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Num erous applications of dynamic infrared spectro scopy to study
a variety of polymer systems have been describ ed in the literature.
Typically, dynamic spectral changes are used to determine the molecular and submolecular reorientations that give rise to a material’s observable mechanical properties. In the present study, the normal 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 optoelectronic polymer, poly(2-phenoxy p-phenylene vinylene), and its
precu rsor polymer, is described. Vibrational modes along the backbone 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 m aps are included in this
characterization. This study has demonstrated that dynamic infrared spectroscopy can be used to distinguish backbone phenylene
ring stretches from ring stretches associated with the phenoxy substituent. 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(2phenoxy p-phenylene vinylene); PPV; Chlorine precu rsor route;
Two-dimensional infrared spectroscopy; 2D-IR; Rheo-optics.

INT RODUCTIO N
Step-scan Fourier transform infrared (FT-IR) spectroscopy is a powerful and versatile technique for recording
spectra of time- and frequency-dependent phenomena.1
The exploitation of this capability in phase-resolved experiments using m echanical sample modulation is discussed here. In addition to sample modulation, these experiments use phase modulation. Relatively recent advances 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 external periodic perturbation is applied to a system, resulting in a dynamic spectral response. The resulting molecular re-orientations are monitored via step-scan infrared spectroscopy. These re-orientations induce frequency
shifts and/or changes in absorption intensity that m ake 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 interferogram s and the corresponding specReceived 27 May 2003; accepted 4 November 2003.
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tra. This technique has been used to study numerous
po lym er sy stem s inclu ding iso tactic p oly prop ylen e
(iPP), 6,7 polystyrene,8 the degradation of poly(ester urethane), 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 synthesized conjugated polymer and its precursor polym er by
dynamic infrared spectroscopy. W hile this relatively new
technique has m any uses in polymer chemistry, little application has been made in the  eld of conjugated conducting polymers.12
Conjugated conducting polymers, also known as synthetic metals and more commonly conducting polymers,
have attracted m uch interest for their high electrical conductivities13 and optoelectronic properties.14 Since the discovery of conductivity in doped polyacetylene in 1977,15
much research has focused on the synthesis and development of these m aterials. 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-phenylene 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-donating or -withdrawing substituents onto the PPV backbone has led to the synthesis of numerous PPV derivatives.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 m ust be circumvented. The
most comm on 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 soluble, processable precursor polymers that can be thermally converted into the  nal conjugated polymer.
The optoelectronic polymer of interest in this study is
a newly synthesized PPV derivative, poly(2-phenoxy pphenylene vinylene), referred to here as PO-PPV; further
characterization of this yellow light-emitting polymer
will be published elsewhere. 20 PO-PPV has been synthesized 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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F IG . 1. The thermal elimination reaction of the PO-PPV precursor converting to PO-PPV.

precursor polymer are characterized here by dynamic infrared spectroscopy; the data are analyzed as both phase
and magnitude spectra and two-dimensional infrared (2DIR) correlation plots. Spectral bands associated with sidegroup and backbone vibrations can be distinguished by
the difference in their time-dependent response to mechanical perturbation. This approach is based on the following principle. Vibrational modes immediately affected
by a perturbation appear in the dynamic in-phase spectrum. Modes less directly affected, such as those associated 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 information wherever there is suf cient intensity for accurate
calculation. The phase plot of m odes responding in-phase
will exhibit similar phase angle; vibrational modes with
phase lag exhibit a phase shift. The m agnitude plot provides a gauge of the intensity of response of each band
to perturbation, but it should be noted that this inform ation includes a factor from the parent band intensity.
Even when the dynamic spectra are normalized by dividing by the single-beam transm ission spectrum, the dependence of the dynamic spectral amplitude on the parent
band strength (intensity) remains. The linkage arises because 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 com pared without considering the parent 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 vibrations, 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 infrared spectra of both polymers were performed to support the assignm ent of infrared vibrational bands with the
aid of dynamic infrared spectroscopy. A detailed discussion of these calculations will be published elsewhere. 20
The mechanical response of each polymer at  xed frequency and temperature was recorded during the spectroscopic experiment (i.e., in situ). These rheological data
were compared with those obtained by dynamic m echanical analysis (ex situ) of the two polymers over a broad
temperature range. The dynamic spectral response is discussed in light of the m acroscopic m echanical properties.

