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The statistical factor doubles the reactivity of ethylene 
sulfide. 
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Annealing of Poly(viny1idene fluoride) and Formation of a Fifth 
Phase 

Andrew J. Lovinger 
Bell Laboratories, Murray Hill, New Jersey 07974. Received July 2, 1981 

ABSTRACT: Annealing behavior in films of poly(viny1idene fluoride) containing TGTG chains in either an 
antipolar packing (CY phase) or a polar arrangement (6 phase) has been studied. As regards the CY phase, single 
crystals, or films isothermally drawn at high temperatures, do not undergo solid-state transformations to the 
y form during annealing; defect-ridden structures or adjacent y crystals are generally required to produce 
an CY - y transformation. However, annealing of drawn CY films causes changes in the diffraction pattern 
that imply conversion to a nonstatistically packed arrangement of (Y chains. The polar analogue of the CY phase 
(6 phase) easily transforms at high temperatures to yield a mixture of polymorphs: dominant among these 
is the polar y phase, while smaller amounts of its antipolar analogue ( 6  phase) and of the CY phase are also 
formed. The previously suggested existence of this 6 phase is demonstrated on the basis of X-ray diffraction 
data. 

Introduction 
Four crystalline polymorphs of poly(viny1idene fluoride) 

(PVFJ have been described in the literature. The a phase 
is the one commonly obtained by crystallization from th_e 
melt;'g2 its molecular chains adopt a distorted TGTG 
conformation and pack in a unit cell with a = 4.96 A, b 
= 9.64 A, c = 4.62 A, and all angles = 90":~~ Although each 
TGTG chain possesses a net dipole moment, the a-unit 
cell is not polar because alternate chains pack with their 
dipole components normal to c in an antiparallel fashi0n:1~ 
However, poling under a high electric field causes reversal 
of these dipole components in every second leading 
to a polar analogue of a-PVF2 known as the 6 phase.' This 
reversal may be accomplished by physical rotation of al- 
ternate chains through 180°5v6 or through propagation of 
a 180" twist along the molecular chain;8 however, a seem- 
ingly simpler mechanism requiring no physical rotation of 
chains, bu_t only small intramole_cular rotations that alter 
the TGTG conformation to TGTG, has recently been 
p r o p ~ s e d . ~  The common ferroelectric1° phase of PVFz is 
the p phase, in which the molecules assume an all-trans 
conformation" (or a statistically distorted version thereof9 
and pack in an orthorhombic unit cell with a = 8.58 A, b 
= 4.91 A, and c = 2.56 A.3 The fourth known polymorph 
of PVFz is the y phase, which was shown by Weinhold and 
c ~ - w o r k e r s ~ ~ J ~  to have essentially the same ab cell base as 
the a form but double the c-axis repeat. This conclusion 
has been confirmed by subsequent s t ~ d i e s , ~ J ~ - ' ~  although 
the structure appears to be mon~clinic,'~J~ rather than the 
originally suggested or thorh~mbic. '~J~ 

In a recent paper16 dealing with the structure of the y 
phase, the possibility for existence of a fifth polymorph 
of PVF2 (e phase) was noted; the present study offers 
experimental evidence and a discussion of the conditions 
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for manifestation of such a fifth form. 

Experimental Section 
The PVFz samples used were KF-1100 resin, a Kureha Chemical 

Industry Co., Ltd., polymer having 3.8% of inverted monomeric 
units ("head-to-head, tail-to-tail") as determined by 19F NMR.17 
Films of this polymer, -100 pm thick, prepared by compression 
molding, were uniaxially drawn at 145 "C in an Instron apparatus 
at a rate of -IO%/min to extension ratios of 41-51. These films 
were coated with A1 electrodes in a vacuum evaporator and then 
poled for 30 min at 80 "C under an electric field of 1.2 MV/cm. 
These specimens were annealed under vacuum with their ends 
restrained in a metallic holder. To prevent melting of the original 
samples at the high temperatures employed, the annealing tem- 
perature was gradually raised to its final value in accordance with 
the following heating program: 160 "C/2 h - 165 'C/2 h - 170 
"C/2 h - 175 "C/1 day - 180 '(215-25 days. After completion 
of heat treatment, the specimens were examined at room tem- 
perature by X-ray diffraction and IR spectroscopy. 

