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Numerous applications of dynamic infrared spectroscopy to study
a variety of polymer systems have been described in the literature.
Typically, dynamic spectral changes are used to determine the mo-
lecular and submolecular reorientations that give rise to a materi-
al’s observable mechanical properties. In the present study, the nor-
mal modes are characterized by their time-dependent response to
an applied perturbation as an aid to assignment of the observed
vibrational bands. Characterization of a newly synthesized opto-
electronic polymer, poly(2-phenoxy p-phenylene vinylene), and its
precursor polymer, is described. Vibrational modes along the back-
bone and side chain are expected to exhibit signi� cantly different
responses to mechanical perturbation due to delayed phase response
of the phenoxy substituent. In-phase spectra, quadrature spectra,
and two-dimensional infrared correlation maps are included in this
characterization. This study has demonstrated that dynamic infra-
red spectroscopy can be used to distinguish backbone phenylene
ring stretches from ring stretches associated with the phenoxy sub-
stituent. Density functional theory calculations are applied to con-
� rm infrared spectral assignments. The mechanical properties are
brie� y discussed in light of the dynamic response.

Index Headings: Dynamic infrared spectroscopy; PO-PPV; Poly(2-
phenoxy p-phenylene vinylene); PPV; Chlorine precursor route;
Two-dimensional infrared spectroscopy; 2D-IR; Rheo-optics.

INTRODUCTION

Step-scan Fourier transform infrared (FT-IR) spectros-
copy is a powerful and versatile technique for recording
spectra of time- and frequency-dependent phenomena.1

The exploitation of this capability in phase-resolved ex-
periments using mechanical sample modulation is dis-
cussed here. In addition to sample modulation, these ex-
periments use phase modulation. Relatively recent ad-
vances in digital signal processing have eliminated the
need for multiple lock-in ampli� ers and have simpli� ed
the technique.2–5 In dynamic infrared spectroscopy, an ex-
ternal periodic perturbation is applied to a system, re-
sulting in a dynamic spectral response. The resulting mo-
lecular re-orientations are monitored via step-scan infra-
red spectroscopy. These re-orientations induce frequency
shifts and/or changes in absorption intensity that make up
the resulting dynamic spectra. The dynamic spectrum is
composed of two orthogonal components, the in-phase
and the quadrature signals, both of which can be isolated
as individual interferograms and the corresponding spec-
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tra. This technique has been used to study numerous
polymer systems including iso tactic polypropylene
(iPP),6,7 polystyrene,8 the degradation of poly(ester ure-
thane),9 and the secondary structure of silk � broin � lm,10

as well as others too numerous to mention.1,11 The focus
of this study is the characterization of a newly synthe-
sized conjugated polymer and its precursor polymer by
dynamic infrared spectroscopy. While this relatively new
technique has many uses in polymer chemistry, little ap-
plication has been made in the � eld of conjugated con-
ducting polymers.12

Conjugated conducting polymers, also known as syn-
thetic metals and more commonly conducting polymers,
have attracted much interest for their high electrical con-
ductivities13 and optoelectronic properties.14 Since the dis-
covery of conductivity in doped polyacetylene in 1977,15

much research has focused on the synthesis and devel-
opment of these materials. Interest in these electroactive
polymers was initially due to their electrical properties:
intrinsic semi-conductivity and increased conductivity, by
several orders of magnitude, upon doping. The focus of
research shifted in 1990 when electroluminescence was
� rst discovered in a conducting polymer, poly( p-phen-
ylene vinylene) (PPV).16 Since that discovery, PPVs have
shown potential for application in organic light emitting
diodes.17 The ability to alter the bandgap and therefore
the wavelength of emission by substituting electron-do-
nating or -withdrawing substituents onto the PPV back-
bone has led to the synthesis of numerous PPV deriva-
tives.18 The unique properties of conducting polymers are
due to their delocalized p-electron system. Unfortunately,
conjugation also generally leads to insolubility and the
resulting processing problems must be circumvented. The
most common solution to the processing problem is the
use of a soluble precursor,19 which is the method used
here. Insolubility is overcome by the development of sol-
uble, processable precursor polymers that can be ther-
mally converted into the � nal conjugated polymer.