Sample Preparation. The precursor polymer of POPPV was synthesized by the polycondensation of 2-pheno xy-1 ,4-bis(ch lo ro m ethy l)benzene. 2 0 F ree-stand ing
 lms of the PO-PPV precursor were cast on a te on substrate 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 achievable, but with increased risk of breakage. This treatment
serves to orient the  lms, and therefore improves the amplitude of subsequently m easured dynamic spectra. 25
Heating during the drawing process also aided in the removal of residual chloroform . PO-PPV  lms were obtained by heating the drawn PO-PPV precursor  lms under an inert atmosphere at 280 8C for 2 hours. Heating
converts the PO-PPV precursor to its conjugated analogue by the reaction illustrated in Fig. 1. Unfortunately,
the glass transition of the PO-PPV precursor is approximately 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 intensities 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 POPPV precursor and PO-PPV were approximately 2.5 cm
square and 10 –20 mm thick. Reproducibility of the dynamic IR spectra was demonstrated; multiple polymer
 lm samples were prepared because the  lm must be homogeneous and cohesive in order to withstand the physical perturbation.
Instrumentation. The experimental setup was similar
to that described previously.12 Dynamic strain was applied to the sample by a piezo-driven Polymer M odulatory
m icrorheometer (M anning Applied Technology,
Moscow, ID). A sinusoidal signal produced by an Agilent
33120A Function Generator/Arbitrary Waveform Generator was used to drive the Polym er M odulatory microrheometer. A stretching amplitude of 75 mm was applied,
corresponding to a deformation of approximately 0.1%.
The sample m odulation frequency was 16 Hz for all measurements described here. All dynamic spectra were collected with a Bio-Rad FTS 6000 step-scan FT-IR spectrometer (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 2lH eNe was used for all the step-scan measurements. A signal pulse (BSTEP) generated with each
step of the moving m irror was used to trigger the function
generator, thereby synchronizing the stretching waveform
to the spectrometer step-scanning clock. A deuterated triglycine sulfate (DTGS) detector (Digilab) with a lowenergy spectral limit of 400 cm 2 1 was used for both stepscan and rapid-scan m easurements. A m ercury cadmium
telluride (M CT) 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 cm 2 1.
A wire grid polarizer (Digilab) allowed only radiation
with an electric  eld oriented along the axis of dynamic
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305

F IG . 2. Infrared absorbance spectra (1650–600 cm 2 1 ) of (top) the POPPV precursor and (bottom) PO-PPV obtained in rapid-scan mode.

stretching to reach the sample, and a low-pass optical
 lter (Digilab) was used to prevent aliasing. 26 Spectral
resolution of 4 cm 2 1 was used for both static and dynamic
spectral measurements. The dynamic spectra presented
here are the average of three sequential scans, each requiring 40 m inutes 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 M odulatory m icrorheometer. These signals
were digitized and recorded using a data acquisition
board (PC -5102, National Instruments, Austin, TX) in
conjuction with VirtualBenchy (National Instruments), a
computer oscilloscope program. The data were analyzed
to extract rheological values using Matlaby (Version 5.3,
Mathworks, Inc., Natick, MA). Mechanical studies over
a range of temperature, 25–140 8C, were performed using
a dynamic mechanical analyzer (DM A) (M odel 2980, TA
Instruments, Newark, DE), equipped with a  lm tension
clamp. The same m odulation frequency, amplitude, and
polymer samples were used for both dynamic infrared
and DM A experiments to simplify comparison. Typical
sample size was 12 mm 3 7 m m 3 0.02 mm. A heating
rate of 1 8C/minute was used to minimize therm al lag.
Computational Details. Density functional theory calculations were used to m odel the infrared spectra of both
PO-PPV and its precursor polymer. 20 A six-m onomer ring
was used to model an extended polymer chain in both
cases. Structure optimization and frequency calculations
were performed using Q-C hem 2.0, 28 an electronic structure program package. The Gauss View graphics package
was used to visualize the results. For both calculations
the B3LPY exchange-correlation functional and 3-21G

F IG . 3. (Top) Dynamic in-phase and (bottom) quadrature spectra
(1650–600 cm 2 1 ) of the PO-PPV precursor offset on the same scale.

