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benzene is added. We are hesitant t o  attach significance t o  
this, because it is barely greater than the experimental preci- 
sion. However, other investigators have noticed a similar 
phenomenon a t  infinite dilution using gcl* or  a t  very low 
solvent fraction using a McBain balance.13 The value of 

(12) R. D. Neaman and J. M. Prausnitz, paper presented at the 64th 
Annual Meeting of the American Institute of Chemical Engineers, San 
Francisco, Calif., Dec 1, 1971. 

(13) D. Bonner and J. M. Prausnitz, personal communication. 

0.325 is consistent with what is normal for a nonpolar system 
a t  these conditions. 

Finally, the parameters following for each system were used 
in eq 6 t o  compute the K curves shown in Figure 1 : benzene- 
polystyrene, r = 0.768, x = 0.325; n-decane-high-density 
polyethylene, r = 0.785, x = 0.12. The utility of correlating 
these amorphous systems by eq 6 is apparent. 

Acknowledgments. The authors thank Amoco Chemicals 
Corporation for permission t o  publish these results. 
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ABSTRACT: The applicability of the sedimentation velocity method for the determination of molecular weight distributions 
of synthetic, stereoregular tribenzyl glucans was investigated. Moderate to severe dependencies on pressure and concentra- 
tions, accompanied by diffusion, were observed with two polymers of low to medium polydispersity. The corrections for these 
effects were applied in a sequential manner, treating each effect independently from others. Polydispersities obtained from the 
corrected sedimentation coefficient distributions compared favorably with polydispersities obtained by independent methods. 

he synthesis of stereoregular linear a-l,6-linked poly- T saccharides is under detailed investigation at  this labora- 
tory.’-’O These studies have created a need for a relatively 
rapid and reliable method for the characterization of molecular 
weight distributions of the polymers. The requirements of 
the method include applicability to  both the water-soluble 
parent polysaccharides and their derivatives soluble only in 
organic solvents, t o  molecular weight distributions of both 
narrow as well as moderate polydispersity, and to solutions 
not a t  their 8 temperature. Of a number of possible experi- 
mental techniques available for this purpose, the method of 
sedimentation velocity was investigated first. The latter 
technique has been used in  the characterization of a number of 
synthetic polymers with apparent success, especially with poly- 
mers of narrow polydispersity and under 8 conditions.11-16 
In  addition, the theory of sedimentation velocity is well under- 
stood. l 7  

In the following, we report on  the application of the sedi- 
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(3) J. Zachoval and C. Schuerch, J .  Amer. Chem. Soc., 91, 1165 

(4) J. Frechet and C. Schuerch, ibid., 91, 1161 (1969). 
( 5 )  T. Uryu, H. Libert, J. Zachoval, and C. Schuerch, Mucromole- 

(6) E. R .  Ruckel and C. Schuerch, J .  Amer. Chem. Soc., 88, 2605 
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mentation velocity method to  two different high molecular 
weight tribenzyl derivatives of a-1,6-glucan, one of relatively 
narrow and the other of moderate polydispersity. 

Theory 

A system which is heterogeneous with respect t o  mass yields 
under the conditions of a sedimentation transport experiment 
a distribution of sedimentation coefficients. The sedimenta- 
tion coefficient, S, which is defined 

S = (dr/dt)(l/w2r) (1) 

is related t o  the mass of the molecule, m, by 

S = m(1 - ~ p ) / f  (2) 

where r is the distance from the center of revolution t o  a speci- 
fied point in the ultracentrifuge cell, t is the time from the 
start of sedimentation, w is the angular velocity of revolution, 
o is the partial specific volume of the molecule, f i s  its fric- 
tional coefficient, and p is the density of the solvent. 

