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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, a t  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(dichlorophosphene) (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 O 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 (MJ, 
the second virial coefficients (A ,  and dd) ,  the z-average radius of gyration (RJ ,  and the hydrodynamic radius 
(Rh) in the dilute solution regime, and the cooperative diffusion coefficient (D,) as well as the osmotic 
compressibility [ (~%r/dC)~p]  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 P D P  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 
in situ by using a combination of laser R~~~ 

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 organ@ 
phosphazene polymers. In this paper (2), we extend our 
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application to the solution polymerization of HCTP. The 
presence of an additional solvent [in our case, 1,2,4-tri- 
chlorobenzene (TCB)] permits the polymerization process 
to be carried out a t  a somewhat lower temperature (215 
"C instead of 250 "C), yields PDP of narrower molecular 
weight distributions, and has a more controllable polym- 
erization reaction. In addition, we can introduce catalysts 
and try to optimize conditions for the polymerization 
process. Thus, our development of an in situ method to 
determine polymer concentration and to characterize 
macromolecular properties of the polymer product in the 
presence of a mixed solvent is a very useful step toward 
eventual improvements in quality and our understanding 
of organophosphazene polymers. 

Preferential adsorption becomes an important compli- 
cation in the characterization of polymers in a mixed 
solvent. In this article, we offer a specific solution to the 
problem, i.e., by means of refractive index matching, a 
difficult light scattering problem resolved by a unique 
optical solution. As the procedures are, otherwise, the 
same as in paper 1, we shall describe only those steps that 
differ from the thermal polymerization of HCTP, provide 
the physical properties that are essential in our analysis, 
and discuss the results in detail. 

Theoretical Background 
Intensity of Scattered Light.' The excess Rayleigh 

ratio, R, (cm-l), at finite concentrations in dilute solution 
has the approximate form 

HC/Rvu = ( l /Mw)(l  + P R , 2 / 3 )  + 2A2C (1) 

where H (in units of mol cm2 g-2) is equal to 4a2n2(dn/ 
dC)2/(NA&,4) with n, C (g/cm3), NA, A,,, 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. Subscripts vu denote vertically 
polarized incident and unpolarized scattered light, A2 (mol 
cm3 g-2) is the second virial coefficient, K [=(4n/X) sin 
(8/2)] is the magnitude of the momentum transfer vector 
with X [=Xo/n] and 8 being the wavelength of light in the 
scattering medium and the scattering angle, respectively. 

Equation 1 is valid for a polymer solution consisting of 
a single solvent. For a polymer chain dissolved in a mixed 
solvent, the interpretation of light scattering data becomes 
more complex. Since the two solvents have different af- 
finities for the same polymer chain, one of the solvents 
reacts preferentially with the polymer, and a difference in 
the solvent composition near the polymer molecule with 
respect to the overall solvent composition will occur. By 
considering the polymer chain plus the excess amount of 
the solvent as a new polymer complex, eq 1 can be used 
to describe the behavior of the polymer complex in the 
mixed solvent. The refractive index increment for the new 
polymer complex (dn/dC), can be defined as' 

(2) 

where (dn/dC), is the refractive index increment of the 
polymer solution at constant solvent composition, A, is the 
preferential adsorption coefficient, and n, and n, are the 
refractive indexes of solvent m (HCTP) and t (TCB), re- 
spectively. 

By the definition of the refractive index increment for 
the polymer complex, eq 1 can be modified as follows for 
a mixed solvent: 

(dn/dC), = (dn/dC), + A,(n, - n,) 
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dC),2/ (NAX*) with (dn/dC), defined by eq 2. If we were 
to treat the polymer in a mixed solvent in a way analogous 
to a single solvent, the apparent properties can be de- 
scribed as 
H*C - =  

where fl, in units of mol cm2 g-2, is equal to 4n2n2(dn/ 

~ 

sin2 (i)) + 2A2,appC (4) 

where H*, in units of mol cm2 g-2, is equal to 4?r2n2(dn/ 
dC):/(NAXo4) with (dn/dC), replacing (dn/dC), in fl of 
eq 2, Mw,app is the apparent molecular weight, and A2,app 
is the apparent second virial coefficient. 

Diffusion Coefficients. At finite concentrations the 
translational diffusion coefficient can be expressed as 

D = (C/ f ) (d~/dc)  (5) 

where f is a friction coefficient. Thus, we can see that the 
diffusion coefficient is composed of two factors, a 
"hydrodynamics" factor, 1/ f ,  and a "thermodynamics" 
factor (dp/dC). The thermodynamics force serves as the 
driving force and the hydrodynamics force as a dragging 
force. 

The (dp/dC) term can be related to the osmotic com- 
pressibility by the relation 

where i j 2  is the partial specific volume of the polymer. 
At  infinite dilution only frictional properties are im- 

portant 
DO = k B T / f O  (7) 

where the subscript 0 indicates infinite dilution and kB is 
the Boltzmann constant. The friction coefficient can be 
related to the hydrodynamic radius Rh through the 
Stokes-Einstein relation 

f o  = 6a7lRh (8) 

The diffusion coefficient at infinite dilution can be ex- 
where 9 is the solvent viscosity. 

pressed by a scaling relation 

Do = k D M w - @ D  (9) 

where kD and aD are constants and can be determined 
experimentally. 

At  finite concentrations in the dilute solution regime 
(10) 

where kd is the second virial coefficient for diffusion and 
is system specific. 

Correlation Function Profile Analysis?& Given the 
fact that translational diffusion for one molecular weight 
will produce a single-exponential decay with a character- 
istic line width I' for the scattered electric field time 
correlation function g(')(T), adding additional molecules of 
different molecular weights into the scattering volume will 
result in a distribution of exponentials as 

(11) 

where Wi ( d i )  is the normalized intensity weighting factor 
of each representative molecular weight fraction Mi. I t  
should be noted that Ii  also changes with K for large 
particles (KRk,i 5 1) even for the (w) polarized component 
of the Rayleigh ratio. 

