focus, which will cause some blurring. The second approach, which in principle is very at­tractive since it requires no sample preparation, is simply to focus directly i Analytical Series

Figure 3-0ptions for depth profiling a het­
erogeneous material: (a) lateral scanning of a 
mechanically prepared (i.e., microtomed, 
fractured, or polished) cross-section, and (b) 
optical (axial) sectioning using a confocal 
microscope. The benefits and disadvantages 
of each approach are discussed in detail in 
the text. 

(a) Mechanical Cross-section (Lateral Scan) 

Microscope 
Objective 

Coat 

(b) Optical Section (Axial Scan) onto the surface of the sample and move the focus incrementally down to­wards the substrate, collecting spectra along the way (Figure 3b ). (Obviously, this approach is restricted to transparent samples.) The idea behind this axial pro­filing is that the calculated laser focal volume is of the order of 1 µm3 for a high power objective, so we have a tiny probe that can be moved around to measure subsurface structure with very high spatial resolution, without requir­ing any sample preparation. Use of a confocal aperture at a back focal plane of the microscope will further sharpen the focus, restricting detection of light originating away from the focal plane.21 The problem with this approach is that for most Raman microscopes, Figure 2a is not a valid description once a sample is placed in the laser beam. The problem is outlined schematically in Figure 4. When the laser rays enter the sample they suffer refraction, and the marginal rays are focused deeper than the paraxial rays, an effect known as spherical aberration.22-24 The net re­sult is that the laser focus becomes blurred along the axis normal to the sample surface, and the position of fo­cus shifts significantly deeper within the August 2005 41 



Figure 2-(a) Shape of the focal volume of a 
Gaussian laser beam in air and (b) under-fill­
ing of beam focus by a thin coating on a 
thick substrate. Both diagrams not to scale. 
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Ordering in Semi-Crystalline 
Systems When a polymer crystallizes, signifi­cant lengths of the chain adopt a regu­lar, extended conformation, and these ordered lengths become aligned to form a regular lattice in three dimensions. Crystallization therefore involves in­tramolecular and intermolecular order­ing. The change in conformation has by far the largest effect on the vibrational spectrum; this is because the shape of the molecule is a major factor in deter­mining the band frequency and inten­sity. The 3D alignment of neighboring chains usually has a much smaller effect due to the relative weakness of inter­molecular interactions, although strong interactions (such as intermolecular H­bonding in polyamides) can have a large effect on band positions and in­tensities. Weak interactions are often manifested by band splitting as the lo­cal symmetry becomes reduced; a classic case is the splitting of the IR band at 720 cm·1 in the spectrum of poly( ethyl­ene). In fact, many of the spectral changes that have been attributed to polymer crystallization should be more correctly referred to as regularity bands, arising from conformation rather than chain packing. One rarely obtains a di­rect measure of crystallinity from a vi­brational spectrum, and this can cause confusion in cases where one can vary the conformation without inducing crystallization. For example, PET can be cold-drawn to produce highly extended, regular polymer chains but without gen­erating the intermolecular registration required for crystallization.12 The dis­tinction between conformation, regular­ity, and crystallinity effects was clearly made long ago, 13 but incorrect termi­nology and confusion still occur occa­sionally in the literature. 

