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A REVIEW OF POLYMER SHEAR DEGRADATION
IN SIZE-EXCLUSION CHROMATOGRAPHY

H. -G. Barth and F. J. Carlin, Jr.
Hercules Incorporated
Research Center
Wilmington, Delaware 19894

ABSTRACT

Although there have been only a few studies involving
shear degradation of polymers in size-exclusion chromatographic
(SEC) columns, it appears that the potential for degradation
exists when analyzing high molecular weight polymers. Because
of the complex hydrodynamics associated with SEC systems, it is
very difficult to arrive at simple correlations between SEC
operational parameters and the onset of shear degradation.
Also, the dependency of shear degradation on polymer
concentration, structure, and the nature of the mobile phase
further complicates this issue. Nevertheless, guidelines
involving operational parameters are presented based on
published data and estimated shear rates produced in various
parts of a SEC system.

INTRODUCTION
The introduction of high-performance packings in size
exclusion chromatography (SEC) has brought about a significant
decrease in analysis time and an increase in resolving power.
Like other high-performance liquid chromatographic techniques,

the current trend is to use smaller particle size packings to

obtain maximum column efficiency. However, most analysts forget

1717
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that high molecular weight polymers, whether synthetic or
naturally occurring, are fairly sensitive to shear forces which
can lead to chain rupture. As compared with conventional SEC in
which mobile phase flow velocities range from about 0.02 to 0.10
cm/sec, velocities used in HPSEC are typically 5 times greater.
Also, because of the much smaller particle sizes used in SEC,
the shear rates generated in these columns are significantly
greater than obtained in conventional columns. As a result,
shear degradation of polymers during elution through a column is
possible.

Presented are a discussion on the theory of polymer shear
degradation, estimates of shear rates which can occur in
chromatographic columns, and a review of reports published in
this area of study. Guidelines are also given for minimizing

the occurrence of polymer shear degradation during SEC.

THEORY
The relationship between shear stress (applied force per
unit area) and shear rate of a Newtonian liquid under laminar
flow is given by:
T =Ny (L)
where T is shear stress (dynes/cmz), n is viscosity of the
solution (poise, g« (:m—1 -sec_l), and Y is shear rate
(sec—l) or the velocity gradient (dv/dy) formed perpendicular

to the direction of flow.
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In calculating the shear rate of a packed column, we

assume that the column consists of a bundle of capillaries in
which the capillary radius can be estimated from the bed
hydraulic radius:

R, =D €/3(1-¢€) (2)

h ]

where Dp is the diameter of the packing and € is the
porosity of a packed column (¢ = 0.36) (1). Thus, the shear
rate in a packed column, assuming Newtonian behavior, is readily
calculated using:

Y = 4 WR = 4Q/cAR, (3)
where V is the average linear velocity, Q is the flow rate, and

A is the cross-sectional area of the column. For open tubes,

€ is unity and the tube radius is equal to Rh'

DEGRADATION MECHANISMS

Because of velocity gradients generated during flow, a
polymer becomes extended. Bonds near the middle of the chain
become stretched and can rupture if shear rates are great
enough. The end segments of a chain maintain their coiled
shape; thus, the maximum strain is usually focused near the
center of the polymer. To a first approximation, the strain
generated in a polymer is proportional to the square of its
length (2, 3). The weak points along a polymer chain are
determined by its length and structure. According to Bird

et al. (4), there is no reliable quantitative theory of
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mechanical stability of polymers, and the stability of each
polymer must be determined experimentally under strictly defined
conditions.

In addition to shear forces, extensional flow components
may also play a significant role in polymer degradation. These
flow components would cause more stress on the chain than that
produced by a laminar flow. Extentional flow occurs at
capillary entrances and exits and at convergent-divergent flow
paths in packed beds (5-8). Recently, Giddings (25) had shown
extentional flow in packed columns multiplies the shear effect
by about 103 beyond that of tangential shear.

When shear is applied, the most probable sites of stress
concentration on the polymer chain are (3):

1. Side chain linkages to main chain, i.e., branch

points.

2. Crosslink points in networks.

3. Points of inclusion of hetercatoms and quaternary

carbon atoms.

4., Dissymmetry between adjacent atoms which promotes

rupture of the chain by stretching forces.

Chain entanglements are also quite sensitive to shear
stress. Junction points of entangled chains concentrate energy
due to stress and thus can break. The mechanism depends on the
time scale of shear deformation, temperature, probability of

entanglement, and slippage of junction points (9-11). Thus,



POLYMER SHEAR DEGRADATION IN SEC 1721

polymer solutions which contain entangled chains are more shear
sensitive than more dilute solutions in which entanglements have

not occurred. The extent of chain entanglement also depends on

the nature of the solvent (4). Recently, Yu et al. (12) have
studied the concentration dependency of shear degradation and
have postulated that both entanglements and inhibition of
molecular extention by surrounding molecules in concentrated
solutions are contributing factors. Therefore, although
entanglements which occur at high polymer concentrations may
favor shear degradation, molecular extensions are inhibited by
surrounding molecules.

