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Abstract: Two-dimensional infrared (2D IR) spectroscopy, a novel technique based on time-resolved IR spectroscopy, is introduced.
In 2D IR, a system is excited by an external perturbation, which induces a dynamic fluctuation of the IR spectrum. A correlation
analysis is applied to the time-dependent IR signals to yield a spectrum defined by two independent wavenumbers. By spreading
IR peaks over the second dimension, a complex spectrum consisting of overlapped peaks can be substantially simplified, and
spectral resolution is enhanced. Peaks located on a 2D spectral plane provide information on connectivity and interactions
among functional groups associated with the IR bands. 2D IR spectra are presented for a system consisting of a mixture
of atactic polystyrene (PS) and low-density polyethylene (PE) to illustrate these features. The spectroscopic evidence clearly
shows PS and PE in a blend are segregated at the molecular level, allowing the components to respond to an applied external
perturbation independently of each other. A substantial difference is observed in the local mobility of the backbone and side-group
functionalities of PS. On the basis of this observation, it is possible to assign the 1459-cm™ component of the broad IR band
centered around 1454 cm™ to the backbone CH, deformation in PS.

A novel analytical concept in vibrational spectroscopy called
two-dimensional infrared (2D IR) spectroscopy is introduced. In
2D IR, a spectrum is obtained as a function of two independent
wavenumber axes, and peaks located on the spectral plane are
used to study intra- and intermolecular interactions among
functional groups. The basic concept of 2D IR is somewhat
analogous to the 2D correlation technique used extensively in
NMR.}* However, since vibrational relaxation rates are many
orders of magnitude faster than spin relaxations, the double Fourier
transform technique developed for 2D NMR based on multi-
ple-pulse excitations is not readily applicable to IR. Instead, a
different experimental procedure is proposed to generate 2D IR
correlation spectra.

In the proposed approach, an external perturbation (e.g., a
small-amplitude strain) is applied to the sample. Such a per-
turbation selectively induces time-dependent reorientations of
electric dipole-transition moments associated with the individual
normal modes of vibration in the system.*® The altered orien-
tation distribution of dipole-transition moments can be detected
as a variation of the directionally sensitive absorbance of the
system.” Interestingly, IR bands arising from molecular vibrations
of different functional groups often exhibit substantially different
time-dependent variations which are characteristic of the type and
local environment of submolecular structures.®’ Individual di-
pole-transition moments responding to a single external pertur-
bation, therefore, have unique reorientation rates which can be
used as a convenient spectroscopic label to differentiate highly
overlapped IR bands.

To accentuate the differences among the reorientation rates
of electric dipole-transition moments, a simple correlation analysis
is applied. For a pair of time-dependent variations of IR signals
measured at two different wavenumbers, A(v,, t) and A(v,, 1),
the absorptive-intensity cross-correlation function X(r) is defined
as
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For a given system at a correlation time 7, this function is uniquely
specified by the two independent wavenumbers, »; and »,, While
X(7) can in principle be evaluated for a time-dependent signal
pair of any arbitrary functional form, it is convenient to restrict
the discussion to a system described by a simple sinusoidal
function.!® Suppose an external sinusoidal perturbation with a
fixed angular frequency w,

(1) = ¢ sin wt (2)

is applied to the system. As long as this perturbation is capable
of inducing molecular-level changes in the system which alter the
IR spectrum and the system responds linearly to the perturbation,
the dynamic variation of IR intensity is expected to take the form™®

A, t) = A'(») sin wt + A”(v) cos wt 3)

By substituting eq 3 into eq 1, the cross-correlation function
reduces to

X(1) = ®(v, vy) cos wr + ¥ (v, vy) sin wr 4)

The terms, $(v, »;) and ¥(»,, v,), which may be regarded as the
real and imaginary (i.e. in-phase and quadrature) components of
the cross-correlation function, are referred to as the synchronous
and asynchronous 2D IR correlation intensities, respectively. They
are related to the dynamic fluctuations of IR absorbance by

B(vy, 7)) = K[A (1)) A (v;) + A" (1)) A" (v)] (5
and
V(). vy) = h[A () A (v2)-A(v) A" (v,)] (6)