SAMPLING CONSIDERATIONS 
General The infrared spectroscopist has a di­verse array of sampling techniques for surface analysis.1 For example, it is triv­ial to selectively examine the surface 1 µm of a material using Attenuated Total Reflection (ATR)-FTIR spectroscopy. In contrast, it is actually rather difficult to obtain a pure Raman spectrum on the same scale, so in that sense Raman spec­troscopy is less suited for routine sur­face analysis. Most Raman experiments use a lens to focus a laser beam onto a sample ( exceptions being near-field Raman spectroscopy, 14 some fiber optic probe designs, 15 and total internal re­flection spectroscopy16). A focused laser beam has a diffraction- limited waist given by w0=2fJ...,/d, where f is the focal length of the lens, 'A is the laser wave­length, and d is the diameter of the col­limated laser beam (Figure 2a). Note, w0 can be submicron when a high power microscope objective is employed. The beam remains approximately collimated (within a factor of Nl.4) to a distance L on either side of the focal plane (L=nw//2A). This simple picture neg-
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lects the influence of the discontinuity in refractive index when a sample is placed in the beam (more will be dis­cussed on this later). If the laser beam fills the focusing lens ( the usual case when a microscope objective is used), the size of this focal volume roughly de­termines the best attainable spatial reso­lution ( and, hence, the thinnest coating that can be analyzed without substan­tial contributions from surrounding material). Ideally, we would like to arrange for the sample to at least fill the laser focal volume. Most modern Raman systems use a back-scattering geometry, so the lens which focuses the laser beam also col­lects the Raman light and projects an image back onto the entrance slit of the spectrometer. In any Raman experiment, there is a significant intensity of Raman scatter generated outside of the nominal laser focal volume, and this light can also be relayed back through the en­trance slit to the detector ( albeit with lower efficiency). 
Practical Arrangements for 

Analyzing Coatings Figure 2b illustrates the simplest method of studying a coating, namely focusing the laser directly onto the sur­face. Matching the laser focal volume to the coat thickness is important. Unless it is very thick, a coating will usually be studied using a microscope objective. In our laboratory, we typically use a lOx microscope objective for "macroscopic" sampling, or a SOX or lOOx objective for microscopic analysis. A 1 cm focal length objective, focusing a 2 mm diam­eter, 500 nm laser beam is calculated to give a beam focus with a waist w0N5 µm and length 2�0.2 mm. Longer focal length objectives quickly lose depth res­olution. It is possible to study coatings that are much thinner than the depth of focus of the objective, but the data will suffer from poor signal to noise, and ex­cessive contributions from the substrate. Nonetheless, if the substrate is highly reflective, or a weak or inactive Raman scatterer, or if the coating is an excep­tionally strong Raman scatterer, then it may be possible to obtain a reasonable spectrum of a thin coating that does not fill the laser focus. In summary, selecting the correct fo­cusing optic is a compromise between correctly filling the laser focal volume so as to obtain the desired spatial reso­lution, and the desire to work with the 
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highest f# objective possible to maxi­mize collection efficiency. The f# is sim­ply the lens focal length divided by its diameter. A high power microscope ob­jective would typically have f/0.15 (that is, f#=0.15), while a sampling lens used for laboratory macroscopic measure­ments might lie between Nf/0.9 and Nf/2. Pelletier has summarized the rela­tionship between f#, collection effi­ciency, and the considerations involved in selecting optics that maximize throughput through the spectrometer, 17 while another excellent text is available which discusses in fine detail the opti­cal design and performance of Raman spectrometers and microscopes.18 
Depth Profiling Coatings: 

Confocal versus Mechanical 
Sectioning To measure the average composition of a coating, ideally one would match the collimation length 2L to the coat thickness. Thus, a low power lens cou­pled to a spectrometer which does not have a microscope might be perfectly adequate. If a much tighter laser focus is used, one would need to sample at many different positions in order to es­timate the average composition. However, if the spatial variations are of interest, a higher power objective, cou­pled to a Raman microscope, will be needed to map or image the sample.19,20 This can be very time-consuming, de­pending on the spatial resolution re­quired and the area of sample to be studied, but the ability to probe the mi­crostructural details of a coating is one of the key advantages of Raman mi­croscopy. It is worth considering this point in some detail. Let us imagine that one is interested in depth profiling the composition of a coating with the best possible spatial resolution. There are two ways this could be attempted with a Raman mi­croscope. First, one could section or polish a smooth cross-section of the sample, and map across the sample, col­lecting data point by point (Figure 3a). In this case, which is sometimes referred to as lateral profiling, the spatial resolu­tion is determined mainly by the waist diameter w0, although there will be contributions from light above and be­low the plane of tightest focus, which will cause some blurring. The second approach, which in principle is very at­tractive since it requires no sample preparation, is simply to focus directly i Analytical Series

