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ABSTRACT: Phenylene ringdeuterated poly@-phenylenevinylene) films were prepared from water-cast 
films of the precursor polymer poly[ (2,3,5,6-tetradeuterio-p-xylylidene)tetr~ydrothiophenium chloride] and 
were heated and stretched to effect simultaneous orientation and elimination. 2H quadrupole echo NMR 
spectra have been obtained from these films, aligned at  an angle in the NMR magnetic field, for various draw 
ratios. The experimental data from 2H spectra have been simulated with excellent agreement and thereby 
have yielded the chain orientation distribution in these films. 2H spectra obtained a t  -58 "C are well simulated 
by an orientation distribution consisting of two Gaussian components, a well-oriented component with a 
width of 10" and a more poorly oriented component with a width of 30'. 2H spectra obtained a t  25 OC show 
a third component that is associated with well-oriented rings undergoing 180" rotational jumps about the 
1,4-ring axis. The average tilt of the phenylene ring relative to the chain axis has been found to be 7.7", close 
to but not exactly equal to the 9.2O predicted for a trans-stilbene-like structure. The difference can be 
attributed to  chain disorder within crystallites or a t  domain boundaries. 

Introduction 
It has recently been reported that high-quality films of 

poly@-phenylenevinylene) (PPV) can be prepared from 
water-cast films of a sulfonium salt precursor polymer.' 
These films show highly anisotropic conductivity when 
exposed to oxidative doping agents such as A s F ~ . ~ , ~  The 
optical and tensile properties of these films are also of 
interest and have been 

In the present contribution the 2H quadrupole echo 
NMR spectra of appropriately labeled PPV films have 
been obtained and analyzed to characterize the chain 
orientation distribution. Stretched PPV has been exam- 
ined by a variety of methods, including infrared spec- 
troscopy: X-ray diffra~tion,~ electron diffraction,lOJ1 and 
electron microscopy.12 Solid-state NMR methods, par- 
ticularly 2H quadrupole echo NMR, can provide new and 
independent data about PPV structure and morphology 
that may lead to a better theoretical understanding of 
PPV properties. 2H NMR can also serve as a new method 
for monitoring the quality of processed PPV films. 

As with any oriented, deuterated polymer, a stack of 
drawn PPV-dd films, aligned in the NMR magnetic field, 
will possess a *H spectral line shape that is dependent on 
the orientation distribution of C-D bonds in the film.'3J4 
The 2H NMR line shape of a specifically deuterated PPV 
can reveal the orientation distribution of the polymer 
chains relative to the stretching axis of the film and can 
indirectly provide information about the chain confor- 
mational disorder. 

We have specifically incorporated deuterium in place 
of the phenylene ring protons of PPV and have charac- 
terized the 2H NMR spectra of these oriented stretched 
films. The shape of the chain orientation distribution has 
been obtained through simulation of 2H line shapes. *H 
NMR spectra also provide a measurement of the average 
tilt of the phenylene ring of PPV relative to the chain axis 
and provide some information about phenylene ring 
dynamics. 

The utility of *H NMR for the study of an oriented 
polymer depends on the molecular geometry of the C-D 

* To whom correspondence should be addressed. 

bond relative to the chain. Because the C-D bonds of the 
phenylene ring are directed at 60" to the ring axis, the 2H 
quadrupole splitting is particularly sensitive to small 
changes in chain orientation, and thus it has been possible 
to distinguish the spectra of well-oriented PPV from those 
of more poorly ordered chains. Previous studies of the 
deuterated phenyl or phenylene rings have been important 
in a variety of NMR studies of flexible chain polymers (cf. 
refs 15-17). The present results suggest the utility of the 
2H NMR study of the rigid phenylene rings for obtaining 
information about morphology in films and fibers con- 
taining rigid chains. 

Experimental Section 
Materials. Specifically labeled, ring-deuterated PPV pre- 

cursor polymer poly[ (2,3,5,6-tetradeuterio-p-xylylidene) tetrahy- 
drothiophenium chloride) was prepared from the deuterated 
monomer (2,3,5,6-tetradeuteri~p-xylylene)bis(tetophe- 
nium) chloride according to a previously published procedure.' 
The procedure for the synthesis of the monomer also has been 
presented elsewhere.18 Deuterated precursor films were cast from 
water and were either eliminated with stretching according to 
Gagnon et  a1.I or with the mechanical procedure of Machado et 
al.19 to produce deuterated PPV-d4 films (structure shown in 
Figure la).  Films were eliminated a t  250 OC under vacuum to 
complete elimination and had a thickness of 30 pm before 
stretching and, depending on the draw ratio, decreased to a 
thickness of 5-30 pm after stretching. 

The specificity of labeling of the precursor polymer was 
confirmed by solution-state l3C NMR with a Varian XL-300 NMR 
spectrometer in a H20/D20 solution through observation of the 
proton-coupled spectrum. Ring deuteration was full (>95% ), 
and methylene deuteration was undetectable (6% ). The 
specificity of labeling in the annealed films was confirmed by 
solid-state I3C cross-polarization magic angle spinning (CP-MAS) 
NMR a t  75 MHz with a Bruker MSL-300 NMR spectrometer by 
use of interrupted decoupling methods,*O and by infrared 
spectroscopy.21 

Methods. Sample Preparation. Powder samples of stretch- 
ed and unstretched PPV-d4 were obtained by cutting films into 
pieces with dimensions of approximately 1 mm2. The pieces 
were packed in a 5-mm solids NMR tube (Wilmad 506-PP cut 
to a length of 3 cm). 

