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trapolated to zero scattering angle with more confidence.
The translational diffusion coefficient at infinite dilution
can be evaluated by using a modified Zimm plot (eq 27 and
28). We observed dilute solution behavior at C < C,, at
which concentration [AR,,/(HC)] also shows a minimum.
The concentration Cy, [~M/(N,d*L*?)] differs from C**
[~M/(NAdL?)] for rigid rods. The solution behavior for
semiflexible chains is correlated to the macromolecular size
and changes sharply with increasing concentration (Figure
9). Thus, we consider it more reasonable to regard C,, as
the threshold concentration from the semidilute to the
concentrated solution regime. Furthermore, for wormlike
chains, the concentration range between semidilute and
concentrated solution regimes is more compressed.
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Application of Raman and Laser Light Scattering to the Melt
Polymerization of Hexachlorocyclotriphosphazene. 1
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ABSTRACT: The application of a novel laser light scattering apparatus is described for on-line monitoring
of the high-temperature, melt polymerization of hexachlorocyclotriphosphazene (HCTP) and the in situ
characterization of the poly(dichlorophosphazene) (PDP) product. A combination of Raman spectroscopy,
angular measurement of absolute light scattering intensities, and Rayleigh line width (dynamic) light scattering
measurements are employed. More conventional techniques are inappropriate due to the polymer’s hydrolytic
instability, the high temperature required for polymerization, and the nature and apparent complexity of
the reaction. Concentrations of the reaction components and characteristics of the polymer, such as
weight-average molecular weight (M,,) and z-average radius of gyration (R;) in the dilute solution regime and
the cooperative diffusion coefficient (D) and osmotic compressibility [(9I1/8C) 7 p] in semidilute solutions,
are monitored with polymerization time. Experimental results are found to be in excellent agreement with
those obtained indirectly by the batchwise polymerization of the same material.

Introduction

Poly(organophosphazenes) comprise a promising new
class of technological polymers usually prepared by the
organosubstitution of chlorine atoms on poly(dichloro-
phosphazene) (I).!? The precursor polymer I, a high
molecular weight elastomer (T,, 63 °C), reacts with
moisture and therefore must be modified in order to obtain
long-term hydrolytic stability and other useful properties.
Depending upon the size and nature of the side group
substituents, polymers with a wide range of physical
properties may be produced.

The polymer I is prepared by the high-temperature (ca.
250 °C) ring-opening polymerization of hexachlorocyclo-
triphosphazene (II).* Polymerizations may be conducted
in solution or in the cyclic trimer melt, and catalysts may
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be employed to reduce the reaction temperature and
control polymer structure.*® It is essential that II is highly
pure and polymerization conditions are carefully con-
trolled. If impurities are present or if the polymerization
is allowed to continue too long or at too high a tempera-
ture, I may cross-link and thereby be unsuitable for or-
ganosubstitution.

The cyclic trimer II is a white crystalline (mp 112-114
°C) solid that sublimes under vacuum and is soluble in
most organic solvents. The open-chain polymer I is soluble
in a variety of solvents (e.g., benzene, trichlorobenzene,
chloroform, and tetrahydrofuran) and typically has a high
molecular weight (M,, = 2 X 108 and broad molecular
weight distribution (M, /M, = 3-7). Precautions must be
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taken in handling and characterizing I due to its sensitivity
to moisture. Indeed, dilute solution techniques for char-
acterizing I have been developed only recently.®® Direct
monitoring of the polymerization process has been ham-
pered by the high temperature required for polymerization
and the apparent complexity of the reaction. Conse-
quently, most polymerization studies have been conducted
batchwise.

In this paper a novel on-line laser light scattering tech-
nique is described that not only overcomes the difficulties
of monitoring the concentrations of I and I but also allows
I to be characterized during the course of polymerization.
A combination of Raman spectroscopy, absolute light
scattering intensity measurements at different scattering
angles, and Rayleigh line width (dynamic) light scattering
measurements are employed to monitor the polyermization
process. From a quality control viewpoint it is important
to find a method to characterize the poly(dichloro-
phosphazene) (PDP) polymer in situ. If the PDP polymer
product does not measure up to the expected quality
control standard, considerable time and expense could be
saved by avoiding the substitution process. Thus, one of
our aims is to demonstrate that development of an on-line
technique for characterizing the PDP product during the
course of the polymerization reaction is within reach.