D = Do(1 + k d c )  

g(l)( 7 )  = C Wi exp(-ri7) 
i 

In the continuous limit, eq 11 becomes 



1594 Chu and Lee Macromolecules, Vol. 19, No. 6, 1986 

the measured and computed R values using the first ap- 
proximate f,(Mj). We varied by comparing the mea- 
sured and the computed values of M,. The iterative 
procedure continued until we arrived at  a kD value that 
yielded a Mw,cald in agreement with the measured M, from 
our static light scattering measurements. For completeness 
we note that 

g(l)(T) = L-G(r) exp(-Pr) d r  (12) 

where G(r) is the normalized distribution of characteristic 
line widths. In practice, eq 12 uses a measured g(l)(T) that 
has noise and is bandwidth limited. Furthermore, the 
limits of integration have both upper ( b )  and lower (a) 
bounds, yielding 

As the Laplace inversion of eq 13 is ill-conditioned, we can 
only approximate G ( r )  and restrict our discussion to the 
solution of eq 13 according to  the method of regulariza- 
tion.6 

In the presence of additive noise R(T) and with band- 
width-limited signals, we rewrite eq 13 such that6 

In operator form 

B = O G + R  (15) 

A regularized approximation to the true distribution 
function was obtained by minimizing the functional 

F(U) = llB - OU + ~~,llLU11~ (16) 

where U represents the possible set of functions satisfying 
eq 16, a, is the regularization parameter, and L is any linear 
constraint operator that allows the incorporation of ad- 
ditional a priori knowledge of the solution. a, should be 
chosen as small as possible to avoid oversmoothing. 

Once we have the continuous distribution in r space, 
we can then transform it  to the molecular weight space. 
With the combination of eq 4 and 12 and in the limit of 
short delay time 

( I ( K ) )  = (E*(K,O)E(K,O)) = lim g(l)(K,7) = 
7-0 

lim 7 - 4  l b G ( K , r ) e - "  d r  (17) 

According to  eq 1,9,  17, and I (K)  = Ni(K),  we can relate 
each fraction (j) by 

fW(MJ)  - MJaD+2 (18) 

where f,(M,) is the weight fraction of representative 
polymer molecules with molecular weight MJ and G,(rJ) 
is the corresponding scattered intensity from MJ polymer 
molecules. In eq 18, we have taken P' - 1 + €PR,2/3 and 
A, to be the measured second virial coefficient over an 
effective molecular weight distribution range. In the limit 
of zero angle and zero concentration the particle scattering 
factor P(KR,) = 1 and eq 18 can be simplified to  

GJ(FJ)[l + KZRg2(MJ)/3 + 2AzCM,] 

GJ(F,) 
fw(Mj) - - (19) MJW+2 

Experimentally, we used eq 13 to estimate a continuous 
line width distribution. We then used a fixed number of 
representative fractions to do the transformation. In a 
discrete representative distribution of GJ( rJ) vs. rJ, the 
transform of rJ to molecular weight MI along the x axis 
was accomplished by the relation I' = DKZ and eq 9. The 
transformation along the y axis was accomplished by eq 
18. 

In our iterative procedure, we first estimated kD by as- 
suming that P(kR,) = 1 and then adjusted k ,  by comparing 

and 

U 

Mw,calcd = 

J, fw(M) dM 

where F,,"(M) is the normalized cumulative weight-av- 
erage molecular weight distribution. 

Experimental Methods 
Light Scattering Spectrometer. The light scattering 

spectrometer used for this study measures the angular distribution 
of absolute scattered intensity, the intensity-intensity time 
correlation function, and the Raman intensity and has been de- 
scribed in Part 1. 

Sample Preparation. HCTP was prepared by Dr. Gary 
Hagnauer of MTL at Watertown, MA. HCTP was purified by 
recrystallization from heptane and vacuum sublimed to remove 
all traces of water and tetramer. 

1,2,4-Trichlorobenzene (Fisher Scientific Co., HPLC grade) 
(TCB) waa dried over anhydrous CaC1, for 3 days and fractionally 
distilled under vacuum. The solutions used for solution polym- 
erization were prepared as follows. Trimer (HCTP) (29%-30%) 
in 1,2,4-trichlorobenzene was heated to 45 "C and then filtered 
through a Millipore filter of nominal 0.5-pm pore diameter. All 
samples were degassed by several freeze-pump cycles and flame 
sealed under vacuum. 

Physical Constants. We used benzene as a reference with 
R, = R, + Rvh = 3.86 X cm-I for benzene at 0 = 90°, Xo = 
488 nm and 23 "C. 
TCB. Both refractive index and density data were adapted 

from ref 9 and fitted with least-squares procedures to get gnalytical 
expressions for the temperature dependence of refractive index 
and of density; dt (g/cm3) = 1.48 - 1.28 X with t ,  expressed 
in degrees Celsius, and n, = 1.59 - 4.46 X 10-4t, at wavelength 
488 nm were obtained. For the temperature dependence of the 
refractive index, the original data were measured at the sodium 
D line and corrected to the proper wavelength by assuming that 
TCB had the same dispersion factor as benzene. 

PDP. The refractive index increment was measured at three 
different temperatures, 30, 140, and 170 "C. At 250 O C  and for 
PDP/HCTP, we determined (dn/dC), [=(dn/dC),] = (n, - n,)/C 
with n, and n, measured with the same lens refraction technique 
and the subscripts c and m denoting solution and HCTP, re- 
spectively. The refractive index of PDP could then be calculated 
by using the L-L2 equation (see Chapter V, eq 55 of ref 1) and 
the dn/dC result. 

Mixed Solvent HCTP/TCB. Viscosity of the mixed solvent 
was measured by a Cannon-Fenske capillary viscometer from 40 
to 95 "C. The expression In 7 (cP) = -2.51 + 9.59 X 102(1/r) 
(K-') was obtained. 

Results and Discussion 
In calculating the refractive index increment of PDP in 

various solvents, the density is needed only in intermediate 
steps. From the measured refractive index increment in 
different solvents and at  different temperatures, the tem- 
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Figure 1. Plot of dt, d,, and d, vs. temperature for monomer 
(open squares, this measurement; open inverted triangle, data 
from ref 7; filled inverted triangle, data from ref 8; solid line, fitting 
of hollow squares, d, (g/cm3) = 2.05 - 3.01 X lo%, ("C)); for TCB 
solventg (dashed line, dt (g/cm3) = 1.48 - 1.28 X ("C)); for 
polymer (filled squares, data from ref 10; dotted line represents 
points estimated by an empirical equation a1Tg = 0.16 or cy1 = 
0.16/Tg - 7.12 X lo4 K-', with Tg being the glass transition 
temperature, d, (g/cm3) = 1.98 exp(-7.12 x 10-~t, ("C)). 
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2 

.. - 
C 50 100 150 200 250 

TEMPERATURE ( 'C> 
Figure 2. Plot of n,, n,, and np vs. temperature for monomer 
(inverted filled triangles, this measurement; inverted open tri- 
angles, ref 7; solid line, n, = 1.62 - 6.71 X 104t, ("C)); for TCB 
solvent (open squares, this measurement; dash-dot line, fitting 
from ref 9, n, = 1.59 - 4.46 X 10-4t, ("C)); for polymer (filled 
triangles, this measurement, open triangle, from ref 11; dashed 
line, np = 1.62 - 1.14 X 104t, ("C)). The refractive index of the 
polymer is calculated from the dn/dC measurement using the 
Lorenz-Lorentz (L-L2) equation.' Subscripts t, m, and p denote 
TCB, HCTP, and PDP, respectively. 

perature dependence of the polymer refractive index can 
be extracted from the same equation used to calculate the 
polymer refractive index increment. Therefore, the errors 
introduced in estimating the polymer density are not 
crucial. As shown in Figure 1 the temperature dependence 
of the density for PDP, similar to that of TCB, is roughly 
around -1 X g cm-3 O C - l ,  in reasonable agreement with 
that of other polymers listed in the Polymer Handbook. 
All physical measurements (density, refractive index, etc.) 
were checked with literature values as indicated in Figures 
1 and 2, respectively. The viscosity of PDP in HCTP/TCB 
at different temperatures is shown in Figure 3. 