NMR samples containing stacked films were prepared from 
both stretched and unstretched PPV-d4. Films (10 mm wide) 
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that made use of the method of planar moments13J4 to incorporate 
the effects of chain orientation as well as the method of Wit- 
tebort et al.24 to incorporate the effects ofphenylene ring dynamics 
and anisotropic quadrupole echo decay. The simulations were 
corrected for finite pulse width and finite probe bandwidth23.25 
as well as for natural line broadening. 

Figure IC describes the coordinate systems used to represent 
oriented PPV. The 2H splitting, AY, isa function ofthe normalized 
Cartesian coordinates of the magnetic field vector, Bo, in the 
principal axis system (PAS; Figure IC) of the C-D bond? 

t rans0 i d  
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Figure 1. PPV structures showing coordinate axes and angles 
used to calculate the spectra of oriented films: (a) all-trans,tran- 
soid structure with stilbene-like geometry; (b) all-trans,cisoid 
structure. (c) The magnetic field vector Bo is aligned along the 
z axis of the laboratory frame (LAB) and is expressed in the C-D 
bond principal axis system (PAS) through three rotation matrix 
transformations. CHAIN, coordinate system fixed in the PPV 
chains; FILM, coordinate system fixed in the PPV film. 

were folded, with folds perpendicular to the stretch axis, and 
inserted into a 5-mm-diameter rod containing a slot along its 
axis. Films were affixed to Kapton tape (CHR Industries) to 
preserve their structural integrity during folding. The folded 
edges were removed to leave an aligned stack of 5 mm x 10 mm 
films. The uncertainty of alignment was estimated a t  *5" or 
less. The angle, 8, between the stretching axis and the applied 
field was varied by rotating the film holder about its long axis 
in the NMR coil, an axis perpendicular to the NMR magnetic 
field. 

2H NMR Spectra. ZH NMR spectra were obtained a t  46 MHz 
in the 5-mm H P  (high-power) probe of a Bruker MSL-300 
instrument. Spectra were obtained with the two-pulse quad- 
rupole echo NMR pulse sequencez2 with an eight-member phase 
cycle. The 90" pulse width was 2.3 ps, and the echo delay was 
20 ps. The quadrupole echo was acquired, beginning 2 ps before 
its peak, with 2048 points a t  a rate of 5 MHz (2.5-MHz spectral 
width). The data were left-shifted to the echo peak and Fourier 
transformed into the observed spectrum with a Lorentzian line 
broadening of 2 kHz. The equilibrium recycle delay was 
determined by progressive saturation methods,Z3 using the echo 
height; the equilibrium delay was 60 s a t  -58 "C and 20 s a t  25 
"C. 

Theoretical  Calculation of 2H NMR Spectra.  Theoretical 
zH NMR spectra were calculated with a specially written program 

Au = ux,BX2 + vYrBy2 + u,,BZ2 
where uxx,  uyy ,  and u,, are the principal axis quadrupole splittings 
(tensor components) and B,, By, and B, are the normalized Car- 
tesian coordinates of Bo in the principal axis system. The 
principal axes for the rigid lattice C-D bond are z (along the C-D 
bond) and y (perpendicular to the ring plane). The average 
principal axes for a phenylene ring undergoing fast rotational 
jumps are z (along the ring axis) and y (perpendicular to the ring 
plane). Equation 1, when expressed in spherical coordinates, 
has the forml3 

(2) 
where 6 and are the spherical coordinates for Bo; AUQ = u,,/2, 
the quadrupolar splitting; and 7 = (uyy - u,,)/uz2, the asymmetry 
parameter, when the definitions of the principal axes are reordered 
such that u,, < vyy < v,,. Values of AUQ and 7 are included only 
for reference. Calculations are based upon eq 1, which includes 
no assumption about the relative magnitudes of u,, and uYy. 

Values of B,, By, and B, in eq 1 were calculated by rotating 
the normalized value of Bo in the laboratory (LAB; Figure IC) 
frame of reference (0, 0, 1) through three rotation matrix 
transformations, R1, R2, and R3, about axes of the C-D bond 
PAS coordinates (Figure IC). The transformation Rl(cuo,@o,yo) 
relates the PAS coordinates to a coordinate system fixed in the 
PPV chain (CHAIN, z axis along the chain axis, y axis 
perpendicular to the ring plane, cy0 = O", BO = 60" f P, and yo 
= 0" or 180"). The value of 9, the phenylene ring tilt, is an 
experimental parameter and is determined by simulation. 

The transformation R2(a,@,y) relates the CHAIN coordinate 
system to a coordinate system fixed in the PPV film (FILM, z 
axis along the stretch axis, y axis in the film plane, Q = 0-360°, 
@ = 0-180°, and y = 0-360'). A powder average over a, 8, and 
y was performed by using an appropriate chain orientation 
distribution (eqs 3 and 4) as described in the Resulta and 
Discussion section. The transformation R3(8) relates the FILM 
coordinate system to the LAB coordinate system and the angle 
8 is an experimental parameter, the angle between the stretching 
axis of the film and Bo. 