This paper includes a brief review of the theory of
polymer solutions and light scattering in order to provide
the equations used in our analysis. The instrumentation
for light scattering measurements and experimental pro-
cedure for hexachlorocyclotriphosphazene (HCTP) prep-
aration are described. Finally, we report the results of our
studies on the thermal polymerization of HCTP.

Theoretical Background

Scaling Relations. The root-mean-square radius of
gyration (R,) can be related to the weight-average molec-
ular weight M, by a semiempirical scaling relation®

Rg = kRMqu (1)

where kg and ap are constants. ap has a value of 0.5 at
the O condition and 0.6 in a good solvent. Thus, oy also
serves as an index of solvent quality.

In the dilute regime individual polymer coils are well
separated. At higher concentrations the polymer coils
begin to overlap. The threshold concentration at which
this happens would be expected to occur when the total
volume of the chains just fills the available volume, i.e.

C* ~ M,/N,R> @)

where N, is Avogadro’s number. The overlap concentra-
tion C* scales as M'3® where 1 —~ 8ag = —0.5 in a 6 solvent
and —0.8 in a good solvent.

In the semidilute regime (C > C*), the self-excluded
volume of a polymer chain is diminished and the polymer
chain should behave as an ideal random chain.

In the dilute regime, the osmotic pressure II® ~ C/M,
with the superscript D denoting the dilute regime. The
value of ITS? in the semidilute (SD) regime is determined
by properties due to local segmental concentrations. It
does not matter whether the local segmental concentration
comes from many chains or from a single chain. Thus the
value of IISP in the semidilute regime must be independent
of the molecular weight for high molecular weight poly-
mers, leading to

ISP ~ Cn 3)

where m = 1+ 1/(8ag - 1). For a 6 solvent m = 3, while
for a good solvent m = %/,
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The scaling concept allows us to predict most of the
polymer behavior in the semidilute regime empirically.

Intensity of Scattered Light.!%!! The measurable
parameter from light scattering, the Rayleigh ratio, is re-
lated to the osmotic pressure through

}(1_1310 HC/R,, =
(1/RT)(011/8C)p 1 (all concentrations) (4)
}g_rpo HC/R,, =1/M, + 24,C (dilute regime) (5)

where H (in units of mol cm? g?) is equal to 47*n?(dn/
dC)?/(Na\®) with n, C (g/cm?), Ny, Ay, and dn/dC being
respectively the refractive index, the concentration, Avo-
gadro’s number, the wavelength of light in vacuo, and the
refractive index increment, R, (cm™) is the excess Ray-
leigh ratio due to concentration fluctuations of the polymer
solution using vertically polarized incident and unpolarized
scattered light, A, (mol cm?® g~2) is the second virial coef-
ficient, and (8I1/3C) 7 p is the osmotic compressibility. K
[=(47/A) sin (8/2)] is the magnitude of the momentum
transfer vector, with A [=)/n] and 8 being the wavelength
of light in the scattering medium and the scattering angle,
respectively.

By taking interference effects into consideration the
Rayleigh ratio (R,,) at finite concentrations in dilute so-
lution has the approximate form

HC/R,, = (1/M,)(1 + K?R2/3) + 24,C  (6)
In the limit C — 0, eq 6 is reduced to
lcl—r—no HC/R,, = (1/M,)(1 + K°R?/3) @)

In the limit § — 0, eq 6 is reduced to eq 5. If both C
and 0 approach 0, eq 6 is reduced to

lim HC/R., = 1/M, @)
C—0
—0

Raman Spectroscopy. In a chemical reaction some
bonds are broken and others are being formed, while most
remain relatively unchanged. Therefore, Raman peaks
that are characteristic of the respective chemicals of in-
terest can be used to monitor the concentrations of those
chemicals,'?"16 while the peaks that show no change during
the polymerization process can be used to monitor the laser
incident intensity and act as some form of an internal
built-in reference standard useful for normalization pur-
poses.

Spectrum of Scattered Light.!” The intensity-in-
tensity time correlation function G®(r) and the first-order
normalized electric field correlation function g‘¥(r) are
closely related through the Siegert relation. For a detector
of finite effective photocathode

GP(1) = Ny(n)X(1 + blgV(n)]P) ©)]

where 7 is the delay time, (n) is the average number of
counts per sample time, and N, is the total number of
samples. The base line A = N, (n)? and b is a spatial
coherence factor, usually taken as an unknown adjustable
parameter in the data-fitting procedure. Equation 9 is
valid for an extensive class of signals having a Gaussian
field probability distribution.

