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spectroscopy in both the visible and near-infrared. In 
the latter, a thermochromic transition is observed at 12 
"C with the UV absorption shifting from 372 to 332 nm. 
Spectroscopic results indicate that poly(di-n-hexylger- 
mane) side chains adopt a trans-planar conformation sim- 
ilar to those of PDHS studied previously. In addition, 
FT-Raman studies of PDHG provided evidence that the 
interaction between the n-hexyl side chains was similar 
to that found in PDHS, suggesting that the germanium 
backbone, like its silicon analogue, can adopt a planar, 
zigzag conformation. Recent WAXD studies on orient- 
ed-PDHG samples have confirmed these findings. 

The lowering of the transition temperature to +12 "C 
(compared to 42 " C  for PDHS) is thought to reflect the 
larger Ge-Ge bond distances, which allow the onset of 
disorder to occur at lower temperatures. A t  the transi- 
tion, the n-hexyl side chains disorder due to the intro- 
duction of gauche bonds. This change in interaction 
between the hexyl side chains allows the Ge backbone to 
adopt a disordered conformation, which somewhat inter- 
rupts the electronic overlap and results in a shift in absorp- 
tion from 372 to 332 nm. 
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ABSTRACT: The kinetics of isothermal crystallization of poly[ bis(trifluoroethoxy)phosphazene] have been 
studied utilizing (i) a modified differential scanning calorimeter (DSC) technique and (ii) a depolarized 
light intensity (DLI) technique. The kinetics of transformation of the isotropic to 2-D pseudohexagonal 
mesophase (Le. the sub T ,  transformation) as well as the mesophase to 3-D orthorhombic phase (i.e. the 
sub T(1) transformation) have been measured and analyzed by using Avrami analysis. Classical nucleation 
theory has been applied for estimating the interfacial surface free energy values for nucleation/ 
crystallization behavior corresponding to the phase transformations in the sub T(1) and sub T ,  regions. 
In each instance the crystallization kinetics exhibit a very strong sensitivity to undercooling over a limited 
temperature span. Associated with each first-order transformation, the interfacial surface free energies are 
more than an order of magnitude lower than values obtained in the crystallization of regular homopoly- 
mers because of the more mutually compatible (mesophase) interfaces. 

Introduction 

The most recently developed inorganic based poly- 
mers that show considerable commercial potential are the 
polyphosphazene polymers. In general the polyphosph- 
azene polymers consist of a chain backbone of alternat- 
ing phosphorous and nitrogen atoms as illustrated in Fig- 
ure 1. Common substituents on the phosphorous atom 
may include aryl, alkyl, aryloxy, alkoxy, amino, and halo- 
gens as well as several metal atoms and inorganic groups. 

0024-9297/90/ 2223-2350$02.50/0 

Different kinds of substituents on the phosphorous atom 
provide polymers that  possess a wide variety of pro- 
perties. ',' 

An interesting feature of these polymers is the fact that 
many of them exhibit mesophase behavior when heated 
from the three-dimensionally ordered crystalline state to  
the isotropic melt. The atomic/molecular structure of 
these phases for several polyphosphazenes is 
The effect of thermal cycling on the structure as well as 
the transition temperatures and enthalpies of these poly- 
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X 

X 
+- P=N * For PBR' X = OCH2CF3 

Figure 1. The basic alternating phosphorous-nitrogen struc- 
ture of the poly(ph0sphazene) polymer. 

Table I 
Characterization Data of the PBFP SamDles 

density (y-form)" 
unit cell dimens (y-form) 

QO 

CO 
unit cell dimens 

(hexagonal form)b ~ ( 2 0 0 )  
mesophase transition temp, T(1) 
melting transition temp, T, 
glass transition temp, TB 
AH a t T  4 at Tq1) 

b0 

1.7 g/cm3 

2.06 nm 
0.94 nm 
0.49 nm 
1.18 nm 

89.5 "C 
244.1 O C  

-66.0 "C 
3.77 J/g 
51.9 J/g 

' y-form designates the 3-D orthorhombic structure of many of 
the poly(phosphazene) polymers. * Hexagonal form designates the 
general structure of the 2-D mesophase of these polymers. Ther- 
mal data for PBFP: this work. 

mers in the bulk has also been in~es t iga ted .~  However 
the structure data can only yield information pertaining 
to the end states of the transformations between the 
phaseseB Very little information is obtained concerning 
the mechanisms or energetics that  control the transfor- 
mation between the various phases. Through bulk iso- 
thermal crystallization rate studies, insight into the for- 
mation of the various crystalline phases may be ascer- 
tained. 

