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ABSTRACT: Several applications of Raman spectroscopy in the
forensic sciences have recently been demonstrated, but few have in-
volved the analysis of paints. Undoubtedly, this is a reflection of the
sample degradation problems often encountered when a visible or
near-infrared laser is focused on a light-absorbing matrix. In this
study, a dispersive CCD Raman spectrometer (785 nm) was used in
a configuration which collected scattered light from an excitation
region 3 mm long and 80 �m wide, instead of from a focused spot.
Sample degradation was not observed, and Raman spectra of auto-
motive paints of all colors were readily obtained. Most of the paints
analyzed were U.S. automobile original finishes (1974 to 1989)
from the Reference Collection of Automotive Paints, and the inor-
ganic pigments examined were those which had been identified pre-
viously by infrared spectroscopy in finishes from this collection.

Prominent peaks of rutile were observed in Raman spectra of
light-colored nonmetallic finishes for both monocoats and
basecoat/clearcoat systems, and the rutile peaks are readily distin-
guished from those of anatase. The lead chromates (Chrome Yel-
low, Molybdate Orange, and silica-encapsulated versions of the
two) are the strongest Raman scatterers among the pigments exam-
ined, and Chrome Yellow was identified by Raman spectroscopy in
several yellow and orange nonmetallic monocoats for which in-
frared absorptions of this pigment were not observed. Raman spec-
troscopy also provides an unequivocal means to distinguish Chrome
Yellow from Molybdate Orange. This is particularly helpful for the
analysis of paints containing light pigment loads or encapsulated
pigments since the two formulations cannot be differentiated by in-
frared spectroscopy in such cases. The iron-containing pigments,
ferric oxide, hydrous ferric oxide, and Prussian Blue, are relatively
weak Raman scatterers, but peaks of hydrous ferric oxide and Prus-
sian Blue were observed in spectra of paints containing heavy pig-
ment loads. Because no sample preparation is required, Raman
spectroscopy provides an excellent means to rapidly screen refer-
ence panels for the presence of certain pigments, and some exam-
ples of the differences in Raman spectra which occur for paints hav-
ing similar colors are presented.

KEYWORDS: forensic science, criminalistics, paint analysis, au-
tomotive paint, pigment identification, Raman spectroscopy, inor-
ganic pigments

Raman spectroscopy has considerable potential as a means to as-
sist the forensic paint analyst in identifying some of the compo-
nents of a paint, particularly when it is used in conjunction with in-
frared spectroscopy. Both of these spectroscopic techniques
provide information about molecular vibrational transitions, but
they occur by separate processes and are governed by different se-
lection rules: for infrared absorption, a change in the dipole mo-
ment of a molecule must occur for a particular normal mode of vi-
bration, while Raman scattering requires a change in the
polarizability of a molecule. For some very symmetric molecules,
there is mutual exclusivity—the transitions which are observed in
infrared spectra are not observed in Raman spectra and vice versa.
In general, the symmetric vibrations of a molecule, which are fre-
quently infrared inactive or produce only weak infrared absorp-
tions, often give rise to prominent Raman peaks. Some inorganic
compounds are strong Raman scatterers because of the large
changes in polarizabilities which occur for their vibrations. In cer-
tain cases where the Raman excitation energy can be absorbed by
the analyte, a resonance enhancement effect might also occur for
some of the vibrations associated with the chromophore of the
molecule.

Because of the differences between the two methods and the wide
range of Raman scattering cross sections which occur for various
types of compounds, Raman data for complex mixtures may serve
to help identify some components not detected by infrared spec-
troscopy. This may be particularly true for paints since they consist
of a composite of binders, light-absorbing pigments, pigments used
to produce opacity or other optical effects, and additives; with the
exception of binders, these can include both inorganic and organic
compounds having a wide range of concentrations.

The differences between the infrared and Raman spectra of paints
are likely to be the most pronounced when certain pigments are pre-
sent. Inorganic pigments may be comprised of elements or ions hav-
ing a wide range of atomic numbers, which affect polarizabilities.
The infrared absorptions of inorganic pigments are generally broad,
whereas Raman peaks of inorganic compounds are usually narrow.
Some organic pigments may have relatively large Raman scattering
cross sections because they contain aromatic/highly-conjugated
moieties having high molecular symmetries. When pronounced res-
onance enhancement effects occur for pigments, their Raman peaks
might be readily observed even when the pigments are present in
very low concentrations.

Despite these promising characteristics and features, only a few
applications of Raman spectroscopy for forensic paint examina-
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tions have been reported (1–3), although this method has been used
for the analysis of several other types of evidence (4–25). This
paucity undoubtedly reflects the difficulties encountered when a
visible or near-infrared laser beam is focused on a light-absorbing
matrix. Thermal destruction of the sample often occurs, or strong
fluorescence, produced either by pigments or other paint compo-
nents, may overwhelm the weaker Raman scattering peaks.

To minimize fluorescence, most of the recent Raman studies of
paint have used Fourier transform (FT) Raman instruments, which
use near-infrared excitation. Kuptsov (2) presented FT Raman data
for some inorganic pigments and alkyds resins, but indicated that
for actual paints, the method is usually limited to lighter colors
(whites and yellows). Massonnet and Stoecklein (3) were able to
obtain FT Raman data for some yellow, orange, and red organic
pigments used in automotive paints, along with spectra of some red
finishes which contain these pigments. Data for automotive paints
of other colors were not presented, however, and these authors re-
ported thermal degradation problems with blue and green phthalo-
cyanine pigments. Massonnet and Stoecklein noted that the Raman
spectra of the finishes were dominated by pigment peaks, as was
observed in some other recent Raman studies involving non-auto-
motive paints (26–31).

