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TABLE VI11 
CLASSIFICATION OF CHARGE-TRANSFER POLYMERIZATIONS 

K Class Examples' Behavior 

0101 

i 
1 . o  
+ 

5.0 
I 
m 

A 
B 

Cyclohexene-SO? (0.053, n-heptane, 25")a 
PD-MAnh (0.055, CCh, 25") 
cis-2-Butene-S02 (0,076, n-heptane, 25'p 

C tra~zs-2-Butene-SO1 (0.082, n-heptane, 25°)a 
CEVE-MAnh (0.10, CC14, 30") 
DME-MAnh (0.15, CCI,, 25") 
l-Methylcyclopropene-SOlb 

N-Vinylcar bazole-p-chloranil 
( 3 . 2  - 6.6 ,  toluene - acetonitrile)" 

N-Vinylcarbazole-SOn, X n d  
4-Vinylpyridine-p-chloranil (3 : 1 adduct). 

D 

E 

No alternating copolymerization. 
Alternating copolymerization in the pres- 

ence of initiator. 

Spontaneous alternating copolymerization 
near at room temperature. 
value decreases with increasing solvent 
polarity.) 

(The K 

(Spontaneous) ionic polymerization. 
(The K value increases with increasing 
solvent polarity.) 

Formation of separable, stable complexes 
which cannot initiate. 

a D. Booth, F. S. Dainton, and K. J. Ivin, Truns. Faraday Soc., 55, 1293 (1959). * S. Iwatsuki, et al.. J.  Polym. Sci., in press. 
K. Tsuji, K. Takakura, M. Nishii, K. Hayashi, and 

S. Okamura, ibid., Part A-I,  4, 2028 (1966). e H. Nomori, S. Ikeda, S. Kambara, and M. Hatano, 16th Symposium of the Poly- 
mer Society of Japan, Fukuoka, IB 05, 1967. ' Inside the parentheses, equilibrium constant, solvent, and temperature are shown 
in that order. 

H. Nomori, M. Hatano, and S. Kambara, ibid., Part B, 4, 261 (1966). 

of the van der Waals and the charge-transfer forces.3o 
In cases of such systems having very small values of K,  
many problems remain to  be solved. 

Finally, according to  our present knowledge it is 
possible t o  make a tentative classification of charge- 
transfer polymerizations as shown in Table VIII. 
By measuring the value of K ,  the mode of polymeriza- 
tion of the system can be predicted from such a classi- 
fication, and cice Genu. 

As mentioned above, the complex mechanism theory 

(30) T. Matsuo and 0. Higuchi, Bull. Chem. SOC. Jup., 41, 
518 (1968). 

can be explained without any apparent remarkable 
inconsistencies. Furthermore, products of the mono- 
mer (complex) reactivity ratios, rir2, d o  not exceed unity 
as shown in Table V, and thus may suggest the usual 
free-radical copolymerization. But as to the mode of 
rearrangement of the complex to radicals, the question 
whether it is biradicals or monoradicals, and other many 
problems remain to  be solved. These questions will 
be clarified eventually by investigations of the complex 
itself and of the polymerizations. We have obtained 
some kinetic data to  obtain additional support for the 
complex mechanism theory and will report these results 
in another publication. 
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ABSTRACT: Phloroglucinol is found to yield slightly less than three-fourths the maximum possible number of tri- 
functional branch points during the preparation of copolymers by solution condensations of bisphenol-A and 
phloroglucinol with phosgene in a methylene chloride-pyridine medium. This branching efficiency was deter- 
mined by applying a recently developed correlation between the solution viscosities and weight-average molecular 
weights of randomly branched, polydisperse polymers to [q] and lvw (by light scattering) data on six carbonate 
copolymers of phloroglucinol and bisphenol-A. 

method of evaluating the extent of branching in a larly for a copolymer formed by the random conden- A polydisperse copolymer containing randomly sation of bifunctional and trifunctional reactants bear- 
distributed trifunctional branch points has been pub- ing functional group A with a bifunctional reactant 
lished recent1y.l The method was developed particu- bearing functional group B. This evaluation procedure 

is here applied to determine trifunctional branching ( 1 )  A. R. Shultz, J .  Polj fn .  Sci., Part A ,  3, 421 I (1965). 
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TABLE I 
PREPARATION OF CARBONATE COPOLYMERS 
OF PHLOROGLUCINOL AND BISPHENOL-A" 