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 absorbance spectra of the PO-PPV precursor and PO-PPV in
the region 1700 – 600 cm 2 1 are shown together, offset, in
Fig. 2. The band assignments for PPV are well established 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 spectrum exhibit a strong dynamic response. These regions
are primarily de ned by the following vibrations: ring
stretches (1650 –1350 cm 2 1 ), ether stretches (1300 –1150
cm 2 1 ), and phenoxy C–H out-of-plane bends (800 –650
cm 2 1 ). While these regions are not speci c to these particular vibrations alone, they are the principal vibrational
modes based on the structure of the polym ers. Since thermal 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 Quadrature. All dynamic infrared spectra, in-phase and quadrature, have been normalized against the single beam
spectrum, yielding relative transmittance spectra. The dynamic 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 intensity of the quadrature spectra are less than those of the
in-phase, with the exception of two vibrational bands at
752 and 691 cm 2 1, which show a strong response in the

TABLE I. Band assignments of PO-PPV precursor and PO-PPV based on their dynamic resp onse.
Assignment
C–C ring str. (origin unspeci ed )
C–C ring str. (backbone)
C–C ring str. (backbone & phenoxy)
C–O–C str.
Phenoxy C–H out-of-plane bend
29
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PO-PPV Precursor (cm 2 1 )

PO-PPV (cm 2 1 )

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)

F IG . 4. (Top) Dynamic in-phase and (bottom) quadrature spectra
(1650–600 cm 2 1 ) of PO-PPV offset on the same scale.

quadrature spectrum. It has been established that bisignate, derivative-like peaks in a well-oriented sample are
primarily due to strain-induced frequency shifts, 25 and
monopolar peaks result primarily from spatial reorientations. 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 m inimal 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 inphase 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 2 1. The dynamic

infrared spectra of the PO-PPV precursor prove useful in
this region (Fig. 5a) by helping to distinguish ring stretches 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 cm 2 1 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 cm 2 1 are of low intensity in the absorbance spectrum relative to peaks at 1587, 1577, and 1487
cm 2 1 , yet they provide strong dynamic response. The disproportionately large perturbation indicates an association with the polymer backbone, supporting the subsequent assignment of these peaks as backbone phenylene
ring stretches. These assignments are also supported by
DFT calculations. Backbone phenylene rings in the dynamic spectrum of PPV have shown similar bisignate
peaks. 12
The ring stretch vibration at 1487 cm 2 1 is strongly supported by DFT calculations as a vibration involving
phenylene rings in both the backbone and the side-group
phenoxy. This assignment is supported by negative features in both the in-phase and quadrature spectra as
shown in Fig. 5a. The negative feature at 1487 cm 2 1 in
the in-phase spectrum is likely a negative monopolar
peak, the negative component of a bipolar feature, or possibly a combination of the two. The negative monopolar
band in the quadrature spectrum can be attributed to spatial reorientation of the phenoxy group. It is m ore dif cult
to identify the dynamic response of the IR bands at 1587
and 1577 cm 2 1 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 cm 2 1 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 cm 2 1. As in the precursor, these
large perturbations indicate polymer backbone vibrations.
The backbone ring-stretch vibrations are distinguished

F IG . 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 cm 2 1 . (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 cm 2 1 .
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F IG . 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 cm 2 1 . (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 cm 2 1 .

