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ABSTRACT: Unoriented phase I1 films were poled with fields up to 3.2 MV/cm at room temperature. A 
determination of the piezoelectric strain coefficient provided a measure of the residual polarization achieved, 
while an X-ray diffraction study provided information about field-induced phase changes, which appeared 
to be related directly to the residual polarization. In an unoriented film, crystals make all possible orientations 
with respect to the poling field and different polarization mechanisms appear to depend on the crystal orientation. 
A number of different polarization mechanisms are discussed. A new crystal form for poly(viny1idene fluoride) 
(PVF,) was observed. 

Introduction 
In an earlier study,l the effect of the poling field mag- 

nitude on crystal structure and the accompanying changes 
in the piezoelectric strain and stress coefficients d31 and 
e31 were reported for biaxially oriented poly(viny1idene 
fluoride) (PVF,) films with an initial phase I1 (or nonpolar) 
crystal form. Films were poled at room temperature with 
fields up to 4.0 MV/cm and measurements of d31 and e31 
provided a measure of the residual polarization. X-ray 
diffraction scans of the poled films, both in reflection and 
transmission mode, provided evidence for crystal structure 
changes occurring under field. Four distinct regions of 
response were observed: 

(a) A t  low fields (EP < 0.6 MV/cm) only small piezoe- 
lectric stress and strain coefficients were measured, and 
very little change in the X-ray diffraction scans were ob- 
served. 

(b) Above a certain threshold value (E, > -0.6 MV/cm) 
and below a saturation value (E ,  < -2.0 MV/cm) both 
e31 and d31 increased approximately linearly with poling 
field. Changes in the X-ray scans (decrease to zero of the 
phase I1 (100) intensity and a slight increase in the (200) 
intensity) indicated that a change in crystal structure 
occurred in this region. The new crystal structure is now 
termed phase IV., 

(c) For fields above -2.0 MV/cm and below -3.6 
MV/cm no further increase in d31 or e31 was produced and 
no further changes in the X-ray patterns were observed. 

(d) For the very highest field attainable, E,  = 4.0 
MV/cm, a further rise in the value of e31 was observed. 
X-ray diffraction showed that a second phase transition 
to phase I had occurred a t  these highest fields and was 
responsible for this final increase in residual polarization. 

In summary, this study showed a series of phase tran- 
sitions occurring under field, phase I1 + phase TV - phase 
I, giving rise to field-dependent residual polarizations in 
the biaxially oriented films. I t  is well-known that if or- 
iented phase I films are poled, a ferroelectric switching of 
polar crystals gives rise to a high residual polarization, 
which is manifested in high piezoelectric and pyroelectric 
coefficients in the poled films.3 

Significant structural changes following the poling of 
phase I1 PVF, films have been reported by a number of 
~orkers ,~-O many of whom advanced the hypothesis that 
field-induced phase transitions to polar structures (the 
so-called "polar cy form" or in some studies also the p form) 
were responsible for the unexpectedly high piezoelectric 
activity of these films. Our study' showed definitely that 
a one-to-one correlation of the crystal structure changes 
with the development of residual polarization existed, to 
give high piezoelectric stress and strain coefficients e31 and 
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Table I 
Unit Cell Dimensions for Different Crystal Forms of PVF, 

notations space group a, .4 b,  A c, A ref 
I 

I, 13 Cm2m 8.58 4.91 2.56 1 2 ,  17  
11, a P2 1 I C  5.02 9.63 4.62 15  
111, Y CBcm, p = 90" 4.97 9.66 9.18 16 

Cc, J = 92.9" 4.96 9.58 9.23 16 
IV, polar a P2cn 4.96 9.64 4.62 2 

d31. Although phase transitions in PVF, in various envi- 
ronments have been reported, at high pressures,lOJ1 under 
tension,', in films cast from different solvents,13J4 etc., our 
study provided conclusive evidence that transitions from 
nonpolar to polar crystal structures can provide mecha- 
nisms giving rise to a residual polarization in the films. In 
fact, the final values obtained for the piezoelectric coef- 
ficients in the poled oriented phase I1 films were quite 
large, d31 - 7 pC/N and e31 - 20 C/m2. 

In this earlier study' we also included some preliminary 
data that showed phase transitions occurring under field 
for unoriented phase I1 PVF, films. It is particularly in- 
teresting to investigate unoriented films, since in this case 
the crystallites are disposed at widely different orientations 
with respect to the applied field direction. Here, we 
present our complete results for the unoriented films. In 
addition to the X-ray diffraction scans and measurements 
of the piezoelectric stress constant e31 as a function of 
poling field, a series of X-ray photographs was taken a t  
different orientations with respect to the films to observe 
the response of crystallites at different angles with respect 
to the applied field. Similar X-ray photographs of the 
poled oriented films were taken for comparison. Mea- 
surements of the piezoelectric response were also made, 
since it is those crystal transformations that contribute to 
the polarization mechanism in which we are most inter- 
ested. 

Finally, it should be noted that in the presence of ex- 
tremely high electric fields near the dielectric strength of 
the polymer, polar structures with dipole orientation in 
the field direction have lower free energies, and it is quite 
likely that these unusual conditions will predispose crystal 
transitions to the new structures, which perhaps cannot 
be produced in any other way. 

