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ABSTRACT: In this work, the application of a new approach for quantitative analysis,
originally developed for Raman spectroscopy, is extended to IR spectroscopy. The
attractive features of this methodology are its simplicity and ease of use in compari-
son with traditional approaches. Unlike other methods, rich spectral information con-
taining several overlapped peaks can be used in the calculations. A robust and well-
conditioned calculation scheme renders precise results, which are independent of the
operator’s decisions. The method was applied to study the chemical compositions of
homogeneous polymer blends made of polystyrene and poly(vinyl methyl ether).
Raman and IR blend spectra were acquired with confocal Raman microspectroscopy
and attenuated total reflection/Fourier transform infrared, respectively. The blend
compositions were calculated from the corresponding vibrational spectra with the pro-
posed strategy, and excellent agreement between those values and the true ones was
found for both techniques. © 2005 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 43:

1144-1151, 2005

Keywords: polymer blend composition; FTIR; Raman spectroscopy; polystyrene;

poly(vinyl methylether)
INTRODUCTION

Vibrational spectroscopies (i.e., Raman and IR)
are among the most powerful tools for the exam-
ination of the phase structures and compositions
of polymer blends. IR spectroscopy has been
applied to studying aspects such as the polymer
miscibility,’™ segmental orientation,’® crystal-
line morphology,'®™ extent of interfacial reac-
tion,'*** polymer diffusion,'®'® and mapping of
components.!” ' A vast body of literature is
devoted to the study of interactions between
components.?>2* Examples of Raman applica-
tions in some of these fields are listed in our pre-
vious publication.?® These representative (but by
no means comprehensive) examples illustrate
the extensive use of these techniques for the
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analysis of polymer blends, not only at the
research level but also in routine applications.
This article concerns the methods of spectral
processing employed when these techniques are
applied to quantitative analysis, this being a
very frequent situation. In these cases, we have
to face the problem of determining the amounts
of a given component in a blend from its compo-
site spectrum. To translate the acquired raw
spectral data into the quantitative variable of
interest (i.e., chemical composition), mathemati-
cal manipulation of the data and the use of spe-
cific numerical techniques are usually required.
Extracting the significant information from
the spectral data is in many circumstances a
nontrivial task, even for intermediate-skilled
operators. The primary information of interest
for quantitative analysis is the band intensity,
commonly associated with two parameters, the
band height and the band area. The band height
can be directly calculated from the spectrum as
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the peak maximum, but it is strictly related to
the band intensity only for single isolated bands.
If the spectrum is constituted of superimposed
peaks, the overlapping of neighboring bands
results in the fact that the actual band maximum
is considerably less than the read (apparent)
maximum, and this leads to lack of precision in
calculations. In addition, inadequate baseline cor-
rections can seriously affect this parameter.2®

Band areas are statistically more significant
than band heights. They can be calculated from
a complex spectrum composed of overlapped
peaks with curve-fitting procedures.?” This well-
established method, sometimes called band
deconvolution, consists of decomposing the spec-
tral region into the constituent bands, with bell-
shaped functions (Gaussian, Lorentzian, etc.)
used to represent the contour of the vibrational
peaks. A model spectrum is generated by the
superpositioning of a pre-established number of
such functions; to obtain the best fit, the differ-
ences between the model spectrum and the
experimental data are minimized by the modifi-
cation of the function parameters.

Other approaches have been proposed in the
literature to resolve mixtures of components,
those based on principal component analysis
being the most remarkable.?®*3° These powerful
techniques (i.e., simplisma routines), based on
self-modeling multivariate data analysis, are cap-
able of extracting the spectra of pure components
from a data set of mixtures without prior knowl-
edge of the pure components.?®?° On the other
hand, the application of these techniques requires
skilled operators with extensive spectroscopic
knowledge and user interaction; the calculations
are complex, and the method requires specific
software not accessible to standard users. In
many ways, these techniques do not fall into the
category of the simple methods explored here and
are beyond the scope of this work.