from the ring-stretch vibrations associated with the phenoxy substituent. A vibration at 1548 cm 2 1, which is not
present in the absorbance spectrum of the PO-PPV precursor (Fig. 5a), exhibits a strong dynamic response in
the in-phase spectrum of PO-PPV. Additionally, the peak
at 1587 cm 2 1, 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 cm 2 1 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 2 1. W hile 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 absorbance is in the expected region for aryl ether asymmetric and symmetric stretches.31 This is also a region for
in-plane C–H deformation vibrations (1290 –1000 cm 2 1),
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 region are shown in Fig. 6a. Two absorption peaks, at 1250
and 1210 cm 2 1, exhibit a strong dynamic response with
a de nite phase lag. Each exhibits a bisignate peak in the
in-phase spectrum and a negative m onopolar peak in the
quadrature spectrum. The vibration at 1250 cm 2 1 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 dynamic spectra of PO-PPV in this region. However, by
comparing the infrared absorbance spectra of the POPPV precursor and PO-PPV (Fig. 2), it can be seen that
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the ether stretch at 1250 cm 2 1 shifts to 1235 cm 2 1. 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 2 1. 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 1,2,4trisubstituted benzene and the phenoxy group. No significant vibrational m odes appear in this region of the absorbance spectrum of PPV. Based on literature values and
supporting DFT assignments, two predominant peaks at
752 and 691 cm 2 1 can be con dently identi ed as combination phenoxy out-of-plane C–H and ring deform ations. 31 This assignment is supported by an unusually
strong dynamic response, as monopolar bands, in the
quadrature spectrum (Fig. 6b). The unusually strong response indicates that the primary dipole axes are reorienting with a de nite phase lag. Both peaks exhibit a
bisignate response in the in-phase spectrum. This immediate response is not surprising considering that strong
p–p interactions between the phenoxy ring and the aromatic rings of neighboring chains are likely.
Phase and M agnitude Spectra. Phase and magnitude
spectra provide an alternate representation of the information contained in the in-phase and quadrature spectra,
as do the 2D-IR correlation maps discussed in the following section. The computation of both phase and magnitude 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 precursor. The phase and magnitude spectra of the well-oriented PO-PPV precursor were analyzed.

The phase spectrum (not shown) in the region of the
backbone ring vibrations at 1613, 1500, and 1416 cm 2 1
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 boundar y 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 perturbation. A large phase shift was also observed for
PPV 12 in this region. Further investigations into the signi cance and nature of this type of phase shift in conjugated polymers are in progress.
The ether stretches at 1250 and 1210 cm 2 1 exhibit a
phase lag across the bisignate feature. The similar phase
shift of the 1250 cm 2 1 vibration to the 1613 and 1500
cm 2 1 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 cm 2 1 vibration exhibits a slightly different
phase response than the 1250 cm 2 1 vibration or the backbone ring m odes; this is expected for side-group vibrational 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 m ultiple
microstructural environments may be present. 12
The phenoxy out-of-plane C–H and ring deform ations
at 752 and 691 cm 2 1 are characterized by a de nite phase
lag quite distinct from any of the other vibrations. These
stretches experience a m uch greater phase lag than the
ring and ether vibrations, as is evident from the quadrature spectrum in Fig. 6b and found in the phase spectrum.
Two-Dimensional Infrared Correlation M aps. Information provided by 2D-IR correlation m aps is complementary to that obtained from phase and magnitude
spectra. Synchronous 2D-IR maps enhance correlations
between vibrational bands that are simultaneously varying. Asynchronous 2D-IR maps enhance correlations between 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 vibration is reorienting with respect to another. Asynchronous 2D-IR m aps are bene cial in this study in highlighting reorientation differences between the general regions
of the spectrum and in separating broad overlapping
peaks.
The asynchronous spectrum for the 1650 – 600 cm 2 1 region is shown in Fig. 7. This m ap 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 cm 2 1 and the rest of
th e sp ectru m , particu larly the backbo ne ph en ylen e
stretches, which indicates that these peaks are moving out
of phase with the rest of the molecule. The ether stretches
at 1250 and 1210 cm 2 1 , which are considered to have an
intermediate phase lag, form cross peaks with the phenoxy vibrations at 752 and 691 cm 2 1, but only weak

F IG . 7. Asynchronous 2D-IR of the PO-PPV precursor in the 1650 –
600 cm 2 1 region.