Four different crystal forms have been reported for PVF, 
and their unit cell parameters and space groups are shown 
in Table I. Phases 11, 111, and IV have very similar unit 
cells and most reflections from phases I11 and IV also occur 
in phase I1 at almost the same Bragg angle. As shown in 
Table I, the a and b parameters reported for all three forms 
are very similar. For the case of phase 111, the c parameter 
is approximately double the c parameters for phases I1 and 
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IV, so that (hkl)  reflections from phase I11 with 1 = 2n will 
occur a t  nearly the same Bragg angle as (hkl) reflections 
from phases I1 and IV with 1 = n. For example, the cal- 
culated (022) d spacing in form I11 is 3.33 A, and the 
calculated (021) spacings in forms I1 and IV are also both 
3.33 A. Several (hkl) reflections for which 1 # 2n were 
used in the structure determination of phase 111. However, 
many of these could not be separated from other (hkl) 
reflections for which 1 = 2n and thus coincided with phase 
I1 and phase IV reflections even for an oriented sample. 
The only phase I11 reflections that might be distinguishable 
from reflections from other phases in an unoriented sample 
are (lll), (131), and (023). The structure determination 
for phase I11 was made by using an oriented sample of 
extremely high molecular weight synthesized by a bulk 
polymerization initiated by 6oCo y radiation. 

In the crystal structure analysis,16 the presence of phase 
I, with reflections that also overlapped with phase I11 re- 
flections (but not phases I1 or IV), was corrected for. 
However, the molecular conformation of phase I11 is re- 
portedly completely different (T,GT,G’) from that of 
phases I1 and IV (TGTG’). The chains are reported to 
pack in a statistical manner to give a polar structure. 

The difference between phases I1 and IV is even more 
subtle. To date, phase IV has only been obtained by the 
poling of phase I1 films. I t  has almost the same unit cell 
dimensions and has the same molecular conformation as 
phase 11. A statistical parallel-antiparallel packing having 
a polar structure was reported (phase I1 is nonpolar). The 
observed differences between phases I1 and IV are the 
electrical properties and the intensities of some reflections. 

Five polarization mechanisms for PVF, have been al- 
ready reported. The most well-known is the ferroelectric 
switching by 180’ chain rotations (or 60’ rotations) for 
oriented phase I crystals with the molecular chains per- 
pendicular to the applied field.18 A second polarizatiom 
mechanisms proposed is the phase I1 to phase IV transition 
for oriented phase I1 crystals with the molecular chains 
perpendicular to the applied field.s A third polarization 
mechanism is the ferroelectric switching by 180’ chain 
rotations observed for oriented phase IV crystals with the 
molecular chains perpendicular to the applied field.21 A 
fourth mechanism was reported to operate a t  very high 
poling fields and long poling times.,, A fifth mechanism 
involves a transition to phase 

Polarization mechanisms in PVF, fall into at least two 
important categories: (a) ferroeiectric switching in polar 
phases and (b) crystal transition from nonpolar to polar 
structures under field. In this study of phase I1 PVF, we 
are considering the latter type of phenomenon. In most 
previous studies, oriented films were used and since the 
applied fields during poling were perpendicular to the 
chain direction, only the dipole moment component per- 
pendicular to the chain in the transformed phase is ex- 
pected to be important. A study by Davis e t  ala8 did in- 
clude one unoriented sample poled by a corona discharge. 
This sample showed a partial transformation to phase I. 
We have seen that for the unoriented films, polarizations 
can be achieved that are as high as that found for the 
oriented films and this suggest,; that other polarization 
mechanisms can operate ir. which the dipole moment 
component along the chain is important. 

In phases 11. 111, and IV the molecular conformations 
have a large moment along the chain. In all three struc- 
tures the question as to the sense of packing can be raised. 
Three different model structures have been suggested: (a) 
parallel, in which the dipole moment components along 
the chain are all in the same direction (also referred to as 
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the “ u p u p ”  model; this structure has a net dipole moment 
in the chain direction); (b) antiparallel, in which the dipole 
moment components along the chains alternate (also re- 
ferred to as the “up-down’’ model; this structure has no 
net polarity in the chain direction), and (c) a “statistically” 
packed unit cell in which two chains in any given cell may 
be either parallel or antiparallel with equal probability (this 
structure will have some net polarity in the dipole direction 
but less than case a). 

In a series of recent p a p e r ~ , ~ J ~ , ~ ~  it has been suggested 
that for phases 11,111, and IV the statistically packed model 
gives the best fit with the observed X-ray data. For the 
case of phase 11, in the initial crystal structure determi- 
nation,15 it was found that the reliability for the two other 
possible packing cases (a) and (b) were almost identical. 
For the case of phase 111, a parallel structure was found 
to give quite a low residual ( R  - 0.18)16 and, according to 
Takahashi and Todokoro,17 phase I11 does pack with the 
parallel structure. The model was rejected by Weinhold, 
Litt, and LandoIfi on the basis that several unobserved 
reflections were calculated to have quite large structure 
factors. For both phase I1 and phase I11 structure deter- 
minations, the work was carried out on unpoled films. For 
phase IV, the specimens were poled since this is the only 
method of producing this crystal structure a t  the present 
time. A statistical packing was again found to give the 
lowest residual. 

