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Synopsis

A novel and simple method is described for evaluation of the Mark-Houwink constants and
developing of GPC calibration curve for a polymer where only broad molecular weight dis-
tribution samples are available. The method demands the GPC calibration curve for polysty-
rene and measurement of the intrinsic viscosity and GPC chromatogram of several samples.
Results of applying the procedure to polystyrene and poly(methyl methacrylate) are presented.

INTRODUCTION

In order to interpret a gel permeation chromatograph (GPC) of any pol-
ymer sample in terms of its molecular weight distribution, it is necessary
to establish a quantitative relationship between molecular weight M and
elution volume v. It is well known that well-characterized narrow distri-
bution polymer samples are the most appropriate for GPC calibration pur-
poses. Such samples are, however, difficult to prepare with the exception
of polystyrene, for which good standards are readily available. The M-v
relationship for any other polymer can be obtained using the familiar uni-
versal calibration procedure!? and a reliable pair of £ and a constants for
the Mark-Houwink-Sakurada equation.

The evaluation of the Mark-Houwink constants & and a for a particular
polymer-solvent system normally requires the preparation of a series of
samples having a wide range of molecular weights and their subsequent
characterization by light scattering and dilute-solution viscosity. However,
gel permeation chromatography (GPC), i.e., size exclusion chromatography
can provide a convenient alternative route to k£ and .31° In this case k2 and
a can be estimated using unfractionated polymer samples of known M, or
M, and intrinsic viscosity.

In this work a new and simple method which permits the facile deter-
mintion of the Mark-Houwink constant, and, therefore, the GPC calibration
curve for an unfractionated polymer is presented. The method described
uses a combination of gel permeation chromatography and intrinsic vis-
cosity measurements for several samples. The samples used should have
the same polydispersity index or have very broad molecular weight distri-
bution.

The initial step in this procedure involves the calculation of hydrody-
namic average molecular weight, M,!° for each sample. Then, M, and in-
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trinsic viscosity data are combined to calculate one of the Mark-Houwink
constants a. Finally, [n], GPC distribution data, and the calculated value
of a are used to estimate the value of the constant k. The method presented
is applied to polystyrene (PS) and poly(methyl methacrylate) (PMMA).

CALCULATION OF M,

In a recent publication by Goldwasser et al.,'* the use of a new molecular
weight average M, to characterize polymer samples of heterogeneous com-

position have been proposed. M,, the hydrodynamic volume average, is
defined according to

= Ewi[n]iMi EwiJ,-
M = _
Ewi[n]i (]

1)

where w; and []; are the weight fraction and intrinsic viscosity, respectively,
of all species which exit the GPC columns with elution volume v, The
denominator in eq. (1) is equal to the intrinsic viscosity [7], of the whole
sample in GPC solvent. The values in numerator are available from GPC
chromatogram and universal calibration curve. J; = [n],M; can be read
directly from the universal calibration curve and w, is equated to the ratio
of the area of the GPC detector response at elution volume v, to the total
area under the GPC chromatogram.

CALCULATION of k AND a

For a polydisperse polymer, the Mark-Houwink equation relates [n] to
the viscosity average molecular weight M,

[n] = kM, @
If the whole polymer is considered to be composed of a mixture of mon-

odisperse species each with molecular weight M, weight fraction w;, and
intrinsic viscosity [n]; in GPC solvent, then®

1l/a
'MU — (k)~1/a+1(2wiJ?/(a+1)) 3)

where
J; = [n]M; = kM1 4)

Equation (2) can be written in terms of hydrodynamic volume average
molecular weight, M,:

[n] = k.Me = 8kM: (5)

Eliminating [7] from egs. (2) and (5) and using egs. (1) and (3) gives
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a+1 a
s = (zmiJf‘/‘a‘H’) /(EwiJi) 6)

If the parameter & remains constant through the change of [n] and M,, then
a log-log plot of [n] vs. M, gives the expected straight line relatinship. The
constants a and k, can be obtained from the slope and intercept such lines,
respectively. Then constant & = k,/8 can be estimated utilizing eq. (6).

