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Abstract: Multivariate curve resolution (MCR) combined with alternating least

squares (ALS) has been applied to dynamic infrared linear dichroism (DIRLD)

spectra to provide relative quantification and relate this information to the thermo-

mechanical properties of a poly(ester urethane). MCR-ALS analysis reduces the

DIRLD data matrix to submatrices of factors and scores. The factors represent

spectra-like variables that relate to the DIRLD spectra of the major components con-

stituting the individual DIRLD spectra in the data matrix. The scores are related to

the concentration of these factors, and serve as a method to semiquantify the
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components that represent the primary molecular-level mechanisms in the dynamic

mechanical temperature scan.

Keywords: Dynamic infrared linear dichroism, multivariate curve resolution,

poly(ester urethane)

INTRODUCTION

Multivariate curve resolution–alternating least squares (MCR-ALS) analysis

is a chemometric tool that has proved to be valuable in a variety of

applications including spectroscopic chemical imaging and vibrational

spectroscopy studies.[1 – 3] In the analysis of vibrational spectroscopy data

sets, this approach uses an initial step to generate abstract factors and

scores; these initial estimates are then refined in a second step into spectra

of the pure components and concentration-related scores. This second step

uses an iterative alternating least squares optimization of the factor and

score matrices. In the current analysis, MCR-ALS provides semiquantitative

analysis of the dynamic infrared linear dichroism (DIRLD) signals from a

simultaneous dynamic mechanical analysis/dynamic infrared linear

dichroism (DMA/DIRLD) experiment.

DIRLD is a rheo-optical technique in which infrared dichroism measure-

ments are combined with a dynamic mechanical perturbation. The dynamic

perturbation in this study is sinusoidal tensile deformation. Infrared

dichroism uses polarized radiation to probe molecular-level anisotropy of

oriented systems, and the DIRLD signals can reveal the different responses

of functional groups in the dynamic mechanical process.[4 – 7] Dynamic mech-

anical analysis (DMA) is a rheological technique that probes the macroscopic

viscoelastic properties of materials with a small repetitive deformation. In the

current experiments, DIRLD is used as a combination of Fourier-transform

infrared linear dichroism spectroscopy and DMA. The goal of this study is

to monitor the reorientation of electric dipole-transition moments associated

with the vibrations of different functional groups caused by the small-

amplitude mechanical oscillation and as a function of temperature in the

DMA temperature scan.

The temperature dependence of the properties of polymeric materials is

important because large changes in mechanical properties can accompany

changes in temperature. As the temperature is raised, a transition in the

polymer from a glassy to a rubbery state occurs.[8] In viscoelastic polymers,

like poly(ester urethanes), the glass transition is associated with a change in

free volume and large changes in mechanical properties.[9] In the glassy

state at lower temperatures, as the polymer is deformed, stored elastic

energy relates to small displacements of functional groups in the polymer.

As the temperature is raised and the rubbery state is reached, elastic defor-

mations are associated with changes in molecular conformations.

Y. Wang et al.810
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EXPERIMENTAL

Materials

The polymer of interest in this study is Estane 5703 (B.F. Goodrich, Charlotte,

NC) poly-(butylene adipate)-poly(4,40diphenymethane diisocyanate-1,4 buta-

nediol; hereafter referred to as Estane). Thin films of Estane were prepared by

solvent casting, as described previously.[10] The DIRLD measurements were

performed on rectangular pieces of Estane films mounted between the

tensile mode clamps of the DMA instrument. The initial dimensions of the

film between the clamps were approximately 3.0 by 10.0 mm and 0.02-mm

thick. The sample was then stretched four or five times its normal length to

introduce molecular orientation in the film. In addition to pure Estane

samples, two samples with differing amounts added plasticizer were

analyzed. Added plasticizer changes the glass transition temperature and

affects the mechanical behavior of the polymer. The plasticizer in these

studies is commonly referred to as nitroplasticizer and is a 50/50 by weight

mixture of bis(2,20-dinitropropyl)formal and bis(2,20-dinitropropyl)acetal.