The intensity of Raman scattering is proportional to the fourth
power of the frequency of scattered light. Consequently, FT Raman
instruments, with their near-infrared lasers, require higher power
levels than instruments employing visible lasers. In addition, the
near-infrared detectors used with FT Raman spectrometers are less
sensitive than the charge-coupled device (CCD) array detectors
which are used with visible excitation instruments. The use of min-
imal laser power levels was particularly desirable in this study be-
cause automotive paints typically contain heavier loads of color-
imparting pigments than most other types of coatings. A dispersive
CCD Raman spectrometer equipped with a visible laser (785 nm)
was therefore used, and this instrument was additionally operated
in a collection mode which produced an excitation area consisting
of a line segment rather than a focused spot. This resulted in much
lower power density levels directed onto the sample surface, and
Raman spectra of automotive finishes of all colors were readily ob-
tained.

The paints examined in this study included U.S. automobile
original (OEM) finishes (1974 to 1989) from the Reference Col-
lection of Automotive Paints, more recent finishes obtained from
some paint manufacturers, and paints removed from vehicles. The
inorganic pigments examined were those previously identified by
infrared spectroscopy in finishes from the Reference Collection of
Automotive Paints (32,33). Because Raman data are complemen-
tary to infrared data, infrared spectra (4000 to 220 cm�1) are also
presented for the pigments and paints discussed in this work, and
the features of both spectra are compared and contrasted.

Experimental

Raman Analyses

Raman spectra were acquired using a Chromex Raman 2000
spectrometer equipped with a 785 nm solid state diode laser.
Rayleigh scattered radiation was removed with a thin-film dielec-
tric edge filter, and the Stokes scattered radiation having Raman
shifts between 3317 and 160 cm�1 was collected at a spectral band-
width of 10 cm�1. The instrument uses a single grating and the de-
tector is a thermoelectrically cooled CCD system consisting of a
1024 by 256 array of pixels. The spectrometer is configured with
both a microscope attachment and a macro sampling chamber, and

the latter was used for all analyses. Two sample excitation modes,
consisting of a spot focus and a line segment focus, are available.
Using the macro chamber, the spot focus illuminates an area 80 �m
in diameter, while the line segment focus illuminates a segment 3
mm long and 80 �m wide. The energy density (energy/area) pro-
duced by the line segment excitation is approximately 2% of the
spot focus, and the line segment excitation mode was used for all
analyses.

Automotive paint panels and paint chips were analyzed directly
with no sample preparation by placing them horizontally in the
macro chamber. Pigments powders were analyzed neat by placing
them on a glass slide wrapped with aluminum foil; the powders
were compressed with a second glass slide to form a flat surface.
Laser power levels between 30 and 60 mW (at the sample) were
used for all of the paints and pigments. Total collection times for
most samples were between 10 and 60 s.

Grams32® software was used for data collection and preliminary
data processing. Spectral data were then converted to JCAMP files
and imported to Spectra Calc®, which was used for further mathe-
matical processing and for preparation of data presentation for-
mats. Currently, there is no convention regarding the direction of
the abscissa scale for presentation of Raman data. All of the Raman
spectra presented in this work are depicted together with infrared
data, so both are shown with Raman shifts/frequencies decreasing
from left to right, as is normally used for infrared data.

Infrared Analyses

Infrared spectra were acquired at a resolution of 4 cm�1 using an
extended range (4000 to 220 cm�1) Digilab FTS-7 Fourier trans-
form infrared (FT-IR) spectrometer. Paint samples were analyzed
as thin slices placed over a 1 mm diameter circular aperture in a
metal disk, which was mounted in a Digilab 5X beam condenser,
and 1000 scans were collected. Spectra of pigments were acquired
using a low pressure diamond anvil cell (DAC) mounted in the 5X
beam condenser. Pigment powders were ground with excess CsI,
and this mixture was then either pressed onto a single anvil of the
DAC (34,35) or pressed between both anvils. Reference spectra
were obtained of CsI pressed onto the same single anvil, or pressed
between both anvils, and 1000 scans were collected for both refer-
ences and samples. Spectral processing functions were performed
using Spectra Calc software. More details regarding the FT-IR
spectrometer, the instrument parameters used for data collection,
the paint and pigment sample preparation techniques, and spectral
processing are presented elsewhere (33).

Automotive Paints and Pigments

Most of the paints analyzed in this study consisted of panels
from the Reference Collection of Automotive Paints (Collaborative
Testing Services, Inc., Herndon, Virginia); the cited colors of these
paints are based on the classification system used in this collection.
Both monocoats and basecoat/clearcoat finishes were examined
and they will be referred to by their seven or nine character identi-
fication codes, which are described elsewhere (32,36). Panels of
original finishes used on more recent vehicles were obtained from
BASF, DuPont, PPG, and Mazda, while other samples were re-
moved from salvage vehicles.

The pigments which were examined in this study included rutile,
anatase, Chrome Yellow, Molybdate Orange, silica-encapsulated
Molybdate Orange, diatomaceous silica, synthetic silica, ferric ox-
ide, hydrous ferric oxide, and Prussian Blue. They are all described
elsewhere (32,33).
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Results and Discussion

Infrared and Raman spectra of paints containing various pig-
ments are presented in this work, but the details of the identifica-
tion of these pigments based on their infrared absorptions are pre-
sented elsewhere (32,33,37–40). Although organic pigments are
not the focus of this paper, absorptions of a few of these are ob-
served in some of the infrared spectra and their presence is noted to
facilitate comparisons to Raman spectra.