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 backbone ring stretches, ether stretches, and phenoxy stretches
are all experiencing different phase responses.
Asynchronous correlation maps can be useful in distinguishing the number of different components within a
band. This is bene cial in revealing overlapping bands
and multiple m icrostructural environments. The phase
and magnitude spectra indicate multiple m icrostructural
environments in the case of the ether stretches at 1250
and 1210 cm 2 1 and the phenoxy vibrations at 752 and
691 cm 2 1. 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 m ost apparent.
An additional autopeak corresponding to the weak positive component of the 1210 cm 2 1 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 cm 2 1 is resolved into at
least three correlation peaks. This supports the possibility
of m ultiple microstructural environments. Due to low intensity, additional features of the peak at 1210 cm 2 1 are
not seen.
Similar results can be observed in the synchronous and
asynchronous 2D-IR maps in the 800 –600 cm 2 1 region
(Figs. 10 and 11). Autopeaks along the diagonal in the
synchronous plot are expected, as peaks 752 and 691
cm 2 1 are moving in-phase with one another. The asynchronous plot reveals a number of additional cross peaks,
also supporting the possibility of m icrostructural environments.
Rheological M easurements. Rheological m easurements were obtained on both polymers in order to corAPPLIED SPECTROSCOPY
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F IG . 8. Synchronous 2D-IR of the PO-PPV precursor in the ether
stretch region, 1300–1150 cm 2 1 .

F IG . 10. Synchronous 2D-IR of the PO-PPV precursor in the phenoxy
C–H out-of-plane bend region, 800 –600 cm 2 1 .

relate the macroscopic behavior with the dynamic infrared analysis. The mechanical analysis was obtained by
two different m ethods, both providing similar results.
Stress and strain outputs from the Polymer Modulatory
microrheometer allowed measurements to be made in
situ. Supporting m easurements were made using a dynamic 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 plotted in Fig. 12. As expected, the conjugated backbone of
PO-PPV results in a higher storage modulus and lower
loss m odulus at room temperature than the PO-PPV precursor. The storage modulus of PO-PPV at room temperature (;2.4 GPa) is comparable to that reported for

F IG . 9. Asynchronous 2D-IR of the PO-PPV precursor in the ether
stretch region, 1300–1150 cm 2 1 .

F IG . 11. Asynchronous 2D-IR of the PO-PPV precursor in the phenoxy C–H out-of-plane bend region, 800 –600 cm 2 1 .
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conjugation along the backbone. The lack of a quadrature
response in the PO-PPV m ay indicate that the substituent
is responding instantaneously to the applied perturbation
or may not be observable because of the low degree of
orientation.
CONCLUSION

F IG . 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 comm on measure of polymer viscoelasticity 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 microrheometer during the dynamic IR measurem ent. This param eter was calculated for both PO-PPV and the PO-PPV
precursor, and the corresponding tan d values were compared with the ex situ results. As mentioned previously,
the M atlaby program was used to perform the following
calculations on the recorded stress and strain signals. The
application of the Fourier transform to both signals yielded 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 m ethod contain an instrumental phase delay contribution. The ;0.04 radian difference observed between
the tan d values of PO-PPV and the PO-PPV precursor
(in situ) supports the m echanical response observed by
dynamic mechanical analysis (ex situ). A greater tan d
was found for the PO-PPV precursor than PO-PPV, indicating a greater phase lag (i.e., a m ore viscous response
to the applied perturbation).
The macroscopic behavior described here (ex situ and
in situ) also corresponds with the dynamic infrared results. As m entioned previously, a high degree of orientation was necessary in the PO-PPV precursor  lms before a strong dynamic infrared response could be obtained. The PO-PPV  lms exhibited a stronger dynamic
infrared response than the precursor, despite lack of orientation. 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

Dynamic infrared spectroscopy has been used to characterize PO-PPV and the PO-PPV precursor. The processable PO-PPV precursor, which can easily be oriented,
yielded the m ost inform ative dynamic results. In-phase
and quadrature spectra, phase and m agnitude 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 m olecule. 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 conversion from the PO-PPV precursor to PO-PPV. As a
result, much of the characterization of the PO-PPV precursor can be applied to the absorption spectrum of POPPV. 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 differences in microstructural environments. The dynamic
response of PO-PPV and the PO-PPV precursor are consistent with their observed m acroscopic behavior. The desirable mechanical properties of optoelectronic PO-PPV
and the PO-PPV precursor m ay lead to a variety of applications for this recently characterized polymer.
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