From these considerations, we may speculate that a 
number of other crystal forms for PVF, may be possible, 
which, however, would only be produced by the action of 
a very high electric field in the appropriate direction. 
Crystal structures similar to the statistically packed phases 
11,111, or IV but with a parallel packing would give a large 
remnant polarization in the chain directions. We will refer 
to those possible structures as parallel phase 11, parallel 
phase 111, or parallel phase IV. Other structures with 
different unit cell dimensions may be possible either with 
the same TGTG conformation or with some other molec- 
ular conformation. In this respect, work with films of 
random orientation is very important since the applied 
field is a t  all possible orientations with respect to crystal 
directions. In this circumstance, phase transitions to new 
crystal forms would be expected. 

Certain principles will govern the crystal transitions 
induced by field. The direction of the molecular chains 
would not be expected to change. The transition to a polar 
structure with the maximum dipole moment component 
in the field direction is expected. Some transitions may 
appear to take place by rigid-body rotations (about the 
chain axis) or end to end to change from antiparallel to 
parallel. It is assumed that a series of conformational 
changes (perhaps by the propagation of some defect as 
suggested by LovingerZ5) can accomplish this. There may 
be some lattice relation between the initial and trans- 
formed crystals. 

Experimental  Section 
Unoriented films were prepared by melting and crystallizing 

the oriented capacitor-grade 25-pm-thick films, which were ob- 
tained from Kureha Chemical Corp. To ensure complete melting, 
the polymer was heated to 230 “C for 10 min under a pressure 
of 1500 psi in a hot press. Crystallization a t  130 “C followed by 
annealing a t  120 “C was found to eliminate both a preferred 
molecular orientation and any phase I content. 

The films were poled under high vacuum a t  room temperature 
with fields up to 3.2 MV/cm using a highly conducting silver paste 
as electrodes (which could be wiped off easily afterward). The 
poling time was 1 h. A thin layer of aluminum was then evap- 
orated on the films to provide electrodes for the electrical mea- 
surements. The piezoelectric stress coefficients e31 and the di- 
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Figure 1. Comparison of piezoelectric stress coefficients e31 for 
oriented and unoriented poled PVF, films as a function of poling 
field. 

electric constant for films poled at various fields were then 
measured at 3 Hz with the Toyo Seiki Piezotron. 

X-ray diffraction scans in reflection and transmission modes 
were taken with a Phillips wide-angle diffractometer and Cu K a  
radiation. X-ray patterns were also recorded on flat film, taken 
with the incident X-ray beam perpendicular to and parallel to 
the plane of the poled films. 

Results 
The values obtained for e31 for oriented films as a 

function of poling field are shown in Figure 1. The values 
obtained for e31 for the oriented films as a function of 
poling field are shown in Figure 1 for purposes of com- 
parison. Both in-phase and out-of-phase components are 
included. A general similarity of behavior can be seen. 
Four regions of response were obtained for both oriented 
and unoriented films: at low fields (E, < 0.6 MV/cm) only 
very low values of e31 were obtained; a t  higher fields (0.6 
< E, < 2.0 MV/cm) e31 increases linearly with field; a small 
plateau region, suggestive of the saturation of some po- 
larization mechanism, is observed a t  still higher fields (2.0 
< E, < 2.8 MV/cm); at the highest field (E, = 3.2 MV/cm) 
a rise in e31 indicates the onset of some other polarization 
mechanism. 

The principal difference in the behavior of the two films 
is that the plateau region for the unoriented films is not 
as marked as for the oriented films, suggesting that a new 
polarization mechanism takes place a t  lower fields for the 
unoriented films. Following the highest poling field at 3.2 
MV/cm, the piezoelectric activity in the unoriented films 
is as large as the value obtained for the oriented films poled 
at the same field. In fact, the increase of polarization with 
field is very high a t  those fields and it appears as if even 
higher values would have been obtained for unoriented 
films than for the oriented films had dielectric breakdown 
not intervened. 

X-ray diffraction scans for the poled unoriented films 
in reflection and transmission modes are shown in Figures 
2 and 3. 

Figures 4-6 are flat-film X-ray photographs taken with 
the X-ray incident beam parallel to the plane of the poled 
film. Figure 4a, from the unpoled film, shows the complete 
Debye-Scherrer rings characteristic of the unoriented 
films. Figure 4b is a schematic diagram showing the in- 
dexed reflections. Figures 5a and 6a are the diffraction 
patterns corresponding to films poled a t  2.4 and 3.2 
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Figure 2. X-ray diffraction scans (reflection mode) of poled 
unoriented PVF2 films. 
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Figure 3. X-ray diffraction scans (transmission mode) of poled 
unoriented PVFz films. 

MV/cm, while Figures 5b and 6b show important reflec- 
tions indexed on schematic diagrams. Figure 7 shows a 
flat-film photograph of a film poled at 2.4 MV/cm taken 
with the incident X-ray beam perpendicular to the poled 
film. 

For purposes of comparison, X-ray photographs of poled 
biaxially oriented phase I1 PVFz films were taken. Figure 
8 corresponds to the unpoled oriented film taken with the 
incident X-ray beam in the plane of the film. Figures 9 
and 10 corresponds to films poled at 2.4 and 4.0 MV/cm, 
respectively, with the same geometry. 