In  general, for a polydisperse material, we can write that 
the fraction of material with sedimentation coefficient be- 
tween S and S + d S  is g(S)dS. If for the present we neglect 
the effects of concentration, diffusion, and pressure, it is 
easily shown that the distribution of material with different S 
in  a sector-shaped ultracentrifuge cell is given by 

(3) 

where c is concentration, co is the initial concentration, and ro 
is the position of the meniscus.l8 When Schlieren optics are 

( I  8) H. K. Schachman, “Ultracentrifugation in Biochemistry,” 
Academic Press, New York, N. Y., 1959, Chapter IV. 
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used, the above equation is given more commonly in terms 
of the experimentally obtainable quantity dnldr 

g(s) = --(-)(--) 1 d n  r 2  ro2t 
no dr (4) 

where no is the refractive index difference between the starting 
solution and the solvent and the refractive index gradient 
dnjdr is assumed to be given by 

dnldr = (dc/dr)(dn/dc) ( 5 )  

In  reality, the effects of concentration, diffusion, and pres- 
sure cannot be ignored, especially when one deals with a low 
molecular weight polymer dissolved in a relatively compres- 
sible organic solvent which also happens to  be a good solvent 
for the The concentration dependence of the 
sedimentation coefficient is empirically expressed either by 

S = So(l - kc) (6) 

or by 

1jS = (I/So)(l + k’c) (7) 

where So is the value of S at infinite dilution and k and k’ 
are constants.’* Fujita has shown that for a monodisperse 
system in which diffusion is negligible, both concentration and 
pressure effects can be simultaneously treated in terms of eq 
7 and a single pressure dependent parameter, m 

m = (I/2)po2ro2p (8) 

where p is a constant characteristic of the solute-solvent 
system.17 For  a polydisperse system, a similar solution is not 
available. However, it has been shown that the concentra- 
tion and pressure dependencies of the sedimentation coef- 
ficient may be treated separately, the former in terms of eq 6 
or 7 and the latter in terms of the same pressure-dependent 
parameter m (eq 8). l 2  The pressure-corrected sedimenta- 
tion coefficient, So, at a given concentration is given by12 

S = SO[l - m,(y - I)] (9) 

where m, is the pressure-dependent parameter applicable to  
that concentration and y = (r/ro)’ .  The value of So is then 
corrected to  infinite dilution according to  eq 6 or 7. 

Similarly, it has been shown that diffusion effects may be 
removed separately by extrapolation of S to  infinite time.’* 

In practice, then, the observed distribution of sedimenta- 
tion coefficients (denoted by g*(S)) in a polydisperse system 
subject to concentration, pressure, and diffusion effects may 
be corrected for all three effects sequentially, starting with 
pressure and ending with concentration. 

The resulting distribution of sedimentation coefficients, 
g(So), at atmospheric pressure, in the absence of diffusion and 
at  infinite dilution, may be related to  molecular weight dis- 
tribution in the following fashion.” The sedimentation con- 
stant So, the molecular weight M,  and the intrinsic viscosity 
[v] are related by 

(1 0)  

[v] = KMa (1 1)  

M = [SovoN/(l - Op),B]”/’[~]”’ 

and 

where 70 is the solvent viscosity, N is Avogadro’s number, 
and ,B = 3P-1 as defined by Flory.lg In terms of f(M), 

(19) P. J. Flory, “Principles of Polymer Chemistry,” Cornell Uni- 
versity Press, Ithaca, N. Y., 1953, Chapter XIV. 

TABLE I 
SAMPLE CHARACTERISTICS 

w w  

Code (light (osmom- Ai?w/ 
no. scattering) e t v )  - v n  [9I8’benzene 8 

LGB-38 1.86 X lo5 1.29 X IO5 1 . 4  0.086 0.74 
GL-21 8.89 X lo5 3.47 X IO5 2 .5  0.225 0.74 

the weight-differential distribution function, one can immedi- 
ately write 

[v] = K l m M a f ( M ) d M  = K Mag(So)ds (12) 

where K and a are the constants in the intrinsic viscosity- 
molecular weight relationship (eq I l).l1 Following Wales 
and Rehfeld, we can define a sedimentation-velocity-average 
molecular weight 

lm 

where SOmax is the sedimentation constant of the maximum 
in the g(So) distribution.” Now, the f(M) distribution as 
well as both weight- and number-average molecular weights 
are easily derived.” 