Since the early 1970s the transformation kinetics of 
mesophase forming materials have been examined through 
the use of the familiar Avrami equation and classical nucle- 
ation theory. Although the literature is sparce, it does 
include isotropic melt to  mesophase, mesophase to  
mesophase (if the material displays several intermediate 
phases), and mesophase to crystalline transformations for 
small  molecule^^-'^ and  macromolecule^.'"'^ In this study, 
part 2 of a series of papers, the kinetics of isothermal 
crystallization for the (a) isotropic melt to mesophase and 
(b) mesophase to 3-D ordered crystal transformations of 
the polyphosphazene polymer, poly[bis(trifluoroethoxy)- 
phosphazene] or PBFP, are examined via (i) the depo- 
larized light intensity (DLI) technique and (ii) a modi- 
fied differential scanning calorimeter technique. The ver- 
satility of the DLI technique for investigating phase 
transformations in polyphosphazenes was examined in 
part 1.'' In the next paper in this series (part 3), poly- 
[bis(phenylphenoxy)phosphazene] or PB(4-Ph)PP will be 
considered and compared to PBFP. 

The objectives of this research are essentially 3-fold: 
(1) to establish and quantify the rate at which PBFP 
crystallizes, (2) to establish the type and/or mode of crys- 
tallization by which this polymer crystallizes, and (3) to 
examine the nature and energetics of the crystallization 
process in this polymer. The data generated provides a 
suitable basis for the comparison of the two techniques 
(DSC and DLI). A secondary objective of this research 
examines the efficacy and utility of the two methods. 

Experimental Section 
Material. In this study the polyphosphazene polymer, poly- 

[ bis(trifluoroethoxy)phosphazene] (PBFP), was investigated. The 
sample was synthesized via the solution polymerization tech- 
nique.l9 On heating it exhibits three thermal transitions, a glass 
transition, T , and two first-order transitions. The first tran- 
sition at T(l7 corresponds to a change from a three-dimen- 
sional orthorhombic structure (the chain extended y-form, see 

ref 3) to a two-dimensional pseudohexagonal structure (ther- 
motropic &form) followed by a melting transition at T,, above 
which an isotropic phase exists. This material was character- 
ized by DSC, X-ray, and 31P solution NMR. The NMR results 
revealed that PBFP did not exhibit cross-linking or branching. 
Characterization data relevant to PBFP is listed in Table I. 

Equipment. DSC measurements were performed by using 
a calibrated Perkin-Elmer DSC-2 equipped with a scanning auto- 
zero and interfaced with an IBM-PC for data acquisition. High 
purity standards of indium, tin, lead, and zinc were used to 
calibrate the calorimeter. All experimental measurements were 
performed in a nitrogen atmosphere and a low-temperature dry 
ice/ethanol bath was utilized for rapid thermal equilibration 
during sample quenching operations. Maximum range sensi- 
tivity of 0.1 mcal/s was used for all experimental determina- 
tions. Samples between 8 and 12 mg were sealed in aluminum 
pans. Isothermal crystallization measurements at several tem- 
peratures were carried out by DSC in both the sub T ,  and sub 
T(1) regions for PBFP. 

Depolarized light intensity, DLI, measurements were carried 
out by using a Hacker Instruments polarizing microscope fit- 
ted with a photodiode for measuring light intensity. The sig- 
nal from the photodiode was amplified via a Phillips PM5170 
amplifer and then recorded on a Hitachi LM. strip chart recorder. 
Temperature control of the stage was accomplished by using a 
calibrated Mettler FP-2 hotstage. Nitrogen was used to purge 
the stage at all times to prevent sample degradation. Samples 
weighed less than 1 mg and were placed between glass cover- 
slips. Isothermal crystallization measurements at several tem- 
peratures were carried out only in the sub T,,, region for PBFP. 

For both the DSC and DLI techniques, the sample was first 
fused above its melting temperature to remove previous ther- 
mal history and then quenched to the desired crystallization 
temperature (40 "C/min via DSC and -25 "C/min via DLI). 

Photomicrographs were taken during phase transformations 
in only the sub T ,  region for PBFP with a Leica 35-mm cam- 
era using Kodak Tri-X pan (ASA) 400 speed film. 

Theory 

the familiar Avrami equation 
T o  characterize the rate and mode of crystallization, 

(1) 
was used where k is a temperature-dependent rate con- 
stant and n describes the mode of nucleation and crys- 
tal growth and is usually an integer between 1 and 4. 
X ( t )  represents the fraction of transformed or crystal- 
lized material after time, t. In the DSC technique X ( t )  
is expressed as 

X ( t )  = 1 - exp(-kt") 

where AHt is the enthalpy change a t  time, t ,  AH- is the 
total enthalpy change of the system, and E,  is the rate 
of energy evolution a t  time, t. In the depolarized light 
intensity2' (DLI) technique it is expressed as 

(3) 

where I,, I,, and I ,  represent the transmitted light inten- 
sity a t  long time, a t  initial time, and a t  intermediate time, 
t ,  respectively. Avrami theory is useful for determining 
the mode of crystal nucleation (heterogeneous or homo- 
geneous), the crystal growth habit (spherical, circular, etc.), 
and the overall rate a t  which crystallization proceeds. 