Instrument Response Function and Spectral Corrections

The instrument response function of the spectrometer used
in this study is depicted in Fig. 1f. Ideally, this function is pro-
duced by measuring the spectrum of a white light source having
a constant intensity output for the spectral region of interest (for
an excitation wavelength of 785 nm, the Stokes Raman shifts
from 160 to 3317 cm�1 correspond to near-infrared radiation be-
tween 795 and 1061 nm). Such a source was not available, so
the light of an incandescent lamp was used to produce Fig. 1f.
The decrease in this function for high Raman shifts reflects the in-
sensitivity of the CCD detector to near-infrared radiation, while
the drop-off for low Raman shifts is caused by the filter system
used to remove the Rayleigh line. This filter system, which is
based on interference effects, also produces the sinusoidal fringes
of Fig. 1f.

To obtain Raman spectra having relative peak intensities that
are not dependent on the detection efficiency of the instrument,
acquired data can be divided by the instrument response function
to give normalized spectra. In the absence of a fluorescence back-
ground, this simply serves to alter the relative peak intensities.
When a strong fluorescence background occurs, as observed for
the paint spectrum depicted in Fig. 1c, fringes caused by the fil-
ter are present, which can make interpretation of data more diffi-
cult. For such cases, an instrument correction is necessary to re-
move the fringes and the resulting spectral contour represents the
shape of the fluorescence band (which may have sharper Raman
peaks superimposed on it). The normalized spectrum of Fig. 1d,
for example, was obtained by dividing the uncorrected spectrum
(Fig. 1c) by the instrument response function (Fig. 1f); the appar-
ent rise in the baseline of this normalized spectrum above 2800
cm�1 is an artifact resulting from the nonlinear output of the lamp
used to produce Fig. 1f. For the various spectra presented in this
study, instrument corrections were only used when a pronounced
fluorescence background was observed, and these spectra are de-
noted as “normalized.”

Rutile

Rutile, the polymorph of titanium dioxide most often used in
paints, has an infrared spectrum consisting of a very broad low fre-
quency absorption having two shoulder features (Fig. 2g). In con-
trast, the Raman spectrum of rutile (Fig. 2d) has two relatively nar-
row peaks at 613 and 451 cm�1 and is easily distinguished from
that of anatase (Fig. 2e), a second polymorph of titanium dioxide
that may also be used in paints (the infrared spectrum of anatase is
shown in Fig. 2f). Strong absorptions of rutile are observed in in-
frared spectra of all of the white nonmetallic monocoats in the Ref-
erence Collection of Automotive Paints (33), as illustrated by the
spectrum of DC82A0466 (Fig. 2a), an acrylic melamine enamel.
The Raman spectrum of DC82A0466 (Fig. 2b) is comprised pri-
marily of rutile peaks and only very weak binder features, includ-
ing three peaks at 1449, 1002, and 980 cm�1, are observed. The

1002 and 980 cm�1 peaks have previously been assigned to ring
expansion modes of the phenyl group of styrene and the triazine
ring of melamine, respectively (2).

The Raman spectrum of CC77A0364, a white nonmetallic
basecoat/clearcoat finish which has acrylic melamine enamel
binders for both the basecoat and the clearcoat layers, is depicted in
Fig. 1c. Other than relative increases in the weak binder peak in-
tensities and fluorescence, results similar to those of the monocoat
are obtained. It is thus evident that pigments in basecoats can be
readily analyzed through clearcoats since the clearcoat layer is a
weakly-scattering medium.

Lead Chromate Pigments

The two main lead chromate pigments used in automotive fin-
ishes are Chrome Yellow (PbCrO4 · xPbSO4) and Molybdate Or-
ange (PbCrO4 · xPbMoO4 · yPbSO4). Both consist of solid solutions
containing mostly lead chromate together with some other lead
salts. Lead chromate pigments are no longer used in U.S. automo-
bile OEM finishes, having last been used (33) in the early 1990s
(and mostly phased-out in the 1980s), but they continued to be used
in automotive paints in Europe (3).

Chrome Yellow—Infrared and Raman spectra of Chrome Yel-
low are shown in Figs. 3f and 3d, respectively. Two relatively nar-
row peaks at 843 and 365 cm�1 are observed in the Raman spec-
trum, together with a very weak peak at 406 cm�1. Infrared and
Raman spectra of a yellow nonmetallic monocoat (NN78H0476),
which contains a heavy pigment load of Chrome Yellow, are de-
picted in Figs. 3b and 3c. As observed for white paints, the Raman
spectrum of this monocoat is primarily that of the pigment;
NN78H0476 has an acrylic melamine enamel binder, but the
binder peaks are very weak in Fig. 3c.

The infrared spectrum of a second yellow nonmetallic acrylic
melamine enamel monocoat, DC76H0043, is shown in Fig. 3a.
This monocoat contains a large amount of rutile and what is likely
a lead chromate pigment based on the weak broad feature at 868
cm�1. The Raman spectrum of DC76H0043 (Fig. 3e) clearly indi-
cates the presence of both Chrome Yellow and rutile. Moreover,
the main Chrome Yellow peak at 841 cm�1 is nearly as intense as
that of the rutile peaks, even though the infrared spectrum suggests
that much more rutile than Chrome Yellow is present.

Chrome Yellow is thus a relatively strong Raman scatterer, and
this pigment was identified by Raman spectroscopy in several Ref-
erence Collection of Automotive Paints yellow and orange non-
metallic monocoats for which infrared absorptions of Chrome Yel-
low were not observed. Raman spectroscopy is therefore
particularly helpful for the analysis of paints having infrared spec-
tra which do not provide a clear indication of whether a lead chro-
mate pigment is present or not. The infrared spectrum of one of
these paints, a yellow nonmetallic acrylic melamine enamel mono-
coat (74H0117), is shown in Fig. 4c. The weak 851 cm�1 peak of
74H0117 does not appear to be that of a lead chromate pigment be-
cause of its low frequency and relative sharpness, but the Raman
spectrum of this finish (Fig. 4d) shows clearly that Chrome Yellow
is present.

