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Synopsis 

Weight-average molecular weights of samples of poly(starch-g-(1-amidoethylene)) determined 
by ultracentrifugation range from 0.19 to 3.7 X lo6. These data show the copolymer to be a 
partially permeable coil in aqueous solution and to be formed at significantly higher molecular 
weights as the mole ratio of cerium( + IV) to 2-propenamide in the reaction mixture decreases. 
Sedimentation coefficients show no indications of distribution broadening from aggregation of 
copolymer molecules. Buoyancy factor and partial specific volume of the copolymers bracket the 
values of these variables for the backbone and sidechain. 

INTRODUCTION 

Molecular weights of polymers can be measured by referenced or absolute 
methods. Referenced methods such as measurement of limiting viscoSity 
number or use size exclusion chromatography (SEC) often provide quick 
values of molecular weight. However, for most polymers, the Mark-Houwink 
constants, K and a,  needed to relate molecular weight to limiting viscosity 
number, [ TJ] = KME, are unknown, and, for graft copolymers, these constants 
would depend not only on molecular weight, but also on the number of grafts 
attached to the backbone unit of the molecule.'*2 

SEC separates molecules by size rather than weight and will not give 
accurate results for grafted copolymers. Grafted macromolecules have a 
molecular size which is a function of the number of grafts in the molecule as 
well as total molecular mass. 

Of the absolute methods, freezing point depression, ebulliometry, and vapor 
phase osmometry are all usually restricted to molecular weights below lo5. 
Light scattering, while a very versatile method, is difficult to apply to graft 
copolymers because backbone and side chain often have different indices of 
refraction. Scattering then depends on molecular composition as well as 
molecular   eight.^ Membrane osmometry and ultracentrifugation are the 
only methods which can be used to measure a wide range of graft copolymer 
molecular weights, and, therefore, the sedimentation velocity method of 
ultracentrifugation has been used to measure molecular weights on a series of 
starch-g-( 1-amidoethylene) copolymers. 
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In this paper, a method to measure the sedimentation coefficient s to high 
accuracy using Rayleigh interference optics is reported. Values and distribu- 
tion of s, limiting viscosity number, buoyancy factor, molecular weights, and 
radii of gyration will be given. 

EXPERIMENTAL 

All solutions used in these tests were made in a solvent of 0.01M Na2S0, in 
distilled, deionized water. Copolymer was dispersed on a vortex of solvent and 
then allowed to stir at approximately 60 rpm for a day. This procedure was 
needed to avoid aggregation of the hydrating copolymer4 and to allow the 
copolymer molecules to partially untangle. The double sector interference cell 
was loaded with 400 L of solvent in one compartment and 400 L of sample in 
the other. Sedimentation experiments were performed at 44,OOO rpm and 
approximately 20°C. To determine effective time at  speed, the rotor was 
accelerated at constant amperage, and the clock was started at 2/3 of the 
running speed (29,300 rpm). A “baseline” photo of the cell was taken during a 
30 s interval at 5,600 rpm. Photos were then taken at 10-15 min intervals 
during the run with an exposure time of 8-16 s, depending on arc lamp 
intensity. The run was continued for a time sufEcient to allow sedimentation 
for smaller polymer molecules. This was determined by visual examination of 
the pattern to ensure that a “flat” region near the meniscus was present. The 
positions of the center points for three central fringes in the photographed 
interference pattern were determined for at least 80 radial positions encom- 
passing the concentration boundary using the profile pr~jector.~ 

Since, by definition 

1 d( lnr)  
u2 dt 

s=-- 

integration from the meniscus, r,, to a radial distance r along the cell gives 
the relationship 

u-%( r p , )  
S =  

t 

Equation (2) relates sedimentation coefficients s to a ratio of radial distance 
along the cell r/ro and time t at angular velocity u. This equation allows 
position along the cell to be plotted as s instead of r. 