1 

SFo-3/2 - a g(So)dSo[ l m s O 3 a / 2  - Q 

From relations 16 and 17, the polydispersity index -v,,/Avn is 
given simply by 

g(So)dSo (1 8) 
&V% = = lm s03/* - ~g(S~)dSoJ~So-3/2  - Q 

.II n 0 

a relation which involves no molecular parameters. 

Experimental Section 

Samples. The two benzylated linear ~1,6-glucans used in this 
work were previously synthesized.l1 The sample codes and their 
molecular weights are given in ‘Table I. Similar polymers had been 
previously shown to be 97-99z stereoregular. 

Sedimentation Experiments. All sedimentation measurements 
were made at 8 ”  in a Spinco Model E analytical ultracentrifuge 
equipped with an An-D rotor, temperature control, and Schlieren 
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and 

(21) 
Y 

1 - m.0.I - 1) 
S =  'In 

2(m, + l)w*t 

where AO is the total area under the boundary gradient curve. 
The individual g(S) cs. S distribution curves for each time t (for a 

given concentration) were then extrapolated to infinite time by 
plotting values of g(S) at constant S cs. l / t .  The resulting single 
distribution curve for each concentration, g(S0) cs. SO, now cor- 
rected for both pressure and diffusion, was then normalized to unit 
area to correct for extrapolative errors. 

Finolly, the individual g(SO) cs. So distributions were extrapolated 
to infinite dilution in two ways: (1) by plotting SO cs. c a t  constant 
g(Sa)/gmax(So), and (2) by plotting IISO DS. c in the same manner.20 
This procedure resulted in the final distribution curve g(So) L'S. So, 
which is corrected to atmospheric pressure, absence of diffusion, and 
infinite dilution. 

The actual calculations were performed with a plotter-equipped 
IBM 1620-11 computer and a program specially developed for this 
purpose. 2 1  

Results and Discussion 

Pressure Correction. The plots of In g/2w2t  cs. g - 1 from 
which the pressure-correction parameters m, were calculated 
are shown in Figure 1 for all concentrations of the two poly- 
mers used in this experiment. In general, the plots are linear, 
with pronounced slopes a t  low concentrations which decrease 
markedly as the concentration increases. It is also evident 
that considerable scatter is present in some of the plots, which 
results in one case (0.475 %) in a positive slcpe, indicating the 
impossible situation of decreasing pressure with increasing 
distance from the center of rotation. The scatter in the data 
stems t o  a large extent from the fact that a precision plate 
reading microscope was not available. 

The increasing negative slope in the plots with decreasing 
concentration simply points out that the pressure-correction 
parameter is not independent of concentration. A similar 
tendency appears t o  occur in studies with polystyrene.12 

The effects of pressure correction are shown in Figure 2 
for the two lowest concentrations of both polymer samples. 
The pressure-correction parameters for these concentrations 
a t  values of in, = 1.57 for GL-21 and m, = 1.14 for LGB-38 
were the largest of all concentrations. The uncorrected dis- 
tribution curves were calculated from eq 4 for g*(S) and from 
S = In y / 2 w 2 t ,  while the pressure-corrected distribution curves 
were obtained from eq 20 and 21. It is clear that the pressure 
effect even a t  the relatively low velocity of 42,040 rpm is con- 
siderable, causing a significant skewing of the distribution 
toward lower values of the sedimentation coefficient. This 
causes a significant sharpening of the distribution which 
could be especially troublesome when polydispersity is large. 
It is interesting t o  note that the pressure effects in both samples 
are comparable, indicating no significant superimposed effects 
of polydispersity or molecular weight within the range covered 
by the two samples. 

The pressure effects a t  higher concentrations are propor- 
tionately less, but never become insignificant and thus can- 
not be neglected. 

The correction for diffusion effects 
was accomplished, as previously explained, by plotting the 
pressure-corrected distributions against 1 / t  and extrapolating 
to  l / t  = 0. The data, although somewhat scattered, fell on 
straight lines and presented no problems in extrapolating t o  
infinite time. The scatter is again the consequence of im- 

Diffusion Correction. 

6 

5 
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Figure 1. 
(0) sample LGB-38, (0) sample GL-21. 