Among the aforementioned techniques, the
curve-fitting procedure is the preferred method
for the quantitative analysis of vibrational spec-
tra in standard applications. However, the
approach has some drawbacks that make its use
intricate. First, there are many steps in the pro-
cedure that depend on decisions made by the
operator, such as (1) spectrum baseline correc-
tions; (2) the type of function used to reproduce
the band shapes; (3) the number of these func-
tions used to generate the model spectrum; and
(4) the input parameters, related to the positions
and amplitudes of the pre-established functions,

used as seed values for the calculations. They
are mostly determined by trial and error, and
they are strongly dependent on the ability of the
operator. Finally, because of the type of func-
tions used to fit the vibrational peaks, the mini-
mization problem for obtaining the optimum
function parameters is nonlinear, and its solu-
tion is intricate and time-consuming.

A new approach for processing Raman spectra
in quantitative analysis, the linear decomposition
method (LDM), has recently been described,?®
and several applications for the analysis of poly-
mer blends have been reported.>'** The method
is based on generating a model spectrum in
terms of a linear combination of discrete func-
tions, represented by the spectra of the pure com-
ponents. The coefficients of the linear expansion,
obtained by least squares, are directly related to
the contribution of each component in the mix-
ture. The method is at least as precise as non-
linear curve fitting but remarkably simpler: the
spectrum can be processed as acquired, without
the need of baseline corrections; spectral informa-
tion, including several vibrational bands, can be
used for the calculations; and the calculation
scheme leads to a linear problem that avoids
complex calculations. No previous assumptions
about the number of bands, band shapes, or peak
parameters are required; in this sense, the meth-
odology is completely independent of the opera-
tor’s skills.

In previous work, the consistency and preci-
sion of the calculation scheme of LDM were
thoroughly tested over a very wide range of
acquisition conditions for the Raman spectro-
scopy.?® In this work, the method is extended to
IR spectroscopy to cover the spectrum of vibra-
tional spectroscopies most commonly employed
in scientific research and routine analysis. To
show how it works, we studied homogeneous
polymer blends made of polystyrene (PS) and
poly(vinyl methyl ether) (PVME) with attenu-
ated total reflection/Fourier transform infrared
(ATR-FTIR) and Raman spectroscopy, and we
analyzed their chemical composition with the
proposed method.

PROPOSED METHODOLOGY

Fundamentals

A detailed explanation of LDM can be found else-
where.?® It is based on expanding linearly the
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experimental spectrum of a blend with an
unknown composition, in terms of the spectra of
the pure components. The method, originally
developed for Raman spectroscopy, can be readily
extended to IR. To introduce the latter case, we
start from a simple model that governs absorp-
tion spectroscopy (the Lambert—Beer law), which
relates the logarithms of transmitted intensity
(or absorbance for double-beam measurements)
to the concentration of a given component. For
pure components, we can write

P.(v p
ARG = 1og< ;;((v))> - ()o@

where A%(v) is the absorbance of the i component
at frequency v, I;(v) and Iy ;(v) are the transmitted
and incident intensities, p; is the component con-
centration (g/L), M is the molar mass (g/mol), ¢; is
the absorptivity coefficient, and /; is the length of
the optical path. The superscript p refers to prop-
erties of pure components. For a blend made of n
components, the corresponding expression for the
Lambert—Beer law can be written as follows:

~tog({0) =3 ()ao @)

i=1

A%(v)

where the meaning of the symbols is the same as
before and the superscript b refers to properties
in the blend. In writing eq. 2, we have assumed
that the ¢;(v) coefficients in the blend are the same
as those in the pure state. This implies the
absence of interactions between components that
could affect g;(v).

In single-beam measurements, the variable that
we record is the transmitted intensity. In these
cases, the blend and pure component spectra may
be affected by different instrumental factors and/
or background contributions, which have been
explicitly included in our analysis. Here they are
represented by individual I, factors (I§ for the
blend and I} for the pure components). Combining
egs. 1 and 2, we can express the transmitted inten-
sity for the blend (I°) as a function of the trans-
mitted intensities for the pure components (I7) and
the instrumental/background contributions (Zy):

n b
og(*(1) =3 g w20

=1

—i(plp)log J(0)+log(I3) - ()

This can be written in a more compact form as
follows:

log(I°(v) Zpl oilog(IP(v)) + P(v) ~ (4)

=1

The o; factors only depend on instrumental/acqui-
sition conditions but are independent of the blend
composition. The P function includes all the
instrumental/background contributions arising
from the spectra of the blend and pure compo-
nents. If the spectral range is not very large, the
P function can be represented with a smooth func-
tion; a fifth-degree polynomial form has been
shown to be adequate for reproducing the combi-
nation of background spectra in Raman spectro-
scopy. A detailed discussion about the role of P(v)
can be found in ref. 25.