Figure 3-0ptions for depth profiling a het­
erogeneous material: (a) lateral scanning of a 
mechanically prepared (i.e., microtomed, 
fractured, or polished) cross-section, and (b) 
optical (axial) sectioning using a confocal 
microscope. The benefits and disadvantages 
of each approach are discussed in detail in 
the text. 

(a) Mechanical Cross-section (Lateral Scan) 

Microscope 
Objective 

Coat 

(b) Optical Section (Axial Scan) onto the surface of the sample and move the focus incrementally down to­wards the substrate, collecting spectra along the way (Figure 3b ). (Obviously, this approach is restricted to transparent samples.) The idea behind this axial pro­filing is that the calculated laser focal volume is of the order of 1 µm3 for a high power objective, so we have a tiny probe that can be moved around to measure subsurface structure with very high spatial resolution, without requir­ing any sample preparation. Use of a confocal aperture at a back focal plane of the microscope will further sharpen the focus, restricting detection of light originating away from the focal plane.21 The problem with this approach is that for most Raman microscopes, Figure 2a is not a valid description once a sample is placed in the laser beam. The problem is outlined schematically in Figure 4. When the laser rays enter the sample they suffer refraction, and the marginal rays are focused deeper than the paraxial rays, an effect known as spherical aberration.22-24 The net re­sult is that the laser focus becomes blurred along the axis normal to the sample surface, and the position of fo­cus shifts significantly deeper within the August 2005 41 



Figure 4-Effect of spherical aberration when 
using with a high power metallurgical objec­
tive to focus a laser beam beneath the surface 
of a transparent sample. Marginal rays are fo­
cused more deeply than paraxial rays, and the 
discrepancy, or depth resolution (DR), wors­
ens the deeper one attempts to focus. DR can 
be tens of microns. 

(a) 

Air 

Sample 

(b) sample. The focal blurring becomes worse the deeper one attempts to focus (DR2>DR1), and the confocal aperture is only partially effective in maintaining the depth resolution of the instru­ment. 24 The problem is most pro­nounced with high power objectives (just the situation with a typical Raman microscope). The problem arises be­cause almost all commercial Raman mi­croscopes are sold with metallurgical objectives designed to focus onto the surface of an opaque sample. They are not corrected for the aberrations that occur when focusing into a transparent sample. The problem can be minimized either by using an objective that is de­signed to function when focusing through an overlayer of transparent ma­terial, such as an oil immersion objec­tive,23·25 or by using a dry objective that is corrected for a cover slip,26 and manymore researchers are now aware of the problem and are taking steps to mini­mize it. However, the worker who is new to the field should be aware that there are many papers in the literature that ignore this effect, and contain depth profiles where the depth axis might be incorrect by a factor of two or 
42 August 2005 more, and where the claimed depth res­olution is grossly overestimated. Fur­thermore, one can still find modem pa­pers that claim that a confocal Raman microscope is capable of selectively ana­lyzing 1 µm3 of material inside a trans­parent sample, and this is generally in­correct. A recent two-part article has summa­rized the key issues that arise with axial confocal Raman depth profiling with a metallurgical objective.27·28 The mainpoints are: • With a typical high power micro­scope objective, the laser focus lies deeper than you think; typically by a factor of N2. • Spherical aberration spreads thelaser field over a considerable distance along the axis; the depth resolution is degraded, and gets worse as one focuses deeper. • Depending on the position of aburied feature, its apparent thickness ( according to the raw intensity-depth profile) can be underestimated, overes­timated, or about right, depending on the interplay between the position of the laser focus and the changing depth resolution. • The effects can be modeled usingmodels of varying degree of complexity, but this is time-consuming and de­mands quite a lot of knowledge of the sample structure beforehand, especially the refractive index of different layers. Modeling data from a completely un­known sample would be difficult. • Using a corrected objective ( e.g.,oil immersion) can signifi-cantly reduce the problems spatial resolution simply because the laser waist w0 is always smaller than the focal length (rcw//'A). The exception to this rule would be where mechaniq1.l sectioning will disturb the structure of interest. Figures 5 and 6 illustrate these points. Figure 5 shows how the apparent thickness of a thin layer is much greater when it is on the bottom of a sample rather than the top, due to the greater blurring of the laser focus with increas­ing depth. A laminate consisting of a 