Plots of In 7/2w2t  cs. - 1 for different concentrations: 

Figure 2. Effect of pressure correction on distribution of sedi- 
mentation coefficients: (-) uncorrected, (- - -) corrected; sample 
LGB-38 c = 0.312, t = 4600 sec; sample GL-21 c = 0.21752, 
t = 2200sec. 

optics. A double-section 12-cm cell with an aluminum-filled 
centerpiece and plain quartz windows was used. The polymer was 
dissolved in benzene (Fischer, spectral grade), and typical solution 
concentrations were 2-10 mg/ml. The centrifuge was operated 
at a speed of 42,040 rpm in all cases. Acceleration was held con- 
stant until the final speed was reached and t = 0 was taken at the 
time of two-thirds of the final speed. The boundary gradient 
curves were recorded photographically at intervals of 4 or 8 min. 
The photographic curves were traced on graph paper at approxi- 
mately 5x magnification with the help of a photographic enlarger. 
All subsequent measurements were performed on the enlarged 
tracings. 

In order to achieve maximum recording sensitivity, the Schlieren 
angle was varied with the concentration of the solution: the lower 
the concentration the lower was the angle to maximize the area 
under the boundary curve. 

The individual tracings of the boundary gradient 
curves were divided into increments along the abscissa (20-40 
increments) and pairs of r and (dn/dr)app values were read for each 
increment. The pressure correction parameter ma (cf. eq 9) was 
then obtained for each concentration by plotting In a / 2 w 2 t  cs. 
0 - 1, where the average a was computed for each time t from12 

Calculations. 

where the (drr/dr)i's are the values of (dnldr),,, corrected in the 
usual manner for Schlieren angle and instrumental constants (cf. 
Spinco Model E manual). 

The pressure-corrected g(S) cs. S distribution curve was obtained 
from'2 

(20) R. L. Baldwin, J .  Amer. Chem. SOC., 76, 402 (1954). 
(21) A. Sarko and J.-P. Merle, to be published. 
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TABLE I1 
MOLECULAR WEIGHTS CALCULATED FROM THE DISTRIBUTION OF So 

Sample Jiw Jin Lv%/Avn 
LGB-38 1 . 2  x 105 7 . 3  x 104 1 . 6  
GL-21 6 . 5  x 105 2.8  X lo6 2.3 

precise reading of plates and is usually slightly worse for low 
concentrations a t  long sedimentation times. 

The extrapolation indicates tbe presence of considerable 
diffusion which, when corrected for, results in  appreciably 
sharper distributions. This effect is illustrated in Figure 3. 
The diffusion effects could probably be lessened by increasing 
the rotor velocity; however, this would aggravate pressure 
effects, thus resulting in, a t  best, questionable improvements. 

The magnitude of diffusion was comparable in  both samples, 
indicating again no marked influence of molecular weight or  
polydispersity. 

Concentration Effects. The pressure- and diffusion-cor- 
rected distribution curves for all concentrations of the two 
polymers are shown in Figures 4 and 5 .  It is obvious that a 
concentration dependence is present t o  a marked degree in 
both cases. As previously indicated, the extrapolation t o  
infinite dilution was attempted in two ways: one, by plotting 
So against concentration, and the other by plotting l/So in a 
similar manner. In  both instances, reasonable linearity exists 
in  most plots, although scatter becomes excessive near both 
tails of the distribution. This is again a consequence of poor 
precision in obtaining the data from the photographic plates. 

Both resulting distribufions at  infinite dilution for sample 
LGB-38 are also shown in Figure 4. The distribution from 
l/So GS. c is considerably broader than the corresponding 
curve from So cs. c and is also shifted toward higher values of 
the sedimentation constant. As shown below, there is reason 
to  believe that the distribution resulting from l/So is the more 
correct one. 

When the same extrapolations were attempted with the 
GL-21 sample, only the method of l /So cs. c could be used 
because of systematic upward curvature in  the SO cs. c plots 
a t  low concentrations and higher values of So. In  view of the 
higher degree of polydispersity and higher molecular weight 
of this polymer, the expected stronger concentration depen- 
dence would necessitate inclusion of other powers of c in  the 
relation between S and c.22 The distribution at  infinite dilu- 
tion obtained from 1/SO for this sample is shown in Figure 5 
and can be seen t o  be quite broad. 