Sample 

A 
B 
C 
D 
E 
F 

Phloro- 
glucinol, g 

0.070 
0.140 
0.420 
0.420 
0.420 
2.52 

- 

Methylene Approximateb 
dichloride, 

ml 

3 60 
3 60 
460 
485 
470 
700 

phosgene 
rate, g/min 

0.60 
0.60 
0.60 
0.60 
0.65 
0.60 

'3 All preparations utilized 50.0 g of BPA and 41.7 g of 
The phosgene rate, although not absolute, was pyridine. 

entirely reproducible. 

in carbonate copolymers of phloroglucinol and bis- 
phenol-A whose .formations approximate most of the 
requirements of the theoretical model employed. 

Experimental Section 
The six polymers studied were prepared in essentially 

identical fashion. Only the quantities of phloroglucinol and 
of the diluent, methylene dichloride, were varied except for 
polymer E which was prepared at a slightly higher phos- 
genation rate. The preparations are summarized in Table I 
and a tqpical procedure is here detailed (polymer C). 

Phosgene (Matheson) was bubbled. at a rate of approxi- 
mately 0.60 g!min. through a rapid11 stirred solution of 
50.0 g (0.22 mol) of bisphenol-A (Dow). 0.420 g (3.3 X I O p 3  
mol) of phloroglucinol (Eastman). and 41.7 g (0.53 mol) of 
pyridine (Reilly) in  460 ml of methjlene dichloride (Dia- 
mond). The reaction mixture was contained i n  a 1000-mi 
c?liiidrical glass resin flask equipped with a reflux condenser, 
thermometer. double-anchor glass stirrer and a gas addition 
tube extending to the bottom of the flask. Phosgene addi- 
tion was terminated 5 min past the stoichiometric end point. 
uhich was recognized by a drop i n  reflux temperature in 
conjunction with a n  extreme increase i n  viscosity of the 
reaction mixture. The mixture was diluted with 300 mi of 
methylene dichloricle and 50 ml of 1 3  hqdrochloric acid 
\\as added slowly w i t h  stirring. The carbonate copolymer 
was precipitated by pouring the reaction mixture into 1500 
nil of methanol in ii rapidly moving Waring Blendor. The 
fibrous. white copolymer was filtered b j  suction and re- 
slurried with 1000-ml portions of fresh methanol three 

0.168 cm3 g-l, was measured and used, and an absolute 
turbidity of 1.16 X cm-l for "new" (post-1960) Cornell 
standard polystyrene (0.500 gjl00 ml in toluene) was em- 
ployed in calculations. Internal interference corrections 
(small in each case) were calculated on a random-coil basis 
using dissymmetry data obtained at 45 and 135" angles. 
Intrinsic viscosities were measured in 1,Cdioxane at 25.0' 
in calibrated Cannon-Ubbelohde dilution viscometers. 

Results and Discussion 

The experimental data and derived quantities for the 
six carbonate copolymer preparations studied are pre- 
sented in Table 11. The mole per cent of phloroglucinol 
in the feed (column 2) is equal to 100 (moles of phloro- 
glucinol)/(moles of phloroglucinol + moles of bis- 
phenol-A). Columns 3 and 4, respectively, give the 
measured weight-average molecular weights and intrin- 
sic viscosities in 1,4-dioxane at 25.0". The intrinsic 
viscosities, ( [ q ] J ,  listed in column 5 are calculated for 
polydisperse, linear polycarbonates of corresponding 
Ji,, using the relation2 