Molybdate Orange—Infrared and Raman spectra of Molybdate
Orange are depicted in Figs. 5a and 5d, respectively. The Raman
spectrum of Molybdate Orange is similar to that of Chrome Yellow
(Fig. 5h), but the two can be distinguished based on the Raman shift
of the strongest peak (826 versus 843 cm�1), the 360/346 cm�1
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FIG. 1—(a) Infrared spectrum of ferric oxide; (b) infrared spectrum of a red nonmetallic acrylic melamine enamel monocoat, FN86 1055, which con-
tains a relatively large amount of ferric oxide; (c) Raman spectrum of FN86 1055, uncorrected; (d) normalized Raman spectrum of FN86 1055 (the spec-
trum of (c) was divided by the spectrum of (f)); (e) Raman spectrum of ferric oxide; and (f) Raman spectrum of a lamp used to approximate a source hav-
ing a linear emission output for the range covered by the instrument.
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FIG. 2—(a) Infrared spectrum of a white nonmetallic acrylic melamine enamel monocoat, DC82A0466, which contains a large amount of rutile; (b) Ra-
man spectrum of DC82A0466; (c) Raman spectrum of CC77A0364, a white nonmetallic basecoat/clearcoat finish; both the basecoat and the clearcoat lay-
ers have acrylic melamine enamel binders and the basecoat contains a large amount of rutile; (d) Raman spectrum of rutile; (e) Raman spectrum of
anatase; (f) infrared spectrum of anatase; and (g) infrared spectrum of rutile.
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FIG. 3—(a) Infrared spectrum of a yellow nonmetallic acrylic melamine enamel monocoat, DC76H0043, which contains a large amount of rutile and a
small amount of Chrome Yellow (the Chrome Yellow absorption is marked with its frequency); (b) infrared spectrum of a yellow nonmetallic acrylic
melamine enamel monocoat, NN78H0476, which contains a large amount of Chrome Yellow; (c) Raman spectrum of NN78H0476; (d) Raman spectrum of
Chrome Yellow; (e) Raman spectrum of DC76H0043; (f) infrared spectrum of Chrome Yellow; and (g) Raman spectrum of rutile.
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FIG. 4—(a) Infrared spectrum of hydrous ferric oxide; (b) infrared spectrum of a yellow nonmetallic acrylic melamine enamel monocoat, CC76H0036,
which contains large amounts of rutile and hydrous ferric oxide; (c) infrared spectrum of a yellow nonmetallic acrylic melamine enamel monocoat,
74H0117, which contains a large amount of hydrous ferric oxide, some rutile, and a small amount of Chrome Yellow; (d) Raman spectrum of 74H0117;
(e) Raman spectrum CC76H0036; (f) Raman spectrum of hydrous ferric oxide; (g) Raman spectrum of rutile; and (h) Raman spectrum of Chrome Yellow.
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FIG. 5—(a) Infrared spectrum of Molybdate Orange; (b) infrared spectrum of a red nonmetallic acrylic melamine enamel monocoat, KN79E0533, which
contains a relatively large amount of Molybdate Orange; (c) Raman spectrum of KN79E0533; (d) Raman spectrum of Molybdate Orange; (e) infrared
spectrum of a red nonmetallic acrylic lacquer monocoat, NA76E0076, which contains small amounts Molybdate Orange, Quinacridone Red Y, and ferric
oxide; (f) normalized Raman spectrum of NA76E0076; (g) uncorrected Raman spectrum of NA760076; and (h) Raman spectrum of Chrome Yellow.
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doublet of Molybdate Orange, and the weak 406 cm�1 peak of
Chrome Yellow.

Infrared and Raman spectra of KN79E0533, a red nonmetallic
acrylic melamine enamel monocoat that contains a large amount of
Molybdate Orange, are shown in Figs. 5b and 5c. As observed for
the example involving a heavy pigment load of Chrome Yellow
(Fig. 3c), the Raman spectrum of KN79E0533 is essentially that of
the pigment.

The infrared spectrum of a red nonmetallic acrylic lacquer
monocoat (NA76E0076), which contains small amounts of
Quinacridone Red Y, ferric oxide, and a lead chromate pigment, is
depicted in Fig. 5e. The Raman spectrum of this monocoat (Fig.
5g) has a strong fluorescence background, and this spectrum was
normalized to give the result shown in Fig. 5f. Peaks of Molybdate
Orange can now be seen superimposed on the fluorescence con-
tour, and although they are weak, they can be distinguished from
those of Chrome Yellow (Fig. 5h).

Raman spectroscopy thus provides an excellent means to differ-
entiate between Chrome Yellow and Molybdate Orange in paints
containing light pigment loads, or for paints with infrared spectra
having interfering absorptions of binders or other pigments present.
With light pigment loads, the infrared absorptions of Chrome Yel-
low and Molybdate Orange both consist of a single fairly broad in-
distinct feature between 870 and 855 cm�1 (see Figs. 3a and 5e),
and the two are not easily differentiated. In contrast, the Raman
spectra of such paints allow a distinction even when the observed
peaks have low intensities.