Results and Discussion 
The changes occurring in these samples as a result of 

the experimental procedure are reflected in their X-ray 
diffraction patterns depicted in Figure 1. The drawn films 
are initially of the a phase, whose antipolar packing is 
evidenced by the presence of reflections with odd h + k 
indices (e.g., 100, 120, 1211, as seen in Figure la.  Heat 
treatment of the a phase has been found15Js to result in 
a gradual change in conformation from TGTG to T3GT3G. 
However, in the case of our drawn a specimens, no such 
changes were ever observed, as may be seen in Figure lb: 
here, even after excessive annealing (25 days a t  175 "C), 
neither new layer lines characteristic of the y phase12*13*15 
nor diffuse streaks consistent with intermediate defect 
s t r u ~ t u r e s ' ~ J ~ ~ ~  are apparent (such changes in conven- 
tionally drawn a-PVF2 have also been found missing in the 
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Figure I. Wide-angle X-ray diffraction pattams of uniaxially drawn PVFl recorded at room temperature (fiber axis vertical): (a) 
after drawing at 145 OC. -5 mm mm. 5 1  extension ratio; (b) eame 88 (a), after annealing at 175 OC for 25 days; (e) same BS (a), after 
poling at 1.2 hW/cm, 80 OC; ( d ’  ) name ’ 88 (c), after annealing at 175 OC for 20 days. 

recent studies of Sewet and m-workersB and Takahashi 
et al.2’). The only immediately obvious difference between 
diffraction patterns a and b of Figure 1 lies in the sharp- 
ening of all existing reflections consistently with perfection 
of the a structure a t  the high annealing temperatures. 

However, an important effect of annealing in a-PVF2 
may be noted by careful inspection and comparison of 
patterns a and b in Figure 1: The latter is seen to contain 
two extra sets of reflections identified as 011 and 031 of 
the a phase that are absent in the unannealed specimen 
(Figure la). The 011 reflection was also absent in the 
X-ray data of Hasegawa et al.? while the 031 reflection was 
weakly present3 Appearance of these reflections following 
heat treatment provides a major clue with respect to the 
arrangement of a chains along c. Three types of ar- 
rangement were recently examined by Bachmann and 
Lando:‘ these are defined in Figure 2 on the basis of the 
inclination of their CF, dipoles to the chain axis as (a) 
up-down (equivalent to down-up), (b) up-up (equivalent 
to down-down), or (c) a statistical arrangement of up and 
down chains, each having a 50% probability of existence. 
A very detailed structurefador analysis by Bachmann and 
Lando‘ led to their adoption of the statistically arranged 
unit cell as the most appropriate to the X-ray data, while 
an earlier study by Hasegawa et al.3 reported an up-down 
packing. Among most of the 60 reflections observed: the 
differences in calculated‘ structure factors for the three 
packing models are very small; the only substantial dif- 
ference is seen for reflections of the Okl type with k = 2n 
+ 1, to which the 011 and 031 reflections belong. Spe- 
cifically, for 011 the calculated‘ structure factors are 10.6 

( a ’ E 3 1  u 

Figure 2. Schematic models of (a) u d o w n  arrangement, (b) 
up-up arrangement, and (e) statistical arrangement of chains in 
a-PVF,, seen in projection along a. 

(up-down), 9.3 (up-up), and 2.0 (statistid mixture), while 
for 031 they are 31.3 (up-down), 6.7 (up-up), and 6.0 
(statistical mixture). In this light, the appearance of 011 
and 031 in Figure l b  indicates that annealing dwfavors the 
statistical packing and tends instead to induce a regular 
directional arrangement of chains. Whether this regular 
arrangement is u p u p  or up-down cannot be unequivocally 
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Figure 3. (a) Electron-microscopic appearance of a single crystal of a-PVF, crystallized from dilute solution in 90/10 chloro- 
benzene/dimethylformamide. (b) Electron-diffraction pattern from this crystal. (c) Electron-diffraction pattern from a similar crystal 
after annealing at 168 "C for 3 days. (d) Electron-diffraction pattern from a similar c ~ y ~ t a l  after further annealing at 180 'C for 3 
days. 

concluded from these two reflections alone, but requires 
instead refinement of the complete structure using all 
reflections; however, the strength of the 011 and 031 re- 
flections in Figure l b  appears to be more compatible with 
the up-down packing (Figure 2b). 

To investigate further whether different types of a 
specimen may undergo transformation to the y phase, 
oriented samples were prepared under conditions similar 
to those employed by Takahashi and Tadokoro:" Films 
of PVF, (KF-1100) were melted on a very thin Teflon 
substrate and then rapidly drawn manually at room tem- 
perature while they crystallized. Upon subsequent an- 
nealing under the conditions described above, many (but 
not most) of these films, particularly the highly extended 
ones, exhibited the behavior described by Takahashi and 
T a d o k o r ~ : ~ ~ J ' + ~ ~  Streaks in the diffraction pattern along 
c*, appearing in the initial stages of annealing, ultimately 
shifted to form layer lines of new reflections characteristic 
of the y phase?2J3J621 Moreover, the samples undergoing 
these transformations generally showed weak precursors 
of streaks even prior to annealing, thus implying existence 
of an originally disordered a structure. 