The optoelectronic polymer of interest in this study is
a newly synthesized PPV derivative, poly(2-phenoxy p-
phenylene vinylene), referred to here as PO-PPV; further
characterization of this yellow light-emitting polymer
will be published elsewhere.20 PO-PPV has been synthe-
sized via the chlorine precursor route (CPR).20,21 This
route is useful for the synthesis of PPV derivatives with
bulky side groups.22 The thermal elimination reaction that
converts the precursor polymer to PO-PPV is illustrated
in Fig. 1. The vibrational spectra of both PO-PPV and its
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FIG. 1. The thermal elimination reaction of the PO-PPV precursor con-
verting to PO-PPV.

precursor polymer are characterized here by dynamic in-
frared spectroscopy; the data are analyzed as both phase
and magnitude spectra and two-dimensional infrared (2D-
IR) correlation plots. Spectral bands associated with side-
group and backbone vibrations can be distinguished by
the difference in their time-dependent response to me-
chanical perturbation. This approach is based on the fol-
lowing principle. Vibrational modes immediately affected
by a perturbation appear in the dynamic in-phase spec-
trum. Modes less directly affected, such as those associ-
ated with side groups, generally experience a phase lag.
Depending on the extent of the phase lag, these modes
will appear with more or less intensity in the quadrature
spectrum. The phase plot provides clear dynamic infor-
mation wherever there is suf� cient intensity for accurate
calculation. The phase plot of modes responding in-phase
will exhibit similar phase angle; vibrational modes with
phase lag exhibit a phase shift. The magnitude plot pro-
vides a gauge of the intensity of response of each band
to perturbation, but it should be noted that this informa-
tion includes a factor from the parent band intensity.
Even when the dynamic spectra are normalized by divid-
ing by the single-beam transmission spectrum, the de-
pendence of the dynamic spectral amplitude on the parent
band strength (intensity) remains. The linkage arises be-
cause a perturbation of a strong band results in a larger
signal than the same degree of perturbation of a weaker
band. Thus, the magnitude of response for different bands
cannot be directly compared without considering the par-
ent band intensities. Two-dimensional correlation of the
dynamic spectra yields synchronous and asynchronous
plots. These data are complementary to the phase and
magnitude spectra and are useful in providing enhanced
spectral resolution.6,23,24 Unfortunately, IR-active vibra-
tions, especially in macromolecules, are never completely
localized, and intermolecular interactions may affect the
phase response of a particular vibration. These factors
may result in a less easily predicted dynamic response.
Density functional theory (DFT) calculations of the in-
frared spectra of both polymers were performed to sup-
port the assignment of infrared vibrational bands with the
aid of dynamic infrared spectroscopy. A detailed discus-
sion of these calculations will be published elsewhere.20

The mechanical response of each polymer at � xed fre-
quency and temperature was recorded during the spectro-
scopic experiment (i.e., in situ). These rheological data
were compared with those obtained by dynamic mechan-
ical analysis (ex situ) of the two polymers over a broad
temperature range. The dynamic spectral response is dis-
cussed in light of the macroscopic mechanical properties.

EXPERIMENTAL

Sample Preparation. The precursor polymer of PO-
PPV was synthesized by the polycondensation of 2-phe-
noxy-1 ,4-bis(ch loromethyl)benzene. 20 Free-standing
� lms of the PO-PPV precursor were cast on a te� on sub-
strate from a 0.35 w/v % chloroform solution. Precursor
� lms were drawn to four times their original length while
heating with a hot-air gun. A draw ratio of 10:1 is achiev-
able, but with increased risk of breakage. This treatment
serves to orient the � lms, and therefore improves the am-
plitude of subsequently measured dynamic spectra.25

Heating during the drawing process also aided in the re-
moval of residual chloroform. PO-PPV � lms were ob-
tained by heating the drawn PO-PPV precursor � lms un-
der an inert atmosphere at 280 8C for 2 hours. Heating
converts the PO-PPV precursor to its conjugated ana-
logue by the reaction illustrated in Fig. 1. Unfortunately,
the glass transition of the PO-PPV precursor is approxi-
mately 59 8C, and, as a result, orientation was lost upon
conversion. This effect was demonstrated by comparing
the dynamic spectra of PO-PPV � lms oriented before
conversion with those of PO-PPV � lms that had not been
oriented before conversion. The spectral features and in-
tensities proved to be virtually indistinguishable. PO-PPV
� lms are much less processable than the precursor, and a
draw ratio of only 1.5/1 could be achieved after thermal
conversion without breaking the � lm. Films of the PO-
PPV precursor and PO-PPV were approximately 2.5 cm
square and 10–20 mm thick. Reproducibility of the dy-
namic IR spectra was demonstrated; multiple polymer
� lm samples were prepared because the � lm must be ho-
mogeneous and cohesive in order to withstand the phys-
ical perturbation.