In order to keep & constant, through the change of [n] and M,, polymer
samples having the same polydispersity index or very broad MWD should
be used (see the Appendix). By applying egs. (56) and (6) to a series of pol-
ymers, having the same 8, constants k& and a can be estimated precisely
and accurately.

EXPERIMENTAL

Polystyrene (PS) standards of known MW used in this work (Pressure
Chemical Co.) were narrow MWD, with M, values ranging from 800 to
1.8 million. A series of poly(methyl methacrylate) PMMA) and PS having
broad MWD were synthesized and characterized in-house. The solvent used
for both GPC and [n] measurements was tetrahydrofuran (THF).

Gel Permeation Chromatography

A Water Associates GPC equipped with a high pressure solvent delivery
system (Model 150C) was used. Solutions of concentrations smaller than 2
mg/mL were used in order to minimize concentration effects on the peak
positions. The flow rate, through a set of six u styragel packed columns
was 1 mL/min and the GPC temperature was 35°C. A calibration curve
based on elution volumes of 11 polystyrene standards was constructed. The
relation between molecular weight of PS and elution volume was obtained
utilizing a third-degree polynomial. The coefficients of this polynomial were
adjusted for axial dispersion using an optimization method reported in the
literature.!! Then the corrected relationship between M and elution of PS
was transferred to universal calibration curve by using the intrinsic vis-
cosity of PS standards.

Viscosity Measurements

The intrinsic viscosities of all polymers were measured with a Cannon-
Ubbelohde viscometer equipped with a light detector unit.

RESULTS AND DISCUSSIONS

The hydrodynamic average molecular weight of polymers were estimated
by using eq. (1). The right-hand side of eq. (1) was evaluated by treating
the normalized GPC chromatogram data in a computer program. M, - [n]
data of several polymer samples were utilized to estimate %, and a, which
were then used to calculate 6 and therefore 2.

The precision of the proposed method which uses M, - [y] data to calculate

k and a according to egs. (5) and (6) is tested here to show that the method
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works well when polymer samples with the same polydispersity or very
broad MWD (M,/M, > 4) were used and that the method works poorly
when there are appreciable variances in the polydispersity of polymers with
narrow MWD.

M, - [n] data for the polystyrene standards are reported in Table I. The
log-log plot of the calculated M, of the standards and the measured [7]
values gives the expected straight line relationship (Fig. 1). A k, value of
1.54 x 10-*dL/g and an a value of 0.703, which defines the solid line shown
in the figure were obtained. This a value is then used with the GPC curves
of the standards to calculate & and k. The results are reported in Table I.
It is clear that the variation for the calculated % value is less than 2%.
This was expected, since the polydispersity of all samples was the same.
The mean value of k as obtained is 1.6 X 104 dL/g. This value of k and
a are in good agreement with 2 = 1.64 x 10-*dL/g and a = 0.702 obtained
from the log-log plot of the reported molecular weight of the standards and
the measured [n] values (Fig. 2).

Since narrow standards with the same polydispersity usually are not
available for most polymers, it was decided to test the precision of the
proposed method using polymer samples with broad molecular weight dis-
tribution.

The calculated values of M, and the measured [7] values of a series of
broad MWD polystyrene are reported in Table II and Figure 3. The exper-
imental data of these samples were treated according to egs. (6) and (6). A
k., value of 1.03 x 10-*dL/g, an a value 0.704 and a k% value of 1.58 x 10-*
dL/g were obtained. These results are in good agreement with %2 and «a
calculated from the data shown in Figures 1 and 2.

Mark-Houwink constants for PMMA were also estimated by applying
the proposed method to PMMA samples with broad MWD (M,/M, > 4).
The results are reported in Table III and Figure 4. A & value of 1.22 X
10-* dL/g and an « value of 0.69 were found, which are in good agreement
with 2 = 1.28 x 10-* dL/g and a = 0.69 reported in the literature.? The
fact that 6 is independent of MW and polydispersity of broad MWD polymers
indicates that an accurate & and a can be estimated.