In comparing the photographs with the diffraction scans, 
one should note that for the latter the crystals contributing 
to a given ( h k l )  reflection have a unique orientation; for 
the reflection mode the (hk l )  direction of the set of crystals 
must be perpendicular to the film; for the transmission 
mode the (hk l )  direction of the contributing set of crystals 
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Figure 4. (a) X-ray diffraction pattern with beam parallel to 
plane of unpoled unoriented PVF, flm. (b) Schematic illustration 
showing Miller indices of important reflections. 
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Figure 6. (a) X-ray diffraction pattern with beam parallel to 
plane of poled PVF, film. The poling field was 3.2 MV/cm. (b) 
Schematic illustration showing important reflections. 

a 

b 
Figure 5. (a) X-ray diffraction pattern with beam parallel to 
plane of poled PVF? films. The poling field wan 2.4 MV/cm. (b) 
Schematic illustration showing important reflections. 

must he in the plane of the film. It is important to re- 
member that each reflection originates from different sets 
of crystals making different angles with respect to the 
applied poling field. For the X-ray photographs, with the 
exception of Figure 7, the incident beam is parallel to the 
plane of the film. The meridional position is approxi- 

Figure 7. X-ray diffraction pattern with beam perpendicular 
to plane of poled PVF, film. The poling field was 2.4 MV/cm. 

mately the same as the reflection scan, except that  since 
the fh is not rotated, the crystah are rotated by the Bragg 
angle 9 from the crystals observed in the reflection scan 
(for most reflections 0 < 15%). 

The interpretation of our results is complicated by the 
same problem that  other workers have encountered, 
namely, the coexistence of different, hut closely related 
crystal forms of PVF,. 
Discussion of the X-ray Results 

Following the application of the highest poling field (3.2 
MV/cm) for the unoriented films, the most intense (110) 
(020) reflection for phase I is seen as a shoulder on the 
phase I1 (110) peak in Figure 2. It is not seen in the 
diffraction scan taken in transmission (Figure 3). It can 
he seen in Figure 6 as a shoulder on the (110) phase I1 
reflection, hut arced in the meridional position. The phase 
I produced at the highest fields is clearly oriented. A 
transformation to oriented phase I is also observed from 
Figures 9 and 10 for the oriented films. A strong new 
reflection with a Bragg angle of 23.7' appears following 
poling at 2.4 MV/cm (for the unoriented films hut not for 
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a 

b 
Figure 8. (a) X-ray diffraction pattern with beam parallel to 
plane of unpoled oriented fh. (b) Schematic illustration showing 
important reflections. 

b 
Figure 9. (a) X-ray diffraction pattern with beam parallel to 
plane of poled oriented film. The poling field was 2.4 MV/cm. 
(b) Schematic illustration showing important reflections. 

the oriented fhs ) ,  which can be seen in the reflection scan 
shown in Figure 2. It is not seen in the transmission scan 
in Figure 3, and it is seen as an arc around the meridian 
in Figure 5. This reflection cannot be identified with any 
of the four known phases (I, 11,111, or IV) even if different 
packing senses (for example, the antiparallel packing of 
T3GT3G chains into the phase I11 unit cell proposed by 

a 

- 
b 

Figure 10. (a) X-ray diffraction pattern with beam parallel to 
plane of poled oriented films. The poling field was 4.0 MV/cm. 
(b) Schematic illustration showing important reflections. 

Lovinger as possible phase V) or defect structures permit 
reflections that are normally forbidden. This imples either 
that  one of the previous structure determinations is in- 
correct or, more likely, that under these poling conditions, 
we have produced a new phase of PVF2, which, following 
the recently established nomenclature, could he labeled 
phase VI. Figure 5 clearly shows that the new phase has 
a preferred orientation. 

The unidentified reflection is not seen in the diffraction 
scans of poled oriented films when the molecular chains 
are perpendicular to the applied field. This suggests that 
for this field-induced phase transformation the dipole 
moment component along the chain is also important. At 
the very highest poling field the unidentified reflection 
decreases in intensity and this suggests that the new phase 
at very high fields shows a further transformation to a 
more polar structure. 

Initially, the phase I1 crystallites are unoriented, as is 
clear from Figure 4; all crystal orientations with respect 
to the applied field are equally likely. If crystals with a 
particular orientation (defined by a particular set of 
three-dimensions1 angular coordinates) show a crystal 
phase transformation to a new phase, both the new phase 
and the initial phase (which now has crystals at  all ori- 
entations except the ones that have transformed) show 
preferred orientation. This can be seen by comparing 
Figures 4 and 5. Phase I1 crystals with the a axis close to 
perpendicular to the film can readily transform to phase 
IV (which is a polar structure) by a chain reorientation of 
180°. If this takes place in our initially unoriented film, 
the phase IV will have a preferred orientation with the a 
axis close to perpendicular to the film surface. Moreover, 
the untransformed phase I1 crystals will he present in all 
orientations except this one. Figure 5 shows a decrease 
of intensity in the meridional direction for the (100) re- 
flection and an increase in intensity for the (200) reflection. 
Figure 2 shows that the (100) intensity (in the reflection 
mode) decreases sharply from 0.6 to 1.6 MV/cm. It is 
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important to realize that the geometrical arrangement used 
in the reflection scan entails that the (100) reflection ob- 
served originates only from crystals with an a axis per- 
pendicular to the film. In the same scan, the (200) re- 
flection shows an increase. In the transmission mode, the 
(100) reflection originates chiefly from crystals with the 
a axis in the plane of the film, and it can be seen that from 
0.6 to 1.6 MV/cm there is little change. The principal 
difference between phase I1 and phase IV is that in phase 
IV the structure factor for the (100) reflection is quite 
small, while for the (200) reflection, the structure factor 
is increased. Figure 4 shows an increase in intensity for 
the (200) reflection over an arc -30' to either side of the 
meridian, suggesting that phase I1 crystals within this 
angular range of orientation with respect to the applied 
field transform to phase IV. Thus the phase IV formed 
has preferred orientation and the phase I1 remaining also 
has preferred orientation. However, since phases I1 and 
IV have all reflections in common, only some of which 
differ in intensity, most of the Debye-Scherrer rings will 
be complete, both phase I1 and phase IV crystals con- 
tributing to intensity. 