Infrared spectra of some acrylic melamine enamel monocoats
also have weak absorptions near 870 cm�1, as observed for
DC82A0466 (Fig. 2a), DC82E0617 (Fig. 6b), and NC84 0830 (Fig.
7b), but these are not from pigments. Lead chromate absorptions are
usually broader, as observed for the spectrum of KC80E0617 (Fig.
6a), another monocoat which has the same color as DC82E0617.
This is a subtle distinction, however, and the two absorptions can be
easily confused. In contrast, the Raman spectra of KC80E0617 (Fig.
6d) and DC82E0617 (Fig. 6e) indicate clearly that the former con-
tains Molybdate Orange and that the latter does not contain a lead
chromate pigment. Note that Molybdate Orange can be identified
from Fig. 6d even though the low frequency doublet of this pigment
is partially obscured by a peak of an organic pigment.

Massonnet and Stoecklein (3) obtained a Molybdate Orange
spectrum similar to Fig. 5d using an FT Raman instrument. These
authors identified Molybdate Orange peaks in Raman spectra of 5
of 27 light red nonmetallic finishes, and 10 of 27 dark red non-
metallic finishes used on European vehicles spanning the model
years 1988 to 1995. As was observed for red nonmetallic mono-
coats (33) used on U.S. automobiles (1974 to 1989), Molybdate Or-
ange was also a common pigment for European vehicles. In addi-
tion, it was used for some European models manufactured after
formulations involving lead-containing pigments were discontin-
ued in the United States.

Silica-Encapsulated Lead Chromate Pigments—Some of the
lead chromate pigments used in automotive paints were encapsu-
lated with a layer of silica to minimize the possibility of a reaction
between the chromates (which are oxidants) and paint binders. The
infrared spectra of these pigments, such as that of silica-encapsu-
lated Molybdate Orange (Fig. 8a), have strong absorptions of silica
(compare Figs. 8a and 9g). Silica is a weak Raman scatterer, how-
ever, and a comparison of the Raman spectra of Molybdate Orange
(Fig. 8g) and silica-encapsulated Molybdate Orange (Fig. 8f) indi-
cates that they are virtually identical, with no apparent peaks of sil-

ica present. Some formulation information about the lead chromate
pigments is thus not obtained with Raman spectroscopy, but this in-
formation can usually be deduced from infrared spectra when
heavy pigment loads of encapsulated pigments are present. The ab-
sorptions of silica are quite evident, for example, in the infrared
spectra of the two orange nonmetallic acrylic lacquer monocoats
74G0070 (Fig. 8b) and DA75G0189 (Fig. 8c).

Because the silica coating has little influence on the Raman
spectra of the encapsulated lead chromates, this can be of benefit
when interpreting data. The infrared absorptions of Chrome Yel-
low and Molybdate Orange in paint spectra can usually be distin-
guished when large quantities of the pigments are present (compare
Figs. 3f, 3b, 5a, and 5b), but this is not the case for the encapsulated
versions. The details of the main chromate absorption are mostly
lost with encapsulation, and it is not clear, for example, which lead
chromate pigment is present in DA75G0189 or 74G0070 based on
their infrared spectra. The Raman spectra of DA75G0189 (Fig. 8d)
and 74G0070 (Fig. 8e uncorrected, Fig. 8h normalized), however,
clearly indicate that DA75G0189 contains (silica-encapsulated)
Molybdate Orange and 74G0070 contains (silica-encapsulated)
Chrome Yellow. The low Raman shift shoulders of the 840 and 363
cm�1 peaks of Fig. 8e (compare to Fig. 5h) further suggest that a
lesser amount of Molybdate Orange may also present in 74G0070
(which is not unexpected for this orange paint since Molybdate Or-
ange has a very red shade). This can be confirmed using elemental
analysis, but such detailed pigment formulation information cannot
be easily deduced from the broad chromate infrared absorption.

High Resolution Data—Chrome Yellow, Molybdate Orange,
and some monocoats which contain heavy pigment loads of the two
pigments were also analyzed using a higher spectral resolution (this
was not used for routine analysis since this limits the spectral range
of the instrument). The range of the instrument was also adjusted to
allow the collection of data having lower Raman shifts. For resolu-
tions of approximately 4 cm�1 or higher, the Chrome Yellow 365
cm�1 peak (Fig. 5h) was resolved into a main peak at 359 cm�1

with satellite peaks at 328, 339, and 377 cm�1, and a lower Raman
shift peak at 135 cm�1 was observed. For Molybdate Orange (Fig.
5d), a shoulder peak at 377 cm�1 was resolved and a lower Raman
shift peak at 151 cm�1 was seen. The resolved pigment features
were also observed in spectra of the monocoats. When high laser
power levels were used, the Molybdate Orange 360/346 cm�1 dou-
blet (377/360/346 cm�1 for higher resolutions) coalesced into a
single unresolved band, and this was observed for spectra of both
the neat pigment and monocoats containing various levels of the
pigment. This likely arises from laser heating, as this effect gener-
ally causes band broadening in Raman spectra (41).

Diatomaceous Silica and Synthetic Silica

The use of large amounts of silica in automotive paints is much
more common for undercoats (42) than for finish layers, but di-
atomaceous silica and synthetic silica were identified in a few U.S.
automobile (1974 to 1989) OEM black nonmetallic monocoats
(33). The two were used as flatting agents in these particular paints,
which have semigloss or eggshell finishes. Infrared spectra of two
of these monocoats, DC83 1031 and KC83 1031, are presented in
Figs. 9b and 9h, respectively. DC83 1031 contains diatomaceous
silica (Fig. 9a) and KC83 1031 contains synthetic silica (Fig. 9g).