The results presented in Tables I-III indicate that the precision in the
M, . [n] determined % and a values, when the M, /M, of all polymer samples
are the same or M,/M, > 4, is comparable to the actual % and a values,
obtained by the more involved conventional viscometric technique using
narrow standards. However, the method works poorly when there are ap-
preciable variances in the polydispersity of polymer with M,/M, < 3. To

_ TABLE I _
Viscosity-M, Data of PS Standards in THF at 35°C (M,,/M, = 1.06)

10-3 M, 0% M, [} (dL/g) 10°k (dL/g)
40 4.282 0.055 16.04
9.0 9.634 0.100 16.00

50.0 53.520 0.300 16.06
100.0 107.050 0.540 15.96
233.0 249.42 0.981 16.21

% = 16.054 x 10-5




METHOD FOR GPC CALIBRATION 1539

oF P

S

intnl

-2k

-3 1 1 1 1
8 9 1 _ " 12 13
In My i
Fig. 1. In[n] vs. In M, for PS standards in THF at 35°C (M,/M, = 1.06).

show this, a series of polystyrene standards with M, /M, ranging from 1.06
to 2.3 was used. These samples were prepared by mixing different polysty-
rene standard from Pressure Chemical Company. M,-[n] data for these
samples are reported in Table IV. The log-log plot of M, and [n] gives k,
= 1.94 X 10-*dL/g and a = 0.678. The data presented in Table IV indicate
that calculated values of & and therefore k varies. The mean value of % as
obtained is 2.20 x 10-* dL/g which is 36% higher than % obtained from
data reported in Figure 2. The variation for the calculated a is about 4%.
The error in the estimation of £ and a in this case as expected is due to
variation of § with M,/M, of polymer.

In summary, the proposed method, which uses M,-[7] data to calculate
k and a and therefore the GPC calibration curve, is simple and can be
applied to polymers with the same polydispersities or very broad MWD.
The unique feature of this approach is as follows:

1. Knowledge of the molecular weight of the polymers is not required:

Intm)

8 9 10 1 12 13
inM
Fig. 2. In[n] vs. In M, for PS standards in THF at 35°C (M,/M, = 1.06).
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_ TABLE II
Viscosity-M, Data of Broad MWD PS in THF at 35°C
MM, 10-3 M, [n} (dL/g) 105k (dL/g)
4.45 333.60 0.845 15.79
5.15 67.15 0.271 15.78
5.56 545.97 1.171 15.76
6.09 892.96 1.646 15.69
7.10 28.65 0.144 1548

% = 15.80 x 10-5

2. The method is not limited by the availability of narrow MWD samples,
broad MWD samples are usually more readily available, or can be easily
synthesized, for all polymer types.

CONCLUSIONS

The validity of a practical method for % and a calculation from GPC is
demonstrated. The proposed method has the advantages of being fast and
convenient, eliminates all fractionation problems related to monodisperse
sample preparation, and should be very useful for the characterization of
highly specialized polymer products. It can be applied to polymers having
both narrow as well as broad MWD and requires just the determination of
[1n] and GPC chromatograms.

APPENDIX
The parameter & is defined by eq. (6), viz.,

a+1 a
6= (20),»:7,‘-"“‘”“) /(Ew,J,) (7)
1
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Fig. 3. In[y] vs. In M, for PS in THF at 35°C (M,/M, = 4.45).
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_ TABLE III
Viscosity-M, Data of Broad MWD PMMA in THF at 35°C
MM, 10-3 M, [m] WL/ 105k (dL/g)
42 26.98 0.095 12.02
4.7 121.52 0.269 1213
55 219.34 0.40 12.31
6.0 407.53 0.611 12.37
45 522.43 0.743 12.11

% = 1219 x 10-5
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Fig. 4. In[n] vs. In M,, for PMMA at 35°C (M,/M, > 4.2).