A value of the Hermans orientation function,*' f = ((3/2) cos 
@ - (1/2)), was also calculated from the best-fit orientation 
distribution by numerical integration. The orientation functions 
obtained by NMR were compared with those previously obtained 
from the measurement of the infrared dichroism of similarly 
stretched, protonated films.28 

Spec t ra l  Curve  Fitting. Best-fit simulations were found 
through an automatic search of the parameters (an array of 
simulations) through minimization of least squares (xz), using 
specially written FORTRAN software. The uncertainties for 
each simulation parameter were determined both from statistical 
analysis and by visual inspection where necessary, as described 
in the Results and Discussion section. I t  is important to note 
that features that identify a particular model can be of low 
intensity and have only a marginal effect on x2 .  For the two- 
Gaussian model, described in the Results and Discussion section, 
the best-fit simulations were compared with those of a three- 
dimensional array of the adjustable parameters (AB for the narrow 
Gaussian component, Plo, and 9; see Table I1 for the definition 
of Pto). Deviation of AB for the broader component led to only 
minor changes in the position of singularities and the intensity 
of the outer edges of the spectra, as discussed in the Results and 
Discussion section, and did not affect the other parameters. The 
uncertainty for A@ (h4") for the narrow component was chosen 
on the basis of the three-peak structure in the center of the spectra 
(see Figure 4c). The uncertainty of 9 (itO.5") is illustrated by 

AV = A U Q [ ( ~  cos2 e - 1) - 7 sin2 e COS 261 
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Figure 2. 2H quadrupole echo NMR spectra of an unoriented 
PPV film (25 mg) at (a) -25 "C and (b) +25 "C and their 
simulations (c) AVQ = 133 kHz and 7 = 0.03 and (d) the sum of 
AVQ = 84 kHz and 7 = 0.63 plus AVQ = 133 kHz and 7 = 0.03 in 
a 1 to 5.7 ratio. 

Table I 
Quadrupole Tensor Components (in kHz) for PPV-d, 

(Equation 1). 

structure Y.I. Yvv Y z r  

rigid lattice (-58 "C) 128 138 -266 
rigid lattice (25 "C) 130 137 -266 
ring flip (25 "C) -168 137 32 

(1 Tensor axes are defined in the Experimental Section. All values 
are *1 kHz. 

the calculated spectra of Figure 7, and the best value (7.7") was 
determined from the width of the central component for search 
over B based on xz with acceptable values of A@, as described in 
the Results and Discussion section. 

For best-fit simulations, a functional relationship exists 
between A@ (for a given B) and the fraction with a 10" distribution, 
Plo ( P ~ o  = 1.0 -PI& and this relationship affects the suitability 
of the two-Gaussian model. A systematic search over these 
parameters (Ab = 6-24' and Plo = 0-1.0) showed a shallow 
(-50%) increase in x2 with increasing Aj3 (and decreasing P10) 
as well as the spectral features noted in the text. The quoted 
uncertainty for Plo (Table 11) assumes the two-Gaussian model, 
A@ = 10" and 

Results and Discussion 
2H Quadrupole Echo Powder Spectra of PPV-dd. 

Figure l a  shows the structure of PPV-dd, in which the 
phenylene ring protons have been replaced with deuterium. 
Figure 2 shows 2H quadrupole echo powder spectra of un- 
stretched films of this material, obtained at  -25 "C (Figure 
2a) and +25 "C (Figure 2b). The low-temperature 
spectrum in Figure 2a is a Pake doublet spectrum that 
results from a random orientation of deuterated phenylene 
rings, which undergo no observable molecular motion. For 
this spectrum, the measured quadrupole splitting, AYQ, is 
133 f 1 kHz and the asymmetry parameter, 7, is 0.03 f 
0.01. A simulation is shown in Figure 2c, and the precise 
quadrupole tensor components (for eq 1) are shown in 
Table I. These values are similar to those obtained for 
other deuterated phenyl and phenylene rings.lk'7 

In contrast, the spectrum obtained at  25 "C (Figure 2b) 
can be deconvoluted into two components, a Pake doublet 
similar to Figure 2a and a second, narrower line shape. 
This second line shape is similar to that of phenylene rings 
which undergo fast 180" rotational jumps about the 1,4- 
ring axis (ring flips). The small doublet splitting of 32 
kHz indicates the presence of the ring flip line shape, and 
this narrower line shape can be described with AYQ = 84 
f 1 kHz and 11 = 0.63 f 0.01. Tensor components for this 
line shape are shown in the last line of Table I. Figure 2d 
shows the calculated simulation, which verifies the de- 
convolution of Figure 2b. The ratio of the ring flip line 

= 7.7". 
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Figure 3. *H quadrupole echo NMR spectra of aligned, stretched 
films of PPV (10 mg) at -58 "C for (a) 8 = Oo, (b) 8 = 15O, and 
(c) 8 = SO". Simulations with a narrow component (B = 7.7" and 
Aj3 = loo) plus a broad component (B = 7.7" and A@ = 30°) in 
a 0.67 to 1 ratio for (d) 8 = O", (e) 8 = 15", and (0 8 = SO". 
Quadrupole coupling parameters as in Figure 2c. 

shape to the Pake line shape is 1 to 5.7 f 0.1, and this ratio 
shows that a t  ambient temperature approximately 15 % 
of the phenylene rings in PPV films undergo 180" 
rotational jumps at  a rate, k, greater than the quadrupole 
coupling frequency (k > 1 X 106 9-1). 

Data obtained from l3C CP-MAS NMR spectra a t  
ambient temperature have also shown the presence of ring 
flips (40 % ) and have shown that the percentage fast jump 
component increases with increasing temperature.18 2H 
spectra obtained at  higher temperatures also support this 
conclusion.29 Such behavior has been shown to result from 
a temperature-dependent, continuous distribution of ring 
flip rates. 