Methods

The DIRLD measurements were performed with a Bruker Optics (Billerica,

MA) IFS66/s FTIR spectrometer equipped with an external liquid N2-

cooled mercury-cadmium-telluride (MCT) detector. The spectrometer was

operated in step-scan mode with two external digital LIAs (Stanford

Research Systems, Sunnyvale, CA, Model SRS850) used for phase and

signal demodulation. The DMA used in this study was a Thermal Analysis

Q-800 (TA Instruments, New Castle, DE); modified in order to interface it

to the FTIR bench.[11]

The DMA-controlled step increment was used for temperature scanning.

The temperature was ramped from 2508C to þ308C with steps of 1.08C near

the glass transition temperature (Tg). In the region below –20.08C and above

þ20.08C, larger steps of 2.08C were used. At each temperature, the equilibrat-

ing time was adjusted to synchronize measurements with the step-scan instru-

ment. The mechanical response of the sample and auxiliary signals were

collected simultaneously with the step-scan FTIR DIRLD data. Identical

temperature scans were repeated on the same sample at both parallel and

perpendicular IR polarizations, as previously described.[9 – 12]

A 20 Hz sinusoidal, 0.5% strain modulation was employed on the Estane

film samples without added plasticizer. For the plasticized Estane, lower static

force and smaller amplitude (0.3%) strains were employed. The FTIR spectra

were collected with an 8 cm21 spectral resolution and an undersampling ratio

of 16.
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MCR Analysis

In the MCR-ALS analysis, an individual DIRLD spectrum, D, in the matrix of

DIRLD spectra as a function of temperature, can be considered as the sum of

the individual spectra of the different pure components in the system. In this

study, the pure component spectra will be related to the dynamic responses

and their variation with temperature.

D ¼
Xp

k¼1

SkCk ð1Þ

For the matrix of DIRLD spectra, p is the number of responses, or processes,

that contribute to the observed infrared absorbance in D. Sk is the spectrum

representing the particular process k, while Ck is the prevalence, or concen-

tration, of the particular process. Ck, therefore, represents the relative quanti-

fication of the process for each spectrum in the series.

For a series of n DIRLD spectra measured as a function of temperature,

Dj ¼
Xp

k¼1

SkCkj for j ¼ 1; 2; . . . ; n ð2Þ

where Ckj is the coefficient representing the relative amount of spectrum

Sk in the jth sample. Each Dj then contains the relative quantitation of

the spectrum of sample j at m spectral resolution elements (or as a function

of DIRLD wavenumber, which correlates the number of data points in the

spectrum). If each Dj is placed as a column in a matrix, the entire DIRLD

data set of n spectra can be expressed in a matrix, D, of dimension m by n.

The two-dimensional data arrays that were analyzed consisted of 63 spectra

measured in the temperature range 2508C to 308C and a wavenumber

range of 1800 to 1000 cm21. The 63 (columns) by 829 (rows) array was

analyzed by column. Multiple temperature scans (seven) were performed,

analyzed separately, and compared.

D ji ¼
Xp

k¼1

SikCkj for i ¼ 1; 2; . . . ;m and j ¼ 1; 2; . . . ; n ð3Þ

In matrix notation, this equation becomes

D ¼ SC ð4Þ

where D, S, and C are matrices of dimension m � n, m � p, and p � n,

respectively. This model represents a generalized Beer’s law. This equation

can be rearranged and solved for S and C.

S ¼ ðDCTÞðCCTÞ
�1

ð4aÞ

C ¼ ðSTSÞ�1
ðSTDÞ ð4bÞ

Y. Wang et al.812

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
2
:
5
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



The objective of the MCR-ALS analysis is to solve for S and C, where S rep-

resents the DIRLD spectrum of a single process or component (this variable is

referred to as a factor in this study), and C represents the relative amount of

these spectra (these concentration-like variables are referred to as

scores).[13] In the analysis, D can be reconstructed from the product of C

and S plus E, which is a matrix of residual contributions unexplained by the

extracted factors. If the analysis works properly, E is related to noise in the

spectra of D.