( 1 )  ( [q l l )  = 6.0 X 10-4Av,vo.66 

The branching efficiency of phloroglucinol in the co- 
polymer is now obtained in the following manner. A 
branching index, y, may be defined' for a polydisperse 
copolymer having randomly distributed trifunctional 
branch points by the relation 

where g,, is the weight-average degree of polymerization 
of the primary polymer distribution, i.e., of the polymer 
which would exist under the same polycondensation 
conditions if all initial phloroglucinol OH groups were 
replaced by bisphenol-A OH groups, N is the number of 
trifunctional branch units (triply reacted phloroglucinol 
molecules in the present study), and X is the number of 
bifunctional, linear units ( d e  posr) in the copolymer. 
The ratio of the intrinsic viscosities, ([77],,$ '([77]1), 

of the branched copolymers and nonbranched polymers 
at the same weight-average degree of polymerization 
is a function of y and u, where N is the exponent in the 
intrinsic viscosity-molecular weight relation for the 
linear, polydisperse polymer. For these polymers in 

TABLE I1 
DATA A N D  DERIVLD QL 4hTITIES FOR SIX TRIFUNCTIONALLY BRANCHED CARBONATE cOPOLY\lERS 

A 0.25  16 0.93 1 .OO 
B 0.  50 71 0 .82  0.955 
C 1.50 280 1.07 2.36 
D 1.50 54 0.61 0.795 

F: 8 . 4 86 0.39 1.085 
E 1.50 78 0.705 1.015 

additional times. After dr)ing overnight at 85 (15 mm), 
the polymer had an intrinsic viscosity of 1.07 in 1.4-dioxane 
at 25.0 , 

Weight-average molecular weights of the carbonate co- 
polymers were measured by light scattering in  1,4-dioxane at 
25- using unpolarized 546-mw light in a Brice-Phoenix series 
1000 instrument. '4 refractive index increment,? dddc = 

( 2 )  P. L. Wineman, to be published. 

0.93 0.255 0.76 1 . 2 5  0.61 
0.86 0.44 1.88 2.5 0.75 
0.455 0.905 5.77 7 . 6  0.76 
0.765 0.62 5.12 1 . 6  0.67 
0.695 0.715 5.45 7.6 0.72 
0.36 0.945 33.9 45.9 0.74 

dioxane at  25" ,  a = 0.66 (cf. eq 1). Figure 1 is a graph- 
ical representation' of ([q]brj/([?]l) as a function of 
y for CI = 0.66, assuming the Zimm-Kilb approxima- 
tion [qlbr./[qIi = g', = (Rbr2/I?12)' ' for the individual 
polymer species. 

Since &. = (1 - y).u,J(gram molar chain unit 
weight), -UT,- and ([qIbr)/([q]~) data allow calculation 
of N,!X by means of Figure 1 and eq 2. The chain unit 
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Figure 1. A plot of the intrinsic viscosity ratios, ( [&) / ( [q] l ) ,  

of polydisperse branched and linear polymers against 
branching indices, 7 ,  in a solvent yielding a viscosity- 
molecular weight exponent of 0.66. The branched and 
linear polymers are of equal weight-average molecular 
weights. 

of interest is that moiety associated with the splitting 
out of an HCI molecule in the condensation, Le., one- 
half of 

I 

CH3 

and the gram molar chain unit weight is 127.14. There- 
fore, substitution for & and rearrangement of eq 2 
yields 

4 127.14 y 
3 XW 1 - y 

NIX = - v - 

= 169.57IAVW(1 - 7) ( 2 4  

From the polymerization feed composition is obtained 

( N / X ) f p e , l  = ( 1i2)(moles of phloroglucinol)/ 
(moles of bisphenol-A) (3) 

An efficiency of branching is then expressed by the ratio 

E = (N/X)/(N,’X)feed (4) 

Values of y, N ‘ X ,  and e obtained on the 
six carbonate copolymers in the manner just described 
are given in the last four columns of Table 11. A rea- 
sonably constant value of e ,  averaging 0.71, is found over 
the 37-fold range in feed ratios and over the observed 
range in y from 0.255 t o  0.945. The lowest value, E 

= 0.61, was obtained on the least-branched copolymer 
for which the sensitivity of the viscometric detection 
method is taxed. An average E = 0.73 =t 0.03 is 
calculated from the data on  samples B-F. 

The relationships between functionality, degree -of 
polymerization, extent of conversion and the critical 
conditions for gelation have been developed and sum- 
marized. 3 , 4  Application of these relationships has 
verified that relatively small amounts of polyfunctional 
reactants, in the usual polycondensation, will cause 
infinite network formation or gelation, at relatively low 
conversions. 