The intensity of the central region of the spectrum 
(between the peaks of the Pake doublet) is less than that 
in the simulation, and also the minimum between the peaks 
of the ring flip spectrum is deeper than that of the 
simulation. Both of these features are the result of an- 
isotropic quadrupole echo r e l a x a t i ~ n , ~ ~ ~ ~ ~  and they indicate 
the presence of a population of phenylene rings with an 
intermediate ring flip rate. For the present investigation, 
we have chosen to keep the number of adjustable simu- 
lation parameters at a minimum. Low-temperature ex- 
perimental conditions have been chosen to avoid the need 
to consider intermediate rate rotational jumps in simu- 
lations. 

It is noted that 2H powder spectra of PPV-d4 films (which 
have been stretched and subsequently cut into pieces) are 
similar to the spectra of unstretched PPV. Stretching of 
PPV films has no effect on the quadrupole coupling 
parameters nor on the percentage of rings that undergo 
fast jumps at  room temperature. If ring flips indicate 
regions of conformational disorder, stretching does not 
change the size of these regions. 
*H Quadrupole Echo Spectra of Aligned Films of 

Oriented PPV-dd. Figure 3 shows the 2H quadrupole 
echo spectra obtained from stacked PPV-d4 films that 
have been aligned in the NMR magnetic field. These 
spectra were obtained at -58 "C, a temperature at which 
the effects of ring motion are absent. The spectrum of 
Figure 3a was obtained from a sample with the stretching 
axis aligned at 0 = 0" to the magnetic field axis Bo. For 
parts b and c of Figure 3, the stretching axis was tilted at 
0 = 15" and 0 = 90°, respectively. The spectrum of Figure 
3a can be described as the sum of two components, a line 
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shape similar to a Pake doublet that causes the outer 
splitting and a narrower line shape that appears to have 
a flat top. The narrow component can be attributed to 
PPV crystallites that are well oriented with their c axes 
close to the stretching axis. The broader component can 
be attributed to more poorly oriented crystallites. 

For phenylene ring-deuterated PPV, well-oriented and 
poorly oriented chains can be expected to show distin- 
guishable spectral shapes and one can expect to obtain 
precise details about structure unique to the spectra of 
oriented phenylene rings. The C-D bonds of a phenylene 
ring are oriented at 60° relative to the 1,4-ring axis; and 
for a PPV chain oriented near the magnetic field direction 
(Figure la), the C-D bonds are at angles in the region of 
the magic angle, 54.7O to the field. A t  54.7', the quad- 
rupole splitting is zero, and a well-oriented PPV chain 
should have a maximum intensity near zero frequency. In 
contrast, poorly oriented chains have a line shape resem- 
bling a Pake doublet, regardless of the geometry of the 
C-D bond. Near 54.7O, the quadrupole splitting is also 
very sensitive to changes in orientation, and the 2H 
spectrum of PPV shows this sensitivity. For comparison, 
the C-D bonds of an all-trans-polymethylene chain are 
oriented 90° to the chain axis, and the quadrupole splitting 
for a perfectly oriented polymethylene chain is similar to 
that of the Pake d0ub1et.l~ A t  an angle of go", the quad- 
rupole splitting of a C-D bond is much less sensitive to 
small changes in orientation. 

Characterization of 2H Line Shapes for Oriented 
PPV. The spectra of Figure 3 are compared with 
calculated simulations and can provide quantitative data 
about the crystallite orientation and chain structure in 
stretched PPV films. The calculated 2H spectra presented 
here are based on the current model for PPV structure as 
determined by X-ray and electron diffraction and by 
transmission electron microscopy.+12 In this model PPV 
films are thought to contain crystalline domains with an 
average crystallite size of 7 nm. The crystallinity is high, 
and the above techniques provide no evidence for separate 
amorphous domains, though some disorder must be 
present at domain boundaries. Tensile stress during 
elimination causes orientation of the crystallite c axes, 
and an orientation function off = 0.90 or greater can be 
obtained for draw ratios less than 1/10 = 

Individual PPV chains are assumed to be present in the 
all-trans configuration (Figure la) with the chain axis 
oriented close to the crystallite c axis. The PPV chain is 
assumed to be planar and assumed to have a structure 
similar to trans-stilbene; all vinylene groups are assumed 
to be parallel to one another in a transoid structure.1° For 
this structure (Figure la), the 1,4 axes of each phenylene 
ring should also be parallel to one another. The stilbene 
geometry predicts an angle of 9 . 2 O  between the phenylene 
ring axis and the crystallite c axis. We refer to this angle 
as the phenylene ring tilt and represent it with the symbol 
9. 