Fractional Conversion of Monomer fm ( = 1  - f ). 
Several representative Raman spectra obtained during tke 
course of solution polymerization of HCTP in TCB at 215 
"C are shown in Figure 4. The concentration of polymer 
formed by solution polymerization, C, (g/cm3), is com- 
puted slightly differently from that of thermal polymeri- 
zation and has the form 

where d,, d,, and dt are densities of HCTP, of PDP, and 
of TCB, in g/cm3, respectively, and x,' and x,0 are the 
initial weight fractions of HCTP and TCB, respectively. 
In eq 23, we have assumed no interaction between HCTP, 
PDP, and TCB, Le., the volume of mixing is zero. We can 

E 
, , , , / , / , ,  I / , , , , ,  , , , 1 > 

0. 1 
250200 150 100 5 0  0 

TEMPERATURE ( "  c)  
Figure 3. Plot of viscosity of mixed solvent (HCTP, 29% weight 
fraction, in TCB) vs. temperature: open squares represent data 
measured by Cannon-Fenake capillary viscometer, solid line 
represents fitted data, In 7 (cP) = -2.51 + 9.59 X 102(l/r) (K-'); 
open inverted triangles represent data from back calculation [by 
eq 7 and 81 of the correlation function taken at different tem- 
peratures for sample 54 at concentration C = 1.96 X g/cmS 
and 30" scattering angle (Figure 17). 

- 1  
WAVENUMBERS/cm 

332 365 
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Figure 4. Several Raman spectra obtained during the course of 
solution polymerization of hexachlorocyclotriphosphazene at 215 
"C showing the decrease in P-C12 symmetric stretching peak at 
365 cm-l and the constant intensity at 332 cm-' contributed from 
TCB for sample S2 at 1 h (solid line), 113 h (dotted line), 285 
h (dashed line), and 430 h (dash-dot line). 

T I  ME/HOUR 

Figure 5. Fractional conversion of monomer vs. time obtained 
from the height change of the PC12 peak for sample S1 (inverted 
open triangles, experimental data; solid line A, fitted curve) and 
S2 (hollow squares, experimental data, solid line B, fitted curve) 
at 215 "C. The solid lines A and B for samples S1 and S2 were 
fitted according to f, = 1 - exp(-alt) with al values listed in Table 
I. 

also see that the second term in the denominator can be 
neglected as long as d,(d,x,0 + fmdtxmo) >> fpdtdmxmO. In 
this experiment, fp < 0.3, implying that 17 >> 1. So an error 
in the estimation of density of the PDP polymer is not 
important in calculating the polymer concentration. The 
fractional conversion of monomer as a function of time in 
solution polymerization can still be represented by f = 
1 - exp(-a,t), with the numerical values for a, listecfin 
Table I. Figure 5 shows plots of fractional conversion of 
monomer vs. time for samples S1 and S2. It should be 
noted that the reaction rate of solution polymerization is 
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Table I 
Fitting Parameters in Evaluating the Time Dependence of 
the Fractional Conversion of Monomer during the Solution 
Polymerization of Hexachlorocyclotriphosphazene in TCB 

at 215 O c a  
~ 

sample (init wt % HCTP) al, h-' 
S1 (29) 3.43 x 10-4 
S2 (29) 5.10 x 10-4 
S3 (29) 1.00 x 10-3 
S4 (29) 1.20 x 10-3 
S5 (25) 1.30 x 10-3 

O f ,  = 1 - exp(-a,t). 

very sensitive to even a trace amount of moisture or im- 
purity in HCTP. 

Intensity of Scattered Light. By means of Raman 
scattering, we can determine the polymer concentration 
C, at any time during the polymerization process. We shall 
now combine this information with light scattering (in- 
tensity) measurements to examine the molecular properties 
of the polymer product formed. As illustrated in ref 12 
and 13, such a combination should provide us with useful 
information about the molecular properties of the polymer 
formed without disturbing the polymerization reaction, 
thus eliminating any possibility of cross-linking the PDP 
induced by contact with trace amounts of additional 
moisture during transfer of PDP for analysis. Since HCTP 
is a solid a t  room temperatures and the melting point of 
HCTP is around 110 "C, it is difficult to prepare a dust- 
free HCTP melt for light scattering studies. In a solution 
polymerization the analysis of the intensity of the scattered 
light is complicated by the preferential adsorption effect. 
The two solvents (HCTP and TCB) have different affin- 
ities for the polymer (PDP). This will result in a difference 
of solvent composition near the polymer molecule with 
respect to the overall solvent composition. Equations 2-4 
should be used to take the preferential adsorption effect 
into account. Furthermore, in the solution polymerization 
process one of the solvents (HCTP) is involved in the 
polymerization reaction. Thus the amount of HCTP is a 
decreasing function with respect to reaction time, and the 
composition of the mixed solvent (HCTP/TCB) changes 
with reaction time. The change in solvent composition 
changes the refractive index of the mixed solvent as well 
as the refractive index increment of the polymer in the 
mixed solvent. In order to follow the change of refractive 
index with respect to reaction time we used the Lorenz- 
Lorentz formula 1 (L-Ll), which is well established for 
binary solvent mixtures1 

where d, is the density of the mixed solvent, d, = d,d,/ 
(xtdm + xmdJ with x,  [=fmxm0/(fmxmo + x: ) ] ,  and xt [=1 
- x,] being the weight fraction of HCTP and TCB in the 
mixed solvent during the reaction. 

