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Phase Distribution Chromatography (PDC) of Polystyrene*

R. H. CASPER and G. V. SCHULZ

INSTITUT FUR PHYSIKALISCHE CHEMIE DER UNIVERSITAT MAINZ
MAINZ, WEST GERMANY

Summary

Phase distribution chromatography is a new chromatographic method of
fractionating polymers. The separation is achieved by partitioning the
sample between the solvent and a polymer phase, in the case a noncross-
linked polystyrene of very high molecular weight, which is coated as a thin
layer on small glass beads. The temperature must be held below the
6-temperature of the sample. The separation increases sharply with de-
creasing temperature. The theory of this method is presented and
compared with experimental results. The agreement is very good.

INTRODUCTION

In ordinary gel permeation chromatography, the elution volume
increases with decreasing sample molecular weight. It is easy to
modify this method in such a way that this relation is inverted. For
this purpose, only the cross-linking of the gel phase must be omitted.
Then the high molecular species dissolve in the gel phase to a higher
extent than those of lower molecular weight and therefore leave
the column later. The theory of this effect seems to be simpler than
that of GPC, it is similar to the Baker-Williams method (I, 2), but
again considerably simpler.

EXPERIMENTAL

The main parts of the apparatus are sketched in Fig. 1. The
sample column (a glass tube 100 X 3 em) was filled with glass

* Presented at the ACS Symposium on Gel Permeation Chromatography spon-
sored by the Division of Petroleum Chemistry at the 159th National Meeting of
the American Chemical Society, Houston, Texas, February, 1970.
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FIG. 1. Scheme of the PDC apparatus.

FIG. 2. Surface of the glass beads coated by PS (top) and uncoated (bottom).
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beads (ballotines, diameter 0.1 mm) which were covered with a
layer of a well-fractionated tritium-labeled polystyrene of very high
molecular weight (M, = 8 X 10%). The coating polymer was prac-
tically insoluble in the solvent used in our experiments (cyclohexane
below the #-temperature of 35°C. The layer of the swollen polymer had
a thickness of nearly 3000-4000 A. It was extracted at 28°C until the
solvent leaving the column contained less than 1 mg/liter (as meas-
ured by radioactivity). An clectron micrograph of the coated and un-
coated glass beads is shown in Fig. 2.

The separation efficiency of the column and its dependence on
temperature is demonstrated by the experiments represented in Fig. 3.
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FIG. 3. Elution curve of a 1:1 mixture of two samples of anionically pre-

pared polystyrenes; M. = 135000 (I) and 415,000 (IT) (300 mg in 20 ml
cyclohexane).
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A 1:1 mixture of two samples of anionically prepared PS was dis-
solved in 20 ml of cyclohexane and passed through the column with
a flow rate of 10 ml/hr. The sample with the molecular weight
4.15 X 10° was labeled with tritium; thus, the amount of this polymer
could be determined in each collected fraction. One can see that
with decreasing temperature, the separation efficiency increases sharply
as the elution volumes of the higher molecular weight samples
become larger while those of low molecular weight remain nearly con-
stant. Some preliminary experiments were published elsewhere (3).

THEORY OF THE METHOD

The elution volume V. is controlled by the distribution coefficient
K (P) which defines the distribution of a species with the degree of
polymerization P between the two phases

K(P) = q)gel/q)sol (1)

&, and P, are the volume fractions of the sample polymer P in the
two phases. The ratio of the volumes Vi, and V., of the phases
in the column is

Ty = Vsol/Vgel (2)

Applying the usual transport equation for a chromatographic process,
we obtain

V.= VIl + K(P)/r,] (3a)
and

K(P) = r(V./Ve— 1) (3b)
where V¢ is the void volume of the column.

With these equations, one can predict the elution volume if the dis-
tribution coefficient is known from thermodynamic calculations or, in
turn, one can calculate the distribution coefficient from the meas-
ured elution volume. The required condition of working close to
equilibrium can be easily controlled by varying the flow rate. Equilib-
rium is established if the elution volume does not depend on the flow
rate. This condition was maintained in our experiments.

Elution experiments were performed with some anionically prepared
polystyrene samples of narrow molecular weight distributions in
order to determine experimentally the relation of the distribu-
tion coefficient with the degree of polymerization and with tem-
perature. The DP covered the range from 300 up to 4000, and the
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FIG. 4. Elution experiments Log (V./V?—1) as a function of the degree
of polymerization P at different temperatures, Polystyrene in cyclohexane
below the #-temperature (35°C).

temperature was 10-18°C below the #-temperature (35°C). Figure 4
shows that the relation between the elution volume V., and the degree
of polymerization P can be described by

log [(V./V) — 1] = —a + bP 4)
Comparison of Eq. (4) with Eq. (3b) reveals that
a=logr, (5)
and
log K(P) = bP (6a)
On the average, a has a value of 1.4; hence, r, = 30. This agrees satis-
factorily with independent swelling experiments performed with the
high molecular polystyrene.
Equation (6a) is identical with the following relation which was
first introduced by Bronsted (4)
K(P) = exp (eP) (6b)
Equation (6b) had previously been used by one of us to evaluate
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experimental results of polymer fractionation in terms of its mecha-
nism (5, 6). A theoretical treatment of the Baker-Williams column was
based (1,2) on the same equation. This treatment could be experi-
mentally confirmed (2).