The first-order time correlation function for a mono-
disperse sample of noninteracting macromolecules in so-
lution has the form

gVun(K,7) ~ I(K) exp(-T'(K)7) (10)

where I' [=DK2 in the absence of internal motions, with
D being the translational diffusion coefficient] is the
characteristic line width and the subscript UN denotes
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Figure 1. Schematic diagram of the light scattering spectrometer
capable of simultaneous measurements of angular distribution
of absolute scattered intensity/Rayleigh line width and Raman
scattering at high temperatures (up to 350 °C). Additional optical
components that are not shown in this schematic diagram: (1)
two mirrors that change the beam height suitable for Raman
intensity measurements; (2) a number of pinholes to limit stray
light. Abbreviations: AMP, amplifier; DISC, discriminator; PMT,
photomultiplier; HPIB is the trade name for the Hewlett-Packard
IEEE interface. We used a Spectra Physics Model 165 argon ion
laser operating at Ay = 488 nm and 200 mW.

unnormalized correlation function. For polydisperse
polymers
= {6 dr (11)

where G(I') is a normalized characteristic line width dis-
tribution. In semidilute solution, we measured a cooper-
ative diffusion coefficient D, [=T'/K?], which is relatively
independent of molecular weight.

Experimental Methods

Light Scattering Spectrometer. The light scattering
spectrometer used for this study measures the angular distribution
of absolute scattered intensity, the Rayleigh line width, and the
Raman intensity. Figure 1 shows a schematic diagram of the
automated Raman/light scattering spectrometer.

The cell holder, as shown in Figures 2 and 3, has three parts:
an outer cell holder, an intermediate cell holder, and an inner cell
holder. The E-shaped outer cell holder was mounted on a series
of positioning alignment devices. From top to bottom they are
a small homemade rotary stage (F in Figure 2), providing rota-
tional adjustment along the cylindrical z-axis, two Lansing
translational stages (G), providing x—y adjustments, and a mini
optical table (H, 6 X 6 in.), providing x-y tilt adjustments. The
mini optical table was mounted on a homemade aluminum
platform fixed to the Modern Optics isolation table and supports
all the detection optics needed for intensity/correlation mea-
surements.

The main body of the intermediate cell holder, which was used
for viewing the scattering volume, was made from a piece of
precision-bore Pyrex glass tubing of 55-mm o.d. A flat window
was attached to this section, providing a perpendicular entrance
surface for the incident laser beam. To avoid radiative heat loss
the intermediate cell holder was evacuated. A stainless steel rod
in the platform (M in Figure 3) provided thermal isolation of the
inner cell holder.

The inner cell holder rests on the platform in such a way that
it could be removed and replaced reproducibly without affecting
the alignment. A precision hole bored into this cell holder (J in
Figure 3) accommodates a 22-mm-o0.d. X 66-mm-long cylindrical
scattering cell. Heating wires (G in Figure 3) purchased from ACE
Glass were coiled around the inner cell holder (J), and temperature
sensors were placed inside slots (I) of the inner cell holder. An
Artronix Model 5301 temperature controller was used to control
the temperature to £0.05 °C at 250 °C.

In detecting the scattered light, as shown in Figure 1, the
spectrometer used three mirrors (M) to direct light at scattering
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Figure 2. Schematic diagram of the thermostated outer cell
holder for the scattering spectrometer: (A) intermediate cell
holder; (B) top piece of outer cell holder; (C) side piece of cell
holder; (D) middle piece of cell holder, with a slit that can be
tightened by a screw S to properly hold the light scattering cell;
(E) bottom piece of cell holder; (F) small rotational rotary table
(around the z axis); (G) two micrometer stages, allowing ad-
justments of the cell position in the x—y direction; (H) small optical
table, allowing tilt adjustments of the cylindrical cell.
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Figure 3. Schematic diagram of the thermostated inner cell
holder for the scattering spectrometer. Part a represents the cross
section parallel to the surface of the optical table at the height
of the incident beam. Part b is the cross section of the cell
perpendicular to the optical table and passes through the scat-
tering volume. Top view: (a) outer glass; (b) vacuum; (c) light
entrance; (d) slot for thermistor; (e) opening at 135° scattering
angle; (f) inner cell holder; (g) slot for thermistor; (h) exit slit;
(i) opening at 30° scattering angle; (j) opening at 60° scattering
angle; (k) opening at 90° scattering angle; (1) opening for Raman.
Side view: (A) glass neck for connection to vacuum tube; (B) top
portion of the glass holder; (C) connection for heating wire; (D)
connection for temperature control probe; (E) connection for
thermometer; (F) o-ring; (G) heating wire; (H) bottom portion
of the glass vacuum jacket; (I) slot for thermistor (as in d and
g of part a); (J) inner cell holder; (K) opening for Raman; (L)
positioning pin; (M) inner cell holder platform; (N) Kovar glass;
(0) o-ring.