At each radial level, the three fringe positions are averaged to give the 
concentration Y in micrometer units. The number of fringes J seen in the 
interference pattern is a function of solute concentration c2, specific refractive 
increment dn/dc2, cell thickness along the optical path a, and wavelength of 
the incident light A: 
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Thus, if Y is the centerpoint of a fringe, 

J = Y/(fringe separation) (4) 

Since fringe units are easily converted to standard concentration units, it is 
convenient to speak of concentration in terms of the former. Owing to radial 
dilution of material moving from the meniscus to each radial zone, the 
concentration profile is corrected according to the standard equation, 

where J denotes the corrected and j the uncorrected concentrations for the 
radial interval riPl to ri. The corrected concentration profile J is obtained by 
accumulating CAJ, to each radial level ri. 

Finally, the data are smoothed and the distribution profile &/ds is ob- 
tained by two passes through a sliding, 15-point cubic least square fit of the J 
vs. s profile. 

Because diffusion is minimal during the short time span of these experi- 
ments, the corrected boundary profiles obtained at  different times should be 
identical. Comparison of several patterns for the same experiment provides a 
measure of the accuracy of the cell geometry, plate measurement, and the 
data processing. The precision of the fringe measurements was f 0.01 fringes. 

The comparison also allows the Gaussian nature of &,/ds to be checked 
easily and permits checks for warpage of the patterns by such phenomena as 
the Johnston-Ogston effect.6 

Solution viscosities were measured at  20°C using a capillary viscometer 
calibrated with water.' Passage times were about 200 s to avoid kinetic energy 
corrections.8 Concentration of copolymer ranged up to 1.5 mg/g in steps of 
0.25 mg/g. Densities were measured at 20°C in a cold room. Temperature 
control was f 0.01"C. Sample was injected into a vibrating tube densitometer, 
allowed to equilibrate for 10 min, and measured for effect on tube vibration 
frequency. The device was calibrated with water and air, and all measure- 
ments were made in triplicate. Concentrations of polymer in solvent ranged 
from 2.50 to 0.5 mg/g, usually in 05 mg/g steps. 

Equipment 

Sedimentation velocity was measured in a Beckman Model E analytical 
ultracentrifuge using Rayleigh interference optics and a AN-HTI Titanium 
rotor. A Kel-F centerpiece was used in the 12-mm double-sector cell. Kodak 
metallographic plates were used to photograph the fringe patterns, with a 
Kodak Wratten 77A filter to isolate 546 nm mercury green line. The sections 
were read on a Nikon 6C profile projector with IKL digital micrometers and a 
Sirco, dual-photocell fringe detector. The reading of data was controlled and 
stored by an MITS Altair S-100 computer equipped with two Northstar disk 
drives and floating point board. Computations, fitting, and plotting were done 
on a Radio Shack Model 3 computer and a Radio Shack plotter. 

Viscosities were measured with a Cannon-Fenske #50 viscometer. Densities 
were measured using a DMAO2C density meter and temperature was con- 
trolled using a Haake Type F4391, circulating heater/refrigerator. 
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Materials 
AU water used in experiments was distilled and then deionized. Salts, 

solvents, and gases were all reagent grade and were used as received. Polymer 
samples were synthe&xl and charactmized as described in Ref. 9. The narrow 
molecular-weight-distribution poly(1-amidoethylene) used was Polysciences, 
Inc. #8249, stated to be 500,OOO molecular weight material. 

RESULTS AND DISCUSSION 
To measure sedimentation coefficient for each copolymer, at least four 

photographs, taken during the ultracentrifugation of a 0.5 mg/mL solution of 
copolymer in solvent, were measured and analyzed. 

One photo, which was always analyzed, was the baseline photograph taken 
at 5600 rpm. Subtraction of this profile from those data of the other three 
patterns, all of which were taken at full speed, allowed th'e data to be 
corrected for cell window imperfections or equipment effects. The copolymer 
sedimentation coefficient was calculated as a weight average by integration of 
the plot of polymer concentration vs. sedimentation coefficient for each 
analyzed, basehecorrected photograph. 