Crystallization in polymeric materials is generally nucle- 
ation-controlled. By means of classical nucleation the- 
ory the energetics of formation of the nuclei are exam- 
ined. Turnbull and Fisher21 have shown the rate a t  which 
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Table I1 
Functions for A@ for Several Modes of Nucleation Based 

on a Rectangular Equilibrium Shape' 

3-D Primarv Nucleation 
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2-D Primarv Nucleation 

Coherent Secondary Nucleation 
AG*, = 4bouue/gf :here 

6f = AH,AT/Tm 
a Also shown is the function for ACg* for coherent, secondary 

nucleation. 

nucleation occurs a t  constant temperature and pressure 
is given by 

N = No exp(-AE/kbTc) eXp(-AG*/kbT,) (4) 
where N is the nucleation rate, No is a preexponential 
temperature independent constant, AE is the tempera- 
ture-dependent energy of activation for transport from 
the isotropic phase, AG* is the critical free energy of the 
critical sized nuclei, and k ,  and T, are the Boltzmann 
constant and the crystallization temperature, respec- 
tively. 

If the linear crystal growth rate, G, is assumed to be a 
nucleation-controlled process, then nucleation theory may 
be utilized to describe the linear growth rate of the crys- 
talline phase as 

G = Go exp(-hE/kbTc) exp(-AG*,/kbTC) (5) 
where AG* is the free energy of formation of the sec- 
ondary nuclei. AG* and AG,* have been evaluated by 
several authors. Table I1 shows various functions for 
AG* for different modes of nucleation specifically, 3-D 
and 2-D heterogeneous and homogeneous primary nucle- 
ation based on a rectangular equilibrium shape. Also 
shown is the equation for secondary nucleation for the 
coherent, heterogeneous mechanism. 

In the absence of independent values of N and G, the 
Avrami temperature-dependent rate parameter, k ,  may 
be utilized through the relationship 

k - NG' (6) 
where z is the growth dimensionality of the macroscopic 
crystallites (and is not equivalent to the Avrami n when 
the nucleation is homogeneous). From eqs 4 and 5 it is 
possible to generate an equation of the form 

4.2 bouu,Tmo 
( 7 )  kbAHT,AT Ink - C,- AG*/kbTc- 

where C,  is a constant embodying Go and No as well as 
the transport term, AE, whose temperature sensitivity is 
small compared to the free energy terms at  small under- 
cooling. Information about the surface free energies of 
the critical nuclei may be obtained from the slope of a 
plot of In k versus l/TcAT or l /TcAP. 

The limitations of the Avrami and classical nucleation 
theories with respect to polymeric systems have been 
d ~ c u m e n t e d , ~ ~ ' ~ ~  but, with these restrictions in mind, it 
is possible to gain insights into the mechanics and ener- 
getics of the crystallization transformations in these sys- 
tems. 

Results and Discussion 
Transformations in PBFP. (a) Isotropic Melt to 

2-D Region. The rate of energy evolution with time curves 
are shown in Figure 2 for the isothermal crystallization 

CRYSTRLLIZATION 
TENPERRTURE I ' C 1 

x 
II 
W 
I c 
0 
x W 

u 

c 0  
TINE ' s e c l  

Figure 2. Rate of energy evolution versus time curves for PBFP 
at several crystallization temperatures for the isotropic melt to 
2-D hexagonal mesophase crystallization transformation. 
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Figure 3. Isothermal curves for PBFP and an empty sample 
pan for the given temperatures before (top) and after (bottom) 
subtraction of the curve at 233.9 "C from the others. 

transformation of PBFP from the isotropic melt to the 
two-dimensional pseudohexagonal mesophase. Signifi- 
cant curvature occurs in Avrami plots of these data a t  
short times and low conversions if the rate of energy evo- 
lution, E,, is not measured properly. This problem arises 
as a result of fluctuations in the energy signal from the 
DSC at  short times (-30-120 seconds) following mode 
switching operations, specifically from cooling to isother- 
mal operations or from isothermal to  heating opera- 
tions. An isothermal base-line subtraction technique and 
a short time extent of conversion recovery technique were 
employed to predict correctly the short time extent of 
conversion. 