To calculate the refractive index increment of the 
polymer in a mixed solvent, we used the L-L formula 2 
(L-L2)' 

where (dn/dC), is the refractive index increment of the 
solution a t  constant solvent composition. The L-L2 
formula is well established for polymer-single solvent 
systems. The applicability of L-L2 formula to mixed 
solvents was checked by comparing the calculations with 

Table I1 
Comparison of Estimated (dn /dC), Values by L-L2 

Formula (eq 25) with Measured Values 
vol fract solvent0 measd calcd dev, % 

PMMA/MMA/acetonitrile 
0.17 0.091 0.092 2.1 
0.32 0.100 0.101 1.0 
0.50 0.110 0.110 0.0 
0.68 0.119 0.120 0.8 

PMMA/2,2,3,3-tetrafluoropropanol/ water 
0.95 0.141 0.139 1.4 
0.90 0.139 0.138 0.7 
0.80 0.135 0.137 1.4 
0.70 0.133 0.135 1.5 
0.65 0.132 0.134 1.5 

Acetonitrile in PMMA/MMA/acetonitrile system and TFP in 
PMMA/2,2,3,3-tetrafluoropropanol/water system. 

literature values for PMMA/TFP/water14 and PMMA/ 
MMA/acetonitrile15 systems. The deviation between 
calculated and literature values is within 2'70, as shown in 
Table 11. Similar comparisons were available in the lit- 
erature16J7 in which the Gladstone and Dalela formula was 
used. To determine the weight-average molecular weight 
of polymer in solution by light-scattering intensity mea- 
surements, we needed to know the absolute scattered in- 
tensity at the measuring temperature t ,  (=215 "C) and the 
incident wavelength A,-, (=488 nm). The excess Rayleigh 
ratio of a polymer in a mixed solvent at a given tempera- 
ture can be computed by the relation 

where the subscript vu and the superscript t denote ver- 
t i d y  polarized incident and unpolarized scattered beams 
and temperature, respectively. The term n,t/ ngZ5 corrects 
for the scattering volume change due to refraction and is 
valid for our light scattering spectrometer based on the 
slit-pinhole detector geometry. The term It,,c is the in- 
tensity of the polymer solution at  elevated temperature 
t. The term exp(AbC) corrects the effect of absorption, 
where C is the concentration and A b  is the absorption 
coefficient determined experimentally. The term 
denotes the intensity of the mixed solvent a t  elevated 
temperature t. Strictly speaking this term is a variable 
with respect to the composition change of the mixed sol- 
vent. However, the change of the mixed-solvent intensity 
in the range of our measurement (25% HCTP in TCB to 
29% HCTP in TCB) is less than 4%. Thus, it can be 
treated as a constant over the entire reaction period. This 
effect is being mentioned in the event that large variations 
of the solvent composition are encountered. The intensity 
of scattered light at four different scattering angles (30°, 
60", go", and 135') was measured. By combining the 
concentration measured during the reaction with intensity 
measurements, we can calculate the quantity H*C/R,(B) 
at each moment. By extrapolation to zero scattering angle 
and subtraction of scattered intensity of HCTP/TCB, we 
have determined the excess Rayleigh ratio a t  zero scat- 
tering angle R,(B=O) as a function of concentration. 

For the living polymerization or condensation polym- 
erization processes the molecular weight of the polymer 
produced will increase with respect to the conversion. On 
the other hand for addition polymerization processes the 
molecular weight of the polymer produced remains rela- 
tively constant during the initial polymerization process. 
The mechanism of the polymerization of HCTP is not 
completely known, but there is a great deal of evidence 
favoring the cation type polymerization. We first assumed 
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Figure 6. Zimm plot for sample 53, 29% HCTP in TCB po- 
lymerized at 215 "C and measured at 215 "C. From this Zimm 
plot Mwapp N (2.0 i 0.1) X lo6, A2,a , - (4.0 * 0.2) X mol 
cm3 g-2, and R, N 95 i 6 nm were ostzned. Note: H denotes 
H* for Figures 6-9. 
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Figure 7. Zimm plot for sample 53 29% HCTP in TCB po- 
lymerized at 215 "C but measured at 110 "C. From this Zimm 
plot Mw N (2.5 * 0.1) X lo6, A2 N (3.1 * 0.2) X lo4 mol cm3 gP2, 
and R,  u 94 i 6 nm were obtained. 

that the molecular weight of the PDP product did not 
change in the dilute solution regime and then tried to 
verify this assumption later on. If the molecular weight 
remains constant, the Zimm plot can reveal most of the 
static molecular properties in the dilute solution regime. 
A typical Zimm plot is illustrated in Figure 6 for sample 
S3. In a mixed-solvent system such a Zimm plot can give 
us information about the apparent molecular weight, 
Mw,app, the apparent second virial coefficient, A2,app, and 
the radius of gyration, R,, of the polymer product formed 
according to eq 4. The polymer concentration C, was 
determined by means of eq 23 using conversion data of 
Figure 5 obtained from Raman scattering. The apparent 
molecular weight has no physical meaning in itself but can 
be related to the true molecular weight through' 

If we do not know the preferential adsorption factor at 
the elevated temperature we cannot determine the true 
molecular weight in a mixed solvent. However, this dif- 
ficulty can be overcome because there is a particular tem- 
perature and wavelength that will make the refractive 
index of HCTP and that of TCB equal. The light scat- 
tering measurements in an isorefractive solvent mixture 
are no longer affected by any possible preferential ad- 
sorption. The refractive index of HCTP and that of TCB 
match at  110 "C, as shown in Figure 2. Thus we can 
measure the scattered intensity of the reaction mixture at 
the same concentration as that a t  215 "C by simply low- 
ering the reaction temperature to 110 "C. The question 
whether the polymerization reaction becomes measurable 
a t  110 "C can be checked by comparing the intensity of 
scattered light at 215 "C before and after the measurement 
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Figure 8. Zimm plot for sample S4 29% HCTP in TCB po- 
lymerized at 215 "C and measured at 215 "C. From this Zimm 
plot, Mwapp E (1.25 i 0.06) X lo6, A2,a - (4.5 i 0.3) X lo4 mol 
cm3 g-2, and R, u 80 * 5 nm were ohaTned. 
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Figure 9. Zimm plot for sample S4 29% HCTP in TCB po- 
lymerized at 215 "C and measured at 110 "C. From this Zimm 
plot Mw = (1.56 i 0.08) X lo', A2 (3.6 * 0.2) X lo4 mol cm3 
g-2, and R, 

at 110 "C. We observed no change in scattered intensity 
after restoring the temperature to 215 "C and concluded 
that there is negligible concentration change during our 
measurements a t  lower temperatures. Figure 7 illustrates 
a typical Zimm plot measured at  110 "C for the same 
sample S3. This procedure allows us to determine the true 
molecular properties without substantially disturbing the 
polymerization reaction. Once we have MWNp and M, from 
the Zimm plots a t  215 and 110 "C, we can calculate the 
effect due to preferential adsorption at  215 "C by means 
of eq 27 and recover the true second virial coefficient A2 
a t  215 "C by using the relation 