Polymers that are extended in solution, i.e. dissolved in
good solvents, exhibit a higher sensitivity toward shear
degradation than more randomly coiled polymers (13-15). For
example, the rate of mechanical chain scission of dextran is
approximately 100 times lower than for polyacrylamide (13).

With sufficiently high internal stresses, bonds rupture
and produce radicals. 1In the presence of radical acceptors,
e.g., oxygen, radicals that are formed are stabilized resulting
in a decrease in molecular weight. However, in the absence of
radical acceptors, branching and crosslinking are possible (3).

There are two popular theories regarding the mechanism of
shear degradation with respect to molecular weight (3). One
theory proposes that during degradation a limited molecular

weight is approached (16). Once this limited or critical
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molecular weight (or more precisely chain length) is reached, no
further chain scission can occur (17). This critical chain
length is short enough that it can adjust to the applied stress
by moving with respect to its sheath of solvent molecules rather
than by rupturing primary bonds. The second theory, postulated
by Rodriguez and Winding (18), states that there is no critical
molecular weight which is resistant to degradation at a given
shear rate. There is, however, a decreased probability that

degradation will occur as the molecular weight decreases.

POSSIBLE SOURCES OF POLYMER SHEAR DEGRADATION IN SEC

In size-exclusion chromatography, the following are
potential sources of polymer shear degradation:
Injection valve
Capillary tubing
Column frits
Packed column
It should be emphasized that shear degradation may also occur
during sample preparation. TIn view of this, it is advisable to
use low shear rate conditions such as tumbling and low speed
stirring.
The following are estimated shear rates calculated from
Equation 3. Because of the many factors which influence polymer
degradation, these values are used to demonstrate the magnitude

of shear rates which can be developed in various parts of the

chromatographic systems.
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Injection Valves

Typical sample loop sizes are shown in Table 1 with the
corresponding shear rates produced assuming a 1 ml/min flow
rate. Also included are shear rates developed in the smallest
flow passages of the valve.

Capillary Tubing

Capillary tubes, which are used for column and detector
connections as well as for sample loops in injection valves,
usually range in ID from 0.01 to 0.04 inches. As shown in
Table 2, the shear rates generated in these tubes can be quite
high.

Frits

Commonly used stainless steel frits have an average
channel radius of about 1 um. Assuming a flow rate of 1
ml/min through a 6-mm diameter disc (e ~0.3), the estimated
shear rate generated is about 7.8 x 103 sec_l.

Shear Rate in Packed Columns

The shear rates generated in columns as a function of
particle diameter are shown in Figure 1 for 0.5 and 1.0 ml/min
flow rates. Results were calculated assuming a 4-mm ID column.
As indicated, columns packed with >40 um particles exhibit
relatively low shear rates of less than 1000 sec_l. For high
performance packings of 10 um, the shear rate ranges from
4-8 x 103 sec_l. Packings of 5 ym, which represent about
the smallest DP of commercial SEC packings, will generate

shear rates between 0.8 to 1.6 x 104 sec_l.
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TABLE 1

Estimated Shear Rates Produced in Injection Valves*

Sample Loop .
Capacity (ul) ID, inches Y, sec”l
10 0.012 6 x 103
20 to 100 0.020 1.3 x 103
Passages in 0.018 1.8 x 103
Rotor Seal

*Assume 1 ml/min flow rate. Dimensions are for a Rheodyne 70-10
sample injection valve. Calculated using Equation 3 and setting
€ to unity.

TABLE 2
SHEAR RATE PRODUCED IN DIFFERENT DIAMETER
CAPILLARY TUBING AT 1 ML/MIN

ID, inches ?, sec—1
0.01 1.0 x 104
0.02 1.3 x 103
0.03 3.8 x 102
0.04 1.6 x 102

The effect of flow rate on shear rate for 4-mm diameter
columns packed with 5, 10, and 20 um particles is shown in
Figure 2. For 10-um packings, the shear rate can be kept
below 1 x 104 sec_1 by employing flow rates less than
1 ml/min. For flow rates less than 0.1 ml/min, shear rates of
<1 x 103 sec'1 can be achieved for both 5 and 10-um
diameter packings.