Since the response of crystallites making different angles 
with respect to the applied field is likely to be different, 
to analyze our X-ray data we classified crystals as be- 
longing to one of four different groups: (a) phase I1 crystals 
with the molecular chains in the plane of the film and the 
a axes close to perpendicular to the film surface, (b) phase 
I1 crystals with the molecular chains in the plane of the 
film and the b axes close to perpendicular to the film 
surface, (c) phase I1 crystals with the molecular chains or 
c axes close to perpendicular to the film surface, and (d) 
phase I1 crystals with the molecular chains making some 
angle 4 (45' < 4 < 90') with respect to the film surface. 
This classification of crystals was made with a view to 
examining possible polarization mechanisms and was also 
implied by the X-ray film and diffractometer geometry 
used and the reflections observed. As we have already 
suggested, phase I1 crystals with the c axes in the plane 
of the film and the a axes perpendicular to the film are 
observed at  the meridian position of Figure 6 for the (100) 
and (200) reflections and from the (100) and (200) re- 
flections from the diffraction scan of Figure 2. Phase I1 
crystals with the c axes in the plane of the film and the 
b axes perpendicular to the film are observed a t  the me- 
ridian position of Figures 4 for the (010) reflection and 
from the (010) reflection in the diffraction scan in Figure 
2. Phase I1 crystals with the molecular chains perpendi- 
cular to the film are observed from the (002) reflection at 
the meridian from Figure 4 and from the (002) reflection 
in the diffraction scan of Figure 2. Phase I1 crystals with 
the molecular chains making a large angle with respect to 
the perpendicular to the f i  are seen from (hkl) reflections 
(providing 1 > 0) at  the meridional position in Figure 4. 

Since the electric field is applied perpendicular to the 
film surface, we expect crystals making the same angle with 
respect to the film normal to respond identically. Indeed, 
the flat-film photograph taken with the incident X-ray 
beam perpendicular to the film (after the sample had been 
poled a t  3.2 MV/cm) (Figure 7) showed complete sym- 
metry about the film normal. On the other hand, a given 
set of crystals with a direction in common, [hkl]*,  will all 
contribute intensity at the meridian for the reflection (hkl) 
in an X-ray photograph taken with the incident beam 
parallel to the film surface and the X-ray film perpendi- 
cular to the incident X-ray beam in the front-reflection 
region, as in the case of Figures 4-6. If we consider other 
reflections (h'k'l? from the same set of crystals, then the 
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Bragg angle will be satisfied only for a small fraction. Thus 
these orientation effects caused by phase changes will 
usually not be observed at nonmeridional locations on the 
Debye-Scherrer rings. In most cases, the intensity con- 
tributed by untransformed crystals (at the same Bragg 
angle since most reflections are common to phases 11,111, 
and IV) a t  the nonmeridional position will eclipse the 
effects caused by the transformed crystals. It was those 
general considerations that led to the following interpre- 
tation of the X-ray results. 

(a) Phase I1 Crystals with a Axes Perpendicular 
to the Film. These crystals have molecular chains in the 
plane of the film and dipoles either parallel to or opposed 
to the applied field. 

The intensity of the (100) reflection for these crystals 
decreases at  low fields to (0.6-1.6 MV/cm) when other 
changes are not seen. This appears to be caused by the 
I1 -, IV transformation for these crystals, first reported 
for oriented phase I1 films. If the a axes are perpendicular 
to the film, then the oriented phase IV crystals will be 
responsible for the residual polarization, giving rise to the 
linear variation of e31 with poling field. A threshold poling 
field of -0.6 MV/cm appears necessary to initiate the 
phase transition, although, of course, we do not know the 
internal fields. Measurement of the angular range of 
missing intensity of the (100) phase I1 reflection suggests 
that crystals with the a axis inclined to the field by an 
angle 0 < 30°, transform. 

These crystals do not at  higher fields transform to phase 
111, since the (111) reflection (which does not overlap with 
any of the phase I, 11, or IV reflections) would appear as 
arcs at  either side of the meridian at  a Bragg angle 22.5' 
and this is not observed. Moreover, these crystals do not 
transform to phase I, since the intense reflections (110) and 
(200) would appear as arcs to either side of the meridian 
and at  the equator. These phase I reflections would not 
overlap other reflections and if present would be seen. The 
(110) phase I reflection observed following the highest 
poling field (3.2 MV/cm) appears centered at the meridian, 
and there is no intensity at  the equator. 

We conclude therefore that crystals with the a axis in- 
clined with respect to the field direction (0 < 30') trans- 
form I1 - IV for poling fields 0.6-2.4 MV/cm but do not 
show further transformations to other structures at  higher 
fields. 