angles 30°, 60°, and 135° to the photomultiplier tube (PMT).
These three mirrors were set on aluminum posts directly mounted
on the Modern Optics isolation table. The mirror for the 60°
scattering angle could be moved (forward and backward) by a
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motor in order to share the same detection optics with the 30°
scattering beam. Three slits, three electronic shutters, and three
pinholes were mounted on the platform, as shown in Figure 1,
with a Centronic photomultiplier tube (P4249B) at the far end.

Data Collection. The electronics for intensity and line width
measurements, as shown in Figure 1, included an Ortec Model
9301 preamplifier and an Ortec Model 9302 amplifier discriminator
for photon counting. The signal was sent via a Hewlett-Packard
(HP) 59307A VHF switch (in order to share the HP 5328A
universal counter with other devices) to a HP 5328A universal
counter. The output from the photodiode was amplified and the
voltage was sent via the same HP 59307A VHF switch to the same
HP 5328A universal counter. An HP 6940B multiprogrammer
was used to control the on/off sequence of an Apcor Model 220130
gear motor (to move the mirror for 8 at 60°) and the three electric
shutters used to choose the desired scattering angle. Raman
spectra were obtained by using a Spex 1302 double monochrometer
(0.5 m, 1200 grooves/mm), and interfaced through an HP9868A
1/0 expander to control the scan. The output of the Raman signal
was first sent to a Keithley Model 615 digital electrometer, which
was connected via the HP 59307A VHF switch. The entire system
was automated through an HP 9830 calculator via the HP-IB
interface. An HP 59309A HP-IB digital clock was used for timing
the experiment. Dynamic measurements were not taken auto-
matically, as some of the parameters needed by the correlator
change during the polymerization process. Two correlators were
used in this experiment—the single-clipped Malvern K7023
correlator and the Brookhaven Instruments BI-2030 full (4 X n)
digital correlator. Samples of benzene and of NBS 705 polystyrene
dissolved in benzene were used to check the performance of the
instrument.

Sample Preparation. HCTP was obtained from Ethyl Corp.
(Ferndale, MI) and was purified by vacuum distillation, recrys-
tallization from heptane, and vacuum sublimation.

Melt polymerization reactions were run in sealed optical glass
cells at 250 °C. The molten trimer was filtered through a specially
designed, ultrafine (0.8 um) glass filter apparatus at about 130
°C under nitrogen pressure into the ampules and sealed under
vacuum. Typically, the ampules contained 8 g of the trimer.

Physical Constants. We used benzene as a reference for
computing the Rayleigh ratio R, and took R, = R, + R,;, = 3.86
X 107% cm™ 0 for benzene at § = 90°, A, = 488 nm, and 23 °C.

HCTP. HCTP is a white crystalline solid (mp, 114 °C). The
density of HCTP was estimated by weighing known amounts of
HCTP and measuring the volume occupied by liquid HCTP at
elevated temperatures. Trichlorobenzene was used as our standard
to calibrate the volume of the measuring device at different
temperatures. The densities of HCTP were measured at 140, 170,
and 200 °C, and least-squares fitted yielding d, (g/cm?®) = 2.05
- 3.01 X 1073, with ¢, expressed in degrees Celsius. The refractive
index of HCTP was estimated by shifting our light scattering cell
away from the scattering center a small distance and comparing
the deviation of the transmitted beam over a very long distance
with that of a set of known refractive index liquids. The refractive
index of HCTP was measured at three different temperatures
(140, 170, and 200 °C) and fitted with linear least squares. The
result n,, = 1.62 - 6.71 X 107, at wavelength 488 nm was obtained.

