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3l fAdRE BASAS Ad Aoz gaF.

Abstract : Molecular characterization by dilute solution technique was made on those well fractionated
samples of poly[bis(phenylphenoxy)phosphazene](PBPPP) ranging in number-average molar mass
M, from 83X 10* to 176 X10* g/mol. In cyclohexanone at 50, the excluded volume effect vanished
and the intrinsic viscosity under theta condition was not proportional to M2 In cyclohexanone at
607, it is found that the molecules are found to be unperturbd below M,=87xX10° g/mol even
they have positive value of second virial coefficient, and perturbed above it. When modeled by the
wormlike cylinder, the unperturbed PBPPP chain was characterized by a persistence length q=4.2
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nm and a molar mass per unit contour length M= 1300 nm™. Values of the radius-expansion factor
@, for the PBPPP fractions were calculated on the basis of the relation o,°=a,'". The mean square
radius of gyration {S?) data, being computed with the combination of o, values and Flory-Fox expres-
sion, was treated in terms of Benoit-Doty theory to yield 80 for the critical segment number n. The

binary cluster integral B found at above n¢=280 in perturbed state was 77.6X 10% cm®, which suggests
the chain is flexible but expanded. All the experimental result so far obtained indicated that the over-
all chain conformation of PBPPP is essentially semiflexible and changes continuously from a short

rod to a long expanded coil with an increase in molar mass.

INTRODUCTION

In recent years, intensive studies of polyphos-
phazenes with various kinds of side groups have
been performed experimentally with respect to
their synthesis, reactivities, and solid state proper-
ties.!™* The wide potential in newer functions
such as biocompatibility, electric or photoconducti-
vity, and the side chain liquid crystallinity together
with the well-known useful properties including
lower T, flame retardance, stability to UV radia-
tion, and the reasonably high thermal stability, is
some of the reasons that this type of polymer is
being extensively investigated.

Basically, the physical properties exhibited by
this polyphosphazene can be understood in terms
of inherent skeletal flexibility, with specific physi-
cal or chemical characteristics imposed by the side
groups. The most striking effect exerted by the
side group is the conformational change of the
phosphazene backbone chain which, in turn, leads
to the variation of the physical properties of the
polymer.

Thus, from both the theoretical and experimen-
tal points of view, the molecular characterization
and particularly the evaluation of the conformation-
al characteristics of such polymers having specific
side groups are considered to be the essential pro-
cedures not only to obtain a better understanding
of the structure-property relationship but also to
provide a basis for more perfect molecular design
to produce a new functional materials. Theoretical
analysis and experimental data, however, for the
conformational characteristics of polyphosphazenes
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are yet few.

In the present work, it has been attempted to
synthesize poly[bis(phenylphenoxy)phosphazene]
(PBPPP) and to evaluate its conformational char-
acteristics quantitatively. A variety of dilute solu-
tion techniques have been used for the molecular
characterization and those results obtained are in-
terpreted in terms of the existing theories for the
chain conformation®18~213031 to offer a quantita-
tive description on the molecular dimension for
the given polymer chain.

EXPERIMENTAL SECTION

Polymer

The PBPPP was synthesized by the procedure
described by Allcock and coworkers.® The hexach-
lorocyclotriphosphazene(13 g) (HCTP), purified by
recrystallization and sublimation, was thermally
polymerized in a sealed evacuated tube at 250 +
1.0°C until the molten viscous reaction mixture lost
its fluidity. The poly(dichlorophosphazene) (10.2
2) (PDCP) thus obtained was dried under reduced
pressure to remove the unreacted HCTP and then
dissolved in 200 ml of dry benzene. To this PDCP
solution was added slowly the solution of THF-so-
dium biphenyloxide prepared by refluxing the mix-
ture of 150 ml THF, 47.6 g of 4-hydroxybiphenyl,
and 5.5 g of metallic sodium for 21 hrs. After the
whole reaction mixture was kept for 23 hours at
61-64C with vigorous stirring, the mixture was
cooled to 45C and acidified by adding 6% HCI so-
lution. The polymer was then precipitated by
pouring the reaction mixture into a large quantity
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of methanol, filtered, and dried under reduced
pressure. All polymers were subjected to Soxhlet
extraction with methanol(one day) and n-heptane
(one day) to remove any residual salts and low mo-
lar mass species. Further purification of the poly-
mer, achieved by successive cycles of solubilization
in hot benzene and precipitation into methanol,
yielded white solid product.