We call v,,, the volume of the polymer solution which is injected at
the top of the column. The solution drains into the interstitial volume
between the glass beads and comes in contact with a certain amount
of the stationary gel layer of the volume v,,,. Obviously the total vol-
ume which contains the sample is given by

Vp = Up,s + Up,o (7)

The composition of the two phases can approximately be described
by a quaternary system consisting of the solvent and three polymer
components with the molecular weights M, M,, and M. The “polydis-
perse” low molecular weight polymer mixture is represented by M, and
M, and the high molecular weight component by M;. The “molecular
weight distribution” of the low molecular weight mixture can be
characterized by the ratio of mass mi/m.. Its total amount is

m, + n,.
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FIG. 5. Bronsted coefficient ¢ in Eq (6b) as a function of the temperature:
O. calculated according to Koningsveld; @, experimental points (slope
of elution curves in Fig. 4).
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The dependence of the Huggins interaction coefficient x on the
temperature and on the concentration in the system cyeclohexane poly-
styrene was measured by Koningsveld (7) and Rehage (9-11). As-
suming that phase equilibrium has been established, the composition
of the adjacent phases as well as the distribution coefficients for M,
M,, and M; can then be calculated on the basis of the Flory-Huggins
relation for the free enthalpy of mixing of polymer solutions (8). The
good agreement of measured and calculated € values, as shown in Fig. 5,
proves that our theory of the PDC method is complete and correct.

On this theoretical basis, model calculations were made, the re-
sults of which are listed in Tables 1-3.

Three conclusions can be drawn from Table I:

(a) The high molecular sample of polystyrene which forms the gel
phase 10°C below the #-temperature is praetically insoluble in the sol
phase.

(b) The distribution coefficients K(P) of the two lower samples (P,
and P,) of polystyrene are completely independent from their con-
centrations and also with good approximation from the ratio of their
masses.

(c) At lower concentrations the elution volumes of the different

TABLE 1

Distribution Coefficient, Elution Volume, and the Ratio of Phase Volumes
Ty © - Up,s/Vp., Calculated as a Function of the Mass of Three Samples of
Polystyrene with Various Degrees of Polymerization, P; = 1,300;

P, = 4,000; P; = 80,000. Total Interstitial Volume ca. 250 ml;
Temperature 25°C. v, = 20.0 ml; ms = 124.5 mg

m (mg) K(P) = ®01/%401 Ve/Vg
1 2 1 2 3 1 2 To
0.5 0.5 0.380 0.0512 1.5 X 10728 1.093 1.690 28.3
5.0 5.0 0.380 0.0512 1.5 X 107% 1.096 1.711 27.5
50.0 50.0 0.380 0.0512 1.5x10™% 1.119 1.889 22.0
500.0 500.0 0.381 0.0512 1.5 X 1028 1.178  2.319 14.8
1.0 9.0 0.379 0.0506 1.2 X 107¢ 1.097 1.727 27.2
3.0 7.0 0.3%0 0.0509 1.3 X 107™"¢ 1.096 1.720 27.3
5.0 5.0 0.381 0.0511 1.5 X 1072 1.096 1.711 27.5
9.0 1.0 0.382 0.517 1.8 X 10728 1.094 1.696 27.8
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TABLE 2

Distribution Coefficients and Elution Volume as a Function of the Degree of
Polymerization at 25°C (Calculated for a Quaternary System).
my = my = 5 mg; mg = 124.5 mg; vy, = 20 ml

Degree of

polymerization D301/ Pgel Ve/V?

1 2 3 1 2 3 1 2

500 4000 80,000 0.69 0.0512 1.6 X 10728 1.05 1.71
1,300 4000 80,000 0.38 0.0511 1.5 X 10728 1.10 1.71
2,500 4000 80,000 0.16 0.0509 1.4 X 1072 1.24 1.72
3,500 4000 80,000 0.07 0.0506 1.2 X 107 1.50 1.73
11,000 4000 80,000 3.0X 10~¢ 0.0502 1.0X 102 142.1 1.75

species are independent from each ‘other. At higher concentrations
the elution volume is more or less influenced by changes of the rela-
tion 7, caused by the local enlargement of the gel phase.

In Table 2 the molecular weight of Component P, was varied up to
a factor of 22. One sees that the mutual influence of the components
at the conditions given here is very small and that neighboring de-
grees of polymerization (e.g., 3500 and 4000) are well separable. The
large difference of the distribution coefficients of the samples with DP
of 11,000 and 80,000, respectively, suggests that a polymer can be
used as the gel-forming component in the PDC column for a sample,
the molecular weight of which is smaller by less than one order of
magnitude.

Table 3 shows the very large influence of temperature.

TABLE 3

Calculated Distribution Coefficients of Three Degrees of Polymerization as a
Function of Temperature (8 = 35°C)

d)s(:|1/4>gel VG/V(:
T (°C) DP = 500 4000 80,000 500 4000
17 0.28 4.3 X 10°® 0 1.085 566
21 0.46 2.2 X103 0 1.061 17.97
23 0.57 1.2 X102 10-% 1.055 3.684
25 0.69 5.1 X107 102 1.053 1.709
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CONCLUSIONS

The PDC method has two aspeets: 1t allows determination of the
thermodynamic parameters, e.g., distribution coefficients in phase
equilibria. On the other hand, it is a new method for the determina-
tion of molecular weight distributions. It seems that the fractionating
efficiency for polymers can be considerably improved if one makes use
of a programmed temperature increase. Experiments in this direc-
tion are under way.
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