PDP. The density of amorphous PDP*? is 1.98 g/cm?® at 273
K. This polymer has a glass transition temperature of -63 °C.
In order to estimate the temperature dependence of the density,
an empirical equation o, T, = 0.16 was used,®?! where T} is the
glass transition temperature expressed in K and «, is the tflermal
expansion coefficient defined by (1/V)(@V/dT),. Thus, d,, (g/cm?)
= 1.98 exp(~7.62 X 107%,) was obtained.

The refractive index increment of PDP in TCB solution was
measured at three different temperatures. At 30 °C, we used a
Brice Phoenix differential refractometer. At 140 and 170 °C, we
measured the refractive index using the same principle as with
the determination of the refractive index for HCTP and the
expression (dn/dC) = (n,~ n,)/C, with subscripts ¢ and s denoting
solution and solvent, respectively.

Results and Discussion

Raman spectra were used to determine the concentra-
tion of the reactant (C,) and the product (C,). Since the
amount of product formed was a function of time, the

Light Scattering of Melt Polymerization 1589

WAVENUMBERS /cm -

. 161 365 457
'_ T T
0
z - 4
(W8]
I_
e - 4
Lul J
>
- ]
<
-
léli-l > h . A

4880 4950 5010 5070

WAVELENGTH/A

Figure 4. Several Raman spectra obtained during the course of
thermal polymerization of hexachlorocyclotriphosphazene at 250
°C showing a decrease in the PCl, symmetric stretching peak at
365 cm™., the constant intensity in the PCl, rocking at 161 ¢cm™,
and a polymer peak at 457 cm™ for sample T5 at 1.4 h (solid line),
at 42 h (dashed line), and at 61 h (dash-dot line).

kinetics of the polymerization processes can be studied in
terms of the fractional conversion of the polymer (eq 14).
In dilute solutions, we can make full use of light scattering
intensity (R,,) and line width (G®(+)) data to obtain many
of the pertinent molecular parameters such as M,, and R,
of the polymer formed during the polymerization process.

Physical Constants. Before we discuss the spectral
measurements, several remarks should be made on the
physical constants of the PDP polymer. The density of
PDP at 250 °C was estimated by using a semiempirical
equation (as described in the previous section) to correct
for the density change of PDP from 0 to 250 °C. This
estimation will appear in calculating the polymer concen-
tration and the refractive index increment. In calculating
the polymer concentration, the polymer density is of
negligible importance.

Fractional Conversion of Monomer. Initially the
Raman spectra of the monomer HCTP and of the polymer
PDP were measured.???¢ The 161-cm™ peak due to the
C1-P-Cl bond bending was chosen as our internal standard
and the CI-P-Cl symmetric stretching at 365-cm™ as a
probe for the monomer concentration. Figure 4 shows
several Raman spectra obtained during the thermal po-
lymerization of HCTP at 250 °C. The decreasing mono-
mer peak at 365 cm™ with increasing time shows that
monomers are being used up during the polymerization
process, while the relatively constant peak of the CI-P-Cl
bending at 161 ¢m™ confirms that our entire light scat-
tering system has remained stable over an extended period
of time, i.e., over a period of 15 days. Laser intensity
stability is not an important issue here because we can
always use the internal reference, C1-P-Cl bending, to
normalize the intensities of other peaks of interest. The
polymer peak at 457 cm™! reveals the formation of PDP.
However, in the initial stages, the appearance of a polymer
peak has a relatively low signal-to-noise ratio. Thus, a
direct determination of the polymer concentration is very
difficult to obtain from the appearance of a Raman peak
when the polymer concentration is low. It should be
recognized that the polymer peak could yield useful in-
formation as the polymerization process progresses toward
its complete conversion. However, we have not used the
polymer peak in our present study.
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Table I
Fitting Parameters in Evaluating the Time Dependence of
Fractional Conversion of Monomer during the Initial
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Table 11
Comparison of Fractional Conversion of Monomer during
the Thermal Polymerization of

Thermal Polymerization of HCTP®

Hexachlorocyclotriphosphazene Measured by Raman (in
situ) and HPLC (upon Termination of the Polymerization

sample a; X 103, h! sample a; X 103, h!
T1 3.23 T5 2.63
T2 3.80 Té 3.40
T3 2.35 T 2.01
T4 6.84

¢fp = 1 - exp(-ayt).
0. 4S
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2 0. 30r
@ - ®
g
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Figure 5. Fractional conversion of polymer vs. time obtained
from the height change of PCl, peak for sample T6 (inverted
triangles, experimental data, solid line A fitted curve) and sample
T7 (hollow squares, experimental data, solid line B fitted curve)
at 250 °C. The solid lines A and B for samples T7 and T6 were
fitted according to eq 14 with a, values listed in Table I.