All the reactions and treatments involving the
use of PDCP were carried out in dry nitrogen at-
mosphere.

LR. Spectroscopy

Infrared spectra of PBPPP and HCTP were ob-
tained with the use of a JASCO Model A-102.
KBr pressed pellet technique was used. Calibra-
tion was made by means of the usual polystyrene
film.

Solubility Test

The solubility of the polymer to those common
organic solvents was tested by placing about 0.1 g
of the polymer in 10 ml of desired solvent and ob-
serving the transparency of the system visually.
The system was shaken throughout the test period
and the temperature was raised from room tem-
perature to 60C with specified time interval. Table
1 shows the results of solubility test.

Fractionation

The fractionation of PBPPP was carried out by
the column elution technique. The polymer was
deposited on glass beads(dia.=0.5 mm) packed in
a column and successive elution was carried out
with liquid of increasing solvent power. The com-
position gradient was varied from 100% of nonsol-
vent to 100% of good-solvent with time. The poly-
mer molecules were transferred to the top of the
column, being eluted by the liquid mixture which
passes through the column upward under constant
temperature. A fixed amount of eluted fraction was
collected, and the polymer was recovered by sol-
vent vaporization.

The solvent system used for the good- and non-
solvent was cyclohexanone and n-haptane, respec-
tively. The temperature of the column was control-
led to keep 60C by circulating hot water. The
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Table 1. Solubility Behavior of PBPPP in Various Sol-
vents.

Solvents (cal/cm®) 2 M—
30 40 50 60
n-heptane 74 | T G |
cyclohexane 82 i1 1 i
carbontetrachloride 8.6 i1 i
toluene 89 i1 i i
THF 9.1 i 1 sw sw
benzene 9.2 i 1 sw sol
chloroform 9.3 1 1 sw sw
MEK 9.3 i1 i
chlorobenzene 9.5 i 1 sw sol
1,2-dichloroethane 9.8 TR U T
acetone 9.9 i1 i
cyclohexanone 9.9 i ps sol sol
1,4-dioxane 10.0 i1 i i
pyridine 10.7 i sw sol sol
dimethylsulfoxide 12,0 i1 i i
DMF 12.1 i 1 i sol
methanol 14.5 [ T

i . insoluble, sw : swelling, ps : partialy soluble, sol :
soluble.

HCTP

Absorbance

PBPPP

4000 3000 2000 1500 1000 650
Wavenumber cm™!

Fig. 1. IR spectra of HCTP and PBPPP.

schematic diagram of the fractionation results is
illustrated in Fig. 2.

Viscometric Measurement

An Ubbelohde suspended level type of viscometer
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Sample code Weight(g) [n1(di/g)

~F -1 0.2153
FF-2 0.3414
- F-3 0.4016
FF-4 0.5943

HF-5 1.0275 0.0076
~F -6 0.6075
FF-7 0.2028
HF-8 0.0522
-F -9 0.0163
- F -10 0.0105

- F -1t 0.0686 0.0150
F-PBPPP - F -12 0.0280
(10g) + F -13 0.0741

[: F -14 0.0596 0.0420

F -15 0.1279 0.1664

- F ~16 0.1727 0.3200

- F -17 0.8865 0.6900

— F -18 0.5350 1.0000

F-19-a 0.3216 1.0700

F-19-b 0.3678 1.1960

~ F-1 F-19-¢ 0. 8566 1.3320

F-19-d 0.4634 1. 4680
F-19-¢ 0.0438

L F-20 0.3871 1.7610

Fig. 2. Fractionation results of PBPPP by column elu-
tion method.
a) Value of [n] in cyclohexanone at 60.0C.

was employed to measure the flow times of sol-
vent and PBPPP solution at the given temperature
controlled within + 0.05T.

A simultaneous extrapolation to infinite dilution of
the plot of ng,/C and In n,/C versus concentration,
as usual, yielded the values of intrinsic viscos-
ity from the common intercept and Huggins cons-
tant from the slope.

Membrane Osmometry

Osmotic pressure of solutions of PBPPP in fresh-
ly distilled and degassed cyclohexanone was mea-
sured with a Wescan Model 310-104 fitted with
semipermeable membrane RC 51. The measuring
temperature was 52.3C

Experimental values of reduced osmotic pres-
sure was plotted against concentrations(0.2-1.0 g/
dL) and extrapolated to infinte dilution. The num-
ber average molar mass M,, and second virial
coefficient A, were determined from the intercept
and slope, respectively.