The isothermal base-line subtraction technique involves 
repeating a crystallization run a t  a temperature a t  which 
the sample does not crystallize over an extended time 
(several hours). This particular curve will display the 
error associated with the fluctuations in the energy sig- 
nal a t  short time, independent of the energy associated 
with crystallization. This curve therefore must be be sub- 
tracted from the isothermal curves obtained at  lower tem- 
peratures where crystallization will occur. The top four 
curves of Figure 3 show isothermal runs for a PBFP sam- 
ple conducted at  233.9,234.9,235.9, and 236.9 "C, respec- 
tively, several degrees above the highest temperature at 
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Figure 4. Fusion curves for the 2-D mesophase to  isotropic 
melt transition in PBFP after crystallization for the times and 
temperatures given. Heating rate was 5 OC/min. 

which PBFP is observed to crystallize over an extended 
time period. Nonlinearity in the isotherms (due to instru- 
mental equilibration) persists out to roughly 120 s even 
though crystallization is not occurring. The bottom three 
curves of this figure illustrate the result of subtracting 
the isotherm conducted at  233.9 "C from the other curves 
and show that recovery of the energy signal from about 
120 to roughly 30 s is possible. Also shown in Figure 3 
is a uno sample" (empty pan) isothermal run conducted 
a t  235.9 "C. I t  is apparent that this curve does not dis- 
play the same characteristic shape as the other curves 
and therefore would not be suitable for use as a base 
line. Overall with this method a large fraction of the 
initial crystallization exotherm may be recovered by sub- 
tracting a high-temperature, noncrystallizing isotherm from 
the low-temperature, crystallizing isotherms. 

A recrystallization/reheating technique is used to obtain 
the crucial first 30 s of data that is unrecoverable even 
after the isothermal base-line subtraction is performed. 
The procedure simply involves comparing the heats of 
fusion corresponding to crystallizations made for short 
times (in this case 30 s) to those conducted for long times. 
Figure 4 shows the fusion curves for samples of PBFP 
crystallized for 30 s and for long times. Comparing the 
areas under the curves at  each temperature provides val- 
ues for the extent of conversion a t  30 s. 

With these two corrections it is possible to obtain the 
extent of transformation with log time curves as shown 
in Figure 5. It  is readily apparent from Figure 5, part 
B, that these curves are superposable, indicating that, 
consistent with the Avrami theory, the transformation 
kinetics display the same nucleation and growth mecha- 
nism. 

The Avrami plots of this transformation obtained from 

RYSTRLLIZATON 
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Figure 5. The extent of transformation versus log time curves 
for PBFP at several crystallization temperatures for the isotro- 
pic melt to 2-D mesophase transformation via the DSC method. 
Part A: the actual curves. Part B: these curves shifted along 
the log t axis (Le. superimposed). 

the DSC data are shown in Figure 6. If the initial area 
under the rate of energy evolution curves is not pre- 
dicted correctly, significant curvature in the short time, 
low conversion end of these plots will be introduced (this 
will be discussed more fully in the next section). The 
recovery techniques discussed above decrease signifi- 
cantly the curvature in these plots and thereby facilitate 
the measurement of the slope in this region. From lin- 
ear least-squares fits of the data in the initial linear por- 
tion of each curve, an average value of n was determined 
to be 2.06 f 0.11. Taking an n of 2.0, values of k, expressed 
as s-'.', were calculated a t  a fractional conversion of 0.25. 
Table I11 contains values of n and k obtained from these 

Shown in Figure 7 are the fractional conversion ver- 
sus log time plots for the DLI measurements made with 
PBFP for the isotropic melt to 2-D pseudohexagonal 
mesophase transformation. From part B of this figure, 
good superposability of the isothermals is apparent. 
Avrami plots of these data are shown in Figure 8. The 
average value of n was determined to be 1.93 f 0.07 (by 
least squares). The k parameters shown in Table IV were 
evaluated a t  a fractional conversion of 0.25 with n of 2. 

Photomicrographs of this transformation in Figure 9 
show the primary nucleation is independent of time (ather- 
mal, heterogeneous) a t  constant crystallization temper- 
ature. Considering both the DSC and DLI techniques, 
which provide an n - 2 for this transformation, it fol- 
lows that the growth habit of the crystallites is two-di- 
mensional from heterogeneous nuclei. Superficially, the 
kinetic results appear to be at  variance with the photo- 
graphic evidence which suggest "needlelike" crystallites 

plots. 
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Figure 6. DSC Avrami plots for the isotropic melt to 2-D 
mesophase transformation in PBFP. 