Polycondensation cia the phosgenation of diols, to 

(3) P. J. Flory, J .  Amer. Chem. SOC., 58, 1877 (1936). 
(4) W. H. Stockmayer, J .  Chem. Phys., 11, 45 (1943); 12, 125 

(1944). 

form polycarbonates, markedly differs from conven- 
tional polyesterifications in two pertinent aspects. 

a. Polycarbonate preparation, cia phosgenation, 
usually entails addition of one of the difunctional reac- 
tants (phosgene) continuously during the course of poly- 
condensation 

Polycondensation, ciu phosgenation, involves a 
two-step reaction, in which the second step, hydroxy- 
chloroformate condensation, is much slower than the 
first step, phosgene-hydroxyl condensation.6 

b. 

base 
HOROH + COC12 --+ HOROCOCI + base.HCI 

base 
HOROCOI + HOROH + HOROCOOROH + 

base .HCI 

It is therefore possible, by judicious control of the 
ratio of chloroformate to hydroxyl present in the reac- 
tion mixture when approaching the stoichiometric 
end point, to  control the molecular weight of the poly- 
carbonate obtained. This utilization of the classical 
“blocking effect” 6 results in essentially quantitative 
conversion, and affords a unique opportunity to  
circumvent the limitation, to relatively low degrees of 
branching, imposed by gelation in conventional poly- 
esterifications. 

There are many reaction variables, in the usual solu- 
tion and emulsion phosgenations, that affect the ratio 
of chloroformate to hydroxyl present at the stoichio- 
metric end point. The most significant of these are the 
rate of phosgene addition, the concentration of reac- 
tants, the stoichiometric excess of base, temperature, 
the efficiency of dispersion of phosgene in the reaction 
mixture. and the presence of additives such as water 
(which serve to reduce the stoichiometric excess of base 
in nonaqueous phosgenations) and monohydric phenols. 

It is then possible, by trial and error, to  arrive at  a 
set of constant reaction conditions in which variation 
of only one factor permits essentially complete control 
of polymer molecular weight, and consequently avoid- 
ance of gelation. In the particular case of phosgena- 
tion of 2,2-bis(4-hydroxyphenyl)propane3 BPA, ciir 
solution techniques, once a suitable reaction scheme 
has been obtained, it is most convenient to vary only 
the amount of inert diluent. Then at a constant level 
of branching agent used for copolymerization purposes, 
all other factors being equivalent, an increase in the 
quantity of diluent results in a lower molecular weight 
copolymer. 

In assessing the applicability to  this particular poly- 
condensation of the theoretical model employed to 
measure branching, three factors might be mentioned. 
First, the theoretical molecular distribution function 
was derived on the basis of a n  extent-of-reaction-con- 
trolled primary chain length in a system containing 
equal numbers of the two types of reactive groups. 
The carbonate copolymers formed here had primary 
chain lengths ultimately controlled by the blocking 
effect of excess chloroformate end groups. This differ- 
ence should not affect the form of the molecular weight 
distribution, but it would vitiate attempts to  calculate 

(5) H. Schnell, “Chemistry and Physics of Polycarbonates,” 

(6) P. J. Flory, “Principles of Polymer Chemistry,” Cornell 
Interscience Publishers, New York, N. Y.,  1964, pp 10, 35. 

University Press, Ithaca, N. Y. ,  1953, pp 92, 93. 
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the primary chain lengths directly from the extent of 
reaction of -OH groups. Second, there is no measure 
here of the extent of ester interchange proceeding in the 
carbonate copolymers during condensation. Such 
interchange would be helpful in assuring the  assumed 
random distribution of bonds throughout the poly- 
sperse copolymer. Lateral evidence (not presented) 
indicates essentially negligible ester interchange under 
the mild conditions employed in the present polycon- 
densations. Finally, the finding of a branching ef- 
ficiency less than unity suggests nonequivalence in the 
reactivities of the three phenolic -OH groups in phloro- 
glucinol. Such nonequivalence should somewhat dis- 
tort the branching complexity and thereby perturb the 
molecular distribution function. Such a perturbation 

is not even qualitatively estimated here, but it is believed 
not to  have any appreciable influence on  the above 
computation of branching efficiency. 