(b) Phase I1 Crystals with b Axes Perpendicular 
to the Film. These crystals have molecular chains in the 
plane of the film but in this case the dipole moments are 
also in the plane of the film, making an angle of 90' with 
respect to the applied field. The (020) reflection in Figure 
2 and the meridian position for the (020) reflection in 
Figure 5 originate from these crystals. In Figure 5 we see 
only a small decrease at  the meridian and in Figure 2 
(which provides a quantitative measure) we see that at 
fields up to 1.6 MV/cm this reflection is essentially un- 
changed. If these crystals transformed without dipole 
rotation I1 - I, I1 - 111, or I1 - IV, there would be no 
increase in the net polarization. In phases I11 and IV a 
reflection is observed at  the same Bragg angle with ap- 
proximately the same intensity as the (020) reflection for 
phase 11, so I1 -, I11 or I1 - IV transformations could not 
be observed from this reflection. The intensity of the (100) 
reflection for phases I1 and IV is very small and for these 
crystals is observed in Figure 3 and at the equator in Figure 
5. There appears to be no decrease in the (100) reflection 
at  fields up to 1.6 MV/cm. However, it  should be re- 
membered that there is a large set of crystals contributing 
to the intensity of the (100) reflection at  those locations 
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11, a phase I1 crystal with the b axis perpendicular to the 
film surface is shown. The lattice is approximately hex- 
agonal (a  - 5.02 A). On the same lattice a suggested phase 
I unit cell is drawn. Although the phase I cell is ortho- 
rhombic, the molecular packing is also close to hexagonal 
and in fact all the reflections from the phase I structure 
can be indexed on a hexagonal lattice with a = 4.90 A. We 
notice an interesting and special geometrical relation be- 
tween the phase I1 and phase I lattices. The (110) planes 
for the derived phase I cell are perpendicular to the b axis 
for the phase I1 cell; that is, the (110) planes for phase I 
are parallel to the crystal surface. This is in agreement 
with the X-ray data. 

We suggest then that the new oriented phase I crystals 
are produced by a transformation of phase I1 crystals with 
the b axis parallel to the field direction and a change of 
conformation from TGTG' to an all-trans conformation, 
with the final phase I lattice, however, bearing the pre- 
viously described geometrical relation to the original phase 
I1 lattice. The volume fraction of crystals having the 
orientation required for this transition is too small to give 
rise to a measurable change in film thickness. 

An alternative polarization mechanism utilizing a I1 - 
IV transition can be postulated. This transition could be 
accompanied by chain rotations of 90" so that the new 
phase IV crystals are oriented with dipoles parallel to the 
field direction.ls No new reflections should be observed. 
The intensity of the (100) reflection associated with the 
new phase IV crystals would be very small and would not 
cause any observable change. A small continuous increase 
in the intensity of the (200) reflection in Figure 2 a t  the 
highest fields is observed. This mechanism would entail 
considerable repacking motions (akin to a recrystallization) 
and, moreover, would not explain the presence of the or- 
iented phase I crystals. 

(c) Phase I1 Crystals with Molecular Chains (or c 
Axes) Perpendicular to the Plane of the Film. As we 
have previously explained, the phase I1 chain conformation 
has large dipole moment components perpendicular and 
parallel to the chain direction, but the net dipole moment 
of a phase I1 crystal is zero, since dipoles in neighboring 
chains are opposed. Rotations about the chain axes will 
not lower the potential energy with respect to the applied 
field for the crystals considered here, so we would not 
anticipate a I1 - IV, I1 - 111, or I1 - I transformation 
for these crystals. In fact, since the dipole moment com- 
ponent along the chain is less for some of these phases, the 
effect would be an increase in energy. 

The (002) reflection in the meridional position of Figures 
4-6 and the (002) diffraction peak in Figure 2 after poling 
a t  the highest field do show a significant change. From 
Figure 6 we observe that the (002) reflection appears 
broader a t  the meridian than at  the equatorial position. 
Furthermore, comparison of the X-ray scans of Figures 2 
and 3 for the samples poled at the very highest field shows 
a distinct difference in the (002) peak. In Figure 2 we 
notice that the intensity is reduced and there appear to 
be two peaks separated by a Bragg angle of A(20) - 0.7". 
The initial (002) peak (quite broad) seems to have sepa- 
rated into two smaller peaks separated by a small Bragg 
angle. 

A I1 - VI transformation would not give rise to a me- 
ridional reflection for these crystals unless it were an (001) 
reflection. The unidentified reflection with Bragg angle 
26 = 23.7" does not correspond to any simple conforma- 
tional change, and in any event such a transition would 
give rise to a decrease in the phase I1 (002) reflection at  
the meridian, as we observed for the I1 - IV transition 
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UNIT CELL 

////, , / / / / / / / / / / / I /  ////!,& 
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Figure 11. Lattice distortions for the proposed I1 - I phase 
transition occurring for crystals with the b axis perpendicular to 
the film surface. 

(for example, crystals with the c axis perpendicular to the 
film), and contributions from the particular set under 
consideration here may be relatively minor. 

However, a t  higher fields (EP > 1.6 MV/cm), the in- 
tensity of the (020) reflection in Figure 2 and a t  the me- 
ridian in Figure 6 is dramatically decreased. As we have 
explained, a transformation without rotation of I1 to I11 
or I1 to IV would not give this result and, moreover, would 
not give rise to an increased residual polarization. A 
transformation of I1 to I without rotation for these crystals 
would lead to disappearance of the (020) reflection at  the 
meridian in Figures 5 and 6, but again since there would 
be no increase in polarization associated with this trans- 
formation for these crystals, it seems unlikely. Moreover, 
the decrease in the (020) intensity does not appear to be 
associated with the appearance of the new reflection a t  
23.7" (which we attribute to phase VI) since this new re- 
flection finally decreases a t  the highest fields while the 
(020) intensity continues to decrease (Figures 5 and 6). 