Mw,appA~,app = M w - 4 2  (28) 

The same procedure was repeated for sample S4 as il- 
lustrated in Figures 8 and 9 measured at 215 and 110 "C, 
respectively. We found preferential adsorption to be 
relatively insensitive to molecular weight in our PDP/ 
HCTP/TCB system. In run S4 we also measured the 
intensity of the scattered light at two other temperatures 
(140 and 170 "C) and found the preferential adsorption 
to be independent of temperature over the temperature 
range of our measurements, i.e., 110-215 "C. Furthermore 
the radius of gyration and the second viral coefficient also 
showed little temperature dependence. In run S5 we 
changed the starting composition of our binary mixture 
and repeated our studies. We found the preferential ad- 
sorption to be relatively independent of the composition 
of our solvent mixture, a t  least in the range 25 wt. % 
HCTP in TCB to 29 wt. % HCTP in TCB. The results 
are summarized in Table 111. The radii of gyration listed 
in Table III were estimated through the quantity X,, where 
XI = (KQ2. When XI << 1 only the center of molecular 
mass translational movements will cause intensity fluctu- 
ations at  the detector. However, as X ,  - 1, the charac- 
teristic molecular size becomes comparable to 1/K, allow- 

79 i 5 nm were obtained. 
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Table I11 
Molecular Parametere in Dilute Solution (I) 

1O4Azsp , 1 0 * ~ ~ ,  
1 0 0 ,  
g/cm3 

M W , B P  Mw x mol cm! mol cm3 RV 
sample x 104 10" g-2 c2 nm cm /g 

s1 9.00 11.25O 3.3 2.7b 280 0.83 
s2 6.60 8.25" 3.6 2.gb 200 1.72 
s3 2.00 4.0 3.2b 95 -0.30 4.84 
s3 (110') 2.50 3.1 94 
s4 1.25 4.5 3.6b 80 -0.29 
S4 (170') 1.31 4.2 80C -0.31 
S4 (140') 1.40 4.0b 79c -0.30 
s4 (110') 1.56 3.6 79 5.06 
s5 0.75 4.6 3.8b 57 -0.27 
S5 (170') 0.77 4.5b 57c -0.29 
S5 (140') 0.81 4.3b -0.30 
s5 (1lOO) 0.90 3.8 56 5.57 

'Calculated by eq 27. Calculated by eq 28. Calculated by using the radius of gyration determined at finite concentration divided by 1 
+ 2AzMWC. 

106 107 

M (g/mole) 

Figure 10. log-log plot of radius of gyration vs. molecular weight. 
Solid line is represented by R, (cm) = 2.04 X 10-BMwo.58. 

ing intramolecular motions to modulate the scattered in- 
tensity. Static light scattering measures the time average 
of this molecular self-interference through the term P(X,). 
For a Gaussian random coil 

P(Xr) = (2/X,2)(exp(-Xr) + Xr - 1) (29) 
Figure 10 shows a log-log plot of radius of gyration vs. 

molecular weight. From this plot and with a four-point 
fit, we get a scaling relation, R, (cm) = 1.18 X 10-9Mw0.62. 
however, CYR should be less than 0.60. Also the high mo- 
lecular weight region deviated from linearity. With only 
the three data points, R, (cm) = 3.02 X 10-gMw0*55. From 
this analysis, we estimated CYR - 0.58 f 0.04 and concluded 
the mixed solvent HCTP/TCB to be a relatively good 
solvent for PDP. Positive and relatively temperature-in- 
dependent values of A2 as listed in Table I11 also confirm 
this observation. More precise data can undoubtedly be 
achieved. However, our main aim is trying to establish a 
procedure that will permit us to study the solution po- 
lymerization of HCTP in TCB. Thus, the present estimate 
should suffice. 

From the preferential adsorption data, TCB appears to 
have a better solvent quality than HCTP for the PDP 
polymer. The same can also be applied to examine the 
relationship between the second virial coefficient and the 
molecular weight. We found A2 (mol cm3 g-2) = 2.56 X 
10-3Mw+'.'4. The Az values are reasonable in insofar as the 
mixed solvent is a better solvent for lower molecular weight 
PDP. 

The linear concentration behavior suggesting a constant 
value for the second virial coefficient a t  each molecular 
weight in the two Zimm plots, as shown in Figures 7 and 
9, supports our supposition that the molecular weight of 
the polymer indeed remains relatively constant. In sem- 
idilute solutions, we would like to examine the static 
property of the polymer solution in terms of M(a?r/aO/RT 
as a function of reduced concentration C/C*, where C* 

0.01 0 . 1  1 10 100 

c/c* 
Figure 11. log-log plot of M,(d?r/dC)/RT vs. C/C* for sample 
S1 (open squares), sample S2 (filled squares), and sample S3 
(inverted open triangles). Ma = Mapp. 

(-M/NAR,3) is the overlap concentration as shown in 
Figure 11 and Table 111. The universal curve19-28 in the 
molecular weight range that we have illustrated can be 
represented by straight lines over limited C/C* ranges in 
the semidilute solution regime, as shown in Figure 11. 
Measurements of the osmotic compressibility in semidilute 
solutions permit us to determine the polymer concentra- 
tion independent of the polymer molecular weight. The 
solid straight line in Figure 11 can be represented by 
M(da/dC)/RT = kM(C/C*)"', where m has an initial slope 
of 1.35 near C/C* - 1. According to the scaling relation, 
m = 1/(3cr~ - 1) = 1.35 for CYR = 0.58 and R, = kRM"R. The 
crossover region is very broad from dilute to semidilute 
concentrations. We note that in the limit of zero con- 
centration 

1 lim 1. (") = - 
C-O RT ac M ~ , ~ ~ ~  

Therefore, the universal curve in Figure 11 starts at values 
that are slightly higher than 1 in dilute concentrations and 
increases with increasing concentration because of a pos- 
itive Azr in good solvent, such as our system of PDP in 
HTCP/fCB. However, Azrpp is related to M and C*. So, 
the universal curve is valid over the entire concentration 
range from dilute to semidilute solutions, including the 
crossover region. More quantitative theory using renor- 
malization group techniques have been reported.lSz1 

With renormalization group techniques, the universal 
curve in the good solvent limit can be described by a 
continuous curve and has the form 

2 In (1 + X) 
X RT ac X 
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variably affect the crossover region in the universal curve. 
Furthermore, the universal curve is likely to break down 
if we try to approach the 8 condition or to go below the 
8 temperature for high molecular weight polymers, where 
we may encounter critical effects in the crossover region.13 

Spectrum of Scattered Light. In the initial analysis, 
we used the second-order cumulants method30 with 

Ablg(l)(7)I2 = Ab exp(2[-f~ + ( 1 / 2 ) ( p ~ / f ~ ) ( f ~ ) ~ ] )  (33) 
where f = JTG(I ' )  d r  and p2 = JG(r)(I '  - Q2 d r .  In 
semidilute solutions, we have used single exponentials to 
determine the characteristic line width r from g(ll(7). The 
F and p2/ f2  values are and should be in reasonable 
agreement using the method of cumulants and the regu- 
larization model because both approaches try to take into 
account the polydispersity effect. The cumulants method 
can provide information such as the average line width (f) 
and the variance (p2/F2), which is related to the width of 
the characteristic line width distribution. The method of 
regularization6 will give us the distribution function 
without an apriori assumption on the form of G ( r )  and 
is particularly suitable for analysis of unimodal distribu- 
tions of reasonable variance; e.g., p2/F2 - 0.1-1. 