Figure 4a shows the calculated *H line shape that is 
expected for a nearly perfectly oriented PPV film (crys- 
tallite misalignment of &lo) with its stretch axis aligned 
parallel to the magnetic field. The line shape consists of 
two quadrupole doublets that are associated with C-D 
bonds oriented at  each of two angles to the chain axis 
(Figure la); the deuterons of the phenylene ring are 
oriented at  60" to the 1,4-ring axis. It can be seen from 
Figure l a  that deuterons at carbons C3 and C6 are oriented 
at an angle less than 60° to the chain axis as a result of 
the tilt of the phenylene ring. The inner splitting can be 
attributed to the deuterons at C2 and C5, which are 
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Figure 4. Calculated *H NMR spectra for several Gaussian 
orientation distributions with width A0 as indicated (lo, 5', loo, 
20°, 30°, PAKE) Q = 7.7', for oriented PPV films aligned with 
their stretch axis parallel to the magnetic field; 8 = Oo. 

oriented at  an angle greater than 60' to the chain. 
Parts b-e of Figure 4 show the calculated line shapes 

expected for several other distributions of crystallite 
orientation of greater width. For the calculation of these 
line shapes, the distribution of crystallite c axes was 
assumed to bea Gaussian function of the angle between the 
chain axis and the stretching axis as shown in eq 3, where 

~ ( a , ~ , y )  = [P(B=O)I~-'B/@'' (3) 

the angular width AB is defined as the angle correspond- 
ing toP(a,B,y) = P(0)e-'. The angles a, P,  and y are defined 
in the Experimental Section. Figure 4f is the Pake doublet 
line shape resulting from a completely isotropic distri- 
bution of crystallites. 

The two components of Figure 3a can each be associated 
with a line shape similar to one in Figure 4 (calculated 
from a Gaussian crystallite distribution), and the spectrum 
can be simulated with a sum of these two line shapes. The 
crystallite orientation distribution can therefore be rep- 
resented empirically by a sum of two Gaussian functions 
with different widths. The spectrum obtained at  the 8 = 
Oo orientation can be deconvoluted into a narrow line shape 
similar to Figure 4c, A@ = lo", and a doublet similar to 
Figure 4e, AB = 30". The two line shapes have intensities 
in a ratio of 1 to 0.67 f 0.01. A Hermans orientation 
function, f = 0.85, has been calculated for the two- 
component distribution. This value is consistent with that 
obtained from infrared dichroism data.8p28 

The spectra of the films that have been rotated at  angles 
of 8 = 15O (Figure 3b) and 8 = 90° (Figure 3c) areconsistent 
with the two-component Gaussian distribution. The 
overall change in spectral shape with the alignment angle, 
0, is reproduced in simulations (Figure ad-0. Observation 
of the expected change in the spectral shape with film 
rotation verifies that the spectrum of Figure 3a is indeed 
the result of oriented chains. 

Two features of the spectra and simulations of rotated 
films should be noted. First, the spectra at all orientations 
lack the step-function edges that are usually associated 
with the Pake doublet spectrum of an isotropic distribu- 
tion. The lack of such edges distinguishes the spectrum 
of a 30° distribution (Figure 4e) from that of an isotropic 
distribution (Figure 40 and suggests that there are no 
unoriented segments within these films. Second, the 
apparent frequency difference between the peaks of Figure 
3c (e = 90°) is about 3% greater than that between the 
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Figure 6. *H quadrupole echo NMR spectra of stretched films 
of PPV aligned at 8 = 0" for several different draw ratios (a-c) 
and their simulations based on a sum of Gaussian distributions 
(d-f) or on the pseudoaffine distribution (g-i). Draw ratios: (a) 
1/10 = 2.0; (b) 1/10 = 3.0; (c) 1/10 = 6.0. Simulations based on a sum 
of Gaussian distributions: (d) PIO = 0.16; (e) PIO = 0.42; (0 90 
= 0.66 (see Table 11). Simulations based on the pseudoaffine 
distribution: (g) X = 2.4; (h) X = 3.2; (i) X = 5.1 (see Table 11). 

peaks of Figure 3a (8 = 0"). Also, this difference is 3% 
greater than that of the powder spectrum of Figure 2a. 
Simulations reproduce this change, and the change in 
splitting can be attributed to the effect of the axial 
asymmetry of the C-D bond ( q  = 0.03) on the line shape 
of the 8 = 90" orientation. The change cannot be 
attributed to a change in the quadrupole coupling tensor 
components with stretching because stretching does not 
affect the quadrupole splitting as measured from the 
powder spectrum. The 3% change in splitting also 
distinguishes the spectrum of the 30" distribution from 
that of the isotropic distribution and establishes that all 
PPV segments in these samples are oriented. If a 
substantial population of unoriented PPV were present, 
a second narrower splitting would be present in Figure 3c. 

The change also establishes that JuYyJ (the quadrupole 
coupling tensor component perpendicular to the ring) is 
greater than 1uXxl. If the opposite were true, the quadru- 
pole splitting of Figure 3c would be 3 % smaller than the 
powder splitting. It is important to note that this 
relationship between uyy and vXx  is also necessary for the 
simulation of the 32-kHz splitting of the ring flip com- 
ponent of Figure 2b and the asymmetry parameter of q = 
0.63. The consistency of these two details supports the 
assumption that the vzI component of the quadrupole 
coupling tensor coincides with the C-D bond direction, 
and deviation of the ring flip asymmetry parameter from 
0.60 can be attributed entirely to the rigid lattice asym- 
metry parameter of the C-D bond. The relative magni- 
tudes of uXX and vyy are also consistent with the assignment 
of chemical shift tensor axes of aromatic rings.32 

Dependence of the Orientation on Draw Ratio. 
Parta a-c of Figure 5 show three 2H spectra of PPV films 
stretched to various draw ratios ( I l l 0  = 2.0,3.0, and 6.0). 
Increasing the draw ratio decreases the intensity a t  outer 
frequencies of the spectrum and increases the intensity of 
the central component. These spectra have been simulated 
with the distribution used for Figure 3 (a sum of two Gauss- 
ian functions with A8 = 10" and A@ = 30'1, and this 
distribution provides a good fit, as shown in parts d-f of 
Figure 5. The two Gaussian functions have been weighted 
differently for each draw ratio, and the fractions Pl0 
(fraction with A8 * 10") and p30 (p30 = 1 - P ~ o )  are shown 
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Table I1 
Simulation Parameters and Orientation Functions for the 