D ¼ SCþ E ð5Þ

The aim of the MCR-ALS application to DIRLD data files is to first resolve the

data into pure components that will represent the physical mechanisms

occurring, and secondly to determine if the concentration profiles of these

components or factors relate to the modulus data. The number of physical

components is unknown and correctly estimating the number is essential for

adequate resolution of the data set. Before undertaking the MCR-ALS

analysis, an estimate of the number of different components associated with

the chemical changes in D must be determined. This variable is referred to

as the chemical rank and is the number of factors contributing to the DIRLD

response in the data matrix. In the current work, principle component

analysis (PCA) and evolving factor analysis were used to estimate the rank

of D. The in-phase and quadrature DIRLD spectra were merged into a single

data set for analysis. Initial estimations for C and S are also needed to begin

the analysis. Initial estimates can be obtained from evolutionary methods

(evolving factor analysis), but pure variable (column or row) methods have

used for the initial estimates in the current study. Constraints on the analysis

can often assist during the iterative optimization. DIRLD spectra are difference

spectra, so the constraint of non-negativity cannot be applied to the factors.

However, non-negativity can be applied to the scores. This constraint was

the only user applied constraint and was applied with a tolerance up to 5%.

For the optimization step, the default number of iterations in the optimiz-

ation was 50, and no normalizations were applied during optimization. The

MCR-ALS analyses were performed with MATLAB (version 6.5) using a

set of programs, written by Prof. R. Tauler and available at http://www.ub.

es/gesq/mcr/mcr.htm. The optimized pure component spectra (referred to

as factor 1 and 2) compromised 99% of the total intensity of the DIRLD

spectra at each temperature. The noise level for the in-phase spectra was

about 1%, and factors other than the two main factors were below this level

and considered noise. The main check for the validity of the factors in this

experiment is whether the factors make sense in terms of the chemistry of

the system and the accompanying mechanical and temperature perturbations

of the system.

The storage modulus (E0) and loss modulus (E00) are measured for Estane

and shown in Fig. 1. With repetitive stress and strain, the mechanical behavior
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is referred to as the dynamic mechanical moduli. The storage modulus is a

measure of the energy stored elastically during deformation, while the loss

modulus is a measure of the energy converted to heat. The MCR-ALS score

results were related to this mechanical data. The normalization and rotation

of the score values for comparison to the storage modulus (E0) and loss

modulus (E00) were performed separate from the MCR-ALS analysis. A

7-point smoothing was applied to the scores as a function of temperature.

Plots were generated with Microcal Origin (version 7.0). The linear combi-

nation of the scores for the two factors was used to correlate the modulus

curves. The goal is to relate the process that gives rise to the DIRLD signal

to the modulus. For the E0 correlation, the initial step was to define a vector

(V1) in the form of

CP1 þ iCP2 ð6Þ

where CP1 are the scores for factor 1, while CP2 are the scores for the factor 2,

both from the in-phase DIRLD data. A rotational vector in form of

C1 þ iC2 ð7Þ

is defined, where C1 and C2 are two real number coefficients. A dot product is

applied on the two vectors with the result in form of

C1 �CP1 þ C2 �CP2 ð8Þ

Figure 1. The DMA responses as functions of temperature: E0 storage modulus

(———), E00 loss modulus (– – – – –), and tan d (. . . . . .).

Y. Wang et al.814
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This equation represents a linear combination of the two sets of scores. The dot

product and the E0 curve can then be normalized and displayed. The value of

rotational vector is adjusted until the best fit is achieved. The same correlation

procedure was also applied for E00 using the DIRLD quadrature data.

RESULTS AND DISCUSSION

For the multivariate curve resolution analysis, the aim is to recover the DIRLD

response profiles of the individual processes as the temperature is raised and

repetitive tensile deformation applied. No prior information is available for

how the DIRLD signal should change through the DMA scan or how many

different processes this signal represents. The goal of this analysis is to

identify the individual components or processes and recover semi-quantitative

information for these processes. These results can further be related to the

DMA results, providing a correlation between the DIRLD results and the ther-

momechanical data, in effect, between the microscopic (molecular and sub-

molecular) and the macroscopic rheology.

From the DMA experiment, the storage modulus (E0), loss modulus (E00),
and tan d (tan d ¼ E00/E0) are plotted as a function of temperature in Fig. 1.