In semidilute solutions, the faster cooperative diffusion 
coefficient D, is independent of molecular weight and can, 
in essence, be fitted with a single-exponential function. 
Figure 13 shows typical correlation functions and percent 
deviation for sample S3 at concentration C = 2.24 X 
0.014, and 0.021 g/cm3, respectively. The relative deviation 
was defined by 

7% dev = (34) 

In obtaining the normalized first-order correlation 
function, we used G ( 2 ) ( ~ )  = A ( l  + blg(1)(7)12), where A is 
a background and the quantity b is treated as an adjustable 
parameter. For a polymer solution at finite concentrations 
this parameter not only depends on optical geometry but 
also on concentration effects. More specifically it depends 
on the relative intensity ratio of the polymer solution to 
that of the pure solvent. Following the argument by Ta- 
naka,31 this concentration effect can be expressed by 

G2(7) = (a2 + a3)2 + b[a2 exp(-TI',) + a3 exp(-7r3)I2 
(35) 

where a2 is the scattering intensity of the solvent, a3 is that 
of the solute, rz and r3 are the respective characteristic 
line width (ri = D , P ,  with Di being the diffusion coeffi- 
cient of i), and b is an efficiency factor determined by the 
scattering geometry. In high polymer solutions, the solvent 
molecules are much smaller than the solute molecules and 
have a much larger diffusion coefficient. Thus, the auto- 
correlation function due to the solvent molecules has a 
much shorter relaxation time. With r3 << r2 in eq 35, the 
measurable correlation function is reduced to 

(Ab)"2k'"(7)lmeasd - (Ab)'izlg(1)(7))c&d 

(Ab) k?) (7) I measd 

G2(7) 
(36) 

Thus, at finite concentrations the original factor b should 
be modified by a factor of (1 + ~ 2 / ~ 3 ) ~ .  In order to get, the 
correct instrument constant ( b ) ,  one should use a polymer 
solution with a3 >> a2, such as an aqueous suspension of 
polystyrene latex spheres. 

In a log-log plot of blg(1)(7)12 vs. P or in a plot F vs. P, 
we see that the P dependence holds for sample S4 as 
shown in Figure 14. This procedure allows us to extrap- 
olate the diffusion coefficient to zero scattering angle. The 
concentration dependence of the diffusion coefficient in 

(a2 + a3)2(l + b[a3/(aZ + ~ ~ ) ] ~ ( e x p ( - ~ I ' ~ ) ) ~ )  
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3 
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Figure 12. log-log plot of [M(&/aC!)/Rr]'/"' vs. X for PST/ 
MEK and PST/toluene (open squares), PDP/HCTF'/TCB (filled 
squara), and PMMA/MMA (inverted open triangles). Solid line 
was calculated according to eq 31. Note: PST/MEK and 
PST/toluene data were taken from ref 20 and scaled by m = 1.12. 
PMMA/MMA data were taken from ref 13 and scaled by m = 
1.61. PDP/HCTP/TCB data were scaled by m = 1.41. Theo- 
retical curve was scaled by m = 1.10. 

where X = Q(C/C*), with Q being a constant. Q can be 
estimated according to 

x["/,6 - f/8 In (Mw/Mn)I = A2MwC (32) 

Figure 12 shows a comparison between the theory and 
our PDP in HCTP/TCB and 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 l /m,  and for the HCTP/TCB system we used MwLaPp 
insterad of M ,  in order to achieve the same effective 
quantity: 1 + 2A&fwC = 1 + 2A2,ap$4wgp C in the dilute 
solution region. It should also be note t tha t  from the 
calculations we should have Q = 4 and 16 for PDP/ 
HCTP/TCB and PMMA/MMA, respectively. However, 
we used Q = 1 and 6 for PDP/HCTP/TCB and 
PMMA/MMA in order to get a better fit. As discussed 
in ref 13 for polymer viscoelastic fluids, the crossover 
concentration C, (an entanglement concentration in shear 
viscosity) represents a better indication for the onset of 
entanglement behavior. In 8 solutions, Ce < C*. It  is 
suggested that in the calculation for Q we should use C, 
instead of C*, which will give us a lower Q value, consistent 
with what we have used in computing m. In fairly good 
solvents, Figure 12 can be used to extract the polymer 
concentration from measurements of absolute scattered 
intensity a t  zero scattering angle (R,(B-o)) provided that 
the refractive index increment of the polymer/solvent 
system is known. While theory deals mainly with mono- 
disperse polymers, experiments on both the solution po- 
lymerization of HCTP/TCB yielding PDP and on the 
thermal polymerization of MMA yielding PMMA revealed 
fairly broad molecular weight distributions; i.e., M,/M, - 2. In constructing this particular universal curve, we 
have implicitly assumed that the polydispersity effect is 
negligible since the osmotic pressure is independent of 
molecular weight in semidilute solutions. The fact that 
the data points do overlap suggest that it is valid for us 
to make such a supposition. Furthermore, the agreement 
between the theoretical and the experimental values for 
m at  C/C* - 1 strengthens our supposition (i.e., relatively 
constant molecular weight during the polymerization 
process), which will again be verified by our light scattering 
line width measurements. I t  should be noted that once 
we have demonstrated such a universal curve from ex- 
periments, its utility is not restricted to any particular 
polymer. The application can certainly be extended to 
polymer products with fairly constant broad molecular 
weight distributions.m Changes of polydispersity will in- 
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Table IV 
Molecular Parameters in Dilute Solution (11) 