Determination of Theta Temperature

The theta temperature of the PBPPP-cyclohexa-
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Fig. 3. Schematic diagram of the turbidimeter.
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Fig. 4. Phase diagram of PBPPP fractions.

none system was determined by the phase equilib-
rium method.

The cloud point was measured for a number of
different concentrations of a PBPPP fraction of
known Mn with temperature variation. Four poly-
mer fractions were selected for the measurement.
The first sign of cloudiness of the solution was de-
tected by a turbidimeter(Fig. 3) which was de-
signed to monitor the change of intensity of the
light transmitted through the solution. The critical
precipitation temperatures T. were then deter-
mined from the phase diagram as the maximum
points of each plot of the precipitation temperature
versus the concentration(Fig. 4). The plot of T¢?
vs. M2 yielded theta temperature from its inter-
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cept.10
RESULTS AND DISCUSSION

Synthesis and Characterization

The synthetic pathway is outlined in Scheme 1.
The PDCP, prepared by the thermal polymeriza-
tion of the cyclic trimer HCTP, was allowed to react
with the sodium salt of 4-hydroxybiphenyl to give a
white solid state polymer, PBPPP. The max-
imum conversion to polymer was 54.3% and the
Mn value of unfractionated polymer was 7.5X 10°

g/mol.

ct
1, NG —Ci2Hy
A N NG - “
NN }n e f}"c .
oo 12
(HCTP) (PDCP) (PBPPP)

Scheme 1

The L R. spectroscopy was the main method
used for the structure proof. The I. R. spectra of
PBPPP shown in Fig. 1 reveals no evidence of
chlorine at 1300 em™ but shows an intense absorp-
tion band at 1240 cm™(-P-N-), which is character-
istics of a high polymeric phosphazene skeleton >
The weak peak at 3020 cm(Ar, CH), the strong
peaks at 1210 cm(P-O-C, Aryl) and 1470 cm’
(Aro., -C=C-) confirm qualitatively that the chlo-
rine atoms in PDCP are replaced by the aromatic
side groups.

Due its poor solubility to those common organic
solvents at room temperature, solution state NMR
spectra could not be obtained.

The solubility behavior of PBPPP has been exam-
ined over a wide range of organic solvents whose
solubility parameters range from 7.4 to 14.5 (cal/
cm®) V2, As the Table 1 shows, the polymer is
found to be insoluble in most of the organic sol-
vents with some exceptions of polar solvent at re-
latively high temperature. This result is tentatively
ascribed to the microcrystallinity due possibly to
the liquid crystalline type side group stacking be-
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havior which can be originated by a restricted con-
formational reorientation of backbone chain as a
consequence of the steric hindrance associated
with the rigid biphenyl groups. A similar effect was
observed by Allcock and coworkers'" for the poly-
phosphazene containing phenylazophenoxy unit.
They concluded the insolubility of such polymers
was due to their high degree of microcrystallinity.

In order to avoid the tailing effect, fractional so-
lution technique, which involves extracting frac-
tions of increasing molar mass by use of a series of
eluents of increasing solvent power, was employ-
ed. As the diagram illustrated in Fig. 2, 24 fractions
were obtained. On the basis of both the weights fra-
ctionated and [n] values of respective fractions, it
can be concluded that the fractionation itself is con-
ducted fairly well. The temperature was controlled
carefully to avoid the degradation of polymer.

Attempts to obtain the size exclusion chromatog-
rams of the polymer fractions have been unsuccess-
ful. The analysis was attempted on commercial Sty-
ragel column at a variety of temperatures above 60C
and concentrations(DMF or cyclohexanone), but in
almost all cases an anomalous behavior like severe
tailing, nonreproducibility, or distortion of chromato-
gram was observed suggestive of an adsorption type
of interaction between the polymer and the packing
materials.

Fig. 5 shows the reciprocal square root molar
mass dependence of critical temperature for the

260
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Fig. 5. Plot of 1/T, vs. M, 2.
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four fractions of different molar mass. All the ex-
perimental points fall nicely on a straight line and
the extrapolation to the infinite molar mass yield-
ed theta temperature as 50 + 0.05C in cyclohe-
xanone, where both inter- and intramolecular ex-
cluded volume effects vanish.