N 10 µm layer of PEN [poly( ethylene­naphthoate)] on a 180 µm PET film was used to demonstrate the effect. When the laser was focused directly onto the PEN, its apparent thickness was N Sµm, but this increased to N18 µm when the laser was focused through the PET substrate onto the PEN. Therefore, the perceived thickness of an object clearly depends on its depth be­low the sample surface. Figure 6 shows another experiment designed to test which configuration has the best spatial resolution, by meas­uring the apparent thickness of a sharp interface between two polymers. Raman data was taken through the interface be­tween a 20 µm layer of PE on a 100 µm PET substrate. Clearly the spatial resolu­tion, as judged from the rate of change of the PE signal on moving through the boundary, was better (by a factor of two) using lateral scanning of a cross­sectioned sample. The resolution of configuration (b) will be further wors­ened the thicker the top layer is, as demonstrated in Figure 5. and yield more easily inter­pretable depth profiles. In my experience, axial profiling with a metallurgical objective is more likely to re­sult in a depth resolution of 5-10 µm or worse, ratherthan the 1 µm often claimedin the literature. Further­more, it is arguable that ifone has the choice, mechani­cal sectioning and lateralscanning is preferable, sinceone knows exactly where oneis focused without the needfor complex modeling or spe­cial objectives. Even if onecould eliminate all of theaberrations associated withaxial profiling, lateral scan­ning will always have a better Figure 5-A simple demonstration of the degradation of 
confocal Raman depth resolution with increasing sampling 
depth. The same layer appears to be much thicker when one 
focuses through a thick polymer substrate (ii) rather than 
directly on the coating layer (i). 
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Figure 6-A comparison of the resolution of lateral and ax­
ial configurations by scanning through a PE-PET interface. 
The PE layer was ~20 µm thick. The lateral scanning resolu­
tion (a) was twice as good as that of axial scanning (b). The 
axial resolution will worsen as the over-layer thickness in­
creases (see Figure 5). 