Table I11 
Values for the Avrami Parameters, n and k, for the 

Isotropic Melt to 2-D Mesophase Transformation in PBFP 
Obtained from the DSC Measurements 

T,, O C  n io%, ~ 2 . 0  AT, "C 

RYSTRLLIZRT 
EMPERRTURE 

228.6 
229.6 0 
230.6 Q 
231.1 B 
231.6 V 
232.6 
233.6 
234.6 

0 0 . 5  1.0 1'.5 2 . 0  2 .5  3 .0  3 . 5  4.0 4 . 5  5.0 5 . 5  
LOG I t )  (LOG secl 

Figure 7. The extent of transformation versus log time curves 
for PBFP at several crystallization temperatures for the isotro- 
pic melt to 2-D mesophase transformation via the DLI method. 
Part A: the actual curves. Part B: these curves shifted along 
the log t axis (Le. superimposed). 

229.8 2.21 1810 14.3 
230.2 2.16 913 13.9 
230.5 2.02 644 13.6 
231.0 1.95 477 13.1 
231.5 1.98 186 12.6 

nav = 2.06 i 0.11 

and hence would correspond to an Avrami n of 1 (one- 
dimensional, heterogeneous growth). However closer 
inspection of the micrographs clearly indicates that the 
crystallites are platelike (see for example the micro- 
graphs shown at  420 and 5000s in parts b and c of Fig- 
ure 9, respectively). The crystallites that appear "needle- 
like" are actually plates that have a growth direction ori- 
ented parallel or closely parallel to the polarized light 
beam. As this growth direction is rotated out of the posi- 
tion parallel to the light beam, the crystallite thickness 
parallel to the light beam diminishes and the resulting 
transmitted intensity (which is proportional to the crys- 
tallite thickness squared for thin crystals) from the plate- 
lets weakens. It is notable that the crystallites that dis- 
play the weakest intensity, especially those in Figure 9c, 
exhibit a 2-D geometry. Thus the micrographs show ran- 
domly oriented birefringent platelets growing in two dimen- 
sions from heterogeneously activated nuclei, consistent 
with the kinetic results. 

Plots of In k versus l /TcAT and l / T c A p  are illus- 
trated in Figures 10 and 11 for the DSC and DLI meth- 
ods, respectively. In both cases at  comparable crystalli- 
zation temperatures, k values obtained by the DSC and 
DLI methods are in agreement. T h e  temperature sen-  
s i t iv i ty  of k is  ex t remely  large and negative, decreasing 
4 orders of magni tude  in a crystallization range of 6 "C. 

This large temperature dependence of k suggests nucle- 
ation control, via primary and/or secondary nucleation, 
for the overall transformation to the 2-D mesophase. 

Only from the DLI data is it readily apparent that the 
plot versus l/T,AT is linear. The slopes of the plots of 
In k versus l /TcAT obtained via the DSC and DLI tech- 
niques were -74 900 and -96 100 K2, respectively. Assum- 
ing that the model for 2-D heterogeneous primary nucle- 
ation is applicable for the calculation of the surface ener- 
gies of the critical nuclei, then AG* = 4l2aAa/(16f - 2a,) 
may be applied to eq 7 ,  yielding an equation of the form 

Two conditions apply to explain the linearity of the plots 
of In k versus l/T,AT, specifically (i) when 20, << l S f  or 
(ii) when uAa << uu,. The first condition is inappropri- 
ate, since it can be shown that for 213, - 0.1 lSf, a would 
be less than Aa and homogeneous primary nucleation 
would be favored over heterogeneous nucleation. This 
is not borne out in the photomicrographs nor in most 
crystallization studies of normal homopolymers a t  such 
small undercoolings. The second condition results when 
primary nucleation occurs in cracks, folds, ledges, etc., 
as opposed to a flat substrate. This would reduce the 
surface energy product, ~ A t r ,  in the second term; thus In 
k would be dominated by the third term (the linear growth 
term). The photomicrographs of the transformation show 
that the linear growth rate appears more sensitive to tem- 
perature than the primary nucleation density over this 
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Table IV 
Values for the Avrami Parameters, nand k, for the 

lsotropic Melt to 2-D Mesophase Transformation in PBFP 
Obtained from the DLI Measurements 

233.6 1.91 17.0 10.4 
234.6 1.92 2.97 9.4 

n, = 1.93 0.07 

narrow temperature range, suggesting that uue >> OAO, 
and eq 8 then reduces to 

Here, for PBFP, AH = 6.41 J/cm3, bo = 1.18 nm, and z 
= 2, since the results from the Avrami analysis indicate 
the growth is two-dimensional. If the average value of 
the slope is determined (-85 500 K'), the product of the 
surface free energies, (TU , is 1.6 ergs'/cm'. The product 
of the surface energiesu," from linear growth rate exper- 
iments for many common homopolymers (polyethylene - 1280, i-polyst rene -266,and poly(chlorotrifluorethy1- 

greater than the value determined here for PBFP. 
(b) 2-D to 3-D Region. Figure 12 shows the extent 