Spectra of Stretched PPV-C at Three Draw Ratios 
l/lO PlO' (*0.02) PaO" (h0.02) fCauvb Xc (*0.1) fKratkyb fIRb 

2.0 0.16 0.84 0.72 2.4 0.55 0.72 
3.0 0.42 0.58 0.79 3.2 0.68 0.84 
6.0 0.66 0.34 0.86 5.1 0.81 0.92 

= 1 - Plo. fcauv, Hermans 
orientation function; flRt orientation function obtained from the 
infrared dichroic ratios of similarly stretched, protonated PPV films 
with the relevant draw ratio; f ~ ~ ~ t k , . ,  calculated orientation function, 
from the Kratky distribution. A, defined in eq 4. 

a PIO is the fraction with A@ = 10". 

for eachdraw ratio in Table I1 (columns 2 and 3). It should 
be noted that, within the precision of these spectra, there 
is no need to alter the value of AB or add extra Gaussian 
components. The draw ratio dependence of 2H spectra 
can be fit by changing one parameter, Plo. 

An alternative fitting procedure based on a single Gauss- 
ian width, A&, might be employed. The spectrum of 
Figure 3a is similar to the AB = 20" simulation of Figure 
4d. However, note that the central component of the 
experimental spectrum (Figure 3a) is narrower than the 
central component in Figure 4f. This difference leads to 
marginally greater values of x2. Simulation with a 
narrower width, to fit the center of the spectrum, reduces 
the intensity of the Pake singularities and causes the need 
for the second component with a broader Gaussian (AB = 
30"). The implication of a two-component distribution is 
that crystallite orientation at  higher angles is more 
probable than can be described by a single Gaussian. It 
should be noted that a single Gaussian function has no 
particular theoretical justification as a crystallite orien- 
tation distribution for PPV films, and accepted models 
(such as the pseudoaffine modeP) predict a greater 
intensity a t  high angles. Two Gaussians are used in 
preference to the single Gaussian in order to quantify these 
differences at  high angles. 

Table 11, column 4, also shows the value of the Hermans 
orientation function, f G a W ,  derived from each distribution. 
Column 7 contains the values of the orientation function, 
f I R ,  obtained from the infrared dichroic ratios of similarly 
stretched, protonated PPV films with the same draw ratio, 
1/10. For the lowest draw ratio, the orientation functions 
obtained from NMR and infrared spectroscopy are in good 
agreement. For the higher draw ratios, f G a W  < f I R  and the 
difference can be attributed to uncertainty of film align- 
ment. Infrared data can be obtained from a single film, 
whereas NMR data must obtained from stacked films with 
a corresponding uncertainty of alignment. NMR mea- 
surements do not represent the narrowest components of 
the orientation distribution. 

It is useful to compare the experimental spectra of Figure 
5 with those which would result from the pseudoaffine or 
Kratky The pseudoaffine model provides a 
theoretical relationship between the orientation distri- 
bution and the experimental draw ratio and has been used 
previously to characterize PPV orientation data obtained 
from the infrared dichroic ratio. It has been shown that 
PPV orientation is better than that predicted by the 
pseudoaffine model.*$28 In particular, the experimental 
orientation function, f I R ,  obtained from the infrared di- 
chroic ratio, is greater than that obtained by integration 
of the Kratky distribution when 1/10 = A. The Kratky 
distribution is shown in eq 4, where CY, 8, and y have 
definitions similar to that described in eq 3 and the 
Experimental Section. The single parameter A is compared 
with the experimental draw ratio. Simulations of the 
experimental spectra with this distribution are shown in 
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parts g-i of Figure 5. The best-fit values of A for each 
simulation with the Kratky distribution are shown in Table 
11, column 5, along with the calculated orientation function, 
fKratky, in column 6. For the draw ratios 1/10 = 2.0 and 3.0, 
the Kratky distribution provides a reasonable fit of the 
experimental spectra, especially in the center of the 
spectrum. However, there are subtle differences between 
the high-frequency edges of the experimental spectra and 
Kratky simulations. The best-fit simulations with the 
Kratky distribution include step-function edges, which 
are not evident in experimental spectra. Also, the ori- 
entation functions derived from the Kratky distribution, 
fKratky, are smaller than those determined from the best- 
fit Gaussian distribution, fcaW The values of fKratky are 
also less than ~ I R ,  the experimental orientation function 
determined from infrared dichroism. 