sample M, x 10" Do X lo', cm2/s R., nm Rh, nm RhIR. h, mL/g Cil MJM, 
s1 
s2 8.25 0.48 200 
s3 2.50 0.97 95 
s4 1.56 1.26 80 
s5 0.90 1.77 57 
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Figure 13. Typical plots of bk(')(~)1~ and percent deviation vs. 
delay channel number for sample S3. The numerical results 
described in a, b, and c correspond to the bottom, middle, and 
top curves, respectively. (a) Delay time increment, AT = 40 ps 
(the solid curve is represented by b(g(')(@ = 2.99 X 16' exp2[-3.43 
X 10% + '/,(2.88 X 104)T2], with 7 expressed in ps, and the dash 
double dot curve is represented by bL(')(7)I2 = 2.88 X lo-' 
exp2[-(5.95 X 102)j~). (b) AT = 40 ps (the solid curve is repre- 
sented by blg'"(T)1 = 3.42 X lo-' exp2[-2.78 X 10% + '/ (1.63 
x l@)?] and the dash double dot curve is represented by b$"(7)12 
= 3.33 X lo-' exp2[-(5.00 X 1071~). (c) A7 = 40 p (the solid curve 
is represented by b(g( ')(~)I~ = 3.60 X lo-' exp2[-2.37 X 10% + 
'/2(3.58 X 103)72] and the dash double dot curve is represented 
by bP1)(7)l2 = 3.60 X lo-' exp2[-(4.60 X 102)]7). In the deviation 
plots, parts a, b, and c have open squares representing single- 
exponential tits. All inverted open triangles represent second-order 
cumulants fit. 
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Figure 14. Correlation function bB(')(7)l2 at 0 = 30' (filled 
squares), 0 = 60° (inverted filled triangles), and 0 = 90" w. delay 
time as scaled by P. For sample S4 at concentration C = 1.23 
X g/cm3, the inset shows the P dependence of F. 
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Figure 16. Extrapolation of D to zero concentration for sample 
S2 (open squares), S3 (filled squares), 54 (inverted open squares), 
S5 (inverted fiied squares). The corresponding values of Do and 
k , ~  are listed in Table IV. 
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Figure 16. log-log plot of diffusion coefficient vs. molecular 
wei ht. The solid line is represented by Do (cm2/s) = 5.49 x 
10- f M,-? 

dilute solution can be expressed adequately with a first- 
order expansion in concentration as described by eq 10 and 
is illustrated in Figure 15. The corresponding hydrody- 
namic radius Rh can then be computed with the Stokes- 
Einstein relation as described in eq 7 and 8. 

Results from dynamic measurements are summarized 
in Table IV. The scaling relation for PDP in HCTP/TCB 
was determined to be Do (cm2/s) = 5.49 X 10-4Mw0.58 as 
shown in a log-log plot of Do vs. molecular weight (Figure 
16) or Rh (cm) = 1.25 X 104hf$58. The agreement between 
the empirical relations (aD and cyR) as determined by dy- 
namic and static light scattering measurements shows the 
self-consistency of our experimental results. In our 
analysis, we have assumed PDP to be essentially linear or 
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the degree of branching to be constant, if its exists. This 
assumption is valid especially when the fractional con- 
version of monomer to polymer vp) is less than 50%. In 
our case, fp < 25%. The cyD result confirms that our es- 
timate on without full weighing of the fourth high 
molecular weight value is reasonable. The coil expansion 
factor Rh/R, can be checked by comparing our experiments 
with the current therory,32 which predicts that Rh/R, is 
closely related to the scaling relation 

Light Scattering of Solution Polymerization 1601 

N- 

From the static and dynamic light scattering measure- 
ments described above, CUD has an estimated value of -0.58 
f 0.4. As a result Rh/Rg should have a value close to 0.56, 
which is lower than the experimental value listed in Table 
IV. This discrepancy in a mixed solvent might be due to 
the preferential adsorption effect. The preferential ad- 
sorption coefficient determined from static measurements 
is about 0.3 for PDP in HCTP/TCB. This value repre- 
sents the ratio of the volume occupied by the excess 
molecules of the good solvent surrounding a polymer to 
the mass of the polymer molecule. It is known that, within 
a volume v h  (=4rRh3/3) surrounding a polymer molecule, 
the fraction occupied by the excess solvent molecules is 
A@,/VhNA. Therefore in the range of our study, this 
fraction has a value of 61Mw4.74. It means that only about 
0.3% of the volume is preferentially adsorbed by the 
polymer. Thus, the fact that the ratio Rh/Rg is about 
5%-13% greater than the theoretically predicted value is 
probably not due to preferential adsorption. I t  is inter- 
esting to note that such a discrepancy has also been re- 
ported in the l i t e r a t ~ r e ~ ~ - ~ ~  in a series of studies of poly- 
styrene in a mixed 0 solvent. 

The second virial coefficient for diffusion (kd) as listed 
in Table IV shows a strong molecular weight dependence 
and changes from positive to negative. In order to check 
this trend a semiempirical expression for k d  was used 

k d  = 2A2Mw - C D N A V ~ / M ,  (38) 

where CD is a semiempirical constant that we are able to 
determine experimentally. Many theories have been 
presented to evaluate CD For example, CD = 1.036*37 or 
2.3639 for coils and 7.16% and 6.9934*" for hard spheres. 
The CD obtained by us has a value of about 6, which is 
higher than the theoretical value for coils. However, this 
nearly constant CD value suggests that the trend for k d  
from positive to negative is reasonable. It may be inter- 
esting to note that independent work has been done in our 
laboratory showing a CD value of 6.61 for poly(ethy1ene 
terephthalate) (PET) in a good solvent hexafluoro-2- 
propanol (HFIP).42 The discrepancy between these ex- 
perimental values and theory is an open question. 

The dynamic measurements for PDP/HCTP/TCB is 
also performed a t  different temperatures below 215 OC 
when we quenched the polymerization reaction. A typical 
plot of the first-order correlation function at  the same 
concentration but different temperatures for sample S4 
is shown in Figure 17. From the static data as listed in 
Table I11 we found that the second viral coefficient and 
the radius of gyration is relatively independent of tem- 
perature. Therefore, it is reasonable to assume that the 
temperature dependence of kd and Rh is also quite small. 
Then, the viscosity of the mixed solvent a t  high temper- 
atures can be calculated with the Stokes-Einstein relation. 
The calculated values of viscosity were then plotted on top 
of the viscosity-temperature plot for the mixed solvent as 
shown in Figure 3. We can see that the calculated values 
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Figure -17. Correlation function blg(')(7)I2 at 215 OCTopen 
squarea), 170 "C (fied squares), 140 O C  (inverted open triangles), 
and 110 "C (inverted filled triangles) for sample S4 at concen- 
tration C = 1.96 X 10" g/cm3, scattering angle 0 = 30°, and delay 
time increment AT = 40 ps. 
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Figure 18. log-log plots of cooperative diffusion coefficient D, 
vs. concentration for sample 52 measured at 0 = 45" (inverted 
filled triangles), S3 measured at 0 = 30° (filled squares), and S4 
measured at 0 = 30' (open squares). r = DP. 

agree well with the extrapolated curve. The small devia- 
tion may be due to the change in solvent composition and 
the small temperature dependence of kd and Rk However, 
the agreement again confirms the self-consistency of our 
results and analysis. 