Figure 7-The surface specificity of confocal Raman mi­
croscopy illustrated by a spectrum of a 2 µm layer of PVDC 
on a polyester substrate, compared with a spectrum of the 
pure polyester. Strong features due to the substrate are 
clearly present in the coating spectrum, which shows that 
the surface specificity is somewhat worse than 2 µm. The 
PVDC bands are marked with asterisks. 
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Axial Displacement I'. (µm) Despite these problems, the experi­mental simplicity of the confocal ap­proach remains a significant attraction. If one chooses to use this method, then ideally one should minimize the aberra­tions-for example, by using an immer­sion objective. This can also enable the acquisition of data from subsurface re­gions of opaque samples, provided the material is porous. This is because im­mersion oil can penetrate into the pores, and wet-out the discontinuities in refractive index which cause turbid­ity. Vyorykka et al. showed how an im­mersion objective permitted data acqui­sition from deep within papers and polymers with opaque coatings.29 Ifspherical aberration cannot be avoided, then a numerical correction should be applied to the depth scale to account for the shift of the laser focus deeper into the sample. The effect of the change in the depth resolution can be minimized by normalizing the Raman band intensities using a reference band that is approximately invariant. For ex­ample, if one were monitoring diffusion of a surface-treatment into a polymer, the apparent intensity of the dopant band could be normalized using a poly­mer band. The use of normalization has been discussed by other workers30 and offers some promise, although it obvi­ously requires presence of a band that is invariant throughout the coat thickness, and this simply is not available in some cases ( e.g., a laminate with chemically distinct layers). 
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It is worth pointing out that, even in the absence of spherical aberration, the notion that confocal Raman microscopy has a depth resolution of Nl µm is in­correct. This is because some light from either side of the laser focal volume will be transmitted to the detector, particu­larly the light that runs very close to the optical axis of the system (line labeled "A" in Figure 2). This means that when focusing directly onto the surface of a sample, spectral features can be detected from several microns below the surface, and this is true even for confocal Raman microscopy. To illustrate this point, Figure 7 shows the spectrum of a 2 µm coating of PVDC [poly(vinylidene chlo­ride)] on a polyester substrate, com­pared with a spectrum of the polyester alone. The PVDC bands are marked with an asterisk. Conventional wisdom implies that a pure spectrum of PVDC should be expected, but this is not found; the polyester bands are substan­tial. In fact, if one has a coating that is a weak Raman scatterer on a strongly Raman active substrate, one can find that the substrate signal can dominate even when the coating is thick ( 10 µm or more). In short, it can be very diffi­cult to obtain a pure Raman spectrum of a coating using the confocal configu­ration. The data shown in Figure 7 clearly il­lustrate the fact that, in general, Raman spectroscopy is far less surface-specific than IR spectroscopy. It is trivial to ob- tain a pure FTIR spectrum of the surface 1 µm of a material using an inexpensive FTIR spectrometer and an internal re­flection accessory, 1 but a confocal Raman microscope that is an order of magnitude more expensive cannot ap­proach this degree of surface specificity. 
Improving Surface Spedfidty: 
Total Internal Reflection (TIR) 

Raman Spectroscopy With infrared internal reflection spectroscopy, a beam of light suffers to­tal internal reflection at the base of a high refractive index, infrared-transpar­ent optical prism. 1 In this configuration, an evanescent wave extends a short dis­tance beyond the prism and can pene­trate into a sample placed on its surface. Similarly, if a laser beam, rather than in­frared light, is made to suffer total inter­nal reflection, it is possible to generate Raman scatter from the surface of a sample in contact with the prism (FigureSa). Raman scattering from evanescent waves was first demonstrated by Ikeshoji et al.31 In principle, internal re­flection Raman spectroscopy should have even greater surface specificity than internal-reflection infrared spectroscopy, because the penetration depth of the evanescent light is proportional to its wavelength. Submicron specificity should therefore be readily attainable for TIR-Raman spectroscopy. Greene and Bain have shown how TIR-Raman August 2005 43 