In the Raman spectra, we have observed that the shape
of the Raman peaks and the half-width of the monomer
characteristic peak at 365 cm™ as well as that of the PCl,
bending at 161 cm™ remain relatively unchanged. Al-
though the fractional conversion of the monomer can best
be determined by using the ratio of the integrated peak
area of the PCl, stretching intensity at 365 cm™ to that
of the PCl, bending reference peak at 161 cm™, we have
used the PCl, symmetric stretching peak height 4, and
normalized it by the PCl, bending peak height h, in order
to obtain the fractional conversion of the monomer f,,
(=C,/(C, + C,)) and the fractional conversion of the
polymer f, (=1 - f, = C,/(C,, + C})) with

fu(®) = hey(Oh, /P () hs?

where the superscript zero represents the peak height
values at time ¢t = 0. In order to get the correct height of
the reference peak, we have assumed that the Raman peak
has a Lorentzian shape and subtracted the contribution
of the overlapping neighboring peak from that of the
reference peak. The concentration of polymer formed in
thermal polymerization, C, (g/cm?), has the form

- folmdy
P fodm + fud,

where d,, and d, are densities of HCTP and of PDP, in
g/cm?, respectively. In eq 13, we have assumed no in-
teraction between HCTP and PDP; i.e., the volume of
mixing is zero. At high concentrations of PDP this as-
sumption may not be justified. A typical plot of initial
fractional conversion of polymer as a function of time can
be represented by

fp =1- exp(—alt)

(12)

(13)

(14)

with the numerical values for q, listed in Table I. Figure
5 shows plots of fractional conversion of polymer vs. time
for samples T6 and T7. It should be noted that the re-
action rate is affected by only a trace amount of moisture
or impurity in HCTP. This is one of the reasons why the
proposed scheme will be useful for monitoring the polym-

Reaction)
sample Raman, % HPLC, %

T1 28.2 27.3
T2 46.3 49.1
T3 47.4 51.3
T4 79.9 86.5
T5 14.9 15.1
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Figure 6. Rayleigh ratio R,,(#=0) vs. concentration (g/cm?) for
sample T7. Note R,, here is not the excess Rayleigh ratio where
the scattered intensity due to solvent has been subtracted.

erization process of HCTP. The monomer conversion
results in thermal polymerization were also checked by
comparing the Raman determination with the GPC?2 de-
termination of the final product. It is noted that the
first-order rate constants a; summarized in Table II are
quite similar to the value 3.0 X 10 h! calculated from
data obtained in the batchwise polymerization study.? We
used the Raman technique from an empirical approach,
i.e., as an indicator of polymer concentration with cali-
bration by the GPC method. It would require a separate
experiment to establish the limitation on the Raman
technique for low molecular weight polymers. However,
as the Raman technique measures structural changes, it
is anticipated that this approach is applicable over a very
wide molecular weight range, certainly for polymers of
interest in this article.

Light Scattering Results. The concentration depen-
dence of the Rayleigh ratio R,,(#=0) for PDP in HCTP
solution at 250 °C is shown in Figure 6. Inorder to extract
the correct Rayleigh ratio for pure HCTP at 250 °C, we
measured the Rayleigh ratio R, and R,; for 1,2,4-tri-
chlorobenzene (TCB) and 50 wt % of HCTP in TCB at
30, 80, 120, and 150 °C, respectively. The depolarization
ratio!” p, and p, can be defined as p, = R,;,/R,, and p, =
20,/ (1 + p,), where R, is the Rayleigh ratio of vertically
polarized incident and horizontally polarized scattered
light and R, is the Rayleigh ratio of vertically polarized
incident and vertically polarized scattered light.