The sedimentation coefficient from each photograph and average sedimen- 
tation coefficient for each copolymer are given in Table I. The standard 
deviations for the average sedimentation coefficients are of the order of 0.06 
for all samples except 9; photo 3 for this sample was not included. 

The average sedimentation coefficient increases with increasing designg 
molecular weight, Md, and decreases with increasing Ce(1V) to starch mole 
ratio, NB. These. characteristics are described in Ref. 9. Sample 10 is the 
exception to this pattern and apparently represents an incomplete or defective 
synthesis. 

Sedimentation coefficient for a copolymer is not just a function of co- 
polymer molecular weight distribution,lO radial dilution in the cell," and 
solution temperature" but also may depend on polymer ~0ncentration.l~ To 
test the dependence of s, on concentration, a series of sedimentation experi- 

TABLE I 
Sedimentation Coefficients of Copolymer Samplesa 

Photograph 
Sample 
number 1 2 3 Average 

2 
4 
5 
6 
7 
8 
9 
10 
11 
12 

5.05 
9.86 
6.31 
4.88 
9.77 
8.10 
7.24 
7.00 

7.64 
10.8 

4.26 
9.92 
6.43 
4.97 
9.84 
8.15 
7.17 
7.02 

7.52 
10.8 

4.41 
9.92 
6.69 
5.77 
9.80 
8.26 
12.72 
7.09 
10.6 
7.61 

4.57 
9.90 
6.48 
5.21 
9.80 
8.17 
7.21 
7.04 

7.54 
10.7 

aWeight-average sedimentation coefficient (s, x 10'~) (s). 
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TABLE I1 
Sedimentation coefficient of Poly(1-Amidoethylene) Standard 

in 1-Day-Old Solutions" 

Photograph 
Poly( 1-arnidoethylene) 
concentration (mg/g) 1 2 3 Average 

0.300 
0.600 
0.900 

11.2 4.56 3.83 6.54 
10.6 4.22 4.21 6.34 
10.2 4.02 3.95 6.04 

*Weight-average sedimentation coefficient ( 8 ,  x 10'~) (8). 

TABLE I11 
Sedimentation Coefficient of Copolymer 9 

in 1-Day-Old Solution" 

Photograph 
copolymer 9 

concentration (mg/g) 1 2 3 Average 

0.25 
0.50 
0.75 
1 .oo 

7.67 8.35 8.46 8.16 
7.25 7.18 12.72 7.21b 
6.89 6.77 6.78 6.82 
6.32 6.32 6.46 6.37 

"Weight-average sedimentation coefficient ( 8 ,  x 10'~) (8). 

bAverage of photo 1 and 2 values only. 

ments was conducted using solutions containing different concentrations of 
narrow molecular weight ply(  1-amidoethylene) standard. Sedimentation 
coefficients of the polymer at three concentrations are given in Table 11. There 
is a sharp variation in the weight average sedimentation coefficient for this 
standard. This is thought to be due to entangling in the poly(1-amidoethy- 
lene); which is known to disperse slowly to form a monomolecular colloidal 
solution only after 60 days.14*16 To determine if the copolymer dispersed 
rapidly in the solvent and to examine concentration dependence, a series of 
ultracentrifugation runs were performed on solutions of copolymer 9. 

Sedimentation coefficients for copolymer 9 in four solutions ranging in 
concentration from 0.25 to 1.00 mg/g are given in Table 111. The results show 
that copolymer 9 is a relatively homogeneous dispersion of copolymer mole- 
cules in solution after 1 day. The behavior of pure poly(1-amidoethylene), 
which initially disperses into aggregates containing many molecules and then 
slowly becomes a monomolecular colloid over a period of days, is not a 
significant phenomenon in the graft copolymer. The sedimentation coefficient 
changes with concentration according to 

s = 8.969[1 - (3.132 X 10-3~2)] 

This is the concentration dependence expected for a nonionic polymer.16 
Because of concentration dependence, the weight average molecular weights 
determined here will be somewhat low. 
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Fig. 1. Representative plots of solution density vs. copolymer concentration for five co- 
polymer~: (4) sample 4; (A) sample 5; (0) sample 8; (0) sample 9; (m) sample 7. 

