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Determination of the Sedimentation
Coefficient-Molecular Weight Relation for
Nonideal Systems Based on Sedimentation
and Viscosity Measurements of a Few
Unfractionated Samples

PAWEL SZEWCZYK* and MAURYCY KALFUS

Research and Development Department
Chemical Works
Oswiecim, Poland

ABSTRACT

A new method for the determination of the sedimentation co-
efficient-molecular weight relation is proposed. Based on
the very low sensitivity of the corresponding sedimentation
coefficient average S, , and the weight-average molecular
weight M w (calculated according to the generalized Flory-

Mandelkern equation) to changes of the ag parameter, the
S,,; and Mw values are estimated from constant initial
values of the as parameter for all those polymer-solvent
systems for which the real a values do not exceed the in-

terval 0.3-0.5. The approximations involved give an error
lower than 8.5%, i.e., below the experimental errors of
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the .‘«Iw values determined for polydisperse samples. The

new method of determining the S -M relation was applied
to the system styrene-acrylonitrile copolymer (22.6-wt5
acrylonitrile content) in acetone at 25° C and yielded the
following relation: S, = 2.90 x 107**M ***® sec. Although
in the case of this polymer-solvent system the a.s value of

0.49 is close to the one corresponding to 4 systems, the
method is shown by model calculations to be of general ap-
plicability and especially useful in the case of nonideal
polymer-solvent systems.

In previous works [ 1, 2] two new methods for establishing the
sedimentation coefficient-molecular weight relation in nonideal
polymer-solvent systems

ag
S, = KM (1)

from sedimentation data of unfractionated samples have been presented.
In Eq. (1} 8,, M, KS, and a  are the sedimentation coefficient at

infinite dilution, the molecular weight, and empirical constants,
respectively. The method based on sedimentation data for a single un-
fractionated sample proved unsuccessful owing to concentration
effects. The second method, based on sedimentation data for pairs of
unfractionated samples, yielded promising data. An attempt to apply
the second method to a commercial copolymer of styrene and acrylo-
nitrile in acetone resulted in the development of the new method
presented here.

THEORETICAL

In order to find the KS and ag constants in the case of unfractionated

samples, a certain average value of sedimentation coefficient S and/or

0,1
§0 , should be computed irom the following relations [ 3, 4] by using a
preliminary estimate of a:

1/a_{a
5., = ws . S
i%o,i

(2)
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- l/as -2

5., =2 7S (3)

0,1

where § a.nd W1 represent the sedimentation coefficient at infinite
[

dilution and atmospheric pressure and the weight fraction of component
i of the heterogenous polymer,

From the plot of log M vs log S, , and/or log 1\_/In vs log §0 SR8
’

0,1l s

and Ks can be found. MW a.nd M are weight- and number-average

molecular weights, respectively If necessary, the values of So 1
and/or S , €an be recomputed after a has been determined. The

necessity of processing data for a number of samples with Mw and/or
-ﬁn values covering a broad range of molecular weights is the basic
disadvantage of the above method.

Based on the n-theorem [ 5], the following relations are easily
obtained:

l/a.s / o l/aS
MW,L/MW,z ‘{Zwi,xsoi, 1 Z wj,z soj,z (4)
i / L
— -l/as B -l/a's
Mn,z/Mn,z= ij,zsoj,z Z wi,xsoi,x (3)
i i

where the indexes 1 and 2 mark two samples with differeni values of
Mw or Mn' Furthermore, it is possible to calculate both Mw and Mn

for polydisperse samples from measurements of the sedimentation co-
efficients S‘J i’ their weight fractions W5 and the limiting viscosity

numbers 7] [ 6], since

1/a (2-33.5)/:3.s

v . %5 s ~0.5
Mg = Ksn([n]) z wiso-i, 2 Wisoi (6)
i i

and

1/a (2-3a_)/a
S \-1 5 S\=03
2 %S (7

Lv. 2 (-5
mn-Ksn([n]) ‘2': w.S.
i i
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where

Ky = [Nano/tbl/ap“(l-Vdo)]"‘ (8)

In Eq. (8) ¥ is the partial specific volume of the polymer m a <nven
solvent, 8, is its density, and 7, is its viscosity; N_ and 53 Pta
the Avogadro and Mandelkern-Flory constants, respectively.
Combining Eqs. (4) and (6) as well as Egs. (5) and (6) gives
(2-32_)/a (2-3a_)/a
s %s ) s’ %s
[n),/[n], Zwl iy 27,5, (9)
J

Equation (9) contains ag as the only unknown value, and it can be found
by an iteration procedure since a.s = 0.5. Given as, one ¢can compute
'ﬁw and/or P_An as well as §0, , and/or —S'o, » and finally K _ as

= = S

S .=K M (10)

Herek=wfori=1landk=nfori=2.