For double-beam techniques, eqs. 1-2 can be
reorganized in terms of absorbance; in this case,
background contributions are cancelled with a
background spectrum, and the analogue to eq. 4
can be written as follows:

20) =Y (G )atn =3 oty

i=1

Equations 4 and 5 can be regarded as linear
expansions of the blend spectrum in terms of
the spectra of the pure components; the coeffi-
cients of the linear expansion are directly
related to the concentration of the i component
in the blend (/9). A general expansion can be
written for the blend spectrum that is valid for
any vibrational spectroscopy (Raman or IR):

Y= @ V) +P() (6)
i=1

where Vrefers to the intensity (Raman), logarithm
of the intensity (IR single beam), or absorbance
(IR double beam) and ¢; (i = 1...n) is a weight
coefficient that depends on the blend composition.

Application of the Method

Equation 6 is used here to calculate the chemi-
cal composition of the blend from its vibrational
spectrum. In this context, V’(v) is our model
blend spectrum, and VP(v) refers to the spectrum
of the pure i component. They are considered
discrete functions of frequency (or Raman
shifts), defined for m nodal values. The VP(v)
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functions are experimentally determined from the
corresponding vibrational spectra of each pure
component. The cost function F to be minimized is
written here for a blend with two components:

m

F=3_ [Vee()

J=1

qDZVi) exp( )

+ 93VE o () + PP (7)

where m is the number of analyzed frequencies
and Vek;p refers to the experimental blend spec-
trum. The subscript exp emphasizes that all these
functions are experimentally determined. If P(v)
can be represented as a fifth-degree polynomial,
there are eight parameters to be optimized. The
first two (¢, and ¢9) are directly related to the
blend composition, and the rest (¢ps3—¢g) are used
to fit P(v). The minimization of eq. 7 with respect
to the ¢;, coefficients (¢ = n +j + 1, j being the P
degree) is analogous to the case of polynomial
regression and always leads to the solution of a
linear algebraic problem.?* Finally, the blend che-
mical composition (i.e., weight fraction of a given
component) can be calculated from the optimized
¢1 and ¢, values via a simple calibration proce-
dure with blends of known compositions, as
described in ref. 25.

EXPERIMENTAL

PS [sample P1505-St; glass-transition tempera-
ture (Ty) = 103 °C, number-average molecular
weight (M,) = 217,000 g/mol, weight-average
molecular weight/number-average molecular
weight (M,/M,) = 1.05] and PVME (sample
P2219-MVE; T, = —-32 °C, M,, = 3850 g/mol,
M./M, = 1.05) were purchased from Polymer
Source (Dorval, Canada). Details of the molecu-
lar weight characterization were provided by the
maker.

PS and PVME are both amorphous polymers,
miscible over the complete range of compositions
when the blends are cast from solutions with
toluene or benzene as the solvent.>> Homoge-
neous blends for Raman measurements were
prepared by the dissolution of the polymers in
the desired proportions in benzene. Then, the
solutions, at about 10% (w/v), were freeze-dried.
The obtained solid was further annealed slightly
above T, to remove traces of the solvent in a
vacuum oven. Blend homogeneity was checked
by optical inspection and by differential scan-

ning calorimetry (DSC). All the PS-PVME
blends used here were optically clear; in addi-
tion, the DSC blend thermograms showed a sin-
gle T, intermediate between those of the pure
components. Homogeneous blend films for ATR-
FTIR measurements were cast from solutions in
toluene. The solutions (ca. 2% w/v) were directly
cast onto the ATR crystal via spin coating at
250 rpm. Films 10 um thick were typically
obtained. The films were annealed slightly above
T to minimize molecular orientation due to the
spinning process and to promote good contact
between the sample and crystal. Blend homoge-
neity was checked, as explained previously.