The buoyancy factor for each polymer was determined using the method of 
Eisenburg and Ca~sassa." Density was measured for each of a series of 
copolymer solutions of Werent concentration. The slope of the graph 
of density versus copolymer concentration is the buoyancy factor. 

A representative group of density versus polymer concentration curves- are 
given in Figure 1. Data are highly linear and show an intercept (solvent 
density) consistent within a relative standard deviation of 0.02%. Buoyancy 
factor, partial specific volume, and correlation coefficient for a linear fit are 
given for all polymers in Table IV. Buoyancy factor for poly(1-amidoethylene) 
was taken from Schwartz et al." Buoyancy factor for starch is within the 
range commody re~orted.'~*~O 

Measurements with a capillary viscometer give an average viscosity at a 
spectrum of shear rates for nonNewtonian fluids. All of the solutions tested 
are nonNewtonian21; however, an average shear rate in the capillary viscome- 
ter used is 7 s-l and the shear rate imposed on the copolymer during 
sedimentation is well below this value. Further, capillary viscosity measure- 
ments have a relative precision of 0.14% while fixed-shear-rate measurements 
of viscoSities between 1 and 3 cP are highly imprecise. For these reasons, 
viscosities from capillary viscometer measurements are used in this work. 

Viscosity numbers of a series of copolymer solutions of differing concentra- 
tion are extrapolated to zero copolymer concentration using the Huggins 
equation22 
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TABLE IV 
Buoyancy Factor and Partial Specific Volume of Copolymer 

Partial 

Sample no. 

specific Buoyancy 
volume factor 
(cm3/g) (1 - VP) 

Correlation 
coefficient (%) 

2 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Starch 
Poly 

(l-amido- 
ethylene) 

0.672 
0.639 
0.672 
0.628 
0.712 
0.701 
0.709 
0.596 
0.768 
0.697 
0.609 

0.609 

0.330 
0.362 
0.329 
0.372 
0.289 
0.300 
0.292 
0.405 
0.233 
0.304 
0.392 

0.293 

99.9 
99.9 
99.9 
99.9 
99.8 
99.9 
99.7 
99.1 
98.7 
99.9 
99.9 

TABLE V 
Limiting Viscosity Number, Radius or Gyration and Weight-Average Molecular Weight 