Fig. 6 illustrates the square root of reduced os-
motic pressure as a function of concentration at 52.
3T in cyclohexanone for some of the polymer frac-
tions selected. Values of M, and A, were obtain-
ed from the intercept and slope respectively and
summarized in Table 2. The M, range found is

22

o 18 F-18
X F-18,
S O
= F-19,
S F-19
10 F18,
0.7 . ; - .
0 2 4 6 8 10
C (g

Fig. 6. Plots of (pgh/RTC)"? vs. C of PBPPP in cyclo-
hexanone at 52.3C.

Table 2. Molecular Characteristics of PBPPP Molecules

considered to be wide enough to examine the mo-
lecular characteristics of the given polymer. A,
values in Table 2 show the usual increasing trend
with decreasing molar mass but the average value
of A, is appeared as quite small than a flexible
polymer exhibits. This low value of A, is con-
sidered to be an evidence of the inherent stiffness
of the chain.

Fig. 7 is illustrated a representative Huggins
and Kraemer plots for the fraction F-19-c in cyclo-
hexanone at 60°C. From the common intercept and
slope of the Huggins plot, [n], and Huggins cons-
tant, k', were calculated, respectively. The data
thus obtained from the selected fractions both at
theta temperature Ty and 60C are also listed in
Table 2.

15
=
2 14r e
[
=3 /O/o/
=
S 13t I
e

12 L L

0 0.05 0.10 0.15
¢ (grdi)

Fig. 7. Huggins & Kraemer plots for the polymer PB-
PPP in cyclohexanone at 60C.

Sample M./10° As/10° [ K 1 @l
code (g/mol) (ml-mol-g? (ml-gh (ml - gt "

F-20 17.6 0.42 176 0.52 151 1.17
F-194 13.0 0.50 147 045 130 131
F-19¢ 10.1 0.27 133 0.29 121 1.10
F-19* 94 0.31 120 0.26 112 1.07
F-19* 78 1.80 107 0.23 105 1.02
F-18 7.0 1.30 100 1.01 99 1.01
F-17 3.0 1.05 69 0.73 67 1.03
F-16 083 1.63 31 0.81 29 1.07

@ Intrinsic viscosity at 60°C in cyclohexanone.
 Intrinsic viscosity at theta condition.
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Fig. 8. Molar mass dependence of [n] for PBPPP sam-
ples in cyclohexanone at To(()) and 60C(@).

Fig. 8 shows the conventional double logarithmic
plots of [n] versus M, in cyclohexanone at T,
and 60C. The data point at T, follow closely the
smooth curve drawn, whose slope decreases from
0.71 to 0.5 with increasing molar mass in the T\in
range examined. This behavior suggests that the
molecules of low molar mass have a finite chain
stiffness in the unperturbed state.!? On the other
hand, those data points at 60C appear slightly
above but follow the solid curve at M, lower
than 8.7X10° g/mol and then deviate definitely
upward from the curve. This implies that the PB-
PPP chains in cyclohexanone at 60T is essentially
unperturbed below this M, even if they have
positive value of A, and perturbed above this M
by intramolecular excluded volume effect. Al-
though the value of Mark-Houwink exponent 0.71
is found lower than 0.8 which is known as the as-
ymptotic value to be assumed by the random coil
polymer, those facts that the [n] is not proportion-
al to M2 as expected for a rod and that the chains
of low molar mass at 60C follow the unperturbed
chain behavior may be taken as the reflection of
a finite stiffness of the PBPPP chain.

Furthermore, according to recent experimental
studies of excluded volume effects in flexible
polymers, the relation between A,M/[n] and
[n]/[nly follows a universal curve, which traces
the typical data for flexible polymers as shown in
Fig. 9 by the thin line.!*! Values of A,M / [n] of
PBPPP in Fig. 9 appear far below the universal

£alH M16Y A3% 1992d 54
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Fig. 9. Dimensionless quantity of A,M/[n] plotted

against [n]/[nJo for PBPPP in the cyclohexanone.
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0.05 \ . )
0 500 1000 1500

M
Fig. 10. Stockmayer-Fixman-Burchard plots for PB-
PPP in cyclohexanone at 50C.

curve, being a strong support for the suggestion of
finite stiffness of PBPPP chains. Consequently, it
has been attempted to examine whether the equi-
librium and hydrodynamic data for the PBPPP ob-
tained can be interpreted in terms of semiflexible
chain theory.