Depolarization ratios of p, = 0.26 (p, = 0.41) and p, =
0.23 (p, = 0.37) were obtained for TCB and 50 wt %
HCTP in TCB, respectively. The ratios are insensitive to
temperature in the range of our measurements. With the
measured depolarization ratio, the Rayleigh ratio R,,, can
be related to R, through

Rvu = va/(l - 1/2pu) (15)

Rayleigh ratios at 250 °C, R, = 6.8 X 10% cm™ and R,,
= 1.82 X 10 cm™!, were determined for TCB and 50 wt
% HCTP in TCB by extrapolation of R, values to 250 °C
and eq 15. A Rayleigh ratio of B, = 1.42 X 10 cm™! was
measured for 30% HCTP in TCB at 215 °C. With the
assumption that the Rayleigh ratios R, for 30% and 50%
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Figure 7. Zimm plot for sample T'7, pure HCTP polymerized
at 250 °C and measured at 250 °C. From the Zimm plot, we could
estimate M,, ~ 1.8 X 10%, 4, ~ 1.1 X 10~ mol cm® g%, and R, ~
74 nm.

HCTP have the same temperature dependence, a R, value
of 1.52 X 10™* cm™! was estimated for 30% HCTP in TCB
at 250 °C. From known values of TCB, 30% HCTP/TCB,
and 50% HCTP/TCB, a value of R,,, = 2.8 X 10™ em™ was
estimated for pure HCTP at 250 °C by linear extrapola-
tion. This value can be cross-checked by comparing the
isotropic Rayleigh ratio for 30% HCTP/TCB and 50%
HCTP/TCB, where?

Riso = Rvu(1 = 7/spu) (16)
and
I12kg TB[p(0e/Bp) 7)?
= 8T8[p(d¢/dp)7] an
20t

with ¢ and § being the optical dielectric constant and the
coefficient of isothermal compressibility, respectively.

The factor p(d¢/dp)7 can be estimated by using the
Eykmann expressioni!

(2n2 + 0.8n)(n2-1)

de/a = 18
P3¢/ p)r ns + 08n, +1 (18)

where n, is the refractive index of the solvent mixture.

8 for the solvent mixture can be related to 8 values of
the pure components, 8, and 8, where the subscripts t and
m represent TCB and HCTP, respectively,

_ dmxtﬂt + dtxmﬁm
B dox, + x.d;

where d and x are the density and the weight fraction,
respectively. Therefore, from the Rayleigh ratios of 30%
and 50% HCTP in TCB, the Rayleigh ratio for pure
HCTP can be estimated as 1.7 X 10 em™! at 250 °C.
Using an average of the estimated R,, values at 250 °C
(2.3 X 10 em™) for pure HCTP from the two approaches,
we were able to construct a Zimm plot as shown in Figure
7. We estimated M,, ~ 1.8 X 108, A, ~ 1.1 X 10~ mol
cm® g2, and R, = 74 £ 5 nm. The uncertainties in R,, for
pure HCTP represent uncertainties in the molecular pa-
rameters as follows: 1.5 X 10° < M, < 2.2 X 105, 6 X 10°®
< A, (mol cm® g2 < 1.3 X 10, and 71 < R, (nm) < 79.
The M, and R, values for PDP are in amazingly good
agreement with the values M, = 2.1 X 10® and R, = 83 nm
obtained in the batchwise thermal polymerization study.®
The universal curve in the good-solvent limit can be
described by a continuous curve and has the form

M, 2In(1+ X
_(a_n)=1+1{9X_2+_n_<__zx

(19)

RT\ oC 8 X

1§ 1 1
exp{z[i +1- E In (1 + X)]}} (20)
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Figure 8. log-log plot of [M(611/dC)/RT]"™ vs. X for PST in
MEK and PST in toluene (hollow squares), sample PDP/HCTP
(filled squares), and PMMA in MMA (inverted hollow triangles).
Solid line was calculated according to eq 20. Note: PST/MEK
and PST/toluene data were taken from ref 36 and scaled by m
=1.12. PMMA/MMA data were taken from ref 35 and scaled
by m = 1.61. PDP/HCTP data were scaled by m = 1.16. The
theoretical curve was scaled by m = 1.10.
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Figure 9. log-log plots of cooperative diffusion coefficient D,
vs. concentration for sample T6 measured at § = 30° (inverted
filled triangles), sample T6 at § = 60° (filled squares), T7 at 8
= 45° (hollow squares), and sample T7 at § = 60° (plus signs).

where X = @(C/C*) with @ being a constant. @ can be
estimated by expanding eq 20 of ref 26 to first order in X