As shown in eq 14-18, 
the distribution of So can be directly converted to  distribu- 
tion of M ,  provided the intrinsic viscosity, the Mark-Houwink 
exponent a, the Flory constant (3, and the partial specific 
volume of the polymer are known. Knowing only the ex- 
ponent a,  one can still calculate the polydispersity ratio 

Because the applicable value of the Flory constant (3 was 
not known in this instance, the complete molecular weight 
distribution curves were not calculated. However, using the 
known values of D, [TI, and a = 0.59 for the two polymers, and 
assuminglg that (3 = 2.5 X lo6, values for-u,,,  .Un, and Au,%/-u,, 
were calculated from the distributions of So derived from 
extrapolations of l/So cs. c and are shown in Table 11. Com- 
parison with the experimentally determined values for the 
same parameters (cf. Table I) reveals a reasonably good corre- 
spondence for the polydispersity ratios, certainly within the 

Conversion to Molecular Weights. 

J7,,/Tn. 

(22) M. Gehatia, J .  P o ~ J , ~ .  Sci., 57, 241 (1962). 

s 1013 

Figure 3. Effect of diffusion correction on the distribution of 
sedimentation coefficients: (-) corrected, (- - -) uncorrected; 
sample GL-21 c = 0 . 6 2 z ,  uncorrected t = 2800 sec. 

0 2 4 6 8 10 12 14 16 
_i 

in 

Figure 4. Pressure- and diffusion-corrected sedimentation coef- 
ficient distributions at different concentrations and distributions at 
infinite dilution for sample LGB-38. The curve marked So was 
obtained by extrapolation of So us. c to c = 0, and the curve marked 
l/So was obtainedfrom similar extrapolation of l/SO DS. c. 

Figure 5. Same as in Figure 4, but for sample GL-21. 

accepted experimental errors of the osmometric and light- 
scattering techniques. The calculated average molecular 
weights are, however, significantly lower. The comparison 
of calculated and experimental polydispersity ratios is the 
most valid of the three comparisons because the parameter /3 
is not involved. 

Similar calculations for the distribution curve for sample 
LGB-38 derived from extrapolation of the So US. c plots re- 
sulted in considerably smaller magnitudes for the three molec- 
ular weight parameters. For  this reason, and because for 
sample GL-21 the SO cs. c plots were curved, it is believed 
that the distributions obtained from l/So cs. c are the more 
correct of the two. 
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In conclusion, it is apparent that a further investigation 
of the application of the sedimentation velocity method is 
certainly warranted. Precision of experimental data record- 
ing seems especially critical and is most in need of improve- 
ment. The value for the parameter p must be obtained be- 
fore meaningful conversion of the sedimentation constant 
distribution to  molecular weight distribution can be accom- 
plished. Finally, a comparison with a molecular weight 

distribution obtained from an independent experimental 
technique is desirable. 
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Chain Dimensions in Polymer Solutions 
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ABSTRACT: Second virial coefficients and radii of gyration at pressures up to 110 bars were determined at high polymer 
dilution for polyisobutylene in 2-methylbutane at 24, 57, and 64” and for polystyrene in 2-butanone at 22“, using SOFICA light- 
scattering equipment and a pressure-resistant cell. The results permit a calculation of the pressure dependence of the lower 
critical solution temperature of the polyisobutylene + 2-methylbutane system which is in good agreement with direct measure- 
ment. The pressure and temperature dependence of A2 are consistent with newer theories of polymer solution thermodynamics. 
The dependences may be used to obtain relative partial molar volumes, AVl, and heats, An,, of the solvent. Excluded-volume 
theories allow a comparison of AFj and AR; with literature values determined at high polymer concentration; agreement is 
fair. A correlation between values of (S2)’ I2 and A? shows that pressure influences these quantities through its effect on the 
polymer-solvent interaction parameter x or the z parameter. 