for 10 Copolymers 
~~~~ ~ ~~ ~ 

Limiting DfAgKl 
Sample viscosity molecular (P )1'2 
number number" (dL/g) iil, x weight X ( x 10+ cmlb 

~ 

2 
4 
5 
6 
7 
8 
9 

10 
11 
12 

~~ 

0.621 
4.11 
2.93 
1.04 
4.96 
3.16 
4.63 
8.69 
6.42 
3.68 

191 
1,360 

701 
265 

2,060 
1,190 

1 , m  

1,120 

1,740 

3,710 

0.2 
0.4 
0.4 
0.4 
0.6 
0.6 
0.6 
0.8 
0.8 
0.8 

1.48 
5.34 
3.82 
0.92 
6.53 
4.67 
6.03 
6.19 
8.66 
4.82 

*Measured in distilled water a t  20°C. 
bHydrodynamic radius of gyration in 0.01M NaSO, solution from eq. (12). 

where QH is the Huggins coefficient. Correlation coefficient for most fits to eq. 
(7) is 0.998 or higher. Values for the limiting viscosity number of the tested 
polymers at 20°C are given in Table V. [q] is a function of both the size and 
shape23 of the polymer in solution, as well as a function of molecular weight. 
Shape effects are compensated for in the scaled frictional coefficient 

where N is Avogradro's number, v is the viscosity increment,24 f is the 
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friction factor, fo is the equivalent friction factor of a sphere, and /3 = 2.16 X 
10 6. 

To facilitate comparison of experimental values of the sedimentation coe5- 
cient measured in different solutions or at  various temperatures, the results of 
sedimentation velocity studies are usually converted to a standard basis 
corresponding to sedimentation coefficient in a reference solvent having the 
viscosity and density of water at 20°C. The correction of data is accomplished 
by the method introduced by Svedberg and Pedersen26 using 

Here the term 17 is the viscosity of the solvent at the 
experiment and q20, is the viscosity of water at  20OC. 

(9) 

temperature of the 

Calculation of Molecular Weight 

The relationship of sedimentation coefficient s20,w, buoyancy factor (1 - 
vp) ,  and limiting viscosity number [v] to weight-average molecular weight 
M,  is 

- 469O(&,, w)3”[ 
M w =  

(1 - vp)3’2 

Equation (10) is used to calculate the copolymer molecular weights given in 
Table V. A plot of these molecular weights versus sedimentation coefficient, as 
shown in Figure 2, gives the line 

s20, = 1.76 X aW)’l2 + 5.504 

Thus, these copolymers are not free draining coils since the slope in eq. (11) is 
greater than zero.26 

Comparison of the measured molecular weights to design molecular weights 
shows that the actual copolymer molecular weights obtained from synthesis 
are significantly higher than design. This high molecular weight is caused by 
several factors. The first is that the property measured is a weight-average 
molecular weight. This average gives disproportionate emphasis to the higher 
molecular weight end of the molecular weight distribution. Since poly(1- 
amidoethylene) is prone to produce such fractions, this wil l  raise the value of 
Hw. Second, not all starch molecules are grafted in this rea~tion.~ This 
permits the reacting moleculea to grow to chain sizes above the design limit 
and further increases the high molecular weight end of the distribution. 
Finally, poly(lanidoethy1ene) may terminate by disproportionationn or com- 
bination= (both mechanisms have experimental support). If extensive combi- 
nation termma tion accurs, this would sharply increase the high molecular 
weight end of the distribution. 

Since. the entire interference pattern of each of three photos of the sedi- 
menting copolymer sample is read, it is possible to obtain a measure of the 
molecular weight distribution of these copolymers. The number of fringes, J, 
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Fig. 2. Test of precision of data by plotting sedimentation coefficient vs. square root of 
copolymer molecular weight for all samples. 

is directly proportional to the concentration of polymer, C,, and can be 
summed to get copolymer concentration as a function of sedimentation 
coefficient plots or fitted as a least-squares function of s to get change of 
copolymer concentration with respect to sedimentation coe5cient vs. s plots. 
A concentration versus sedimentation coe5cient plot for sample 8, photo 1, is 
given as Figure 3. The derivative plot from this curve, &Jds vs. s, shows 

Fig. 3. A plot of copolymer concentration and the derivative of copolymer concentration with 
respect to sedimentation coefEcient vs. sedimentation c d c i e n t  calculated from photo 1 of the 
sedimentation of sample 8. 
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Fig. 4. A plot of the derivative of copolymer concentration with respect to sedimentation 
coefficient vs. sedimentation coefficient. Data calculated from photo 1 of the sedimentation of 
sample 6. 

that the distribution of molecular weights within the sedimenting copolymer 
is not normally distributed, but is, instead, skewed to lower s values. 