The storage modulus monotonically decreases with increasing temperature,

the loss modulus reveals a clear a transition (Tg) centered near –108C, and

the tan d shows a distinct transition near about þ108C.

The static infrared absorbance spectrum and in-phase and quadrature

DIRLD difference spectra of Estane in the –508C to þ308C temperature

range are shown in Fig. 2. The major absorbance features in the static

spectrum of Estane are mirrored in the DIRLD spectra. The infrared bands

for the static spectrum are assigned in Table 1 with segment origin (hard or

soft), along with the major vibration constituting the normal mode. The

DIRLD spectra are consistent with the previous results.[9 – 12] In the DIRLD

data, the functional groups that align with the stretch direction demonstrate

positive bands in the difference spectra, with negative bands evident for func-

tional groups reorienting away from the stretch direction.

The DIRLD spectra resolve the highly overlapped features based on the

difference in reorientation rates, directions, and susceptibilities of the func-

tional groups.[4 – 7] The carbonyl region of the spectrum is especially

complex with different types of carbonyls as well as hydrogen-bonding and

non–hydrogen-bonding interactions. The sign of the carbonyl absorption

band is negative in both the in-phase and quadrature spectra, indicating, as

expected, that the overall dipole-transition moments for the carbonyl groups

are reorienting perpendicularly to the direction of the applied strain.[10] The

negative features from 1500 to 1000 cm21 are primarily associated with the

bisignate bands from vibrations of polymer backbone functional groups.

The bisignate features are believed to be caused by the band position

shifts and shape changes rather than solely dipole reorientations.[10,12] Some

Relative Quantification of DIRLD Signals 815
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Figure 2. The static FTIR absorbance spectrum DIRLD (top), the in-phase DIRLD

spectra (middle), and the quadrature DIRLD spectra (bottom).

Table 1. Static infrared assignments for estane (1800–1000 cm21)

cm21 Assignment

Domain

origin

1732 n(C55O) Hard/soft

1612 Phenyl ring mode, primarily n(C55C) Hard

1597 Phenyl ring mode, primarily n(C55C) Hard

1533 n(C55N)þ d(NH) Hard

1478 d(CH2) Hard/soft

1463 d(CH2) Soft

1436 d(CH2) Soft

1415 Phenyl ring mode, primarily n(C–C) Hard

1395 w(CH2) Soft

1362 w(CH2) Soft

1319 Phenyl ring mode, primarily b(CH) Hard

1311 n(C55N)þ d(NH) Hard

1254 n(C–O–C); w(CH2) Soft

1223 n(C55N)þ d(NH) Hard

1207 Phenyl ring mode Hard

1176 n(C–O–C) Soft

1077 n(C–O–C) Hard/soft

1060 n(C–O–C) Hard

1018 Phenyl ring mode, primarily b(C–H) Hard

Y. Wang et al.816
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of the bisignate bands may be due to hydrogen-bonding pairs where different

reorientation responses are observed for hydrogen-bonded functional groups

versus chemically equivalent groups not involved in hydrogen bonding.

Throughout the temperature range, the fundamental features of the

in-phase and quadrature spectra are similar. The spectral responses are predo-

minantly in-phase with the mechanical modulation. With the exception of the

carbonyl bands, the integral intensities of the DIRLD bands tend to decrease

with increasing temperature. The higher mobility of molecular chains at higher

temperatures is expected to decrease the DIRLD signal since less orientation

occurs. The temperature dependence of the carbonyl groups is complex. The

changing pattern for the response of carbonyl groups is a product of different

chemical and hydrogen-bonding interactions.

To gain further insight into the DIRLD signal and correlate these data to

the DMA results, MCR-ALS analysis was performed on the in-phase and

quadrature spectra. The analysis of pure Estane provides a two-factor

solution for the combined data set of in-phase and quadrature spectra. The

correspondence between multiple data sets was excellent, particularly for

the in-phase data. The correspondence between quadrature data in different

experiments was poor due to the low quadrature signal.

The two factors are shown in Fig. 3, and the assignments for the DIRLD

features of the two factors are listed in Table 2. At all the temperatures, these

two factors constitute over 99% of the total absorbance values. Factor 1 shows

several bisignate bands and higher absorbance values compared to factor 2.