As will be discussed, a shear rate below about 1 x 104
sec-1 is probably sufficiently low to avoid shear degradation

of most polymers of <1 x 106 molecular weight. Thus for
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INFLUENCE OF PARTICLE SIZE(Dp) ON SHEAR RATE (73
(4mm ID Column)

1x10°

1x10"
1.0 ML/MIN

7, sec™L

1x103 0.5/mL/mMIN

T T

T

leOz R | sl I
1 10 100 1000

Dp, UM

FIGURE 1. Shear rate generated in a 4-—mm ID column versus
particle diameter at 0.5 and 1.0 ml/min flow rates.
Shear rates were calculated using Equation 3.

high performance packings of 10um, flow rates of less than 1
nml/min are recommended for 4mm-ID columns. For ultrahigh
molecular weight (>1 x 106) samples, flow rates <0.1

ml/min may be necessary. Because of the inverse logarithmic
relationship between Dp and shear rate (Figure 1), the use of
SEC packings much lower than Suym is questionable. These high
efficiency packings should be used only for lower molecular
weight polymers to avoid shear degradation. Obviously, lower
velocities can be easily obtained using wider diameter columns.

For decreased analysis times, short columns at low flow rates
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INFLUENCE OF FLOW RATE ON SHEAR RATE(73

(4mm ID Column)

1x10°

1x104

7, stzc'1

1x10°

204 m
lxlOz LA il SR | T R

0,01 0.1 1 10
FLOW, ML/MIN

FIGURE 2. Shear rate versus flow rate produced in 4-mm ID
columns packed with 5, 10, and 20um diameter
particles. Shear rates were calculated using
Equation 3.

may be optimal. For an excellent discussion of the influence of
particle size on both critical molecular weight and column
efficiency see Giddings (25). Also, as reported by Giddings,
elongational strain rates may have a more pronounced effect on
polymer chain rupture than shear rate.

The calculated shear rates found in column frits are
relatively high. Thus, low porosity frits should be avoided.
1f possible, Sum or larger frits should be employed.

Capillary tubing appears to be a major potential source of shear
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degradation. Since most high performance injectors, detectors,
and column connections utilize 0.01 inch ID capillary tubes to
reduce band broadening, fairly high shear rates can be produced
in these systems. As shown in Table 2, capillary tubes of 0.02
inches ID or greater should be employed when analyzing high
molecular weight samples. It should be emphasized that
capillary tubing incorporated into detectors can also be a
significant source of shear. For example, the Waters 401
refractometer utilizes 0.009 inch ID tubing for the detector
inlet. This would generate 1.4 x 10" sec™ at 1 ml/min flow.

A comparison of shear rates in a high performance versus a
conventional SEC system is shown in Table 3. As indicated,
shear rates generated in high performance systems are one to two

orders of magnitude higher.

CRITICAL MOLECULAR WEIGHTS AND SHEAR RATES

It should be emphasized that the shear rates estimated for
high performance SEC should serve only as a rough guide when
relating these values to critical shear rates (or stress) and
critical molecular weights established in other types of shear
fields, e.g., capillary tubes, concentric cylinders, or high
speed stirring. The hydrodynamics associated with an SEC
system, from injector to detector, are highly complex and
dependent on the geometry of flow channels, structure of the

packed bed, production of local points of turbulence, and
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Table 3

Comparison Of Shear Rates Generated In
High Performance Versus Conventional SEC Systems

?, sec—1
Source of Shear High Performance(1) Conventional(?)
Capillary Tubing 1 x 104 1.6 x 102
Frits 7.8 x 103 2.2 x 102
Column 8 x 103 3.6 x 102

(1) Flow: 1 ml/min; column: 4 mm ID; D,: 10 um;
capillary: 0.01 inch ID; frit: 2um; Ry: 1.86um
(velocity through column: 0.37 cm/sec).

(2) Flow: 1 ml/min; column: 7.9 mm ID; D,: 56 um;

capillary: 0.04 inch ID; frit: 10um; Ry: 10.4 um
(velocity through column: 0.095 cm/sec).

inhomogeneity of shear fields. For example, if turbulence were
present, different segments of the chain may be caught in eddies
moving in various directions thus producing additional strain on
the polymer. Thus, the shearing conditions in SEC are very
difficult to define.

There appears to be no adequate model to predict shear
sensitivity of a given polymer (4). Critical molecular weights
and shear rates must be determined experimentally (25). Even
when these values are known, they are highly dependent on
experimental conditions and the technique used to generate the
shear rate or stress (2). Furthermore, it has been proposed

that entangled chains rather than individual molecules are more
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shear sensitive because of the concentration of energy at
junction points (9, 11, 19).

Frenkel (2), who did not take into account entanglements,
estimated that the critical shear rate for a polymer of degree
of polymerization of 103 is 105 sec—l. From experimental
work and thermodynamic considerations, Morris and Schnurmann
(20) reported that shear rates of more than 1.6 x 106 sec”1
would be required for shear degradation of hydrocarbon polymers
of molecular weights of 2.5 x 104 and less. At 10S sec—1

under laminar flow conditions, polymers of molecular weights

>105 were degraded.