The synchronous correlation intensity &(»;, »,) characterizes the
degree of coherence between the dynamic fluctuations of IR signals
measured at two different wavenumbers. The magnitude of
®(v,, v;) becomes significant (i.e., nonvanishing) only if the
time-dependent variations of the two IR signals are similar to each
other. The asynchronous correlation intensity ¥ (v, »,), on the
other hand, characterizes the independent and uncoordinated
fluctuations of IR signals. Unlike the synchronous correlation,
the magnitude of ¥ (v, v,) becomes nonvanishing only if the
time-dependent variations are not synchronized. It becomes
maximum if the variations of signals A(»,, t) and A(v,, ?) are 90°
out of phase with each other. 2D IR spectra are constructed by

(10) In general, two-dimensional correlation analysis of 'time-dependent
signals having more complicated functional forms can be carried out by using
a complex Fourier transformation.
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Figure 1. Conventional IR absorbance spectrum of a mixture of atactic
polystyrene (PS) and low-density polyethylene (PE) obtained at 4-cm™
resolution.

plotting these correlation intensities over a spectral plane defined
by the two independent (orthogonal) wavenumber axes, »; and
v5. Some of the useful properties of 2D IR correlation spectra
are highlighted below.

The correlation intensity at the diagonal position (¥, = v,) of
a synchronous 2D spectrum corresponds to the autocorrelation
of perturbation-induced dynamic fluctuations of IR signals. Local
intensity maxima along the diagonal are thus referred to as au-
topeaks. They indicate the susceptibility of corresponding ab-
sorbance bands to a given external perturbation. More specifically,
if the dynamic variation of the IR spectrum reflects the reori-
entation of electric dipole-transition moments, autopeaks in a
synchronous 2D IR spectrum represent the ease of reorientation,
and consequently the local mobility, of chemical groups con-
tributing to the transition moments. This concept is much easier
to visualize for well-established group frequencies where the
transition moments are associated with specific functional groups
in the system.

Peaks located at off-diagonal positions of a 2D spectral plane
are called cross peaks. Cross peaks appear when the dynamic
variations of the IR spectrum at two different wavenumbers are
correlated or anticorrelated (i.e., opposite sign) to each other. For
a synchronous spectrum, this occurs when the two IR signals are
fluctuating in phase with each other. The synchronized variation
of IR absorbance intensities can result from the simultaneous
reorientation of a pair of dipole-transition moments responsible
for the absorption bands. Coordinated local motions of functional
groups, for example, can lead to simultaneous reorientations.
Highly correlated local reorientational responses of functional
groups to a common external stimulus, in turn, imply the possible
existence of chemical interactions or connectivity which restrict
the independent reorientational motions of the submolecular
structures. Functional groups which are not strongly interacting,
on the other hand, can move independently of each other. The
transition moments associated with molecular vibrations of these
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groups may then reorient at different rates, resulting in a much
weaker or nonexistent synchronous correlation intensity. Thus,
as long as the normal modes of vibration correspond to reasonably
pure group frequencies, one can use the cross peaks in a syn-
chronous 2D IR spectrum to map out the degree of intra- and
intermolecular interactions of various functional groups.

Asynchronous 2D IR correlation spectra provide information
complementary to synchronous spectra; cross peaks appear in
asynchronous spectra if the fluctuations of IR signals induced by
a common external stimulus are not completely synchronized. This
feature is particularly useful since bands arising from molecular
vibrations of different functional groups or of similar groups in
different local environments may exhibit substantially different
time-dependent intensity fluctuations. Thus, asynchronous 2D
correlation spectra can be used to differentiate highly overlapped
IR bands, as well-defined cross peaks often develop among these
bands.

2D IR Spectra of Polyethylene/Polystyrene Blend. A simple
example is presented to illustrate the unique features of 2D IR
spectra. The system studied is a film made of a mixture of atactic
polystyrene (PS) and low-density polyethylene (PE). A con-
ventional IR spectrum for this film is shown in Figure 1. Ab-
sorption peaks associated with the semicircle-stretching modes
of the PS phenyl ring and CH, deformations of the PE and PS
backbone are observed. From this spectrum alone, it is difficult
to determine the state of mixing between PS and PE. The cor-
responding 2D spectra (Figures 2-4) were obtained with the
time-resolved IR spectrometer described in ref 8. The dynamic
IR measurement was carried out by mechanically perturbing the
system at the room temperature with a 23-Hz small-amplitude
oscillatory tensile strain (ca. 0.1%) and recording the time-de-
pendent fluctuations of IR absorbance induced by the perturbation
at a spectral resolution of 4 cm™.