Raman spectra of PS, PVME, and their
blends were measured at room temperature on a
Dilor LabRam confocal Raman microspectrom-
eter with a 16-mW He-Ne laser beam (632.8 nm
wavelength) with a wavelength of 632.8 nm. In
the excitation and collection path, an Olympus
100x (numerical aperture (NA) = 0.9) dry metal-
lurgical objective was used. A slit opening of
500 ym and a holographic grating of 1800 lines/
mm were used, and this allowed the acquisition of
data in a Raman shift range of 2700 and
3300 cm ™! with a spectral resolution of 4 cm .
Acquisition times varied from 60 to 300 s; the
number of accumulated spectra varied between 5
and 20. Pinhole openings of 100-700 um were
used (the maximum aperture is 1000 ym).

IR spectra for pure components and blends were
recorded in a Nicolet 800 FTIR spectrometer
equipped with a liquid-nitrogen-cooled mercury—
cadmium—tellurium (Hg-Cd-Te) detector. Nonpo-
larized light was used in these experiments. The
ATR crystal was ZnSe (n = 2.4), with a face angle
of 45°. The normal incidence to the entrance face
of the internal reflection element was used. ATR
spectra were collected (150—200 scans on average)
with a spectral resolution of 4 cm™!. As back-
ground emission, we used a spectrum of the free-
standing internal reflection element without the
sample.

The minimization of eq. 7 with respect to the ¢,
weight coefficients was performed with a standard
least-squares  routine (Marquardt-Levenberg
method, DUNLSF routine from the IMSL Math
Library). The program was compiled and run with
Microsoft Power Station 4.0 Fortran software. For
comparison, some of the spectra were also pro-
cessed with standard nonlinear curve-fitting pro-
cedures; a commercial Labcal Collect Arithmetic
C2.24 software package from Galactic Industries
Corp. was used for this purpose.
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Figure 1. Experimental (A) Raman and (B) ATR-
FTIR spectra of the pure components (PS and PVME).
These spectra were used as the base functions for the
linear expansion of the blend spectrum given by eq. 7.

RESULTS AND DISCUSSION

Figure 1(A) shows the Raman spectra of the pure
components (PS and PVME), which were
acquired in the range of Raman shifts of 2700—
3300 cm'. Figure 1(B) shows ATR-FTIR spectra
for pure PS and PVME in a similar wave-number
region. These spectral ranges are suitable for com-
position analysis because the individual compo-
nents (PS and PVME) show characteristic band
profiles; in addition, the band shapes are not sig-
nificantly affected by the interactions between
the components.®® The choice of spectral regions
free of interactions is the only requirement of the
method. This condition always yields better
results in terms of the superposition principle on
which the method is based, and this improves the
precision of the calculations. Unlike other app-
roaches that require either single isolated peaks
or the decomposition of a spectral region to isolate
a given peak, rich spectral information contain-
ing several overlapped peaks can be used in the
calculations. As explained later, the spectra

shown in Figure 1 are used as the V;®(v) base
functions for blend composition calculations
through egs. 6 and 7.

To test the proposed method, we performed a
quantitative analysis of the chemical composi-
tions in a series of homogeneous PS/PVME
blends. For each blend, the corresponding Raman
or ATR-FTIR spectrum was measured. Raman
measurements were performed with a spectro-
meter equipped with a confocal system. The spec-
tra were taken at different sample spots, either at
the surface or inside the sample. In addition, the
spectra were acquired at different time lengths of
previous sample exposures to the laser beam,
which generated, particularly in fluorescent sam-
ples, different contributions of the background
emission. As Raman is a single-beam technique,
it usually produces large changes in the spectrum
baseline. The acquisition conditions that affect
the spectral resolution (and consequently the
band shape), such as the type of grating or slit
opening, were set to the same values used for the
measurements of the base functions (pure compo-
nents). Representative Raman spectra of PS/
PVME blends (20, 50, and 80 wt % PVME) are
shown in Figure 2(A). The spectra were shifted
vertically for easier observation.