Estimation of Unperturbed Dimension

Fig. 10 shows the [n], data plotted according to
the Stockmayer-Fixman plot.!®> Assuming the
Flory’s viscosity factor in the unperturbed state,
@,, to be 25X 10% mol ™, a value of 1.03% 107 cm?
was obtained for {S%) /M from the ordinate inter-
cept of the straight line. Here, <SZ>0 is the unper-
turbed radius of gyration. This value is comparable
with 1.26 X 10" cm? of poly(isophthaloyl-trans-2,5-
dimethylpiperazine) which is known as wormlike

chain.!®
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Another thing to note is that the slope of line in
Fig. 10 approaches to zero which means the theta
condition established above is fairly accurate.

Dimensional Parameters from the Wormlike Cyl-

inder Model

The PBPPP molecule in cyclohexanone at 50
may be modeled by the wormlike cylinder,!” which
is characterized by three parameters . persistence
length ¢, diameter d of the cylinder, and the shift
factor My defined by the ratio of molar mass M to
the contour length L. Yamakawa and coworkers'’ ™
19 derived an expression for [n] of the model,
which contains My, q, and d as the parameters,
and later Bohdanecky?® proposed a simple proce-
dure for data analysis using the following approxi-
mation to the original equation of Yamakawa and
coworkers :

(Mz/[’ﬂ])l/SZAn"‘Ban/z (1)
with A =AM, &, (2
B, =B,(2q/M) 2@, 3

where @, is the Flory viscosity factor for unper-
turbed random coil, and A, and B, are given as
functions of reduced diameter d, which is defined
by d,=d/A" where A" is Kuhn statistical segment
length?% The value of d, was estimated as 0.25
from the unperturbed molecular dimension deter-
mined by the Stockmayer-Fixman method and the
diameter d=2.06 nm is approximated from the
molecular model of PBPPP chain constructed on
the basis of the data on X-ray diffraction analysis
of PDCP.2!

Fig. 11 shows the [n], data plotted against M'/?
according to equation 1). The experimental points
fall closely on the straight line, yielding A, =160
g/ em™? and B,=20 g"® em. These values, in
turn, gave g=4.2 nm and M; =1300 nm™.

The solid line in Fig. 12 represents the theoreti-
cal plot, drawn by [n] values computed with the
same values of above q and M; by employing an
equation of [n] for the wormlike chain proposed
by Yamakawa and coworkers!® :

358

3.5+

3.0 y
- S
£
< 25
[
T 20¢
=
X
2 15
£
:E/ 1.0

0.5-/

0 " " "
0 500 2 1000 1500

M
Fig. 11. Plot of (M¥/[n])** vs. M* for PBPPP in cyc-
lohexanone at 50C.

[n]=(@,L**M)[1/(1-E CLY)] @)

where M is the molar mass, L is the contour
length, and C, is the coefficient which is indepen-
dent of L. The theoretical line fits the experimen-
tal points fairly well, which confirms the semiflexi-
ble character of PBPPP molecule in unperturbed
state.

A similar treatment of the data obtained from the
low molar mass fractions at 60C yielded q==4.8 nm
and M;=1280nm™. This consistence of dimen-
sional parameters with those of theta state is a
strong proof that the molecules of molar mass be-
low than 8.7X10° g/mol are essentially free from
excluded volume effect due to the short chain ef-
fect, even though they are not in the theta condi-
tion.

The wormlike chain parameters obtained for the
PBPPP are summarized in Table 3 together with
data associated with other unperturbed wormlike
chains. A comparison of q values listed in Table 3
makes it clear that PBPPP is much more flexible
than those typical semiflexible polymer like Schi-
zophyllan and poly(hexylisocyanate) and compara-
ble to polyamide containing piperazine ring in the

Polymer (Korea) Vol. 16, No. 3, May 1992
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Table 3. Dimensional Parameters of PBPPP and Other Unperturbed Wormlike Polymers

Polymers Solvents Temp.(T) q(nm) M.(nm?) d(nm)®

Schizophyllan® 0.01 N NaOH 25 150 2170

PHICY hexane 25 42 715

PTDP triftuoroethanol 25 64 350

PBPPP cyclohexanone 50 42 1300 2.06

PPP® cyclohexane 36 38 480 1.10
toluene 25 39 490 1.10

PC® THF 25 18 260

Polystyrene” cyclohexane T. 1.10 390

» Ref. 25). ¥ Poly(hexylisocyanate), Ref. 26). © Poly(terephthaloyl-trans-2,5-dimethylpiperazine), Ref. 27).
@ Poly(1-phenyl-1-propyne), Ref. 12). © Bisphenol A polycarbonate, Ref. 14). ? Ref. 28). @ Values calculated
from the molecular model.