of transformation versus log time for the two-dimen- 
sional hexagonal mesophase to the three-dimensionally 
ordered crystalline orthorhombic phase of PBFP as 
obtained via the DSC method. Both the base-line sub- 
traction and short time extent of conversion recovery tech- 
niques were utilized to obtain these plots from the rate 
of energy evolution curves. Figure 13 shows Avrami plots 
of this data. By least-squares fit of the data in the ini- 

slope = -8boou,Tmo/kbAH (9) 

ene) -200 ergs Y /cm") are at least 2 orders of magnitude 
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Figure 9. Photomicrographs of the isotropic melt to 2-D 
mesophase transformation in PBFP for the given conditions. 

\ 
\ 

\ 

0 --> m - 1.0 
A f - 1.44 X 10' 

A - - >  m = 2.0 
f = 2.79 X 10 

\ 
\ 

\ 
\ 
\ 

\ 
\ 

0 1.05 1.10 1.15 1.20 1.25 

f/T,AT' 
so 

Figure 10. Plots of In k versus l/T,AT and 1/T AF for the 
isotropic melt to 2-D mesophase transfonnation ofPBFP (DSC 
method). 

tial linear portion of each curve, an average value of n = 
1.91 f 0.08 was obtained. Values of k were determined 
by utilizing an n of 2.0 and a fractional transformation 
of 0.2 and are shown in Table V. Unlike the isotropic 
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Figure 11. Plots of In k versus 1/T,AT and l /TcAp  for the 
isotropic melt to 2-D mesophase transformation of PBFP (DLI 
method). 

melt to 2-D transformation in PBFP, this transforma- 
tion displayed a small birefringence change and there- 
fore was not readily amenable to measurement by the 
DLI method. 

Plots of In k versus l/T,AT and l / T , A P ,  where AT 
= T(1) - T,, made for this transformation are shown in 
Figure 14. The low supercooling portion of the plot ver- 
sus l/T,AT yielded a slope of -67 400 K2. The large, 
negative change in the rate constants over this small crys- 
tallization range, in addition to the small undercooling 
needed for crystallization, indicates the nucleation was 
heterogeneous. In accord with an Avrami nucleation 
parameter of 2, it is concluded that the growth is two- 
dimensional. 

Two important points may be made about this transi- 
tion. First, a t  comparable undercoolings from their respec- 
tive transition temperatures, the 2-D to 3-D transforma- 
tion takes place at  a rate that is an order of magnitude 
faster than in the isotropic to 2-D transformation. Sec-  
ond ,  over t h e  measurable crystall ization range (1.2 "C) ,  
t h e  rate constant  k changes by  2 orders of magnitude.  
For extrapolation to a temperature range of 6 "C (DLI 
measurement range for the isotropic to 2-D transforma- 
tion), a change in k of over 5 orders of magnitude is 
expected. From this fact it is concluded that this trans- 
formation is more temperature sensitive than the isotro- 
pic to 2-D transformation and also that the crystalliza- 
tion transformation is nucleation-controlled. From the 
slope of the low supercooling end of the plot of In k ver- 
sus l/T,AT, the value of the product of the surface free 
energies, me, was determined to be 30 ergs2/cm4 for AH 
= 88.2 J/cm3, bo = 0.94 nm, and again z = 2. Although 
this uu, is larger than the value obtained for the isotro- 
pic to mesophase transformation, it is still a t  least an 
order of magnitude smaller than that found for normal 
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Figure 12. The extent of transformation versus log time curves 
for PBFP at several crystallization temperatures for the 2-D 
mesophase to 3-D crystalline transformation via the DSC method. 
Part A: the actual curves. Part B: the actual curves shifted 
along the log t axis (ie: superimposed). 

homopolymers of comparable enthalpy of transforma- 
tion. 

Comparison of the DLI and DSC Methods. From 
the isotropic melt to 2-D mesophase measurements on 
PBFP, the DSC and DLI techniques were compared in 
evaluating the Avrami parameters. Figure 15 shows the 
DSC Avrami plots on the same scale as the DLI data of 
Figure 8. The curves show low conversion superposabil- 
ity with the DLI data but do not show the long time 
slowing down of crystallization rate apparent in the DLI 
data. The inadequacy of the DSC for measuring this slow, 
long time transformation may be readily attributable to 
the fact that the DSC yields the derivative of the trans- 
formation (as opposed to the DLI method which yields 
the actual transformation curve). This being the case, 
the rate of energy evolution a t  long times is too small to 
be detected accurately by the DSC, and therefore it does 
not appear in the Avrami plots. This is a particularly 
acute problem in the isotropic to mesophase transforma- 
tion in thermotropic mesophase forming materials due 
to the extremely small enthalpy of transition especially 
when compared to normal homopolymers. In contrast 
the DLI method measures the cumulative effect of the 
crystallization transformation and is much more suit- 
able for measuring slower rates so long as there is a sig- 
nificant birefringence change under quiescent condi- 
tions. 