Instrumentation. The experimental setup was similar
to that described previously.12 Dynamic strain was ap-
plied to the sample by a piezo-driven Polymer Modula-
tor y microrheometer (Manning Applied Technology,
Moscow, ID). A sinusoidal signal produced by an Agilent
33120A Function Generator/Arbitrary Waveform Gener-
ator was used to drive the Polymer Modulator y micro-
rheometer. A stretching amplitude of 75 mm was applied,
corresponding to a deformation of approximately 0.1%.
The sample modulation frequency was 16 Hz for all mea-
surements described here. All dynamic spectra were col-
lected with a Bio-Rad FTS 6000 step-scan FT-IR spec-
trometer (Digilab USA, Randolph, MA) in step-scan
mode. All static spectra were collected in the rapid-scan
mode. A phase modulation frequency of 400 Hz, with an
amplitude of 2lHeNe was used for all the step-scan mea-
surements. A signal pulse (BSTEP) generated with each
step of the moving mirror was used to trigger the function
generator, thereby synchronizing the stretching waveform
to the spectrometer step-scanning clock. A deuterated tri-
glycine sulfate (DTGS) detector (Digilab) with a low-
energy spectral limit of 400 cm21 was used for both step-
scan and rapid-scan measurements. A mercury cadmium
telluride (MCT) detector was also used, but no additional
spectral information was obtained. Therefore, the DTGS
detector was routinely used. An undersampling ratio of
8 was used to provide a free spectral range of 1975 cm21.
A wire grid polarizer (Digilab) allowed only radiation
with an electric � eld oriented along the axis of dynamic
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FIG. 2. Infrared absorbance spectra (1650–600 cm 21) of (top) the PO-
PPV precursor and (bottom) PO-PPV obtained in rapid-scan mode.

FIG. 3. (Top) Dynamic in-phase and (bottom) quadrature spectra
(1650–600 cm21) of the PO-PPV precursor offset on the same scale.

TABLE I. Band assignments of PO-PPV precursor and PO-PPV based on their dynamic response.

Assignment PO-PPV Precursor (cm21) PO-PPV (cm21)

C–C ring str. (origin unspeci� ed29)
C–C ring str. (backbone)
C–C ring str. (backbone & phenoxy)
C–O–C str.
Phenoxy C–H out-of-plane bend

1613(w), 1587(m), 1577(m)
1500(m), 1416(s)
1487(vs)
1250(vs), 1210(vs)
752(s), 690(s)

1587(s), 1548(m)
1500(m), 1416(s)
1487(vs)
1235(vs), 1210(vs)
750(s), 691(s)

stretching to reach the sample, and a low-pass optical
� lter (Digilab) was used to prevent aliasing.26 Spectral
resolution of 4 cm21 was used for both static and dynamic
spectral measurements. The dynamic spectra presented
here are the average of three sequential scans, each re-
quiring 40 minutes of acquisition time. Calibration of the
electronic phase delay was performed with a partial beam
block experiment.27

Rheological measurements at room temperature were
derived from the stress and strain signals generated by
the Polymer Modulator y microrheometer. These signals
were digitized and recorded using a data acquisition
board (PC-5102, National Instruments, Austin, TX) in
conjuction with VirtualBench y (National Instruments), a
computer oscilloscope program. The data were analyzed
to extract rheological values using Matlab y (Version 5.3,
Mathworks, Inc., Natick, MA). Mechanical studies over
a range of temperature, 25–140 8C, were performed using
a dynamic mechanical analyzer (DMA) (Model 2980, TA
Instruments, Newark, DE), equipped with a � lm tension
clamp. The same modulation frequency, amplitude, and
polymer samples were used for both dynamic infrared
and DMA experiments to simplify comparison. Typical
sample size was 12 mm 3 7 mm 3 0.02 mm. A heating
rate of 1 8C/minute was used to minimize thermal lag.