From the above, it is seen that the a - y transformation 
in oriented films, far from being a general phenomenon, 
occurs only under very special circumstances. Clearly, 
slow, controlled drawing of a spherulitic a material at high 
temperatures strongly disfavors subsequent transformation 
to they polymorph. What appears to favor transformation 
in oriented a-PVF, is existence of a more defect-ridden 
structure such as found in samples melt crystallized by 
high and rapid extension at low temperatures and exhib- 
iting precursors of streaks even without annealing. These 
results on drawn f h  are also supported by evidence from 
solution-grown single crystals or melt-grown spherulites 
of the a phase. In the first case, a single crystals were 
grown by slowly cooling a 90/10 chlorobenzene/di- 
methylformamide solution to room temperature.w After 
these crystals were annealed in the dry state first at 168 
"C for 3 days and then a t  180 OC for 3 more days, their 
electrondiffraction pattern were examined in the electron 
microscope. AB may be seen in Figure 3, no phase change 
is seen in the electron-diffraction pattern after annealing 
at 168 OC: the 100 reflection, characteristic of the antipolar 
packing in a-PVF,, survives the heat treatment, showing 
that no measurable transformation to the polar y phase 
has been induced. Following further heat treatment at 180 
OC, although some melting and recrystallization have oc- 
curred, reflections with h + k = odd are still visible. With 

respect to solid-state transformations during annealing of 
spherulites of a-PVF,, it has previously18 been found that 
such processes are generally initiated at thcae regions of 
a spherulites that  are in contact with y spherulites; la- 
mellae of a-PVF, isolated from their y counterparts un- 
dergo transformation only rarely.18 

We can now move on to the effects of annealing on the 
polar counterpart of a-PVF, the 6 phase. AB has also been 
found in earlier s t~dies , " '*~ '*~~~~ '  ita X-ray diffraction 
pattern prior to annealing is seen in Figure IC to be devoid 
of the 100,120, and 121 reflections of Figures l a  and lb. 
Annealing of these 6 samples yields diffraction patterns 
such as that seen in Figure Id; appearance of new layer 
lines signifying a conformational change from TGTG to 
T3GT3G has also been noted by Servet and co-workers= 
and Takahashi et al.2' As in annealed a-PVF, (Figure lb), 
here, too, reflections implying a nonstatistid arrangement 
of chains with respect to c are again observed, although 
less prominently than in Figure Ib. However, the aspect 
of major importance in this transformation is whether or 
not the conformational change resulting from annealing 
is also accompanied by a change in packing normal to e. 
This iasue was fmt mentioned in a previous publication:: 
in which the two possible types of packing of T,GT3G 
chains (polar, corresponding to the y phase, or antipolar, 
corresponding to a hypothetical c phase) were discussed. 
Possibilities for existence of such a fifth phase were raisedlS 
on the basis of the observation by Servet and Rau lP  that 
annealing of 6-PVF2 causes reappearance of the 100 and 
120 reflections; although this implication of their obser- 
vation was not presented in their original paper,% Servet 
and colleagues have, in the meantime, discussed it in a 
subsequent publication,22 in which they concluded that 
these reflections reappear as a result of partial conversion 
back to the a form. Takahashi et al?I state that annealing 
of 6-PVF2 yields the y phase and make no mention of 
reappearance of other reflections. 

An attempt to clarify this matter by examining the 
X-ray and infrared evidence from 6-PVF, subjected to 
annealing is presented below. In the first place, i t  was 
confumed that the 100 and 120 reflections reappear in all 
specimens (see Figure Id), although their intensities vary 
somewhat relative to those of the remaining reflections. 
There are two possible reasons for reappearance of these 
reflections: either (1) a transformation of 6-PVF2 partly 
to the polar y phase and partly back to the antipolar a 
phase, or (2) a transformation of the 6 phase to an antipolar 
analogue of y-PVF, ( E  phase). 
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Figure 4. X-ray diffraction patterns from uniaxially drawn 
bPVF, after annealing at 155 ‘C for 2 days. 

If the 120 reflection recurs solely from a reversion to the 
a phaae, then it must be accompanied by a contribution 
to the intensities of the other even-layer-line reflections 
in Figure Id that is slightly less than the intensities of 
correaponding reflections in Figure la (since 120 in Figure 
Id is slightly less intense than in Figure la). Now, the 021 
reflection in Figure Id is attributable solely to the y phase, 
since drawn a and y specimens contain the same even- 
layer-line reflections (i.e., identical in location and differing 
only slightly in intensity), this 021 reflection must also be 
accompanied by a substantial contribution to the inten- 
sities of its counterparts in even-layer lines. In essence, 
the diffraction pattern of Figure Id should then consist 
of a superposition of patterns from the oriented a and y 
forms, whose relative contributions can be scaled from the 
intensities of the 120 and 021 reflections, respectively. In 
this manner, the intensities of many reflections in Figure 
Id would be expected to be significantly higher than they 
actually are. 