Figure 4-Effect of spherical aberration when 
using with a high power metallurgical objec­
tive to focus a laser beam beneath the surface 
of a transparent sample. Marginal rays are fo­
cused more deeply than paraxial rays, and the 
discrepancy, or depth resolution (DR), wors­
ens the deeper one attempts to focus. DR can 
be tens of microns. 
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(b) sample. The focal blurring becomes worse the deeper one attempts to focus (DR2>DR1), and the confocal aperture is only partially effective in maintaining the depth resolution of the instru­ment. 24 The problem is most pro­nounced with high power objectives (just the situation with a typical Raman microscope). The problem arises be­cause almost all commercial Raman mi­croscopes are sold with metallurgical objectives designed to focus onto the surface of an opaque sample. They are not corrected for the aberrations that occur when focusing into a transparent sample. The problem can be minimized either by using an objective that is de­signed to function when focusing through an overlayer of transparent ma­terial, such as an oil immersion objec­tive,23·25 or by using a dry objective that is corrected for a cover slip,26 and manymore researchers are now aware of the problem and are taking steps to mini­mize it. However, the worker who is new to the field should be aware that there are many papers in the literature that ignore this effect, and contain depth profiles where the depth axis might be incorrect by a factor of two or 
42 August 2005 more, and where the claimed depth res­olution is grossly overestimated. Fur­thermore, one can still find modem pa­pers that claim that a confocal Raman microscope is capable of selectively ana­lyzing 1 µm3 of material inside a trans­parent sample, and this is generally in­correct. A recent two-part article has summa­rized the key issues that arise with axial confocal Raman depth profiling with a metallurgical objective.27·28 The mainpoints are: • With a typical high power micro­scope objective, the laser focus lies deeper than you think; typically by a factor of N2. • Spherical aberration spreads thelaser field over a considerable distance along the axis; the depth resolution is degraded, and gets worse as one focuses deeper. • Depending on the position of aburied feature, its apparent thickness ( according to the raw intensity-depth profile) can be underestimated, overes­timated, or about right, depending on the interplay between the position of the laser focus and the changing depth resolution. • The effects can be modeled usingmodels of varying degree of complexity, but this is time-consuming and de­mands quite a lot of knowledge of the sample structure beforehand, especially the refractive index of different layers. Modeling data from a completely un­known sample would be difficult. • Using a corrected objective ( e.g.,oil immersion) can signifi-cantly reduce the problems spatial resolution simply because the laser waist w0 is always smaller than the focal length (rcw//'A). The exception to this rule would be where mechaniq1.l sectioning will disturb the structure of interest. Figures 5 and 6 illustrate these points. Figure 5 shows how the apparent thickness of a thin layer is much greater when it is on the bottom of a sample rather than the top, due to the greater blurring of the laser focus with increas­ing depth. A laminate consisting of a 

N 10 µm layer of PEN [poly( ethylene­naphthoate)] on a 180 µm PET film was used to demonstrate the effect. When the laser was focused directly onto the PEN, its apparent thickness was N Sµm, but this increased to N18 µm when the laser was focused through the PET substrate onto the PEN. Therefore, the perceived thickness of an object clearly depends on its depth be­low the sample surface. Figure 6 shows another experiment designed to test which configuration has the best spatial resolution, by meas­uring the apparent thickness of a sharp interface between two polymers. Raman data was taken through the interface be­tween a 20 µm layer of PE on a 100 µm PET substrate. Clearly the spatial resolu­tion, as judged from the rate of change of the PE signal on moving through the boundary, was better (by a factor of two) using lateral scanning of a cross­sectioned sample. The resolution of configuration (b) will be further wors­ened the thicker the top layer is, as demonstrated in Figure 5. and yield more easily inter­pretable depth profiles. In my experience, axial profiling with a metallurgical objective is more likely to re­sult in a depth resolution of 5-10 µm or worse, ratherthan the 1 µm often claimedin the literature. Further­more, it is arguable that ifone has the choice, mechani­cal sectioning and lateralscanning is preferable, sinceone knows exactly where oneis focused without the needfor complex modeling or spe­cial objectives. Even if onecould eliminate all of theaberrations associated withaxial profiling, lateral scan­ning will always have a better Figure 5-A simple demonstration of the degradation of 
confocal Raman depth resolution with increasing sampling 
depth. The same layer appears to be much thicker when one 
focuses through a thick polymer substrate (ii) rather than 
directly on the coating layer (i). 
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Figure 6-A comparison of the resolution of lateral and ax­
ial configurations by scanning through a PE-PET interface. 
The PE layer was ~20 µm thick. The lateral scanning resolu­
tion (a) was twice as good as that of axial scanning (b). The 
axial resolution will worsen as the over-layer thickness in­
creases (see Figure 5). 