The same PS/PVME blends were also ana-
lyzed by ATR-FTIR. This technique was chosen
for these experiments because measurements on
thin films can be much more easily performed in
comparison with FTIR. On the other hand,
ATR-FTIR requires more precautions in quanti-
tative analysis than standard FTIR measure-
ments in the transmission mode. As the
sampling mechanism arises from reflection phe-
nomena, the profiles of absorption bands in the
ATR spectra are influenced by factors other than
the concentration and oscillator strengths, such
as the wavelengths and optical constants of the
sample and crystal. In particular, changes in the
relative intensity caused by the ATR penetration
depth (d,) dependence on the radiation wave-
length deserve special attention. In ATR-FTIR,
dy gives a measure of the thickness of the film
sampled by the IR radiation. d, is equivalent to
l; in eq. 1 and is defined as the distance from the
sample surface at which the amplitude of the
evanescent wave decays to 1/e of its value at
the surface:®”

A
= 27T[sin2 9(np/nc)2]0'5 ®)
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Figure 2. Experimental (A) Raman and (B) ATR-
FTIR spectra for some of the PS-PVME blends
studied. The blend compositions (wt %) are indicated.

where n, and n, are the refraction indices of the
crystal and polymer, 1 is the wavelength, and 6
is the incident angle of the IR radiation. 1 makes
d, vary with the frequency; in this way, the
length of the optical path is not constant
throughout the spectral range. However, it
affects all the compositions in the same way, and
the factor is cancelled in the calibration. Under
the experimental conditions used in this work
(refraction indices of 1.53 for the sample and 2.4
for the ZnS crystal and an incident angle of 45°),
dp calculated from eq. 8 at 3000 cm ! is approxi-
mately 2.4 ym. Examples of ATR-FTIR spectra
for blends containing 20, 50, and 80 wt % PVME
are shown in Figure 2(B). As the use of a back-
ground spectrum to cancel background contribu-
tions is a common practice in IR spectroscopy, the
results are presented in terms of absorbance.

The proposed method was applied to calculate
the chemical compositions of the blends from
their Raman and ATR-FTIR spectra. In proces-
sing the experimental data, we used the spectra
as acquired; neither baseline correction nor nor-

malization is required for LDM. As reported
elsewhere,?® the method is quite tolerant of
large changes in the spectrum baseline. To
obtain the blend composition, the functional F
(eq. 7) was minimized with respect to the ¢, co-
efficients, with the experimental spectra of the
pure components shown in Figure 1(A,B) used
as the base functions V%, and a polynomial of
the fifth degree used to represent P(1). Once the
optimum set of ¢, coefficients was obtained (& =
8 for a system of two components and six poly-
nomial coefficients), the blend composition was
calculated from ¢; and ¢, via the calibration
procedure detailed in ref. 25. The calibration is
analogous to that performed in standard quanti-
tative analysis, which usually consists of mea-
suring the ratio of peak areas to heights for
blends of known compositions. The results are
plotted in Figure 3 for all the blends studied.
The figure compares the calculated values of the
blend composition (expressed as the PVME
percentage) with those expected from the pro-
portions of PS and PVME used to prepare
the blends. Raman results are represented
with open circles; ATR-FTIR results are
shown as open squares. In both cases, the agree-
ment between the calculated and expected
blend compositions is excellent and demon-
strates the precision and reliability of the
method.

The superposition principle on which the
method is based allows a precise representation
of the experimental blend spectrum in terms of
the pure component spectra, as shown in

100 :
4 .El"
X 804 ;4
g2 Nl
£ 60 g
2z .
= B
5 401 8
= o
% 20- @ O Raman
SR O ATR-FTIR
[} ES— : : :

0 20 40 60 80 100
True PVME %

Figure 3. PVME blend compositions (wt %) calcu-
lated with LDM versus the expected (or true) values
for all the blends studied. The true values of the
PVME compositions were obtained from the propor-
tions used to prepare the polymer blends.
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Figure 4. Comparison of the reconstructed spectra
(solid lines) and those experimentally measured (sym-
bols) for (A) Raman and (B) ATR-FTIR data. The
dotted lines represent the corresponding P(1) func-
tions. Reconstructed spectra were calculated with
eq 6, as explained in the text.