Computational Details. Density functional theory cal-
culations were used to model the infrared spectra of both
PO-PPV and its precursor polymer.20 A six-monomer ring
was used to model an extended polymer chain in both
cases. Structure optimization and frequency calculations
were performed using Q-Chem 2.0,28 an electronic struc-
ture program package. The Gauss View graphics package
was used to visualize the results. For both calculations
the B3LPY exchange-correlation functional and 3-21G

basis set were used. Each spectrum took approximately
one month to compute (Silicon Graphics Workstation,
R12K Processor).

RESULTS AND DISCUSSION

Infrared Absorbance Spectra. The infrared absor-
bance spectra of the PO-PPV precursor and PO-PPV in
the region 1700–600 cm21 are shown together, offset, in
Fig. 2. The band assignments for PPV are well estab-
lished 29 and have proven bene� cial in the identi� cation
of the vibrational spectra of PO-PPV and its precursor
polymer. In the current study, three regions of the spec-
trum exhibit a strong dynamic response. These regions
are primarily de� ned by the following vibrations: ring
stretches (1650–1350 cm21), ether stretches (1300–1150
cm21), and phenoxy C–H out-of-plane bends (800–650
cm21). While these regions are not speci� c to these par-
ticular vibrations alone, they are the principal vibrational
modes based on the structure of the polymers. Since ther-
mal conversion of PO-PPV precursor to PO-PPV (as
shown in Fig. 1) involves the loss of HCl and induced
conjugation, the infrared spectral assignments given in
Table I are similar for both polymers.

Dynamic Infrared Spectra: In-Phase and Quadra-
ture. All dynamic infrared spectra, in-phase and quad-
rature, have been normalized against the single beam
spectrum, yielding relative transmittance spectra. The dy-
namic infrared spectra of the oriented PO-PPV precursor
are shown in Fig. 3. All dynamic spectra in this � gure
and the following � gure are plotted on the same scale,
but with an offset added for clarity. In general, the inten-
sity of the quadrature spectra are less than those of the
in-phase, with the exception of two vibrational bands at
752 and 691 cm21, which show a strong response in the
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FIG. 4. (Top) Dynamic in-phase and (bottom) quadrature spectra
(1650–600 cm21) of PO-PPV offset on the same scale.

FIG. 5. (Left) Dynamic (in-phase (top) and quadrature (middle, bold)) and absorbance spectra (bottom) (with peak labels) of the PO-PPV precursor
in the ring stretch region, 1650–1350 cm21. (Right) Dynamic (in-phase (top) and quadrature (middle, bold)) and absorbance spectra (bottom) (with
peak labels) of PO-PPV in the ring stretch region, 1650–1350 cm21.

quadrature spectrum. It has been established that bisig-
nate, derivative-like peaks in a well-oriented sample are
primarily due to strain-induced frequency shifts,25 and
monopolar peaks result primarily from spatial reorienta-
tions. Bisignate peaks commonly signify a strain-induced
decrease in bond strength associated with a shift to lower
wavenumber.30

The dynamic infrared spectra of PO-PPV are shown in
Fig. 4. As described in the experimental section, a draw
ratio of only 1.5/1 could be achieved with the PO-PPV
� lms. This results in minimal orientation. Orientation
along the polarization and stretching axis has been shown
to result in a stronger in-phase signal. Despite lack of
orientation, PO-PPV provides a stronger dynamic in-
phase signal than the well-drawn precursor (Fig. 3). This
is undoubtedly due to conjugation along the PO-PPV
backbone, which results in an elastic and rigid polymer
with a higher storage modulus and a stronger dynamic
response than the relatively viscous PO-PPV precursor.
The most de� nitive information can be obtained from the
ring-stretch region of the PO-PPV dynamic spectra.