The Raman spectra of DC83 1031 and KC83 1031 are shown in
Figs. 9c and 9e, respectively, together with Raman spectra of di-
atomaceous silica (Fig. 9d) and synthetic silica (Fig. 9f). As noted,
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FIG. 6—Infrared spectra of three red nonmetallic acrylic melamine enamel monocoats of Reference Collection of Automotive Paints color 0617: (a)
KC80E0617; (b) DC82E0617; and (c) AC81E0617; all three monocoats contain ferric oxide, and KC80E0617 and AC81E0617 also contain small amounts
of Molybdate Orange and Quinacridone Violet, respectively. Normalized Raman spectra of the three monocoats: (d) KC80E0617; (e) DC82E0617; and
(f) AC81E0617.
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FIG. 7—(a) Infrared spectrum of Prussian Blue; (b) infrared spectrum of a dark blue nonmetallic acrylic melamine enamel monocoat, NC84 0830, which
contains a large amount of Prussian Blue; (c) infrared spectrum of a dark blue nonmetallic acrylic melamine enamel monocoat, KN82L0830, which con-
tains a small amount of Prussian Blue; this monocoat has the same Reference Collection of Automotive Paints color as NC84 0830; (d) Raman spectrum
of KN82L0830; (e) normalized Raman spectrum of NC84 0830; and (f) normalized Raman spectrum of Prussian Blue.
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FIG. 8—(a) Infrared spectrum of silica-encapsulated Molybdate Orange; (b) infrared spectrum of an orange nonmetallic acrylic lacquer monocoat,
74G0070, which contains a large amount of silica-encapsulated Chrome Yellow; silica-encapsulated Molybdate Orange is likely also present; (c) infrared
spectrum of a second orange nonmetallic acrylic lacquer monocoat, DA75G0189, which contains a large amount of silica-encapsulated Molybdate Or-
ange; (d) normalized Raman spectrum of DA75G0189; (e) uncorrected Raman spectrum of 74G0070; (f) Raman spectrum of silica-encapsulated Molyb-
date Orange; (g) Raman spectrum of Molybdate Orange; and (h) normalized Raman spectrum of 74G0070.
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FIG. 9—(a) Infrared spectrum of diatomaceous silica; (b) infrared spectrum of a black nonmetallic acrylic melamine enamel monocoat, DC83 1031,
which contains diatomaceous silica; (c) Raman spectrum of DC83 1031; (d) Raman spectrum of diatomaceous silica; (e) Raman spectrum of KC83 1031,
a black nonmetallic acrylic melamine enamel monocoat which contains synthetic silica; (f) Raman spectrum of synthetic silica; (g) infrared spectrum of
synthetic silica; and (h) infrared spectrum of KC83 1031.
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silica is a weak Raman scatterer (which is one of the reasons ob-
jects in glass containers can often be analyzed intact using Raman
spectroscopy), and all four spectra consist primarily of the broad
fluorescence band of silica. The very weak sharp peaks at 2320
cm�1 in the spectra of the paints (Figs. 9c and 9e) are from atmo-
spheric nitrogen; they appear in these particular spectra because
longer collection times (1000 sec) were used. Because the silica
pigments are such weak Raman scatterers, infrared spectroscopy is
clearly the method of choice when considering vibrational spectro-
scopic techniques to identify these extender pigments.

Iron-Containing Pigments

Three iron-containing pigments, ferric oxide (Fe2O3), hydrous fer-
ric oxide (FeO�OH), and Prussian Blue (Fe4[Fe(CN)6]3), may be
found in automotive paints. For U.S. automobile (1974 to 1989)
OEM monocoats, ferric oxide (rust colored), and hydrous ferric ox-
ide (yellow) were very common pigments used in nonmetallic and
metallic finishes having a wide range of colors (33), while Prussian
Blue was used primarily to create a dark blue shade in some non-
metallic finishes (32). Ferric oxide and hydrous ferric oxide continue
to be widely used in automotive paints. Formulations involving Prus-
sian Blue have been mostly discontinued for U.S. automobile OEM
finishes, although they are still used for refinishes (personal commu-
nication, DuPont Automotive Products, July 1999). The iron-con-
taining pigments are relatively weak Raman scatterers, although they
are stronger scatterers than the silica pigments.

Ferric Oxide—Infrared spectra of ferric oxide and FN86 1055, a
red nonmetallic acrylic melamine enamel monocoat that contains a
relatively large amount of this pigment, are depicted in Figs. 1a and
1b, respectively. Raman spectra of ferric oxide and FN86 1055
(normalized data) are shown in Figs. 1e and 1d. The Raman spec-
trum of this pigment has more peaks than the infrared spectrum, but
these are not likely to be observed for most paints. Two ferric ox-
ide Raman peaks are seen as weak or very weak features superim-
posed on the fluorescence contour of Fig. 1d, and two more can be
detected only with very close scrutiny. The monocoat (FN86 1055)
chosen for this example has stronger infrared absorptions of ferric
oxide than most of the other finishes in which this pigment was
identified, so Raman spectroscopy (employing the excitation con-
ditions used in this study, at least) is not likely to be useful for the
identification of ferric oxide in most automotive paints.

Hydrous Ferric Oxide—Infrared and Raman spectra of hydrous
ferric oxide are shown in Figs. 4a and 4f, respectively, while simi-
lar data for 74H0117, a yellow nonmetallic acrylic melamine
enamel monocoat that contains a heavy load of this pigment, are
shown in Figs. 4c and 4d. The two strongest Raman peaks of hy-
drous ferric oxide are observed at 390 and 302 cm�1 in Fig. 4d, and
the weaker 554 cm�1 feature occurs as a shoulder to a rutile 611
cm�1 peak. The second rutile peak is observed at 445 cm�1, and
two peaks of Chrome Yellow occur at 842 and 364 cm�1.