Figure 4(A,B). Figure 4(A) shows Raman mea-
surements, whereas Figure 4(B) presents ATR—
FTIR data. The experimental spectra are repre-
sented by open symbols. The continuous line
represents the best fit model spectrum, calculated
from eq. 6 along with the base functions shown in
Figure 1 and the optimum ¢, weight parameters
obtained from eq. 7. The model spectrum is able
to reproduce precisely the experimental data even
when the instrumental acquisition conditions
were different in each case (i.e., Raman measure-
ments). The calculation scheme uses a combina-
tion of functions able to reproduce the sharp
vibrational peaks (pure component spectra) and
background contributions (P function) indepen-
dently. P(1) (shown in the figures with dotted
lines) represents a linear combination of back-
ground contributions from the pure components
and the blend (eqs. 3—4). Individual background
emissions have a bandwidth much larger than
those of the vibrational peaks; the resulting lin-

ear combination is expected to have the same
characteristics. We have shown that these contri-
butions, which markedly affect the baseline spec-
tra, can be precisely represented with smooth
functions (i.e., polynomials of a low degree). This
feature is thoroughly discussed in ref 25. The P(/)
contribution is much more important in single-
beam measurements [Fig. 4(A)] than in double-
beam experiments [Fig. 4(B)]. In the latter case,
P(4) is almost flat because most of the background
contributions were cancelled with the background
spectra.

The simplicity of the method is also
reflected in the time required for numerical
processing. The computing time needed to pro-
cess any of the PS-PVME blend spectra shown
in this work is approximately 1-2 s. Under
similar conditions (including the same numeri-
cal recipe, the Marquardt-Levenberg method),
the time required by standard nonlinear curve
fitting is about 15 times longer; it depends on
the seed values and does not include the time
required to perform baseline corrections. The
difference reflects the complexity of the calcu-
lations involved. In the case of LDM, only
eight parameters need to be optimized, inde-
pendently of the number of bands present in
the frequency range analyzed. Good condition-
ing and a wunique solution are guaranteed
because the sharp peaks of the blend spectrum
can only be fitted by the base functions asso-
ciated with the pure component vibrational
spectra. In the case of nonlinear curve fitting,
at least four parameters for each decomposed
band need to be optimized. The convergence to
a proper solution is more intricate and may be
very sensitive to the input values set by the
operator as seeds. The global solution is not
unique, and different combinations of indivi-
dual functions can give equally good results;
in this case, the selection of the most appro-
priate is made by the operator. Moreover, non-
linear curve fitting requires the wuse of
intricate numerical routines and in most cases
specifically designed software. Instead, LDM
can be easily programmed; even when the cal-
culations for this work were performed with a
standard Marquardt-Levenberg optimization
routine, the minimization of the functional F
in eq. 7 can be solved as a standard polyno-
mial regression case. The problem has a closed
solution that can be obtained by the solution
of a B x k system of linear algebraic equations
with ¢, unknowns.?*
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CONCLUSIONS

This work has introduced LDM as an appealing
method for performing quantitative analysis on
vibrational spectra. The methodology, originally
developed for Raman spectroscopy, is naturally
extended to IR spectroscopy, and its simplicity
and precision are maintained. An integral ap-
proach, which includes a series of functions able
to reproduce sharp vibrational peaks in combina-
tion with a smooth function that accounts pre-
cisely for instrumental/background contributions,
allows the processing of the raw spectral data
without previous manipulation (i.e., baseline cor-
rections or normalization). Spectral information
including several vibrational peaks can be used
for the calculations, and this minimizes random
errors. In this sense, LDM is expected to render
results with the same order of precision (or bet-
ter) as traditional approaches (i.e., curve-fitting
procedures), but with a remarkably simpler cal-
culation scheme and general strategy. As an
additional advantage, the obtained results are
entirely independent of decisions made by the
operator, and this makes the method very conve-
nient for intermediate-skilled users. The same
general approach can be applied to the quantita-
tive analysis of blends made out of any kind of
substance that presents characteristic band pro-
files in the range of analyzed frequencies and can
be generalized to multicomponent blends.

J. Pablo Tomba thanks José M. Pastor (Departamento
de Fisica de la Materia Condensada, Universidad de
Valladolid) for the use of the Raman microspectrometer.
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