Ring Stretch Region, 1650–1350 cm 21. The dynamic

infrared spectra of the PO-PPV precursor prove useful in
this region (Fig. 5a) by helping to distinguish ring stretch-
es associated with the backbone from those associated
with the phenoxy substituent. The infrared absorbance
spectrum is also included in this � gure. Bands at 1613,
1500, and 1416 cm21 exhibit strong bisignate peaks in
the in-phase spectrum. These bands show no signi� cant
quadrature response. Their presence as bisignate peaks in
the in-phase spectrum indicates immediate strain-induced
frequency shifts. It is interesting to note that peaks at
1613 and 1500 cm21 are of low intensity in the absor-
bance spectrum relative to peaks at 1587, 1577, and 1487
cm21, yet they provide strong dynamic response. The dis-
proportionately large perturbation indicates an associa-
tion with the polymer backbone, supporting the subse-
quent assignment of these peaks as backbone phenylene
ring stretches. These assignments are also supported by
DFT calculations. Backbone phenylene rings in the dy-
namic spectrum of PPV have shown similar bisignate
peaks.12

The ring stretch vibration at 1487 cm21 is strongly sup-
ported by DFT calculations as a vibration involving
phenylene rings in both the backbone and the side-group
phenoxy. This assignment is supported by negative fea-
tures in both the in-phase and quadrature spectra as
shown in Fig. 5a. The negative feature at 1487 cm21 in
the in-phase spectrum is likely a negative monopolar
peak, the negative component of a bipolar feature, or pos-
sibly a combination of the two. The negative monopolar
band in the quadrature spectrum can be attributed to spa-
tial reorientation of the phenoxy group. It is more dif� cult
to identify the dynamic response of the IR bands at 1587
and 1577 cm21 using only dynamic infrared spectra.

The dynamic (in-phase and quadrature) spectra, as well
as the infrared absorbance spectra, of PO-PPV in the
1650–1350 cm21 region are shown in Fig. 5b. Similar to
its precursor, the in-phase spectrum of PO-PPV shows
strong bisignate features centered over the backbone ring
bands at 1500 and 1416 cm21. As in the precursor, these
large perturbations indicate polymer backbone vibrations.
The backbone ring-stretch vibrations are distinguished
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FIG. 6. (Left) Dynamic (in-phase (top) and quadrature (middle, bold)) and absorbance spectra (bottom) (with peak labels) of the PO-PPV precursor
in the ether stretch region, 1300–1160 cm21. (Right) Dynamic (in-phase (top) and quadrature (middle, bold)) and absorbance spectra (bottom) (with
peak labels) of PO-PPV precursor in the phenoxy C–H out-of-plane bend region, 800–650 cm21.

from the ring-stretch vibrations associated with the phe-
noxy substituent. A vibration at 1548 cm21, which is not
present in the absorbance spectrum of the PO-PPV pre-
cursor (Fig. 5a), exhibits a strong dynamic response in
the in-phase spectrum of PO-PPV. Additionally, the peak
at 1587 cm21, which is present in the absorbance spectra
of both polymers, exhibits a stronger dynamic response
in the in-phase spectrum of PO-PPV. Peaks at 1613 and
1577 cm21 in the absorbance spectrum of the PO-PPV
precursor do not appear in the absorbance or dynamic
spectra of PO-PPV, as also noted in Table I.

Ether Stretch Region, 1300–1160 cm 21. While PPV
lacks any strong characteristic vibrations in this region,29

this is an area of intense absorption for both the PO-PPV
precursor and PO-PPV (Fig. 2). This broad infrared ab-
sorbance is in the expected region for aryl ether asym-
metric and symmetric stretches.31 This is also a region for
in-plane C–H deformation vibrations (1290–1000 cm21),
but their intensity is expected to be medium to weak, and
no dynamic response has been seen in the study of PPV.12

The dynamic (in-phase and quadrature) spectra and static
absorbance spectra for the PO-PPV precursor in this re-
gion are shown in Fig. 6a. Two absorption peaks, at 1250
and 1210 cm21, exhibit a strong dynamic response with
a de� nite phase lag. Each exhibits a bisignate peak in the
in-phase spectrum and a negative monopolar peak in the
quadrature spectrum. The vibration at 1250 cm21 shows
a stronger in-phase response. Both bisignate features in
the in-phase have a predominantly negative component.
The unsymmetrical nature of these features indicates two
combined effects: strain-induced frequency shifts and
spatial reorientations. The intense component is a result
of strain-induced reorientation of the ether dipole axis.
The phase lag of these vibrations is evidenced by the
monopolar bands in the quadrature spectrum. These are
due solely to the delayed reorientation of the ether dipole
axis.