X[%6 - % In (M, /M,)] = A,M,C (21)

Figure 8 shows a comparison between the theory, our
PDP in HCTP and the literature data on PMMA /MMA,?
polystyrene (PST)/toluene,® and PST/MEK.% In order
to make a comparison among different solvent qualities,
we arbitrarily scaled the y axis to a power of 1/m, where
m is the slope of the curve in the semidilute region from
a log-log plot of M(8I1/8C)/RT vs. C/C*. It should also
be noted that from the calculations we should have § =
2.6 and 16 for PDP/HCTP and PMMA/MMA, respec-
tively. However, we used & = 1 and 6 for PDP/HCTP and
PMMA /MMA in order to get a better fit. A remarkable
agreement between all experimental results and the theory
is observed. The agreement also strengthens our experi-
mental results on the PDP/HCTP system because, in
order for the agreement to hold, we must have measured
correctly both the absolute light scattering intensity and
the polymer concentration (by the Raman technique) over
a very broad dynamic range.

Figure 9 shows results of the cooperative diffusion
coefficient D, (=T'/K?), which has a K? dependence and
is relatively independent of molecular weight. The results
are sufficiently scattered, so no further discussion is
warranted.

In conclusion, we have demonstrated that Raman
spectroscopy is a useful tool for studying polymerization
processes, even for the melt polymerization of HCTP at
250 °C. By combining Raman scattering with light scat-
tering, we have succeeded in characterizing some of the
molecular parameters, such as M, A,, and R, of PDP,
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provided that PDP is linear or has a constant degree of
branching. As the melt HCTP was difficult to clarify, we
have not been able to determine R,, for pure HCTP di-
rectly. However, we did succeed in determining R, for
HCTP by two independent methods (to within 50%).
Fortunately, at sufficiently high PDP concentration in
HCTP, R,, (solution) > R, (HCTP). Thus, we were able
to estimate the excess Rayleigh ratio in the dilute solution
regime. Time correlation function measurements are
feasible. However, very precise measurements that could
warrant correlation function profile analysis were not made
because the melt could not be prepared as dust-free as the
monomer in TCB solution. Some cooperative diffusion
coefficient results are presented. Future results refer to
the solution polymerization of HCTP (Paper 2) for a more
detailed and fruitful analysis.
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Application of Raman and Laser Light Scattering to the Solution
Polymerization of Hexachlorocyclotriphosphazene. 2.
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ABSTRACT: Poly(dichlorophosphazene) (PDP) can be synthesized by either thermal polymerization of melt
hexachlorocyclotriphosphazene (HCTP), as discussed in paper 1, or solution polymerization of HCTP in various
solvents. In solution polymerization in the presence of a mixed solvent containing varying amounts of
trichlorobenzene (TCB) and HCTP, we have taken into account the effects due to preferential adsorption
by refractive index matching of cosolvents that happen to become isorefractive at 110 °C. We have succeeded
in determining the molecular parameters, including concentrations of the monomer (C,) and the polymer
(C,), as well as properties of the polymer product (PDP), such as the weight-average molecular weight (M),
the second virial coefficients (4; and dgy), the z-average radius of gyration (Ry), and the hydrodynamic radius
(Ry) in the dilute solution regime, and the cooperative diffusion coefficient (D) as well as the osmotic
compressibility [(37/dC)1p] in semidilute solutions. With precise intensity-intensity time correlation function
measurements, we have also succeeded in estimating the polymer molecular weight distribution of PDP during
the polymerization process. The development of the present methodology in characterizing PDP in situ avoids
the decomposition of PDP by moisture and has the potential to become a practical approach to investigate
the solution polymerization of HCTP under a variety of conditions, including judicial use of catalysts. Its
eventual development for monitoring specific polymerization processes in situ has become a possibility worthy
of consideration.

Introduction

In paper 1, we have shown how thermal polymerization
of melt hexachlorocyclotriphosphazene (HCTP) can be
monitored in situ by using a combination of laser Raman
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and light scattering. In our data analysis, we took ad-
vantage of Raman spectroscopy to determine the concen-
tration of the polymer (poly(dichlorophosphazene), PDP)
in HCTP and a combination of static light scattering in-
tensity and dynamic Rayleigh line width measurements
to characterize some of the macromolecular properties of
PDP, an important precursor to so many organo-
phosphazene polymers. In this paper (2), we extend our
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