The bands in factor 1 show more structure such as the splitting of the

carbonyl band (1735 and 1713 cm21) and a shoulder of the n(CN)þ d(NH)

Figure 3. The two extracted factors from the MCR-ALS analysis of the DIRLD

spectra of pure Estane from –508C toþ 308C.
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band near 1525 cm21. The carbonyl bands present in the two factors possess

different reorientation directions. The carbonyl bands in factor 1 exhibit the

same sign (positive) as the bands of the polymer backbone, whereas those

of factor 2 are negative.

The MCR-ALS analysis is able to extract the differing carbonyl contri-

butions. In factor 1, the carbonyl bands exhibit the same sign as the

backbone bands, which indicates that carbonyl groups are reorienting in the

strain direction. For factor 2, the C55O groups show the opposite sign from

the backbone groups, indicating reorientation away from to the strain

direction. In the simplest model, the C55O groups are all expected to

reorient perpendicular to the backbone groups.[9 – 12] However, the DIRLD

experiment is able to differentiate the different types of carbonyl groups in

the polymer. Two basic types of carbonyl groups are those identified from

the urethane (hard) segments and those from the ester (soft) segments. More

subtle environmental differences that are possible include ester carbonyl

Table 2. Assignment of DIRLD features from MCR-ALS analysis

Factor 1 Factor 2 Orientation Assignments

1735 jj n(C55O) non–hydrogen-bonded, ester or

urethane

1728 ? n(C55O) hydrogen-bonded, ester

1714 jj n(C55O) hydrogen-bonded, urethane

1610 ? Phenyl ring, urethane, primarily n(C55C)

1592 1589 jj Phenyl ring, urethane (primarily

n(C55C)þ d(N–H)

1420 ? Phenyl ring, urethane

1415 jj Phenyl ring, urethane

1394 1399 jj CH2 wag, ester

1380/1364 Bisignate CH2 wag, ester

1364 jj CH2 wag, ester

1316/1307 Bisignate n(C–N)þ d(N–H), urethane

1304 jj n(C–N)þ d(N–H), urethane

1265/1255 Bisignate n(C–O–C); (CH2) wag, ester

1255 jj n(C–O–C); (CH2) wag, ester

1229/1218 Bisignate n(C–N)þ d(N–H), urethane

1215 jj n(C–N)þ d(N–H), urethane

1170/1159 Bisignate n(C–O–C), ester

1156 jj n(C–O–C), ester

1080/1062 Bisignate n(C–O–C), ester and urethane

1064 jj n(C–O–C), ester and urethane

1019 jj Phenyl ring, urethane

DIRLD, dynamic infrared linear dichorism; MCR-ALS, multivariate curve

resolution–alternating least squares.

Y. Wang et al.818
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groups or urethane carbonyl groups at the interface of the two domains,

urethane carbonyl groups within a soft domain, or ester carbonyl groups

within a hard domain. In addition, these various types of carbonyls can also

have different orientations and hydrogen-bonding interactions within the

polymer. Even though all carbonyl groups follow the same reorientation

mechanism by rotating away from the polymer backbone, the backbone

orientation can be different from the strain direction for some number of

carbonyl groups. In this experiment the polymer is not perfectly aligned,

so the reorientation direction will not be the same for all parts of the

polymer.

The abundance of bisignate bands and stronger spectral intensity in factor

1 indicates that the primary processes represented by factor 1 are small shifts

in band position accompanied by reorientation effects. On the other hand, the

spectra for factor 2 can be interpreted as due almost exclusively to reorienta-

tion effects.

Figure 4 shows the scores for the two extracted factors from the in-phase

spectra. The MCR-ALS analysis provides relative quantification of spectral

absorbance with the score plots of the two extracted factors, representing

their contributions to the total spectral absorbance. The scores provide the con-

tribution of the two factors for each individual DIRLD spectrum. The scores of

both factors decrease monotonically with increasing temperature. In addition,

the scores of factor 1 decrease less than factor 2 in the –508C to –208C
region. In contrast to the in-phase data, the score plots for the quadrature data

show clear inflections. The quadrature signal (Fig. 4) is much weaker than

the in-phase signal, but the scores do demonstrate maxima near –158C,

which is close to the Tg (�2108C) determined from the DMA measurements.