R =
i | P=N N\ ’ N\,P:N
43 Np=n P MNpoy RR/ \7’):"\
- r / R{  P=N
‘s [ RR R R'R /
,,é L . / Cis— Trans Trans— Cis
~ 12l P=
e SN
. P=NTN\_Np=y 7 Np=N
- / R"/ RR 7 Ry \p=N
L R RR R7
10 e dand ot SRR Cis —Cis Trans — Trans R
10* 0° 0 0’ Fig. 13. Four probable conformational model of PB-
M PPP.
Fig. 12. Comparison of the measured [n]s(Q) and
[n]1%*(@) with the theoretical values computed from Excluded Volume Effect
the Yamakawa-Fujii theory : solid line, calculated with The deviations of measured [n] from the Yama-
q=4.2 nm, M. =1300 nm’, and d=2.06 nm. kawa-Fujii’s theory, as is shown in Fig. 12, are,
mainly, a consequence of volume exclusion be-
main chain or polyacetylene attached with phenyl tween chain segments. To make this volume effect
side group, but definitely stiffer than polycarbo- to be expressed quantitatively, it has been attempt-
nate or polystyrene. ed to analyze the data in terms of Benoit-Doty
On the basis of the chemical structure and con- theory.? As is known well, however, the excluded
formational parameters so far obtained, it can be volume effect is less sensitive with [n] than radius
concluded that the chain rigidity of the PBPPP of gyration.® Thus, the need arises primarily for
molecule arises from the severely restricted confor- obtaining data of radius of gyration. Unfortunately,
mational reorientation of backbone chain due mainly since it was impossible to conduct experiments to
to the strong steric interference acting between obtain radius of gyration directly due to the un-
those rigid biphenyl groups. It is reasonable there- usual solubility behaviour of PBPPP, an indirect
fore to suggest that the most preferable confor- method involving viscosity expansion factor, Qy,
mational structure taken by PBPPP molecule is and radius expansion factor, a, is used for the es-
the cis-trans type which is illustrated in Fig. 13. timation of radius of gyration.
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Recently, from an extensive study on the expe-
rimental evidence against the two-parameter
theory, Miyaki®® proposed a reliable relation bet-

ween a, and a as follows :
a*=0" (-02<log o’ < 03) (5)

With combination of this relation with the well
known Flory-Fox expression? for intrinsic vis-
cosity,

[n] — 63/2 ¢(<Sz>/M)3/2M1/2 (6)

where (S is the mean square radius of gyration
and ®=®,(a,/ay),’ values of radius of gyration
for the respective polymer fractions were possible
to estimate by using the data of 0“3 listed in Table
2. The results are summarized in Table 4.

Fig. 14 shows the molar mass dependence of
(S%Y2 at Ty and 60C. As was the case of double
logarithmic plots of [n] versus molar mass, the
data points in cyclohexanone at 60C deviate up-
ward from the straight line of slope 0.5 at higher
molar mass.

Benoit-Doty’s expression for {(S? of the Kratky-

22,29,30

Porod wormlike chain may be written as

(S?/(2q)%=n,/6-1/4+1/4 n,~(1/8 n2)
[1-exp(-2ny) ] )

where  n,=M/(2gMp) ®

with M the molar mass of the chain. The quantity
n, is the number of Kuhn statistical segments in