For the draw ratio 1/10 = 6.0, the Kratky simulation 
(Figure 5i) provides a reasonable fit to the edges of the 
spectrum, and f~~~ and fKratky are closer in magnitude. 
However, the center of the simulation of Figure 5i contains 
some structure that is not evident in the experimental 
spectrum. The additional structure can be attributed to 
a fraction of chains whose orientation angle is less than 
10". The spectrum of Figure 5c does not contain this 
structure; however, these very highly oriented chains 
should be unobservable due to the uncertainty of stacked 
film alignment. 
2H NMR data suggest why the orientation functions 

determined from the infrared dichroic ratio are greater 
than those predicted by the pseudoaffine model. The step- 
function edges of the Kratky simulations result from very 
poorly oriented chains (at close to 90" to the stretching 
axis). The pseudoaffine model overestimates the number 
of these chains, and this overestimation yields a substan- 
tially lower orientation function and dichroic ratio. The 
fraction of chains in the overestimation can be determined 
from the integrals of the spectra and simulations; and it 
should be noted that only a small fraction of chains are 
involved. These chains, however, substantially lower the 
orientation function, because they are oriented at close to 
90" to the stretching axis. For the low draw ratios, the 
pseudoaffine model provides a good fit to the orientation 
distribution of the majority of chains with low orientation 
angle, and it can be seen in Table I1 that the values of A 
obtained by simulation (neglecting the difference at  the 
edges) are similar to the experimental draw ratios. A t  
high draw ratios, the pseudoaffine distribution properly 
describes the chains with large orientation angle, but 
overestimates the fraction of chains with alignment better 
than 4 = 10". 

Figures 3 and 5 show that, with the above qualifications, 
the orientation distribution for most of the segments of 
stretched PPV could readily result from the assumptions 
of the pseudoaffine model. It should be emphasized that 
the poorly oriented compcinent of the empirical distri- 
bution does not necessarily represent a distinguishable 
domain and that segments in both crystallites and 
boundary domains have orientations at least as good or 
better than that predicted by the pseudoaffine model. 

The spectra of Figures 3 and 5 do not provide infor- 
mation about the relationship between domain structure 
and orientation. Dark-field transmission electron mi- 
croscopy (TEM) pictures have suggested, however, that 
boundary domains may contribute preferentially to the 
broad component of the orientation distribution.'* TEM 

l . l l l L  
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Figure 6. *HquadrupOle echo NMR spectra of aligned,stretched 
films of PPV (10 mg) at 25 "C for (a) 8 = O", (b) 8 = 15", and 
(c )  8 = 90'. Simulations based on Gaussian distributions with 
a narrow component (P = 7.7" and A@ = loo) plus a broad 
component (P = 7.7' and A@ = 30") in a 1.33 to 1 ratio, with 
static rings and flipping rings in a 9 to 1 ratio for (d) 8 = O", (e) 
8 = 15", and (0 8 = 90'. Quadrupole coupling parameters as 
in Figure 2d. 
data obtained from a partially oriented film similar to 
that of Figure 3 do not show a significant number of crys- 
tallites a t  angles greater than 10" from the stretching axis.34 
These data suggest that the more poorly oriented segments 
observed by NMR may exist within boundary domains 
where they are not observable by TEM. 
2H Quadrupole Echo Spectra of Oriented PPV-dd 

at 25 "C. Figure 6 shows the 2H spectra of an oriented 
PPV film obtained at 25 "C. The spectrum of Figure 6a, 
aligned at  8 = 0" to the field, shows the presence of the 
two components of Figure 3a but also contains an 
additional doublet with a quadrupole splitting of about 
25% of the Pake doublet splitting. This doublet can be 
attributed to the phenylene rings of well-oriented crys- 
tallites that undergo rapid 180" rotational jumps. A similar 
spectrum has also been reported for the phenylene rings 
of an oriented side-chain liquid-crystalline polyacrylate, 
as shown by Pschorn et al.,14 and our calculations show 
that it should also be expected for PPV. Figure 6d shows 
a simulation of Figure 6a that results from an orientation 
distribution with Gaussian components similar to those 
of Figure 3, except that 10% of the phenylene rings are 
represented by a fast jump line shape. Rotation of the 
film axis away from the field axis (increasing e) causes the 
oriented ring flip doublet to disappear (parts b and c of 
Figure 6). This disappehrance is expected and has been 
reproduced in simulations (parts e and f of Figure 6). 

For semicrystalline polymers containing phenylene 
rings, it has been noted that fast ring flips occur principally 
in amorphous or crystallite boundary domains% (including 
two related structures, p0ly@-phenylene)3~ and polya- 
niline3'). However, the observation of a well-oriented ring 
flip component for PPV indicates that within the exper- 
imental precision of these spectra there is no correlation 
between the ring flip motion and orientation. Ring flips 
must be found in both well-oriented and poorly oriented 
domains. If, as TEM data suggest, the well-oriented 
domains are principally crystallites and the poorly oriented 
domains are principally boundary domains, then one must 
conclude that ring flips are present in crystallites as well 
as boundary domains. The temperature dependence of 
'H spectra also supports this conclusion.m 

These spectra do not rule out a more subtle relationship 
between ring flip motion and orientation. The powder 
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Figure 7. Calculated *H spectra for three phenylene ring tilt 
angles, \k: (a) 6.5O; (b) 7.7"; (c) 9.0". Other parameters as in 
Figure 3d. 

spectrum of Figure 2b indicates a 15% fast jump com- 
ponent whereas Figure 6 indicates a 10% component. Also 
Figure 5 indicates a smaller percentage for the Ab = 30' 
distribution than Figure 3. More precise simulation of 
the spectra of Figure 5 is possible, but this simulation 
would also require consideration of anisotropic quadru- 
pole echo decay and additional knowledge of the ring flip 
rate distribution. With the additional parameters, line- 
shape simulation would not yield a clear answer, although 
two new two-dimensional NMR methods could potentially 
provide additional data.38.39 Stretched PPV films with 
their good orientation provide an excellent opportunity 
to study the mechanism of the ring flip motion and its 
relationship to orientation order. 