EXPERIMENTAL

Materials and Procedures

As the test material the Dows styrene-acrylonitrile (SAN) copolymer
Tyril 760 (22.8-wt% acrylonitrile content) was used. Reagent-grade
solvents were employed. Without using additional treatment, SAN
samples with different average molecular weights but of practically
the same average chemical composition were used in broad fractions
obtained by a coarse preparative fractionation with chloroform-
ethanol as a solvent-nonsolvent system. The method of Shimura et al.
[7, 8] was applied. Agreement of the chemical composition of each
fraction with the average one was confirmed by the determination of
nitrogen content by Kjeldahl's method.

Viscosity measurements were carried out in an Ubbelohde-type
dilution viscometer for the SAN copolymer and its fractions in
acetone at 25 = 0.02°C. The data were processed either according to



10: 21 25 January 2011

Downl oaded At:

SEDIMENTATION COEFFICIENT-MW RELATION 741

the generally used Huggins [ 9] and Kraemer [ 10] equations or accord-
ing to a method proposed by Maron and Reznik [ 11]. The value of
0.204 for the buoyaney factor (1 - ¥ §,) in acetone at 25 = 0.2°C was
obtained from pycnometric measurements. Sedimentation of the
original sample and of its seven fractions in acetone at 25 £ 0.1°C was’
done in a Spinco model E analytical ultracentrifuge. All measure-
ments were carried out with a 30-mm single-sector cell at a
relatively low angular velocity of 29,500 rpm, which meant the pres-
sure effects on the sedimentation coefficients could be disregarded.
The sedimentation boundary coordinates on schlieren photographs
were measured with a two-dimensional microcomparator [ 12]. The
distributions of sedimentation coefficients at infinite dilution and at
infinite time were obtained by the method of sedimentation analysis
described by Homma et al. [13, 14]. Estimation of the zero-time
correction for the initial SAN copolymer and for all its fractions

was necessary. The estimation was made using the procedure of
Elias [15]. Probably due to electrostatic induction forces acting
between neighboring groups of the copolymer chain, the actual
sedimentation of the macromolecules in acetone started only after

the full rotor speed was attained

-Results

The weight fractions, the acrylonitrile content, the limiting vis-
cosity number {n], and the Huggins constant k' (measured in acetone
at 25°C) of the initial, i.e., unfractionated, copolymer (No. 0) and its
seven fractions are given in Table L

The fractionation data were checked by computing the intrinsic
viscosity [n] of the parent polymer from

i="1
[2]= 5= wlnly
i=1
where ['17]i and W, are the limiting viscosity numbers (Table 1, Column

5) and weight fractions (Table 1, Column 3) of the fractions, respectively.
The obtained [7n] (0.483) was very close to the limiting viscosity number
(0.503) of the parent polymer.

The fractions 1, 2, 5, and 6, having approximately the same average
acrylonitrile content, were used for further analysis. Plots of the
sedimentation coefficient distributions at infinite time and at infinite
dilution for these fractions are shown in Fig. 1.

With known values of [n], w, and S, for pairs of SAN fractions, the ag

parameter was calculated according to Eq. (9) using an iteration pro-
cedure. A corresponding Algol-60 program was written for the Polish
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TABLE 1. Preliminary Results for SAN-Tyril 780

Fraction Weight

Fraction weight fraction AN content [7]
No. (g) %) (wt%) (100 em?’g™) &'
o* 6.000 100 22.8 0.508 0.43
1 0.833 15.4 22.4 0.763 0.44
2 0.641 1.6 22.7 0.650 0.53
3 0.339 9.7 27.7 0.595 0.38
4 0. 462 8.3 25.0 0.549 0. 47
3 0.783 141 22.7 0.514 0.30
6 1,046 18.9 22,4 0.3865 0.11
7 1.223 22.0 24.4 0.206 Q.13
Loss 0.433 0 - - -

3Unfractionated sam ple.

S{Sal

Q.51

Sgx1013 (9)

FIG. L Integral distributions G(S,) of sedimentation coefficients S,
for SAN copolymer in acetone at 25°C: (x) Fraction 1, (2) Fraction 2,

(o) Fraction 5, and ( &) Fraction 6.
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ZAM-41 computer. Calculations started with ag = 0.5 and continued
until the value of a  was established with an accuracy of =0.001. When

the ag value was found, the S average sedimentation coefficient and

o, 1
the weight-average molecular weight I—VI-W were calculated using Egs.