Table 4. Values of a, and Root Mean Square Radius
of Gyration

Sample “ (SHve (85,2
code s (nm.) (nm.)
F-20 1.089 45.36 41.64
F-19-d 1.071 38.35 35.81
F-19-c 1.054 33.88 32.14
F-19-b 1.039 31.78 30.54
F-19-a 1.011 2842 28.12
F-18 1.006 26.75 26.60
F-17 1.017 17.90 17.61
F-17 1.038 9.01 8.68
360

the chain. A reduced mean square radius of gyra-
tion ¢s%/(2q)? should be a universal function of
n, if equation (7) holds. Thus, in Fig. 15 is illust-
rated the double logarithmic plot of ($%)/(2q)?
against n, with q=42 nm, and M; =1300 nm™.
The plotted points for n, below 80 fall closely on
the solid line which represents equation (7). This
is the strong evidence that the polymers in this
range are not perturbed by excluded volume effect
and their statistical radii obey equation (7). In the
region of n, around 80, however, the data points
start to deviate upward from the solid line and
follow the dashed line indicated. It is resonable
therefore to assume that this deviation is attri-
buted to the volume effect. Thus, the critical seg-
ment number n,’ defined as the n, at the intersec-

100E
- -
E [
s F 050
o
RIS
b vl ol
10¢ 10° 108 10
M/g - mol'

Fig. 14. Molar mass dependence of (§">'* of PBPPP
in cyclohexanone at To(O) and 60T(@).
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Fig. 15. Reduced mean square radii of gyration plot-
ted against the number of Kuhn statistical segment of
PBPPP in cyclohexanone at 60C. n=80

Polymer (Korea) Vol. 16, No. 3, May 1992



Molecular Dimension of Poly(organophosphazene) : 2

tion of the dashed and solid line in Fig. 15, for the
onset of volume effect of PBPPP in cyclohexanone
is 80 which corresponds to molar mass 8.7X 10°
g/mol.

Quite recently, from the combination of the Ya-
makawa-Stockmayer perturbation theory for the
radius expansion factor of a wormlike bead chain
and the Domb-Barett equation32 for a flexible
chain, Kitagawa and coworkers'® proposed an
equation of the following form to estimate the ex-
cluded volume parameter B :

(8% /M =153(q/3M;) (3/2m)¥ B¥>(M/2qM ) ®
9

with B=p/2qb® (10)

where B is the binary cluster integral for a pair of
beads and b is the spacing of two adjacent beads
along the chain contour. Fig. 16 shows the (S%
data for molar mass above 8.7X10° g/mol. The in-
dicated solid line, drawn with ¢=4.2 nm and M| =
1300 nm’), yielded 0.118 for B. Taking b in equa-
tion (10) to be 0.28 nm, the contour length per
monomer, 77.6X10% cm® of B value is resulted,
which is larger than 20-40X 102* cm?® reported for
the typical flexible polymers in good solvents?® Al-
though enough information is not available at pre-
sent to make clear why cyclohexanone acts as so

{85 M'/10 *(nm®)

0 z L i
0 10 20

M'Iﬁ
Fig. 16. Plot of {S?>/M vs. M'® for high molar mass
fractions of PBPPP in cylohexanone at 60T.

Z2|H 4167 A3% 19929 5¢

good solvent for PBPPP, it would be worth consi-
dering that the molecules of PBPPP in perturbed
state at higher range of molar mass are expanded.
This can also be taken as an evidence of semiflexi-
ble nature of the PBPPP chain.

CONCLUSION AND REMARKS

A variety of fundamental dilute solution tech-
niques has been used for the molecular characteri-
zation of well fractionated poly[bis(phenylphen-
oxy)phosphazene]. The analyses of intrinsic visco-
sity data in terms of wormlike cylinder model
yield dimensional parameters as 4.2 nm for q and
1300 nm™ for M;, which implies the polymer mo-
lecules are essentially semiflexible.

In the state of non-theta condition, the polymer
molecules of low molar masses reveal the unper-
turbed chain behavior due to the chain stiffness.
With values of above q and My, it is found that the
critical segment number n,°, the onset of excluded
volume effect, is 80 which corresponds to molar
mass 8.7%X10° g/mol. From the reduced excluded
volume parameter B=0.118 obtained at higher
range of molar mass (M, > 8.7x10° g/mol), a
value of 77.6X10%* cm?® for B, the binary cluster
integral between a pair of beads, is estimated. This
means the molecules of higher molar masses are
flexible but quite expanded under perturbed state.

Finally, it must be pointed out that the conclu-
sion state above is considered to be less definitive
because the most of the measured values are used
without correction for the polydispersity. The anom-
alous behavior of solubility makes the experiment
of GPC or light scattering impossible, but those
facts that the fractionation has been conduct-
ed with great care and the good agreement between
experimental and theoretical values of intrin-
sic viscosity make the conclusion on overall con-
formation and their dimensional parameters to be
held as they stand.
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