In order to achieve a change in residual polarization, a 
rotation of the dipole moment out of the plane of the film 
is required. Moreover, a phase transition to a polar phase 
such as I1 - 111, I1 - IV, or I1 -+ I must occur. A tran- 
sition to phase I at the highest fields is seen in Figure 2 
and Figure 6. The orientation of the transformed crystals, 
(110) planes parallel to the surface, is surprising since the 
dipoles are inclined by an angle CY (-30") to the field 
direction. However, as we have explained previously, if 
the dipoles for phase I are in the field direction, the (200) 
reflection would be seen in the diffraction scan in Figure 
3 and on the equator in Figure 6. This was not observed. 

A possible mechanism that would explain this is sug- 
gested by Figure 11. The phase I1 chain packing is close 
to hexagonal. Although the unit cell has monoclinic sym- 
metry, it is metrically orthorhombic and the angles be- 
tween the diagonals in the ab projection is 55". In Figure 
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and the (100) phase I1 reflection. 
A final possibility exists that  the chains change their 

sense to a parallel packing (parallel phase I1 or parallel 
phase IV), giving a net polarization in the chain direction. 
The antiparallel and parallel structures are very similar 
for phase 11, with similar molecular packing and calculated 
structure factors. The antiparallel structure provides a 
plausible explanation for the metrically orthorhombic 
dimensions observed. The changes in the intensities of the 
reflection entailed by this transformation are small enough 
so that it cannot be ruled out. Such a transition could 
occur not, of course, by an end-over-end rotation but by 
a series of conformational changes. Small changes in the 
unit cell parameters might then occur. If the cell angles 
are no longer exactly 90°, a small change in the d spacing 
of the (001) reflection might take place and be the basis 
for the changes observed in the (002) reflection a t  the 
meridian. We conclude that a transition to an all-parallel 
phase I1 or phase IV structure with the polarity directed 
along the chain direction may have occurred at the highest 
poling field. 

(d) Phase I1 Crystals with the Molecular Chains 
Making Some Angle (45 < 4 < 90") with respect to the 
Film Surface. The (021) reflection begins to decrease at 
2.4 MV/cm in the meridional position in Figure 5 and in 
the reflection-mode diffraction scan (Figure 2) and after 
poling at  3.2 MV/cm has decreased substantially. This 
reflection originates from crystals with the c axis a t  45O 
to the film normal. We assume these crystals are also 
undergoing a crystal transition to a polar phase. Since the 
behavior parallels the behavior of the (020) reflection, a 
likely explanation is that a crystal transformation I1 - I 
occurs for these crystals also. The (110) reflection of the 
new phase I is not in the correct orientation for diffraction 
in either Figure 2 or Figures 5 and 6. 

A reflection a t  a Bragg angle of 23.7' appears after 
poling at  2.4 MV/cm. As we have already observed, since 
this cannot be indexed on any of the known crystal 
structures, it must arise from a new crystal form. After 
poling at  2.4 MV/cm, it appears as the third most intense 
reflection of the pattern in Figures 2 and 5. Figure 5 shows 
the orientation of the new phase VI very clearly as an arc 
on the meridian. This reflection is not observed for bi- 
axially oriented films when the c axis is in the plane of the 
film, so the new phase VI crystals do not originate from 
crystals with this orientation. We have already pointed 
out that  the changes taking place in the (002) phase I1 
reflection a t  the highest poling field, originating from 
crystals with the c axis perpendicular to the film, are not 
associated with the appearance of this new reflection. 
Thus the crystals of the new phase originate from crystals 
with molecular chains making some large angle with both 
the film plane and the film normal. At the highest field, 
3.2 MV/cm, this new reflection is reduced in intensity 
somewhat, which suggests that a t  higher fields, these 
crystals transform to phase I. It is this feature that enables 
us to assume that the decrease in the (021) reflection is 
not associated directly with the increase in phase VI 
crystals. Since in any crystal transition we assume that 
the direction of the molecular chains is unchanged, it would 
appear that the new reflection is indexed (hk l ) ,  where 1 is 
not zero and either h or k is also not zero. The new phase 
must be polar. A high crystal polarity for crystals with c 
axes inclined to the field can be achieved if the net dipole 
moment associated with the. chain is inclined to the chain. 
This is, for example, true for phases 11,111, and IV. It is 
the antiparallel packing of these structures that leads to 
the zero dipole moment component in the chain direction. 
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The (111) reflection of phase II after poling at  2.4 and 
3.2 MV/cm can be seen as a complete ring, with, however, 
a high intensity at the meridian. If some crystals with the 
(111) direction perpendicular to the film (chains 45" to the 
film normal) transformed to parallel phase I1 or parallel 
phase IV, a net increase in remnant polarization would 
result. If the unit cell dimensions of parallel phase I1 or 
parallel phase IV are similar to those of phase I1 or phase 
IV cells, no marked change in the (1 11) reflection would 
be anticipated apart from a slight broadening and a change 
in intensity associated with the structure factors of the new 
phase. 