(2) and (6), respectively. The value of the constant parameter K sn

{Eq. 8) for SAN copolymer in acetone at 25°C was 6970, sedimentation
coefficients being expressed in 107** sec and limiting viscosity numbers
in 100 cm® g™*. The factor ¢*/*P"' is a constant supposed to be in-
dependent of the particular polymer-solvent system emploved.
Numerous experimental evaluations [ 16-19] indicate the approximate
constancy of ¢*“* P~ is an average value of 2.5 x 10° for polymers
having a random coil configuration. Although the value of ¢**P~*
may differ with molecular configuration and may not be entirely con-
stant within a particular polymer-solvent system [20, 21], Eq. (6) can
be useful, however, for calculations of approximate molecular weights.
In the present work the average value of 2.5 X 10° for the factor ¢*/*P~*
in Eq. (8) was used.

Values of the ag parameter, the gc, , average sedimentation co-

efficient, and the weight-average moiecular weight ﬁw are given in
Table 2.

TABLE 2. Iteration Results for a_ Parameter and Values of §°,1 and
M _ for Given a_ Values
w s
Pair of No.of  §, , x 10"
fractions  [n],/[n]l. a fraction (sec) My x 107°
1,2 1,18 0.565 1 18.12 3.737
2 13.41 2.781
1,5 1.49 0.534 1 18.16 4,763
5 10.59 1.736
L 6 2,09 0.478 1 18.25 4,808
8 9.23 1.289
2,5 1.26 0.501 2 13.47 2.810
5 10.61 1.745
2,6 1.78 0.419 2 13.58 2.844
6 9.77 1.296
5, 6 1.41 0.304 5 10.87 1.773
6 9.89 1.301
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Results for. ag obtained from expenmenta.l data for pairs of samples

which differ in [n] values from one another are unsatisfactory. How-
ever, the very low sensitivity of SQ , and 'vI values to cha.nfres of the

g parameter are quite striking (see Table 2 Columns 3 3, and 6). It

was this fact that was the subject of further study and the chief feature
of our new method.

Dependence of §o,land M _ on the a_ Parameter

Three theoretical models of sedimentation coefficient distributions
were used to examine the sensitivity of S; | and MW to changes of the
H

as parameter in a general way. The models were: a pauci-disperse

distribution composed of two or three monodisperse fracticns, the
Gaussian model, and the Schulz-Zimm model, supposed to be the best
mathematical appronmation of real sedimentation coefficient distribu-
tions [22]. The values of §, , and R = Ken T ([n])7** M, were tabu-

lated for the above distributions, as were a.s values from 0.2to 0.6
with intervals of 0.02. A narrower interval of a5 values than, say, 0.3-

0.5 was chosen because of the good resolving power of the ultra-
centrifuge and for theoretical requirements. In the case of the
Gaussian and Schulz-Zimm models, the intervals of sedimentation co-
efficient values were chosen about a typical synthetic polymers value
of 10 X 10™"* sec so that the area under the above-mentioned
normalized model distributions exceeded 0.99. Parameters of the
nine variants of the Schulz-Zimm model used were chosen so that the
values of the M W/\d ratios, calculated for those variants, covered

the interval 1,5-30, i.e., the entire interval usually encountered with
synthetic polymers [23]. Figures 2 and 3 show plots of 3'0,1 vs ag

and of R vs a g7 respectively, for five chosen variants of the Schulz-

Zimm model
As can be seen in Fig. 2, the S, 4 average sedimentation coefficient
in the interval of a values considered is a monotonically decreasing

function of a. The weight-average molecular weight ) \Iw has 2 maximum
value at a_ = 1/3 for any kind of sedimentation coeificient distribution[24].
In order to make a rough quantitative analysis of the 3, L1723 a.ndﬁ -3

dependencies, the values of arithmetic averages of 5, 1a.ud R were cal-
culated. In the case of S0 , the arithmetic average was calculated for
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FIG. 2. Plots of the 'S'D,z-as dependence for the Schuiz-Zimm model

of sedimentation coefficient distributions: Hw/ﬁn = 1.47 (1), 2.97 (3),
6.00 (5), 13.6 (7), and 33.2 (9).

|
504:‘
-/
i /
| q// 9
7 /

02 Q.3 0.4 Q.5 [eX)

FIG. 3. Plots of the ﬁw-as dependence for the same variants of the

Schulz-Zimm model as in Fig. 2. (Note: R = MWK “Hnmet)

57
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values of S , at a = 0.3 and 0.5, and in the case of R for values of R at
a = 0.34 (maximum value) and 0.3, respectively. The maximum relative
deviations from the above-mentioned average values in the correspond-
ing as intervals were then calculated both for So,; and R. The results

obtained for the maximum sedimentation coefficient §S, and molecular
weight § M deviations of nine variants of the Schulz-Zimm model dis-
tribution are given in Table 3.