Since the DSC is inadequate for measuring the long 
time, slow transformation in PBFP, it is necessary to con- 
sider the effect of this error on the values of X ( t ) ,  in 
which the denominator depends on the total heat of fusion 
of the sample. This is most easily accomplished by exam- 
ining the Avrami plots of the DSC data after including 
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Figure 13. DSC Avrami plots for the 2-D mesophase to 3-D 
crystalline transformation in PBFP. 

Table V 
Avrami Parameters for the 2-D Mesophase to 3-D Ordered 

Crystalline Transformation in PBFP 
T,, "C n 107k, S-*.O AT, O C  

73.0 2.01 40600 15.6 
73.3 1.81 18000 15.3 
73.6 1.84 6270 15.0 
73.9 1.95 2210 14.7 
74.2 1.91 927 14.4 

nav = 1.90 f 0.08 

an additional (yet arbitrary) 50% increase in the AH, 
value for X ( t ) .  The result is shown in Figure 16 for two 
different crystallization temperatures, where increasing 
AH- produces several interesting effects. First, it dem- 
onstrates that indeed the DSC is insensitive to the long 
time crystallization effects (small enthalpy changes over 
long times) that are observable in the DLI Avrami plots. 
Further evidence for this fact is that the measured AH- 
upon isothermal crystallization is usually substantially 
less than that found on subsequent reheating of the spec- 
imen. We have found errors as high as 40% between 
the two measurements for samples that crystallize slowly 
over long times (as is the case for the sample crystallized 
a t  231.5 "C). Second and most importantly, the values 
of n are unchanged from the previous results (Le., the 
slope of the  initial portion of the  curves remains 
unchanged), and third, the plots are shifted by a rela- 
tively constant log time factor to  longer times. This pro- 
duces a nonlinear effect on the actual values of the rate 
constants and shifts them to lower values. However val- 
ues for In k are moved to lower values by a relatively 
constant factor. This does not affect the slopes of the 
plots of In k versus l/TcATm and does not affect values 
obtained for the energies and sizes of the nuclei. In essence 
only small errors in n or in the plots of In k versus 1/ 
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Figure 14. Plots of In k versus l/TcAT and l / T c A p  for the 
2-D mesophase to 3-D crystalline transformation in PBFP. 

CRYSTALLIZRTON 

230.2 + 

$1 
01 

I /  I I I I I T 1  
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

LOG [tl [LOG secl 

I 
.5 

Figure 15. Avrami plots of the isotropic melt to 2-D mesophase 
transformation of PBFP for the DSC method shown at the scale 
of the Avrami plots of the DLI data of Figure 8. 
T,AT are introduced because of the inadequacy of the 
DSC method for measuring slow changes in sample crys- 
tallinity (enthalpy) over long times. 

Another crucial problem with the DSC is its limited 
capacity for measuring the rate of energy evolution (and 
thereby the extent of transformation) in a t  least the first 
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30 s of crystallization, even after base-line subtraction is 
performed. As such it was necessary to  recover the extent 
of transformation associated with the initial 30 s of crys- 
tallization using the recrystallization/reheating tech- 
nique outlined above. Figure 17 shows the result when- 
ever the initial heat of crystallization is omitted or neglected 
when generating Avrami plots. Excessive curvature in 
the plots occurs a t  short times, thereby making the eval- 
uation of the Avrami parameters impossible. Even for 
the curves a t  231.5 OC, where only a small portion of the 
crystallization (-1.4%) takes place in the first 30 s of 
the transformation, significant curvature is noted in the 
uncorrected curve and this would introduce significant 
errors into the evaluation of n and k. By comparison, 
neither long time, slow conversion nor short time, fast 
conversion corrections are necessary for the DLI mea- 
surements, and these advantages make it the preferred 
technique as long as the change in sample birefringence 
is sufficiently large and representative of the phase trans- 
formation. 