A second check of the relative amounts of a and y 
phases expected by heat treatment of bPVF, is based on 
a study of X-ray diffraction patterns as a function of an- 
nealing temperature. It is known that the TGTG - 
T3GT3G conformational change occurs at high tempera- 
tures,lpE whereas the 6 phase (in unrestrained samples) 
commences reversion to the a phase a t  much lower tem- 
peratures (-120 “C). We investigated the relative oc- 
m n c e  of these phenomena in restrained films of &PVF, 
by monitoring the first appearance of the 120 and 021 
reflections in our annealing experiments. Contrary to the 
behavior characterizing free specimens, the 120 reflection 
was not observed a t  low temperatures in their restrained 
counterparts; as seen in Figure 4, both the 120 and the 021 
reflections appeared simultaneously at -155 “C. This 
tends to point toward common, rather than disparate, 
origins for both of these reflections. 

If the 120 and 021 reflections do not arise from separate 
6 - y and 6 - a transformations, then their common 
origin must lie in a polymorph that combines-the intra- 
molecular conformation of the y form (T3GT,G) with the 
intermolecular packing of the a form (antipolar). Con- 
clusive evidence that such an e phase exists can be obtained 
by careful examination of the first layer line of annealed 
d specimens, as in Figure Id. A higher magnification of 
the relevant region of the diffraction pattern is seen in 
Figure 5 to contain a very weak, yet undoubtedly present, 
reflection a t  the precise intersection of the h k l  layer line 
and the 121 row line; since this reflection is not at the tail 
end of other, stronger reflections and since neither the a 
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Figure 6. Enlargement of a portion of the diffraction pattern 
of Figure Id and identification of the observed reflections. 

nor the y phase ought to diffract at this reciprocal-space 
location, the reflection is unequivocally identified as 121 
of t-PVF2. However, it should at once be pointed out that 
ita intensity is weaker than what would be expected if all 
other reflections in Figures Id and 5 were attributable to 
this t phase. Moreover, the 121 reflection varied in in- 
tensity among our specimens (even within the same 
specimen). becoming in some cases practically invisible. 
All these observations imply that, while the t phase is 
indeed real. it is by no means the exclusive product of the 
high-temperature annealing of bPVF, hut constitutes most 
probably only a minority population. 

To test these conclusions further, films annealed at high 
temperature were examined by infrared spectmecopy. The 
detailed IR study of Rachmann et al.” shows that a region 
of the spectrum that can serve for clear differentiation 
among the various polymorphs of PVF, extends between 
850 and lo00 em-’. Specifically, the a and 6 phases absorb 
strongly at 976 m-’, around which no other polymorph 
contributes significantly; at 895 cm”, the -, phase (and. 
preawnahly. t, as well) is the only form that shows a strong 
ahsorption. The relevant region of the IR spectrum before 
and after heat treatment of our specimens is presented in 
Figure 6. It is seen that annealing c a m  a major increase 
in ahsyption at 895 em-’, signifying adoption of the 
T,GT,G conformation. At  the same time, the 976-em-‘ 
peak is substantially diminished hut d m  not disappear. 
One may, therefore, infer that a small fraction of molecular 
chains is in the TGTG conformation (almost cenainly a, 
since the 6 phase is under a strong impetus to transform 
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7), as evidenced by presence of the 121 reflection. (5) The 
weakness (and occasional imperceptibility) of this reflec- 
tion and the piezoelectric data of Servet et al.22 imply that 
the dominant product of the transformation is the y phase. 

It is not yet known on what energetic basis conversion 
to the e phase is possible. Clearly, of the two possible 
packings of T3GT3G chains (see Figure 7), the polar one 
is energetically the more favorable. Normally, the opposite 
packing is not expected to arise in a thermodynamic pro- 
cess: for example, among TGTG chains where the anti- 
polar packing is favored, the polar arrangement is induced 
only under high electric field, whereas annealing causes 
a t  least a partial return to the original packing. It may 
be that the potential-energy difference between the two 
packing modes of T3GT3G chains is quite small; then, 
under annealing conditions that, on the one hand, trans- 
form the TGTG conformation to T3GT3G, while, on the 
other, establish antipolar TGTG packing, kinetic consid- 
erations might permit a limited combination of these two 
processes, leading to antipolar packing of T3GT3G mole- 
cules. 
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Figure 6. Portion of the infrared spectrum of uniaxially oriented 
6-PVF2 before and after annealing at 175 "C for 20 days. 

b 
Figure 7. Projection along c of T,GT& chains in (a) polar 
packing (y phase) and (b) antipolar packing (e phase). 
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