Figure 7-The surface specificity of confocal Raman mi­
croscopy illustrated by a spectrum of a 2 µm layer of PVDC 
on a polyester substrate, compared with a spectrum of the 
pure polyester. Strong features due to the substrate are 
clearly present in the coating spectrum, which shows that 
the surface specificity is somewhat worse than 2 µm. The 
PVDC bands are marked with asterisks. 
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Axial Displacement I'. (µm) Despite these problems, the experi­mental simplicity of the confocal ap­proach remains a significant attraction. If one chooses to use this method, then ideally one should minimize the aberra­tions-for example, by using an immer­sion objective. This can also enable the acquisition of data from subsurface re­gions of opaque samples, provided the material is porous. This is because im­mersion oil can penetrate into the pores, and wet-out the discontinuities in refractive index which cause turbid­ity. Vyorykka et al. showed how an im­mersion objective permitted data acqui­sition from deep within papers and polymers with opaque coatings.29 Ifspherical aberration cannot be avoided, then a numerical correction should be applied to the depth scale to account for the shift of the laser focus deeper into the sample. The effect of the change in the depth resolution can be minimized by normalizing the Raman band intensities using a reference band that is approximately invariant. For ex­ample, if one were monitoring diffusion of a surface-treatment into a polymer, the apparent intensity of the dopant band could be normalized using a poly­mer band. The use of normalization has been discussed by other workers30 and offers some promise, although it obvi­ously requires presence of a band that is invariant throughout the coat thickness, and this simply is not available in some cases ( e.g., a laminate with chemically distinct layers). 
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It is worth pointing out that, even in the absence of spherical aberration, the notion that confocal Raman microscopy has a depth resolution of Nl µm is in­correct. This is because some light from either side of the laser focal volume will be transmitted to the detector, particu­larly the light that runs very close to the optical axis of the system (line labeled "A" in Figure 2). This means that when focusing directly onto the surface of a sample, spectral features can be detected from several microns below the surface, and this is true even for confocal Raman microscopy. To illustrate this point, Figure 7 shows the spectrum of a 2 µm coating of PVDC [poly(vinylidene chlo­ride)] on a polyester substrate, com­pared with a spectrum of the polyester alone. The PVDC bands are marked with an asterisk. Conventional wisdom implies that a pure spectrum of PVDC should be expected, but this is not found; the polyester bands are substan­tial. In fact, if one has a coating that is a weak Raman scatterer on a strongly Raman active substrate, one can find that the substrate signal can dominate even when the coating is thick ( 10 µm or more). In short, it can be very diffi­cult to obtain a pure Raman spectrum of a coating using the confocal configu­ration. The data shown in Figure 7 clearly il­lustrate the fact that, in general, Raman spectroscopy is far less surface-specific than IR spectroscopy. It is trivial to ob- tain a pure FTIR spectrum of the surface 1 µm of a material using an inexpensive FTIR spectrometer and an internal re­flection accessory, 1 but a confocal Raman microscope that is an order of magnitude more expensive cannot ap­proach this degree of surface specificity. 
Improving Surface Spedfidty: 
Total Internal Reflection (TIR) 

Raman Spectroscopy With infrared internal reflection spectroscopy, a beam of light suffers to­tal internal reflection at the base of a high refractive index, infrared-transpar­ent optical prism. 1 In this configuration, an evanescent wave extends a short dis­tance beyond the prism and can pene­trate into a sample placed on its surface. Similarly, if a laser beam, rather than in­frared light, is made to suffer total inter­nal reflection, it is possible to generate Raman scatter from the surface of a sample in contact with the prism (FigureSa). Raman scattering from evanescent waves was first demonstrated by Ikeshoji et al.31 In principle, internal re­flection Raman spectroscopy should have even greater surface specificity than internal-reflection infrared spectroscopy, because the penetration depth of the evanescent light is proportional to its wavelength. Submicron specificity should therefore be readily attainable for TIR-Raman spectroscopy. Greene and Bain have shown how TIR-Raman August 2005 43 
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