Conclusions 
The mechanisms for the nucleation and growth of PBFP 

have been established for (1) the isotropic to 2-D ther- 
motropic mesophase and for (2) the 2-D thermotropic 
mesophase to 3-D crystal transformations. The product 
of the surface free energies, (TU,, for both transforma- 
tions have been estimated to be a t  least an order of mag- 
nitude less than the values usually observed for the iso- 
tropic to crystalline transformation in normal homopoly- 
mers. This situation implies that the interfaces, associated 
with the transformation in points (1) and (2) above, are 
mildly compatible because of their mesophase nature. Side- 
chain mobilities from MAS NMR2' support this picture. 
The small undercoolings necessary to crystallize these sam- 
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Figure 17. Avrami plots of the DSC data for the isotropic melt 
to 2-D transformation of PBFP at two crystallization temper- 
atures displaying the error encountered whenever the initial extent 
of transformation is neglected. The bottom curve in each set 
shows the unrecovered plots. 

ples and the extremely large sensitivity of the rate param- 
eter on undercooling indicate that relatively small forces 
must be overcome for the crystallization of these poly- 
mers in both transformation regions. 

A comparison of the DLI and DSC techniques for mea- 
suring the extent of transformation in crystallizing sys- 
tems has also been made. The DSC technique suffers 
from two major drawbacks, namely, insensit ivity t o  small 
changes in t h e  en tha lpy  o f  t h e  material  under s t u d y  
due t o  slow, long t ime  crystallization and  problems asso- 
ciated w i th  f luctuat ions in t h e  rate o f  energy evolution 
signal encountered during mode switching operations. 
Difficulties encountered in measuring crystallization trans- 
formations using the DSC technique have been miti- 
gated by procedures introduced in this work, namely, (i) 
a base-line subtraction technique and (ii) a re- 
crystallization/reheating technique. This paper shows 
that the initial portion of crystallization may be recov- 
ered satisfactorily. In general these techniques should 
have wide application for kinetic measurements using the 
DSC. However, overall, the DLI technique suffers from 
neither of the problems associated with the DSC tech- 
nique and is the preferred technique if the birefringence 
change during crystallization is adequate for measure- 
ment. 
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ABSTRACT: In this study the isothermal crystallization kinetics of poly[ bis(pheny1phenoxy)phospha- 
zene] have been examined utilizing (i) a modified differenital scanning calorimeter (DSC) technique and 
(ii) a depolarized light intensity (DLI) technique. The kinetics of transformation of the isotropic to  2-D 
pseudohexagonal mesophase (ie. the sub T, transformation) as well as the mesophase to 3-D orthorhom- 
bic phase (Le. the sub T(1) transformation) have been measured and analyzed by using Avrami analysis. 
Classical nucleation theory has been applied for estimating the surface free energy values for nucleation/ 
crystallization behavior corresponding to the phase transformations in the sub T(1) and sub T, regions. 
These results have been compared with poly[bis(trifluoroethoxy)phosphazene]. It has been found that the 
polymers display similar transformation kinetics. Both show very high, negative growth rates versus inverse 
undercooling coefficients as well as inordinately small surface free energy products compared to normal 
homopolymers, in accord with the compatibility of the mesophase transformation interfaces. 

Introduction 

Since the 1960s many stable linear high molecular weight 
polyphosphazene polymers have been synthesized, and 
some of their physical and thermal properties have been 
characterized. The basic structure of these polymers con- 
sists of an alternating phosphorous and nitrogen back- 
bone as shown in Figure 1. Because of the variety of 
substituent groups that may be attached to  the phospho- 
rous atom, an extensive array of polymers with diverse 
properties can be produced.',' 

Many of the semicrystalline polyphosphazenes exhibit 
three thermal transitions on heating; a glass transition 
a t  Tg, a mesomorphic transition a t  T(1) from the three 
dimensionally ordered orthorhombic (?-form) crystal- 
line state to the two dimensionally ordered pseudo-hex- 
agonal (&form) state followed by isotropization at T,. 
Recently, considerable interest has focused on determ- 
ing the structure of these polymers in both the crystal- 
line and mesomorphic states as it reIates to the sample's 
thermal h i ~ t o r y . ~ , ~  Although considerable effort has gone 
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into elucidating the structure of these materials in the 
various phases, few investigations into molecular aspects 
of the mechanisms and energetics that control the for- 
mation of these phases in polyphosphazenes have been 

A basic understanding of the energetics 
and mechanisms of the formation of the different phases 
and their dependence on thermal history is necessary from 
a physical properties perspective because such proper- 
ties as toughness, elasticity, permeability, etc. can be sig- 
nificantly altered by polymeric microstructure. It is 
through isothermal bulk crystallization studies that such 
information may be obtained. 

In this paper the kinetics of the isothermal crystalli- 
zation of the polyphosphazene polymer poly[bis(phe- 
nylphenoxy)phosphazene] or PB(4-Ph)PP (shown in Fig- 
ure 1) are investigated by using the depolarized light 
intensity' (DLI) technique. In part l9 of this series the 
DLI technique had been examined as a general tech- 
nique for studying phase transformations in polyphos- 
phazene polymers. In part I1 kinetic measurements' for 
the crystallization transformation in poly[ bis(trifluor0- 
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