Figure 2 shows a fishnet representation of the synchronous 2D
IR spectrum. The spectral resolution is clearly enhanced by
spreading the peaks over the second dimension. While the relative
magnitudes of correlation intensities are best represented by a
fishnet plot, it is usually more convenient to use contour map
representation (Figure 3 and 4) to determine the location of peaks
in 2D IR spectra. Autopeaks observed on the diagonal near 1454
and 1495 cm™ in the synchronous 2D spectrum (Figures 2 and
3) represent the perturbation-induced local reorientation of PS
phenyl ring. The 1454-cm™ band may also contain a contribution
from CH, deformation in the backbone of PS. A pair of intense
cross peaks appearing at the off-diagonal positions of the spectral
plane near 1454 and 1495 cm™ indicate the existence of a strong
synchronous correlation between the two PS bands. Similarly,
autopeaks corresponding to the dynamic intensity fluctuation of
IR bands associated with CH, deformations in the PE are located
near 1466 and 1475 cm™. These autopeaks arise predominantly
from the reorientation of molecular chains in the amorphous and
crystalline regions of PE. A pair of cross peaks clearly correlate
the IR bands originating from the PE component. There is little
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Figure 2. Fishnet representation of the synchronous 2D IR correlation spectrum &(v,, »,) of a mixture of PS and PE.
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Figure 3. Contour map representation of the synchronous 2D IR cor-
relation spectrum &(v, »,) of a mixture of PS and PE. Conventional
absorbance spectra are provided at the top and side of the map for
reference purposes.
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Figure 4. Contour map representation of the asynchronous 2D IR cor-
relation spectrum ¥(»,, »,) of a mixture of PS and PE. Shaded areas
represent negative intensity regions.

development of synchronous cross peaks correlating PS and PE
bands.!!

The asynchronous 2D spectrum (Figure 4) shows the devel-
opment of cross peaks differentiating PS and PE bands. The
development of such cross peaks indicates that, even under an

(11) Even though the fluctuation rates of IR signals from PS and PE bands
are substantially different, small synchronous cross peaks may develop if the
signals are not completely out of phase with each other.
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identical macroscopic perturbation, the time-dependent behavior
of the IR intensity fluctuation for the PS component of the sample
is substantially different from that for PE. Qbviously, PS and
PE are reorienting independently of each other at the molecular
level. This result is not surprising for a pair of essentially im-
miscible polymers such as PS and PE,!? where the molecular-level
interaction between the components is not strong enough to co-
ordinate their reorientational responses.

Another notable observation in Figure 4 is the development of
cross peaks correlating the 1459-cm™ band to the 1454- and
1495-cm™ bands. Interestingly, these bands all belong to PS. The
asynchronous correlation reveals the existence of different types
of reorientational motions occurring at slightly different rates
within the same polymer. Bands at 1495 and 1454 cm™ arise from
semicircle-stretching vibrations of the phenyl ring side group,!3-15
while the 1459-cm™ band is attributed to the CH, deformation
modes of the PS main chain.!® The asyncronicity among IR
signals from these bands must, therefore, reflect a difference in
the mobilities of backbone and side-group functionalities of the
polymer. This powerful feature of 2D IR spectroscopy, the de-
convolution of highly overlapped bands arising from different
molecular vibrations, will be further explored in a future publi-
cation.!”

Conclusions

2D IR spectroscopy, a new concept in vibrational spectroscopy
based on a correlation analysis of perturbation-induced dynamic
fluctuation of IR signals, has been formulated. The application
of this technique to the study of a mixture of atactic polystyrene
(PS) and low-density polyethylene (PE) demonstrates several
advantages of 2D spectroscopy over the conventional one-di-
mensional approach. Some notable features are as follows:
simplification of complex IR spectra consisting of overlapped
peaks; enhancement of spectral resolution by spreading peaks over
the second dimension; and detection of the existence (or lack) of
interactions among functional groups as probed through their
molecular vibrations. The spectroscopic evidence clearly shows
PS and PE in a blend are segregated at the molecular level,
allowing the components to respond to an applied external per-
turbation independently of each other. A substantial difference
is observed in the local mobility of the backbone and side group
functionalities of PS. On the basis of this observation, it is possible
to assign the 1459-cm™ component of the broad IR band centered
around 1454 ¢cm™ to the backbone CH, deformation in poly-
styrene.
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