No de� nitive information can be obtained from the dy-
namic spectra of PO-PPV in this region. However, by
comparing the infrared absorbance spectra of the PO-
PPV precursor and PO-PPV (Fig. 2), it can be seen that

the ether stretch at 1250 cm21 shifts to 1235 cm21. This
indicates a susceptibility of the vibrational frequency to
changes in the electronic environment along the polymer
backbone (i.e., conjugation resulting from loss of HCl).
The susceptibility of this vibration, combined with the
predominantly in-phase response (Fig. 6a) indicates that
this ether stretch is strongly associated with the backbone.
DFT calculations also indicate that the higher energy
stretch is slightly localized on the ether linkage to the
backbone phenyl moiety.

Phenoxy C–H Out-of-Plane Bend Region, 800–650
cm 21. The dynamic and infrared absorbance spectra for
the PO-PPV precursor in this region are shown in Fig.
6b. The absorption bands in this region are characteristic
of out-of-plane C–H and ring deformations for a 1,2,4-
trisubstituted benzene and the phenoxy group. No signif-
icant vibrational modes appear in this region of the ab-
sorbance spectrum of PPV. Based on literature values and
supporting DFT assignments, two predominant peaks at
752 and 691 cm21 can be con� dently identi� ed as com-
bination phenoxy out-of-plane C–H and ring deforma-
tions.31 This assignment is supported by an unusually
strong dynamic response, as monopolar bands, in the
quadrature spectrum (Fig. 6b). The unusually strong re-
sponse indicates that the primary dipole axes are reori-
enting with a de� nite phase lag. Both peaks exhibit a
bisignate response in the in-phase spectrum. This im-
mediate response is not surprising considering that strong
p–p interactions between the phenoxy ring and the aro-
matic rings of neighboring chains are likely.

Phase and Magnitude Spectra. Phase and magnitude
spectra provide an alternate representation of the infor-
mation contained in the in-phase and quadrature spectra,
as do the 2D-IR correlation maps discussed in the fol-
lowing section. The computation of both phase and mag-
nitude spectra has been described in the literature.32 Due
to the similar structural nature of PO-PPV precursor and
PO-PPV, spectral assignments are based primarily on the
response observed from the well-oriented PO-PPV pre-
cursor. The phase and magnitude spectra of the well-ori-
ented PO-PPV precursor were analyzed.
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FIG. 7. Asynchronous 2D-IR of the PO-PPV precursor in the 1650–
600 cm21 region.

The phase spectrum (not shown) in the region of the
backbone ring vibrations at 1613, 1500, and 1416 cm21

in the PO-PPV precursor exhibits an abrupt phase shift
over each bisignate band. These sharp changes may be
indicative of quadrant boundary crossings, where the sign
of either the in-phase or quadrature component changes.
The two portions of the bisignate band, on either side of
the boundary crossing, have very similar phase values.
However, the arctangent function used to compute the
phase must have at least one point in every 1808 where
the result changes sign abruptly. The phase spectra are
similar for all three backbone vibrations, indicating an
immediate and simultaneous response to the applied per-
turbation. A large phase shift was also observed for
PPV12 in this region. Further investigations into the sig-
ni� cance and nature of this type of phase shift in con-
jugated polymers are in progress.

The ether stretches at 1250 and 1210 cm21 exhibit a
phase lag across the bisignate feature. The similar phase
shift of the 1250 cm21 vibration to the 1613 and 1500
cm21 backbone ring vibrations is in agreement with the
DFT calculation, indicating that this vibration is localized
on the ether linkage to the polymer backbone. The phase
of the 1210 cm21 vibration exhibits a slightly different
phase response than the 1250 cm21 vibration or the back-
bone ring modes; this is expected for side-group vibra-
tional modes and is in agreement with calculations that
indicate that this ether stretch is slightly localized on the
phenoxy substituent. In addition, the gradual phase shift
between the bisignate components indicates that multiple
microstructural environments may be present.12

The phenoxy out-of-plane C–H and ring deformations
at 752 and 691 cm21 are characterized by a de� nite phase
lag quite distinct from any of the other vibrations. These
stretches experience a much greater phase lag than the
ring and ether vibrations, as is evident from the quadra-
ture spectrum in Fig. 6b and found in the phase spectrum.