The cooperative diffusion coefficient of PDP in 
HCTP/TCB in semidilute solutions is a decreasing func- 
tion of concentration as shown in Figure 18. This behavior 
is quite different from our previous study13 of thermal 
polymerization of poly(methy1 methacrylate)/methyl 
methacrylate but is similar to the thermal polymerization 
of poly(styrene)/styrene system.43 The decrease in coop- 
erative diffusion cannot be explained by scaling law. 
However, as described in ref 12, the interpretation and 
measurements of the cooperative diffusion coefficient may 
be more complexu because of the transient network life- 
time q+ There are two distinct elastic moduli in polymer 
solutions at  semidilute concentrations 

(39) 
where K,, G, and f are respectively the osmotic modulus, 
the shear modulus, and the friction coefficient with con- 
centration dependences of KO, - C3, G - C2, and f - C2 
in the 0 region. In order to understand the PDP behavior 
in the semidilute region more detailed experiments should 
be performed. 

Molecular Weight Distribution Analysis. In dilute 
solution, the characteristic line width distribution function 
can be related to the molecular weight distribution func- 
t i ~ n . ~ ? ~  Thus it is worthwhile to make an approximate 
Laplace inversion Of g'"(T) ushg the regularization method. 
A typical plot of the first-order correlation function ac- 
cording to such a fitting procedure as well as the deviation 
between computed and experimental values is shown in 
Figure 19. By taking into account intraparticle inter- 
ference and concentration effects, we get a plot of G(DJ 
vs. Do as shown in Figure 20, which can be transformed 

D, = [KO, + (4/3)Gl/f 
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Figure 19. Plot of blg'''(T)12 and percent deviation vs. delay 
channel number for the sample S4 at concentration C = 2.22 X 
10-4 g/cm3 and scattering angle 30'. Numerical values (G(r)) from 
the regularization fit are presented in Figure 20. In the percent 
deviation plot, data are denoted by open squares. 
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Figure 20. Unnormalized line width distribution for sample S2 
at C = 1.27 X lo-' g/cm3 and 0 = 45' and 53 at C = 2.22 X 
g/cm3 and 0 = 30'. Note that we have used eq 10 to shift the 
x axis to Do [=D/(1+ k&)] with kd = 9.9 X 102 cm3/g for 52 and 
kd = -44 cm3/g for S4, respectively. 
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Figure 21. Molecular weight distributions for sample S2 and S4 
with 'YD = 0.57 based on the analysis of Figure 20. 

Table V 
Effects of a~ on the Polydispersity Index M J M ,  for 

Sample S4 

MwIMn a n  M J M .  
0.50 1.31 0.57 1.27 
0.52 1.30 0.58 1.26 
0.54 1.29 0.60 1.25 
0.56 1.28 

into a plot of Fw,dif vs. M ,  where Fw,dif is the polymer dif- 
ferential molecular weight distribution with aD = 0.58. 
Figure 21 shows the molecular weight distributions of PDP 
obtained by solution polymerization in HCTP/TCB on 
two different runs (samples S2 and S4 with LYD = 0.57). 
The consistency of our results can best be expressed in 
Table V, which shows the effect of aD on the polydispersity 
index Mw/Mn and in Figure 22, showing its effect on the 
molecular weight distribution. For aD - 0.58, Mw/Mn - 1.26 for sample S3 and is in very good agreement with 
the GPC results.ll Figure 23 shows the cumulative mo- 
lecular weight distribution Fw,c,, based on the results of 
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Figure 22. Molecular weight distributions for sample S4 with 
CYD = 0.5 (dashed curve), CYD = 0.57 (solid curve), and LYD = 0.6 
(dash double dot curve). 
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Figure 23. Cumulative molecular weight distributions for sample 
S2 and S4 based on the analysis of Figure 21. 
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Figure. 24. Cumulative molecular weight distributions for sample 
S4 with LYD = 0.5, 'YD = 0.57 (solid histogram), and 'YD = 0.6 based 
on the analysis of Figure 22. 

Figure 21. The molecular weight of PDP varies over a 
factor of about 30 for the different runs. I t  should be 
recognized that the value of Mw/M,, increases with de- 
creasing aD values as listed in Table V and shown sche- 
matically in Figures 22 and 24. However, with small 
variations in LYD, such as 0.57-0.59, the results of our studies 
remain essentially the same and certainly within our error 
limits. 

Conclusions 
We have investigated many of the macromolecular pa- 

rameters of PDP in HCTP/TCB during the solution po- 
lymerization of HCTP using a combination of Raman 
spectroscopy and laser light scattering. Our results are 
internally consistent in terms of exponent relationships 
for different molecular parameters. For solution polym- 
erization, we have been able to determine the molecular 
weight distribution of PDP as well as Mw,app, AO,app, R,, and 
k d  in dilute solutions, provided that the PDP molecular 
weight has remained relatively constant during the po- 
lymerization process. The trends in concentration de- 
pendence of the osmotic compressibility (ar/aC)Tp and 
of the translational diffusion coefficient D seem to 
strengthen this supposition. By quenching the reaction 
and by matching the refractive index of the two solvent 
components in the solvent mixture, we were able to de- 
termine M ,  and A2 and to calculate the amount of pref- 
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erential adsorption. In semidilute solutions, the accessible 
quantities, such as the osmotic compressibility ( d ~ / d C ) ~ ~  
and the cooperative diffusion coefficient D,, become in- 
dependent of polymer molecular weight. However, these 
quantities, while no longer properties of polymer molecular 
weight, can be used to compute polymer concentration if 
a correspondence relationship is known. Thus, we have 
demonstrated a scheme whereby we can indeed investigate 
pertinent macromolecular parameters during solution 
polymerization. This scheme can be extended to all the 
solution polymerization processes (additional type mech- 
anism), as long as one can find an isorefractive point for 
the mixed solvent or calibrate the molecular weight by 
other means. 

So far, we have demonstrated two general schemes to 
handle thermal p~lymerizationl~ and solution polymeri- 
zation (this work). In both cases we examined the addi- 
tional type of polymerization, in which the molecular 
weight remains relatively a constant during the reaction 
(in the absence of a gel effect). Such schemes can be 
extended to other classes of polymerization (living, com- 
bination) in which the molecular weight becomes a func- 
tion of time. For example, eq 1 can be modified as 

Light Scattering of Solution Polymerization 1603 
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