The high concentration of low-sedimentation-coefficient material and the 
bimodal distribution of molecular size shown in the size exclusion chromato- 
gram for sample 8 show that this sample has a bimodal molecular weight 
distrib~tion.~ The most probable cause for this distribution is the presence of 
a contaminant in the reaction mixture which acted as a chain transfer agent 
or inhibitor. 
Data from ultracentrifugation analysis of sample 6 also indicates a molecu- 

lar weight variation in the sample. This is clearly seen in the dcJ& vs. s 
curve for sample 6 given in Figure 4. The figure shows that sample 6 also has a 
skewed molecular weight distribution, but, in this case, the skewing feature is 
a high molecular weight tail. Samples 6 and 8 also have the highest concentra- 
tion of insoluble starch of any of the samples. The data of Ref. 9 show that 
these copolymers are contaminated with 5.6 and 5.5 wt % insoluble starch, 
respectively. Since the low molecular weight fraction of sample 8 absorbs W 
at 210 nm, it contains poly(1-amidoethylene) units. 

The causes of the skewed distributions in samples 6 and 8 may be unrelated. 
However, one factor that could explain the high levels of minimally grafted 
starch and the skewed molecular weight distributions of these samples is the 
presence of a chain transfer agent in the reaction vessel. 

The dcJds vs. s plot of sample 12 is given in Figure 5 and shows that this 
sample is contaminated with low molecular weight material. During four 
syntheses of sample 12, a solid phase formed and increased in volume. This 
phenomenon was unique to this sample and indicates that reactions with high 
Ng (cerium ion to starch mole ratio which is 4 for this synthesis) and high Dp 
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Fig. 5. A plot of the derivative of copolymer concentration with respect to sedimentation 
coefficient vs. sedimentation coefficient. Data calculated from photo 2 of the sedimentation of 
sample 12. 

(2-propenamide to cerium ion mole ratio) undergo phase separation during 
synthesis. Since this separation is reproducible, it  is not due to a reaction 
contaminant but is the result of the reactants and the process of this reaction. 
The skewed molecular weight distribution curve of this graft copolymer may 
be the result of the precipitation of the high-molecular-weight reaction prod- 
ucts of the grafting reaction rather than any reaction process which produces 
low molecular weight molecules. 

Radius of gyration of solvated copolymer (s2)l12 can be calculated from the 
Flory equationn 

where CP = 2.5 x mol-l is the broad molecular-weight-distribution, 
scaling constant. Values of radius of gyration for the ten copolymers char- 
acterized are given in Table V. For copolymers designed to have the same 
number of grafts per starch backbone molecule, radius of gyration increases 
with increasing molecular weight. 

CONCLUSIONS 

Weight-average molecular weights of samples of poly(starch-g- 
(l-amidoethylene)) as determind by ultracentrifugation range from 0.19 to 
3.7 X lo6. These values are greater than the numerical estimates of molecular 
weight prepared from the composition of the synthesis mixture. This compari- 
son of magnitudes is to be expected since the calculated molecular weight is a 
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number average and the measured molecular weight is a weight average. 
These data show the copolymer to be a partially permeable coil in 0.01M 
sodium d a t e  and to be formed at significantly higher molecular weight as 
the mole ratio of cerium(+4) to 2-propenamide in the reaction mixture 
decreases. 

Sedimentation coefficients are precise to 1% and show no indication of 
distribution broadening because of molecular aggregation. S, determined is 
concentration-dependent and may be slightly low because of solution con- 
centration effeds. S, increases with design molecular weight and decreases 
with mole ratio of cerium( +4) to starch used in the synthesis mixture. These 
data are determined from Rayleigh interference images generated by sedimen- 
tation velocity experiments and show this technique to be highly effective for 
determining S, and its distribution. 

Buoyancy factors of the copolymers vary from 0.223 to 0.405 and are 
bracketed by the factors of the two parts, backbone and pure side chain, of 
the copolymer. Partial specilic volumes of the samples vary from 0.596 to 
0.768 and are bracketed by the specific voluma of the parts of the copolymer. 
Limiting viscosity number of the copolymer increases with design molecular 
weight. Radius of gyration of the solvated copolymer increases with increasing 
molecular weight when products from reactions with equal synthesis Ce(+4) 
to starch mole ratio are compared. 
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