Two-Dimensional Infrared Correlation Maps. In-
formation provided by 2D-IR correlation maps is com-
plementary to that obtained from phase and magnitude
spectra. Synchronous 2D-IR maps enhance correlations
between vibrational bands that are simultaneously vary-
ing. Asynchronous 2D-IR maps enhance correlations be-
tween IR bands whose intensities are � uctuating out of
phase with one another. In the asynchronous map, the
sign of the cross peak essentially indicates when one vi-
bration is reorienting with respect to another. Asynchro-
nous 2D-IR maps are bene� cial in this study in highlight-
ing reorientation differences between the general regions
of the spectrum and in separating broad overlapping
peaks.

The asynchronous spectrum for the 1650–600 cm21 re-
gion is shown in Fig. 7. This map also indicates different
reorientation rates for the various molecular components
that were indicated by the phase and magnitude data.
Most apparent are the strong cross peaks between the
phenoxy vibrations at 752 and 691 cm21 and the rest of
the spectrum, particu larly the backbone phenylene
stretches, which indicates that these peaks are moving out
of phase with the rest of the molecule. The ether stretches
at 1250 and 1210 cm21, which are considered to have an
intermediate phase lag, form cross peaks with the phe-
noxy vibrations at 752 and 691 cm21, but only weak

crosspeaks with the backbone phenylene ring stretches.
The ether stretches are reorienting nearly synchronously
with the backbone phenylene region, with only a slight
phase lag. The asynchronous map indicates that the back-
bone ring stretches, ether stretches, and phenoxy stretches
are all experiencing different phase responses.

Asynchronous correlation maps can be useful in dis-
tinguishing the number of different components within a
band. This is bene� cial in revealing overlapping bands
and multiple microstructural environments. The phase
and magnitude spectra indicate multiple microstructural
environments in the case of the ether stretches at 1250
and 1210 cm21 and the phenoxy vibrations at 752 and
691 cm21. The synchronous and asynchronous 2D-IR
maps of the ether stretch region in the chlorine precursor
are shown in Figs. 8 and 9. In the synchronous map (Fig.
8), three autopeaks along the diagonal are most apparent.
An additional autopeak corresponding to the weak posi-
tive component of the 1210 cm21 vibration is not visible
in this � gure. In this case, the asynchronous correlation
map provides enhanced spectral resolution. As can be
seen in Fig. 9, the peak at 1250 cm21 is resolved into at
least three correlation peaks. This supports the possibility
of multiple microstructural environments. Due to low in-
tensity, additional features of the peak at 1210 cm21 are
not seen.

Similar results can be observed in the synchronous and
asynchronous 2D-IR maps in the 800–600 cm21 region
(Figs. 10 and 11). Autopeaks along the diagonal in the
synchronous plot are expected, as peaks 752 and 691
cm21 are moving in-phase with one another. The asyn-
chronous plot reveals a number of additional cross peaks,
also supporting the possibility of microstructural environ-
ments.

Rheological Measurements. Rheological measure-
ments were obtained on both polymers in order to cor-
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FIG. 8. Synchronous 2D-IR of the PO-PPV precursor in the ether
stretch region, 1300–1150 cm21.

FIG. 10. Synchronous 2D-IR of the PO-PPV precursor in the phenoxy
C–H out-of-plane bend region, 800–600 cm21.

FIG. 9. Asynchronous 2D-IR of the PO-PPV precursor in the ether
stretch region, 1300–1150 cm21.