The X-ray data for the unpoled oriented films (Figure 
8) show the presence of a small fraction of oriented phase 
I crystals. The X-ray data taken for the poled oriented 
films (Figures 9 and 10) do not show the same structural 
changes as those occurring in the unoriented films. Careful 
examination of Figure 9 reveals a weak reflection arced on 
the meridian at  the same Bragg angle as the unidentified 
VI reflection. In addition, a second stronger reflection 
arced at  the meridian at  the Bragg angle for the phase I11 
(111) reflection can be observed. The observation that the 
unidentified reflection is weak for the oriented poled films 
is consistent with our suggestion that this reflection ori- 
ginates from crystals c axes making some large angle to 
the film surface. The broadening and splitting of the (002) 
reflection observed at the meridian for the unoriented films 
poled at  the highest fields are also not observed for the 
oriented films. I t  is interesting to note that following the 
highest poling field, the ratio of the (002) phase 11 intensity 
to the (001) phase I intensity is greatly reduced, and it 
appears from Figure 10 from the (002) phase I1 reflection 
that the phase I1 crystals are no longer oriented. This 
would be the case if most of the phase I1 crystals with 
molecular chains in the plane of the film transformed to 
phase I, whereas other unoriented crystals remained un- 
changed. 

All the other observed changes can be interpreted on the 
basis of the phase I1 to phase IV transition previously 
discussed. 

In summary, we conclude that a number of polarization 
mechanisms can combine for the case of poled unoriented 
phase 11 films (if high poling fields are used) to give re- 
sidual polarizations as high as that observed for oriented 
films. These are the following: 

(1) Crystals with the a axis within 30' of the film normal 
undergo I1 - IV transition. At room temperature, the 
threshold poling field is 0.6 MV/cm. Presumably, this is 
for crystals with axes exactly perpendicular to the film, 
larger fields being required for crystals inclined to the 
normal. 

(2) Crystals with the b axis perpendicular to the film 
undergo a transition to a polar phase at  fields above 2.4 
MV/cm. We believe the new phase is phase I with a 
unique lattice orientation to the initial phase I1 crystals. 
However, a mechanism consisting of chain rotations of 90" 
to give a transformation to phase IV crystals with the a 
axis perpendicular to the film surface is also possible. 

(3) Crystals with molecular chains a t  45' to the film 
normal and the a axis in the plane of the film transform 
to phase I. 
(4) Crystals with molecular chains making some angle 

4 with respect to the film surfaces, 45' < < 90°, trans- 
form to a new polar phase. 

(5) The new polar phase has a dipole component in the 
chain direction as well as a component perpendicular to 
the chain, and after the phase transition the net dipole 
moment is close to the field direction. 
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(6) Phase I1 crystals with molecular chains perpendicular 
to the film transform to an all-parallel phase I1 or phase 
IV structure. 

In future studies, these conclusions will be examined 
using complete pole figure analysis. However, these pre- 
liminary studies were necessary since pole figure analysis 
cannot be carried out in an unambiguous way for samples 
containing different crystal structures with many reflec- 
tions in common. We are also poling films with special 
orientations, for example, with molecular chains perpen- 
dicular to the plane of the film, to provide cases where a 
unique polarization mechanism can be isolated. 
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ABSTRACT Linear and trifunctional star polymers of propylene glycol with about the same molecular weight 
(-3000) were studied by the laser light beating spectroscopic technique. Macroscopic shear viscosity mea- 
surements were also carried out. The time correlation functions for the density fluctuation were determined 
for both the linear and the branched polymers. The time correlation functions display a nonexponential shape. 
The  results show that  although the two polymers have about the same viscosity over the temperature range 
between -30 and +25 “C, the relaxation time for branched poly(propy1ene glycol) is several times longer than 
that of linear poly(propy1ene glycol), in contrast to dielectric relaxation data, which show that linear and branched 
polymers have nearly identical dielectric behavior. 

Introduction 
Studies of the dynamics of segmental motion of a bulk 

polymer liquid by the laser light beating spectroscopic 
technique are of considerable current research interest. 
The dynamic light scattering data have provided very 
useful insight into the physical processes associated with 
the glass transition processes. 

In a recent article, we reported the results of a com- 
prehensive laser light beating spectroscopic study of linear 
poly(propy1ene glycol) (PPG).’ The study deals with the 
measurements of the homodyne intensity time correlations 
of the scattered field as a function of temperature for linear 
PPG of different molecular weights. The time correlation 
functions for the fluctuations of the polarizability density 
which give rise to light scattering were extracted from the 
measured homodyne intensity time correlation function. 
The important results found are as follows: (1) Over the 
time scale from 1 to lo4 s, the time correlation functions 
from both VV and VH scattering geometries are inde- 
pendent of the scattering angle. The mean relaxation 
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times derived from the VV and VH time correlation 
functions are, however, nearly equal. (2) The temperature 
dependence of the mean relaxation times follows the Vo- 
gel-WLF equation but not the Arrhenius equation. (3) 
The mean relaxation times for all polymers depend only 
on temperature and not on the macroscopic shear viscosity 
associated with the difference in the molecular weight for 
different polymers. When the mean relaxation time is 
scaled according to the “segment viscosity”, all tempera- 
ture-dependent data from polymers of different molecular 
weights fall on a master curve. This result suggests t,hat 
the localized side-group orientation and the backbone 
motion associated with the conformational flip are the 
mechanisms responsible for the dynamic light scattering 
in PPG. 

In this paper, we report the result of the effects due to 
branching on the homodyne time correlation function, 
keeping the molecular weight of PPG fixed. This com- 
plements the result of a similar study using the dielectric 
relaxation technique by Stockmayer and Burke.2 These 
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