TABLE 3. Maximum Deviations of the Sedimentation Coefficients

S0 , and Molecular Weights \I from Their Corresponding Average
’
Values in the 2, Interval 0.3- O.o for the Schulz-Zimm Model Sed-

imentation Coefficient Distributions

Variant _ 58, 5M
No. M,/ My (%) (%)
1 1.47 2.7 2.0
2 2.10 4.3 3.3
3 2.97 8.0 4.3
4 4.20 6.1 5.0
5 6.00 7.9 5.3
6 8.30 8.7 6.0
7 13.8 7.3 6.4
8 23.4 7.8 8.7
9 53.2 8.3 6.9

An analysis identical to the one described above was made for ex-
perimental sedimentation coefficient distributions for the SAN
copolymer. The results for the 58S, and 3M deviations of the four
SAN fractions investigated are c1ven in Table 4,

In the a s interval of 0.3-0.3 the average value of the S sed-

imentation coefficients for all model distributicns as nell a.s for the
exper‘imenta.l ones was approximately equal to the value of S , for
= (.38. In the case of the M molecular weights the a.verage R
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TABLE 4 Maximum 65, and 8M Deviations in the
2 Interval (0.3-0.5 for SAN Copolymer Fractions

Fraction ) 68, oM
Na. (%) (%)
1 L3 10
2 1.4 1.0
3 0.8 0.8
6 0.9 0.6

values in the ag interval of 0.34~0.5 were approximately equal to R
at a_ = 0.44 for all distributions considered.

DISCUSSION AND CONCLUSIONS

The practically inevitable errors in the determination of average
sedimentation coefficients or average molecular weights amount to
10% or more in the case of polydisperse samples [23]. Analysis of
the dependence on the a parameter of the S ,1 average sedimentation

coefficient and the wexght-average molecula.r weight calculated ac-
cording to Eq. (6) has shown that, for various theoretical and experi-
mental sedimentation coefficient distributions, the calculation of the

So’ , average witha =0 38 and M with a_ = 0.44 results in an error

not exceeding 8.35% in the ag mterval of practical importance, 0.3-0.5.

The errors are thus smaller than errors of the experimental determina-
tion of average molecular weights. On the basis of these facts a new
method for the S,-M relation determination for any polymer-solvent
system was proposed. This method should prove especially useful in
cases of polymers for which it is very difficult or virtually impossible

-to find pseudoideal conditions. - The novelty of the proposed method

lies in the fact that in calculations of the corresponding average
sedimentation coefficients (S, ’1) and average molecular weights (Mw)

the constant initial values of the a parameter, i.e., 0.38 and 0.44,

respectively, may be used for every polymer-solvent system. The
average molecular weights are calculated according to the Flory-
Mandelkern equation.

Once the values of So ; and VI for a few polyvdisperse polymer
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samples are established, the least-squares S -M relation may be cal-
culated. And thus, using the generalized Flory-Mandelkern Egs. (5)
or (7) for the evaluation of average molecular weights and the constant
initial estimates of the a values, the time-consuming experimental

measurements of ﬁw or ﬁn may be avoided. Evaluation of average

molecular weights based on sedimentation coefficient distributions
diminishes the effects of the experimental cut-off errors [ 22, 25],
because identical cut-offs influence the average sedimentation co-
efficients and the average molecular weights. The S,-M relation is
determined for pairs of the S, and M averages.