FIG. 11. Asynchronous 2D-IR of the PO-PPV precursor in the phe-
noxy C–H out-of-plane bend region, 800–600 cm21.

relate the macroscopic behavior with the dynamic infra-
red analysis. The mechanical analysis was obtained by
two different methods, both providing similar results.
Stress and strain outputs from the Polymer Modulator y
microrheometer allowed measurements to be made in
situ. Supporting measurements were made using a dy-
namic mechanical analyzer (ex situ). Both methods pro-

vided consistent results. The storage modulus (E 9) and
loss modulus (E 0) of PO-PPV and the PO-PPV precursor
from 25–130 8C, obtained by the ex situ method, are plot-
ted in Fig. 12. As expected, the conjugated backbone of
PO-PPV results in a higher storage modulus and lower
loss modulus at room temperature than the PO-PPV pre-
cursor. The storage modulus of PO-PPV at room tem-
perature (;2.4 GPa) is comparable to that reported for
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FIG. 12. The storage (solid) and loss (dashed) modulus of PO-PPV
(both right) and the PO-PPV precursor (both left) over the temperature
range 25–140 8C.

polyaniline (;2.5 GPa)33 and higher than that of PPV
(;1.8 GPa)34 and polypyrrole (;0.5 GPa).35 The tan d
(not plotted) is a common measure of polymer visco-
elasticity and is calculated as the ratio of the loss modulus
and storage modulus (E 0/E 9). Tan d values for PO-PPV
and the PO-PPV precursor at room temperature are 0.02
and 0.06 radians, respectively. A higher tan d value, as
in the case of the chlorine precursor, indicates a larger
phase angle, d, and a more viscous response.

The phase angle, d, between the stress and the strain
waveforms was also measured in situ with the microrhe-
ometer during the dynamic IR measurement. This param-
eter was calculated for both PO-PPV and the PO-PPV
precursor, and the corresponding tan d values were com-
pared with the ex situ results. As mentioned previously,
the Matlab y program was used to perform the following
calculations on the recorded stress and strain signals. The
application of the Fourier transform to both signals yield-
ed real and imaginary components for each. The phase
of both signals was calculated from the arctangent of the
ratio of the real and imaginary components. The phase
difference was calculated by subtraction of the two phase
values at the stretching frequency. Phase angles obtained
by this method contain an instrumental phase delay con-
tribution. The ;0.04 radian difference observed between
the tan d values of PO-PPV and the PO-PPV precursor
(in situ) supports the mechanical response observed by
dynamic mechanical analysis (ex situ). A greater tan d
was found for the PO-PPV precursor than PO-PPV, in-
dicating a greater phase lag (i.e., a more viscous response
to the applied perturbation).

The macroscopic behavior described here (ex situ and
in situ) also corresponds with the dynamic infrared re-
sults. As mentioned previously, a high degree of orien-
tation was necessary in the PO-PPV precursor � lms be-
fore a strong dynamic infrared response could be ob-
tained. The PO-PPV � lms exhibited a stronger dynamic
infrared response than the precursor, despite lack of ori-
entation. The particularly intense in-phase response of
PO-PPV in the ring stretch region tends to indicate that
the increase in elasticity (i.e., rigidity) is due primarily to

conjugation along the backbone. The lack of a quadrature
response in the PO-PPV may indicate that the substituent
is responding instantaneously to the applied perturbation
or may not be observable because of the low degree of
orientation.

CONCLUSION

Dynamic infrared spectroscopy has been used to char-
acterize PO-PPV and the PO-PPV precursor. The pro-
cessable PO-PPV precursor, which can easily be oriented,
yielded the most informative dynamic results. In-phase
and quadrature spectra, phase and magnitude spectra, and
2D-IR correlation maps all provide similar information
regarding the dynamic response. Vibrational modes have
been seen to exhibit dynamic responses indicative of their
location within the molecule. This has aided assignment
of the absorbance spectra (Table I). The identi� cation of
a number of bands is supported by DFT calculations.
Only slight spectral changes occur during thermal con-
version from the PO-PPV precursor to PO-PPV. As a
result, much of the characterization of the PO-PPV pre-
cursor can be applied to the absorption spectrum of PO-
PPV. It has also been seen that vibrations associated with
the phenoxy substituent, ether stretches, and out-of-plane
C–H and ring deformations are more susceptible to dif-
ferences in microstructural environments. The dynamic
response of PO-PPV and the PO-PPV precursor are con-
sistent with their observed macroscopic behavior. The de-
sirable mechanical properties of optoelectronic PO-PPV
and the PO-PPV precursor may lead to a variety of ap-
plications for this recently characterized polymer.
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