A comparison of the infrared and Raman spectra of 74H0117 il-
lustrates the effects of differences in the relative infrared absorp-
tion coefficients of hydrous ferric oxide, rutile, and Chrome Yel-
low versus differences in their relative Raman scattering cross
sections. The low frequency region of the infrared spectrum of this
monocoat is dominated by very strong absorptions of hydrous fer-
ric oxide (Fig. 4a), and the broad dipping background on which
these features appear strongly suggest that rutile absorptions are
also present. As noted, it is questionable whether the 851 cm�1

peak is due to Chrome Yellow, but in any case, it is a weak feature.
The Raman spectrum of 74H0117 (Fig. 4d) indicates the unmis-
takable presence of both rutile and Chrome Yellow along with hy-
drous ferric oxide, and the intensities of the main Raman peaks of
all three pigments are comparable. Clearly, a more revealing and
definitive picture of the pigment composition of this particular
paint is obtained by considering both infrared and Raman data.

The infrared spectrum of another yellow nonmetallic acrylic
melamine enamel monocoat (CC76H0036) that has strong absorp-
tions of both rutile and hydrous ferric oxide is shown in Fig. 4b.
The Raman spectrum of CC76H0036 (Fig. 4e) consists primarily
of rutile peaks, with the main hydrous ferric oxide peak manifested
as a weaker shoulder peak at 395 cm�1. Note that binder peaks are
relatively strong in this spectrum.

Prussian Blue—The cyano C�N stretching fundamental near
2100 cm�1 is the most conspicuous feature of the infrared spectrum
of Prussian Blue (Fig. 7a), and of spectra of many paints which
contain this pigment (Figs. 7b and 7c). The Raman spectrum of
Prussian Blue (Fig. 7f) includes cyano peaks at 2149 and 2090
cm�1 together with a low Raman shift peak at 273 cm�1, but Prus-
sian Blue is a relatively weak Raman scatterer (evidenced, for ex-
ample, by the presence of the 2320 cm�1 atmospheric nitrogen
peak of Fig. 7f). At higher laser power levels, a very broad fluores-
cence band is also observed (centered near 1400 cm�1) for both the
pigment and monocoats containing heavy pigment loads of Prus-
sian Blue, suggesting that this feature may arise from a photo- or
thermal-decomposition product of the pigment.

Infrared and Raman spectra of NC84 0830, a dark blue non-
metallic acrylic melamine enamel monocoat that contains a large
amount of Prussian Blue, are shown in Figs. 7b and 7e, respectively.
The three Prussian Blue pigment peaks can be seen in the Raman
spectrum. Infrared and Raman spectra of a second dark blue non-
metallic acrylic melamine enamel monocoat (KN82L0830) that
contains a lesser amount of Prussian Blue are shown in Figs. 7c and
7d. The cyano stretching absorption is readily observed in the in-
frared spectrum of this monocoat, but the cyano Raman peak at 2154
cm�1 is quite weak. Raman spectroscopy can thus serve to corrob-
orate the presence of Prussian Blue in some paints, but low levels of
this pigment are more easily detected using infrared spectroscopy.

Relative Raman Scattering Cross Sections of Inorganic Pigments

The relative Raman scattering cross sections of the pigments ex-
amined in this study were gaged using several criteria, including: the
peak intensities of spectra of neat pigment powders collected for
similar time periods; the pigment peak intensities observed for spec-
tra of paints containing various concentrations of a particular pig-
ment; and the relative pigment peak intensities observed for spectra
of paints containing various combinations of two or more pigments
of interest; infrared spectra of these same paints were used to pro-
vide some measure of the relative amounts of pigments present.

From these comparisons, it was evident that the lead chromate
pigments—and Chrome Yellow in particular—are the strongest
Raman scatterers among the inorganic pigments examined, fol-
lowed by (in order of decreasing scattering strengths) rutile, the
iron-containing pigments, and silica. The scattering efficiencies of
the pigments, however, seem to be quite dependent on the color of
the finish in which they occur. This most likely reflects differences
in the penetration depth of the exciting laser beam for paints of var-
ious colors. Chrome Yellow and Molybdate Orange, for example,
have similar chemical compositions and one might reasonably ex-
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FIG. 10—(a) Infrared spectrum of a red nonmetallic acrylic melamine enamel monocoat, DC77E0054, which contains Quinacridone Red Y, Benzimi-
dazolone Orange, ferric oxide, and rutile; (b) normalized Raman spectrum of DC77E0054; (c) uncorrected Raman spectrum of DC77E0054; (d) normal-
ized Raman spectrum of a red nonmetallic acrylic lacquer monocoat, NA77E0054, which contains Quinacridone Red Y and Molybdate Orange; this mono-
coat has the same Reference Collection of Automotive Paints color as DC77E0054; (e) uncorrected Raman spectrum of NA77E0054; (f) infrared spectrum
of NA77E0054; and (g) Raman spectrum of Molybdate Orange.
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pect them to have comparable Raman scattering cross-sections, but
Chrome Yellow is clearly a stronger scatterer. The 785 nm laser
light would be expected to penetrate deeper into yellow paints
compared to red ones, since the absorption maxima of the red sam-
ples are closer to the laser wavelength. Consequently, the effective
sampling volume would be greater for yellow samples compared to
those having red colors, and more scattered light can be collected
(Molybdate Orange, despite its name, is actually much more com-
mon in red finishes (33) than orange ones).