olution theories have traditionally emphasized a n  ener- S getic contribution to  the mixing functions arising from the 
relative weakness of contacts between molecules of different 
chemical nature and intermolecular force fields. Recent 

in polymer solution thermodynamics shows the im- 
portance of a difference of free volumes, or  degrees of thermal 
expansion, between the polymer and the solvent. During the 
mixing process, the free volumes move toward a n  intermediate 
value characteristic of the mixture. These changes produce 
major contributions (termed structural’ or equation of state2) 
to the thermodynamic mixing functions, AHlr, AS,,, and 
AGAI as  well as AVX. The free volume contribution to  A G I  
and the interaction parameter, x, is predicted to  be positive. 
It accounts3 for the existence of the lower critical solution 
temperature occurring in  polymer solutions at  high temper- 
ature, where there is a large difference in free volume between 
polymer and solvent. The application of pressure will nor- 
mally compress the solvent t o  a much greater extent than the 
polymer, thus reducing the free volume difference between 
them, and the corresponding contribution to  AGV and x. 
Pressure does in fact markedly increase4 the value of the 
LCST, with a corresponding enhancement of polymer solubil- 
ity. It is evident that pressure should have a large effect on 
quantities which reflect the polymer-solvent interaction, in 
particular the second virial coefficient, A 2 ,  and the radius of 
gyration of the macromolecule, (S2)’”.  Where the free 
volume contribution is dominant, i.e., a t  higher temperature 
or in systems where the disparity of intermolecular forces be- 

(1) I .  Prigogine (with the collaboration of V. Mathot and A. Belle- 
mans), “The Molecular Theory of Solutions,” North Holland Pub- 
lishing Co., Amsterdam, 1957. 

(2) P. J. Flory, Discuss. Faradaj, SOC., No. 49, 7 (1970). 
(3 )  D. Patterson, Macromolecules, 2, 672 (1969). 
(4)  (a) G. Allen and C. H. Baker, Polj.mer, 6, 181 (1965); (b) L. 

Zeman, J. Biros, G. Delmas, and D .  Patterson, J .  P h j . ~ .  Cheni., in press. 

tween the polymer and solvent is small, A S  and (S2)‘ /?  should 
increase with pressure. This would correspond t o  a decrease 
of AGM, or t o  a negative value of AVN. At low temperature, 
however, approaching the upper critical solution temperature, 
the free volume contribution may be of less importance. 
Then the second virial coefficient and the polymer dimensions 
could decrease with pressure, corresponding t o  a positive 
value of A V X .  

Schulz and Lechnerj-7 have pioneered in the study of the 
effect of pressure on light scattering in polymer solutions. 
Using a high-pressure optical cell and special instrumentation, 
they have made measurements up to  800 a tm on a number of 
systems: polystyrene + trans-decalin, + toluene, + cyclo- 
hexane, and + chloroform. The results have been shown to 
be in qualitative and semiquantitative agreement with a 
theoretical treatments of pressure effects. In  particular, 
( b A 2 / b P ) ~  for polystyrene + ~ r a n s - d e c a l i n ~ , ~  is negative near 
the UCST (8 = 19’) corresponding t o  AVAI > 0. However, 
a t  higher temperature, (bAs/bP)T becomes positive (for small 
pressures), indicating that AV,, < 0. The present work is a n  
investigation of polyisobutylene (PIB) + 2-methylbutane and 
polystyrene (PS) + 2-butanone at  lower pressure, using the 
standard SOFICA light-scattering equipment, and with new 
features of interpretation. 

Thermodynamic Considerations 

Relationship between the Pressure and Temperature De- 
pendence of AP and the Partial Molar Volumes and Heats of the 

( 5 )  G. V.  Schulz and M. Lechner, J .  Polym. Sci., Parr A - 2 ,  8, 1885 

(6) M. Lechner and G. V.  Schulz, E!;. Polym. J . ,  6, 945 (1970). 
(7) G. V. Schulz and M. Lechner in Light Scattering from Polymer 

Solutions,” M. B. H u g h ,  Ed., Academic Press, New York, N.Y., 1971. 
(8) D. Patterson and G. Delmas, Trans. Faraday Soc., 65,708 (1969). 

(1970). 