The proposed method was used in the S;-M relation determination

" for the SAN copolymer in acetone at 25° C The sedimentation and

viscosity data ior the {our analyzed fractions (compare Fig. 1) were
thus used to calculate the S, , and Mw averages with the appropriate

ag parameter values., Finally, the following least squares Sy,-M re-
lation was estimated

S, = 2.90 x 107"°M**? sec (11)

The S<J , average values used in the determination of Eq. (11) covered
the intérval (9.8-18.3) x 10™'? sec and the VI values that of

(1.3-4.8) X 10°. The use of constant initial as values instead of the
correct one, i.e.,a_ = 0.49, in the evaluation of the S, , and .V_Iw
]

averages introduced errors not exceeding 1.4% for the SAN copolymer-
acetone system,

The distributions of sedimentation coefficients of the SAN fractions
(Fig. 1) were transformed into the molecular weight distributions by
Eq. (11). The resulting molecular weight distribution curves are shown
in Fig. 4

The weight- and number-average molecular weights as well as their
ratios were calculated from the molecular weight distributions of the
four SAN cooolymer fractions. The values obtained for M - M and

M W/ M are listed in Table 3, together with the S,, . and MW a.verage
values (the last one calculated according to Eq. 6) for a.s = 0. 49,

As can be seen in Table 5, weight-average molecular weights ob-
tained by the use of Eq. (6) with the appropriate value of the a.s

parameter agree very well with those obtained from the molecular
weight distnbutions. This agreement ma be considered to support
the value of 2.5 x 10* assumed for the $'“*P~* constant, and thus
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wow-108

104 n

M-10~8

FIG. 4. Differential molecular weight distribution curves of SAN
copolymer {ractions. Data are identified as in Fig. L

provide another example of the practical applicability of Eq. (6) in the
evaluation of weight-average molecular weights and, finally, the
Sy =M relation for any polymer~solvent system.

In order to make additional comparison of average molecular
weights obtained by different methods, the relation given by Elias and
Bareiss [27] valid for the theta state

—_ 1.8 e 5
) - hl
M, = Ksn<;wisoi> [17iJ (12)

was applied for the SAN copolymer-acetone-system at the close-to=-¢
temperature of 25°C. In Eq. (12) all parameters have the same mean-
ing as in Eq. (6), and Mv denotes the viscosity-average molecular
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TABLE 5. Sedimentaticn Coeificients and Molecular Weights for SAN-
Tyvril 760 Fractions

Fraction S, % 10*3 M

No. (sec) My (Eq. 6) M, M,/ M,
1 18.30 302,300 430,100 145,700 3.49

2 13.33 271,200 281,400 146,900 1.33

5 10.66 165,100 174,700 110,900  1.49

6 9.74 123,800 128,700 70,900  L.79

weight. Cn the other hand the ﬁv average was calculated from the
molecular weight distribution (MWD) data from the relation

a_\1l/a
I 2\ %n
M = (; WM, ) (13)

with an = 0.5 being the power index in the Mark-Houwink relation at

the theta conditions.
Results obtained for the four SAN-Tyril 760 fractions are given in
Table 6 together with values of Mw and Mn obtained from the MWD

data as well as ﬁw calcuiated according to Eq. (6).
Values of the viscosity-average molecular weights ﬁv obtained from
MWD data (Table 6, Column 4) compare well with those calculated

TABLE 6. Average Molecular Weights for SAN-Tyril 760 Copolymer
Fractions

— — — e

Fraction My My My, My Mp

No. {MWD) {Eq. 6) (Eq. 13) (Eq. 12) {MWD)
1 502,500 480,100 475,100 457,200 145,700
2 71,200 281,400 258,900 274,100 146,900
5 165,100 174,700 159,100 167,600 110,500
6 123,800 128,700 111,500 108,500 70,900
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according to the modified Flory-Mandelkern Eg. (12) (Table 6, Column
3). The actual differences between these two Mv values do not exceed

6%, which proves the applicability of the proposed method of establishing
the S -M relation in the case of new polymer-solvent systems.

The practical application of sedimentation velocity analysis for the
determination of a molecular weight distribution appears to depend to a
certain extent upon the solvent employved. It was found that at the con-
centrations required for most sedimentation measurements, a better
molecular separation could be obtained by the use of a § or a close-to=-8
solvent [26]. Acetone as a solvent of the SAN copolymer is not a good
solvent (the ag value of 0.49 is close to G.5, corresponding to § solvents),

which assures a high resolving power in the sedimentation velocity
experiments.
Finally, it should be noted that the constant initial values of the a

parameter may be used to calculate the corresponding average sedi-
mentation coefficients and average molecular weights of a pair of
samples. However, the above~-mentioned experimental inaccuracy and
the data processing errors give unreliable estimates of the a. and Ks

values when based on data for a single pair of samples only. The ob-
served large differences of the a values estimated for pairs of '

samples of the same polymer (see Table 2, Celumn 3) are due to the

very low sensitivity of 50’ , and YI'W averages to changes of the a_

parameter, and therefore even small errors made in the estimation of
MW and {n] result in a significant scatter of the ag values. -
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