The calculation of phloroglucinol’s branching ef- 
ficiency in phloroglucinol-bisphenol-A-phosgene con- 
densations, by application of a theoretical treatment of 
intrinsic viscosity and weight-average molecular weight 
data, has led to  self-consistent results. Although these 
results are not conclusive in themselves they are indica- 
tive of the utility and probable validity of the evaluation 
procedure. 
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solution viscosity measurements. 
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ABSTRACT: The molecular weights of a number of viral DNA’s have been calculated using the hydrodynamic 
theories for the wormlike coil and the Flory-Mandelkern equation. The theoretical fit to the experimental sedi- 
mentation and viscosity data is good. The Kuhn statistical length of DNA has been calculated to be 805 A in a 
solution with an ionic strength of 0.2. The ionic strength dependence of 1jX is large and has been calculated. The 
range of molecular heights calculated for T-2 bacteriophage DNA is 94.4 X lo6 to 105 X lo6. The range calcu- 
lated for T-7 bacteriophage DNA is 21.6 X lo6 to 24.0 X lo6. 

heoretical analysis of the hydrodynamic properties T of dilute polymer solutions has been quite success- 
ful in the case of synthetic polymers. Floryl pointed 
out many years ago that the KirkwoodY theory for the 
translational friction factor for a random coil predicts a 
proportionality constant between s ? ~ , , ~  and M’,” which 
is in precise agreernent with experiment for polymers in 
0 solvents. Similarly, the Zimm3 theory for the in- 
trinsic viscosity of a random coil predicts a propor- 
tionality constant.. 4, between [v ]  and M‘,’ which is 
only 14% higher than that estimated by Floryl for a 
monodisperse polymer sample. This agreement is 
somewhat surprising in view of the assumptions which 
are required for the development of these theories. 
(1) The solvent is considered to be a hydrodynamic 
continuum. ( 2 )  The polymer chain is replaced by a 
string of beads which interact with each other as  point 
disturbances. ( 3 )  The mathematical complexities of 
this problem have required the use of a premature aver- 
age of the interaction tensor. (4) The intrinsic vis- 
cosity is calculated using a dynamic model (the Rouse 
chain) of balls connected by springs with average equi- 
librium lengths of zero. This model has 3N degrees 

( I )  P. J .  Flcry, “Principles of Polymer Chemistry,” Cornell 

(2) .I. G. I<irk\\ood, J .  Polym. Sci., 12, 1 (1954). 
(3) B. H .  Zimm, J .  Chej77. PhJs . ,  24, 269 (1956). 

University Press, Ithaca, N. Y.,  1953, Chapter 14. 

of freedom where N is the number of beads in the chain, 
while any real chain would be expected to  have only 
2N + 1 degrees of freedom. 

Recognizing that the physical foundation for these 
theories is less than perfect, it remains true that their 
agreement with experiment has been impressive for 
ideal random coils. The extension of these theories to  
a molecular model which is reasonable for D N A  (the 
wormlike coil) has been carried out in a series of 
papers, 4-q using precisely the same assumptions which 
have been applied to the random coil. These newer 
papers provide results which apply to models with any 
properties intermediate between and including the prop- 
erties of the rigid rod and the random coil. In addition, 
the effects of excluded volume have been treated. 

Despite the good agreement between the theoretical 
proportionality constants and experiments, the Kirk- 
wood-Riseman theory has frequently been considered 
incorrect because it predicts a n  intercept for the plot 
of spa,,\. cs. M’ ’ which is different from zero, while 

(4) J. E .  Hearst and W .  H.  Stockmayer, ibid., 37, 1425 (1962) 
(5) R. A.  Harris and J. E.  Hearst, ibid., 44, 2595 (1966). 
(6) J. E. Hearst, R .  A .  Harris, and E. Beals, ibid., 45, 3106 

11966) ~ . -  __, 
(7) H .  B. Gray, Jr., V. A. Bloomfield, and J. E.  Hearst, ibid., 

(8) J.  E.  Hearst, E. Beals, and R. A.  Harris, ibid., 48, 5371 
46, 1493 (1967). 

( 19 68), 