_ TABLE IV
Viscosity—-M, Data of PS Standards in THF at 35°C
M/M, 103 M, [m] (dL/g) 10%k (dL/g)
1.06 110.21 0.54 20.10
11 434.21 1.40 20.53
1.28 73.43 0.38 21.92
1.75 140.25 0.536 24.34
2.26 233.27 0.72 25.87
1.06 37.47 0.26 20.21
1.15 353.27 1.19 20.86

k= 21.98 x 10-5
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Fig. 5. K./K vs. M,/M, for exponential type distribution.

where
J, = kM+1 ®)

Equation (7) can be written as

a

a+1
§ = (Ewng) /(EwiM‘»‘“”) (9)

It is clear that & is a dimensionless parameter which is equal to 1 for
amonodisperse samples. For a given distribution function 6, = 8¢ = 6,
where cis a constant. This indicates that 6 is independent of M. For example
in case of exponential distribution function & can be written

_F(a+1+h)/F(1+h)

8 (a+1+ h)»

(10)

where

1
h= M,/M, 1
A plot of & vs. M,/M, according to eq. (10) is presented in Figure 5. It is
clear that & for a given polymer-solvent system depends only on the
polydispersity of polymer. The calculated values of & for a series of poly-
styrene standards are summarized in Table V. Samples PS-7-PS-10 are
prepared by mixing standard polystyrene and some of them have bimodal
or trimodal distribution. The results presented in Table V indicate that,
irrespective of distribution function, § is only a function of M,/M,. Similar
data for a series of broad MWD polystyrene and polymethymethacrylate
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TABLE V
8 as a Function of M,/M, for Polystyrene in THF at 35°C
Sample* 103 M, A—l,,,/_lt—l,, &b
PS-1 4.0 1.06 0.960
PS-2 35.0 1.06 0.962
PS-3 50.0 1.06 0.959
PS-4 100.0 1.06 0.965
PS5 233.0 1.06 0.950
PS-6 390.0 1.1 0.945
PS-7 281.37¢ 1.15 0.927
1 1
(5 PS-6, 3 PS-5)
PS-8 49.73¢ 1.28 0.885
1 1 1
(§ PS-2, 3 PS-3, 3 PS—S)
PS-9 61.78¢ 1.75 0.797
1 1
(Z PS-2, 2 PS-3,
1 1
1 PS4, 1 PS—5)
PS-10 74.194¢ 2.26 0.750

1 1
(5 PS-2, 5 PS-3,

1 1 1
5 PS4, 5 PS5, —5—PS-6))

a Polystyrene standards from Pressure Chemical Co.
b8 calculated from eq. (7) using a = 0.7.
°M,.

are presented in Table VI. It can be seen that & for broad MWD samples
is almost constant. This is in agreement with data shown in Figure 5.
From the results presented here, several conclusions can be stated:

1. 8 is independent of M.

2. §, for a given polymer-solvent system, is only a function of polydis-

TABLE VI

Calculated Values of §* for PS* and PMMA?P in THF at 35°C
Sample 103 M,¢c M, /Mr S
PS 48.000 4.45 0.649
PS 8.600 5.15 0.641
PS 63.000 5.56 0.650 § = 0.651
PS 94.00 6.09 0.653 SD = 0.0076
PS 2.560 7.10 0.662
PMMA 4.300 4.20 0.690
PMMA 16.700 4.70 0.684 & = 0.683
PMMA 25.400 5.50 0.685 SD = 0.700
PMMA 43.000 6.00 0.671
PMMA 75.400 4.50 0.685

2§ calculated from eq. (7) using a = 0.7 for PS and a = 0.69 for PMMA.°
b PS and PMMA synthesized using free radical polymerization.
¢ Obtained from GPC.
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persity of polymer. It decreases as M,/M, increases from 1 and approaches
an asymptotic limit for M,/M, > 4.

3. 8 for a series of polymers having the same polydispersity or very broad
MWD is the same.
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