Another example of this effect involves rutile, which unlike the
other pigments, is not colored. Infrared and Raman spectra of
DC77E0054, a red nonmetallic monocoat which contains a moder-
ate amount of rutile, are depicted in Figs. 10a and 10b, respec-
tively. The rutile peaks are barely noticeable in the Raman spec-
trum of this paint, even though such peaks are usually readily
observed in spectra of yellow paints which contain comparable
amounts of this pigment (all white automotive finishes contain
much more rutile so they are not as useful for comparison).

Screening of Reference Panels

Because intact paint samples can be analyzed directly with no
sample preparation using Raman spectroscopy, this method pro-
vides an excellent means to screen reference paint panels to deter-
mine if certain pigments are present. This can be helpful when at-
tempting to identify an unknown finish that is compared to various
reference panels, or when generating a database of pigment compo-
sitions involving a large number of samples. The presence of pig-
ments in both monocoats and basecoat layers of basecoat/clearcoat
finishes can be determined by this method.

The color and type of finish (nonmetallic or metallic) of an au-
tomotive paint are among its most distinctive and easily-deter-
mined characteristics (43,44). A screening process intended to help
identify an unknown paint would thus normally be used to differ-
entiate between reference panels having similar colors. Examples
of some of the differences that occur in Raman spectra of mono-
coats of three Reference Collection of Automotive Paints colors are
therefore presented.

Raman spectra (uncorrected and normalized) of two red non-
metallic monocoats of color 0054 are shown in Figs. 10b to 10e.
NA77E0054 (Fig. 10d) contains Molybdate Orange (Fig. 10g),
and the peaks of this pigment are easily seen in the uncorrected spec-
trum as well (Fig. 10e); DC77E0054 (Fig. 10b) does not contain a
lead chromate pigment. Infrared spectra of DC77E0054 and
NA77E0054 are shown in Figs. 10a and 10f, respectively.
DC77E0054 contains Benzimidazolone Orange, Quinacridone Red
Y, ferric oxide, and rutile, while NA77E0054 contains
Quinacridone Red Y and a lead chromate pigment (which, as dis-
cussed, cannot be easily identified by infrared spectroscopy when
present in small quantities). As mentioned, only very weak rutile
peaks are observed in the Raman spectrum of DC77E0054 (Fig.
10b), together with very weak peaks of an organic pigment.

Raman spectra of two dark blue nonmetallic monocoats of color
0830, KN82L0830 and NC84 0830, are depicted in Figs. 7d and 7e,
respectively. As noted previously, both contain Prussian Blue, but
at different levels, and the Raman spectra of the two paints suggest
that this is probably also the case. More significantly for screening
purposes, however, the spectrum of KN82L0830 (Fig. 7d) contains
strong peaks of an organic pigment that clearly distinguishes the
two paints.

Raman spectra of three red nonmetallic monocoats of color 0617
are shown in Figs. 6d to 6f. As noted, KC80E0617 (Fig. 6d) contains
Molybdate Orange but DC82E0617 (Fig. 6e) and AC81E0617 (Fig.

6f) do not. The infrared spectra of the monocoats (Figs. 6a to 6c) in-
dicate that all three contain ferric oxide, and the Raman spectrum of
AC81E0617 (Fig. 6f) appears to contain two very weak peaks of this
pigment near 300 and 230 cm�1 (see Fig. 1e). The infrared spectrum
of AC81E0617 (Fig. 6c) also has weak peaks of Quinacridone Vio-
let, but its Raman spectrum (Fig. 6f) has little indication of the pres-
ence of organic pigment peaks. The Raman spectra of KC80E0617
(Fig. 6d) and DC82E0617 (Fig. 6e), in contrast, have prominent
peaks of an (unidentified) organic pigment.

Even without a knowledge of which specific organic pigments
are responsible for producing the Raman peaks of Figs. 6d, 6e, and
7d, these spectral features can still be used to help differentiate
paints having similar colors. These particular Raman spectra are
especially noteworthy, however, since the corresponding infrared
spectra (Figs. 6a, 6b, and 7c, respectively) lack significant absorp-
tions of organic pigments. These Raman peaks can thus be used to
identify some organic pigments that are present in concentrations
too low to be determined by infrared spectroscopy, and this topic
will be explored further in subsequent papers in this series.

A Note of Caution

During one prolonged analysis of Prussian Blue using relatively
high laser power levels (more than 100 mW at the sample), the neat
powder, which has a dark blue hue, ignited. This was not realized un-
til after the sample chamber was opened, at which time considerable
smoke was observed and most of the pigment had developed a crusty
rust-colored surface. The reaction continued after the sample was re-
moved from the instrument and the heat generated from it caused the
glass slide, on which the sample was situated, to crack. Fortunately,
the reaction of this pigment (Fe4[Fe(CN)6]3) did not appear to in-
volve the generation of hydrogen cyanide, but clearly this incident
indicates the need for caution when certain samples are subjected to
analysis using a laser (which in this case had a very diffuse focus).

In their study of explosives and propellants using an FT Raman
instrument, McNesby et al. (15) noted that M30, a dark gray prod-
uct which contains 40% nitroguanidine, 28% nitrocellulose, and
22% nitroglycerin, also combusted during analysis. A 1.06 �m Nd:
YAG laser was used with 400 mW of power at the sample, and the
M30 ignited after a few seconds of exposure to the laser light. Lewis
et al., in their study of explosives using various Raman instruments
(18), reported that HNS-II, a product which contains 2,2�, 4,4�,6,6�-
hexanitrostilbene, readily burned when exposed to 50 mW of laser
power (these authors did not indicate, however, whether this prod-
uct was colored or not). None of the other materials examined by ei-
ther McNesby et al. or Lewis et al. was cited as producing such prob-
lems.
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