The in-phase and quadrature DIRLD signals relate to the spectral

responses in-phase with, and 908 out-of-phase with, the strain perturbation.

At the same time, the storage modulus (E0) and loss modulus (E00) are the

mechanical responses in-phase with, and 908 out-of-phase, with the strain per-

turbation. This parallel relationship suggests a correlation between the macro-

scopic thermomechanical behavior and the molecular-level spectral behavior.

The best correlations with E0 and E00 using these scores are shown in Fig. 5.

The in-phase scores compared to the E0 curve from the DMA measurements

demonstrate a correlation throughout the temperature range. The curve of

the out-of-phase scores compared to the E00 curve shows inflections near Tg,

but the correlation is not as good as the in-phase relation, likely due to the

much weaker quadrature signal. The low quadrature signal precludes any

meaningful correlation between the scores and E00.
To further test the validity of these correlations, samples of Estane with

10% and 30% (by weight) added plasticizer were studied in the same

manner as pure Estane. For Estane with 30% added plasticizer, the MCR-

ALS analysis extracts two factors very similar to those extracted for pure

Estane. The plasticization of Estane shifts the a transition to lower tempera-

ture. The E0 correlation using the scores of these two factors demonstrates

Relative Quantification of DIRLD Signals 819
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this shift showing that the DIRLD experiment is tracking the changes in

the temperature-dependent mechanical properties of Estane. The modulus

correlation is shown in Fig. 6. The correlation in the top panel of Fig. 6

shows that the score correlate with E0. Both of these plots demonstrate a

steeper slope centered at about 2208C, whereas without added plasticizer

a more gradual slope is evident centered near 2108C (top panel of

Fig. 5). This same trends was found for experiments on Estane with 10%

plasticizer.

Figure 4. The scores for the two factors for the in-phase DIRLD spectra (top) and the

quadrature spectra (bottom).
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CONCLUSIONS

This work represents a unique example of using MCR-ALS analysis to

interpret DIRLD data and extract the primary physical mechanisms

occurring in the DMA experiment. MCR-ALS is typically applied to data

sets to extract pure components of samples such as mixtures. In the current

study, two components or factors are extracted, their concentration profile

or scores used as a relative quantification of these two factors, and these

scores related to the dynamic mechanical moduli results.

Figure 5. Modulus correlation of the MCR-ALS scores of the in-phase DIRLD data

with E0 and of the quadrature DIRLD data with E00 for pure Estane.
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Physical interpretations can be forwarded for the two extracted factors. The

primary molecular mechanism represented by factor 1 involves the polymer

backbone and slippage of chains. In the glassy state at low temperatures, the

slight shifts upon tensile perturbation are consistent with the stiffness of the

material and are associated with molecular displacements of the polymer

backbones of both segments. In the rubbery state, the molecular chains have

considerable flexibility to adopt different conformations, and as the temperature

is raised, the scores of factor 1 decrease, consistent with fewer interactions

Figure 6. Modulus correlation of the MCR-ALS scores of the in-phase DIRLD data

with E0 and of the quadrature DIRLD data with E00 for Estane with 30% nitroplasticizer.
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between the chains, less reorientation, and more free volume. The other confor-

mational change evident from factor 1 relates to the parallel reorientation

carbonyl groups from the urethane segments. These carbonyl features are

related to the hydrogen-bonded and the non–hydrogen-bonded components.

Factor 2 shows features at nearly the same wavenumbers as for factor 1,

but with no bisignate bands. The scores for factor 2 are less than those of factor

1, and nearly all the bands are positive, indicating primarily reorientation

toward the stretching axis. The factor does demonstrate the perpendicular

orientation of the hydrogen-bonded ester carbonyl. The best interpretation

of factor 2 is that it represents primarily orientation of the polymer with the

deformation. The semiquantitative scores of these two factors are used to

interpret the DIRLD data, then further correlated with the DMA data.
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