Determination of the Phenylene Ring Tilt Angle. 
Simulation of the spectra of Figure 3 allows experimental 
determination of the angle of phenylene ring tilt, \k, relative 
to the chain axis. Figure 7 shows a set of simulations for 
Figure 3a for three tilt angles \k = 6.5', 7.7', and 9.0'. A 
tilt angle of 7.7 f 0.5' has been found to best fit the 
experimental width of the central component of Figure 
3a. Also, the use of a 7.7' tilt angle leads to values of the 
orientation function (Table 11) consistent with those 
obtained from infrared dichroism measurements. The 
experimental value is close to the value of 9.2' predicted 
for PPV with a trans,transoid configuration and a stil- 
bene geometry, and the observation of phenylene ring tilt 
supports the assumption that PPV chains are well 
organized in this structure. The phenylene ring tilt has 
also been obtained from the measurement of infrared di- 
chroism of protonated films (\k = 9.0°).8*28 

NMR line shapes clearly distinguish a tilt angle of 7.7' 
from an angle of 9.2'. The width of the central component 
of Figure 7c is greater than that of Figure 7b and greater 
than the experimental width. Such a precise measurement 
of tilt is possible because the C-D bonds of well-oriented 
chains are close to the magic angle (54.7"), where the 
spectral line shape is very sensitive to angle. Also, the 
orientation width (AB = 10') is of the same magnitude as 
the tilt angle (e = 7.7'), so the effects of both parameters 
are equally evident in simulations. In particular, the tilt 
angle affects the frequency splitting of the deuterons at 
C3 and C6. For an orientation distribution with a finite 
width, the two doublets are not distinguished and the result 
is apparent as a change in the overall width of the central 
component of the line shape. For a larger tilt angle, the 
spectrum is broader with a more rectangular shape, and 

for a small tilt angle the spectrum is narrower and has a 
peak. 

The 1.5' deviation can be attributed to disorder within 
the PPV structure, either within crystallites or a t  domain 
boundaries. To obtain a planar, trans,transoid PPV 
structure with a 7.7O tilt angle, the PPV segmental length 
would have to be stretched by 0.1 nm or the vinylene bond 
length would have to be decreased by 0.02 nm. Such 
structures would have chemically unlikely bond lengths 
and angles and would be in conflict with diffraction data. 
The deviation could, however, be explained with a non- 
planar PPV structure containing static rotational disorder 
about the phenylene-vinylene bonds. The planar PPV 
structure has a maximum value of phenylene ring tilt. 
Small-angle rotation about phenylene-vinylene bonds 
would reduce the angle between the C-D bonds of C3 and 
C6 and the crystallite c axis and lead to a smaller apparent 
tilt angle. Recently, Winokur and co-workers have ob- 
tained new, precise X-ray data that suggest that the 
dihedral angle between the phenylene and vinylene groups 
in crystallites is -20'. Such a nonplanar PPV structure 
could result in the observed phenylene ring tilt.40 

Alternatively, the experimental tilt angle could result 
from a planar chain containing one or more segments in 
a trans,cisoid structure (Figure lb). In this structure a 
single vinylene group is aligned in an opposite direction 
from its neighbors; and for a structure with an alternating 
cisoid configuration, the phenylene ring tilt angle is zero. 
The 7.7' experimental tilt angle might be attributed to 1 
cisoid configuration in about 12 segments. It should be 
noted that 12 PPV segments would easily span the crys- 
tallite length of 7 nm. A cisoid defect a t  the crystallite 
boundary would tilt the PPV chain about an axis per- 
pendicular to its plane and reduce the phenylene ring tilt 
angle relative to the crystallite c axis. 

Conclusions 
2H NMR spectra have provided new details about 

crystalline structure and chain disorder within stretched 
PPV films. NMR data confirm the results of diffraction 
experiments which show that the PPV chain has a high 
crystallinity. 2H spectra show independently that the phe- 
nylene ring is tilted relative to the crystallite c axis, as 
expected for segments with a trans,transoid structure and 
a stilbene geometry. A 1.5' discrepancy between the 
predicted and experimental tilt has been attributed to the 
presence of chain disorder a t  crystallite boundaries or to 
small-angle rotational disorder about the phenylene-vi- 
nylene bonds at  each segment. 

NMR data show that PPV films are highly oriented by 
stretching, and the orientation function determined by 
NMR is similar to that obtained from the infrared di- 
chroic ratio. NMR spectra provide information about the 
shape of the orientation distribution and show that the 
orientation distribution for most segments can be ade- 
quately described by the pseudoaffine model. However, 
stretched PPV films possess fewer chains a t  90' to the 
stretching axis than predicted by the pseudoaffine model. 
Although the fraction of chains involved is small, this 
difference can explain the higher orientation functions 
obtained for PPV from the infrared dichroic ratio. 

NMR spectra show that a t  room temperature a fraction 
of PPV segments contain phenylene rings that undergo 
180' rotational jumps. This jump motion is also present 
in stretched samples, and the existence of a well-oriented 
jump spectrum suggests that this motion can occur within 
PPV crystallites as well as boundary domains. Ring flip 
motion in both crystalline and boundary domains of a 
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polymer is rare. Although ring flip motion has been 
observed in some small molecular weight crystalline 
 material^,'^^^^"^ we suggest that for PPV the motion is 
related to the disorder within the crystalline structure. 
Stretched PPV films, with their good orientation, provide 
an excellent opportunity to study the ring flip mechanism 
and its relationship to orientation order. 
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