DEGRADATION OF POLYMERS DURING SEC

Surprisingly, there have been only a relatively small
number of papers describing shear degradation of polymers in SEC
(19, 21-26). Slagowski et al. (21) have demonstrated that both
4.37 x 107 and 2.73 x 107 molecular weight polystyrene
degrades during SEC using a conventional system (Styragel) at
flow rates as low as 0.25 ml/min (? = 95 sec—l). A
chromatographed sample of the 4.37 x 107 polystyrene run at 1
ml/min (? = 380 sec_l) was collected and from viscosity
measurements was found to have a reduced viscosity of 25.6 dl/g
as compared to 64 dl/g for the initial sample. At 1 ml/min, a
9.6 x 10 molecular weight polystyrene showed no apparent

degradation as determined from elution volume measurements.
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Using high performance SEC, Kirkland (18) has shown that
7.1 x 106 polystyrene was shear degraded above 0.1 cm/sec
(? = 2.7 x 103 sec_l) using 8um-silica particles.

Rooney and VerStrate (19) employed an on-line, low-angle
laser light-scattering detector (LALLS) to study polymer
degradation in SEC columns (pBondagel and Shodex 800 series)
and found that polystyrene and several polyolefins of molecular
weight >6.7 x 105 degraded above 0.5 ml/min flow rate.

These authors also undertook a brief study of the effect of
polymer concentration on shear degradation. Although they claim
to see a small concentration dependency, the scatter about the
data points appeared to be too high to warrant any conclusions.
Their results suggest that shear rates as low as 2.7-6.4 x 103
sec_1 (calculated from Equation 3) were sufficient to obtain
noticeable shear degradation of polymers >6.7 x 105

molecular weight. It should be noted, however, that the iw
results obtained at flow rates of 1.0 ml/min and greater may be
in error because of excess light scattering presumably caused by
thermal and/or flow inhomogeneities in the detector cell. 1In
addition, contributions from peak broadening generated within
the column and between the LALLS and differential refractometer
may have complicated the results (28).

Huber and Lederer (26) measured the ﬁh of 1 x 106

molecular weight poly(isobutylene) as a function of flow rate

employing a LALLS detector and Styragel columns. Polymer
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degradation was first noticeable at flow rates greater than 10
ml/he (¥ = 77 sec V). At e flow rate of 2 ml/min (930

sec-l), i‘ decreased by almost a factor of two. It should

be noted, as described above, that no band broadening
corrections were employed; thus the ﬁg data obtained on-line
may be in error.

Using both Shodex and silica high performance columns (8
mm ID), Ye and Shi (23) studied shear degradation effects of
polystyrene calibrants of molecular weights of 2.7 x 106 to
7 x 106 using a flow rate of 2 ml/min. (Equivalent to 0.5
ml/min for & 4-mm ID column.) Measurements were made using an
off-line LALLS photometer and intrinsic viscosity measurements
of collected samples. No molecular weight decrease was observed
for the Shodex column; whereas, for the silica column (particle
size not given), some degradation was obvious. The authors
claim that since the pressure across the silica column was
greater than for the Shodex column, pressure was a contributing
factor.

Rand and Mukherji (24) investigated polystyrene shear
degradation using two high-performance silica columns,
uBondagel (4mm ID) and Zorbax Bimodal columns (6.2 mm ID), and
an on-line LALLS detector. Although there was scatter in the
data, it appeared that shear degradation had occurred for 3 x
106 and 7 x 106 molecular weight polystyrene standards at

flow rates as low as 0.5 ml/min. Little shear degradation of
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polystyrenes in the molecular weight range of 5 x 10q to 1.8 x
106 was evident at flow rates of 0.5-1.5 ml/min using either
of the silica columns.

Giddings (25) developed a relationship between the
critical molecular weight of a polymer and shear stress in
packed beds and uniform channels. Polyacrylamide
(ﬁw ~6.2 x 106) was used as the test polymer and shear
degradation was determined by measuring the reduction of
intrinsic viscosity of the polymer after it passed through a
column packed with controlled-pore glass (70um). The
experiment consisted of pumping two column volumes of polymer
solution (0.05 and 0.10 wt%) through the column. Substantial
viscosity loss was apparent at velocities as low as 0.025
cm/sec. Polymer degradation using nonporous glass particles of
the same size as the SEC packing was about 25% lower, suggesting
that polymer chains are more prone to rupture as they diffuse
into and out of pores. Giddings also presented several useful
equations that can be used to establish guidelines for avoiding
polymer shear degradation and, at the same time, maximizing
column efficiency.

In our laboratory, we have observed shear degradation of
polystyrene calibrants using Zorbax PSM silica packings. Figure
3 is a polystyrene calibration curve obtained on a set of
Du Pont Zorbax Bimodal columns using THF as the mobile phase.

The backward curve of the high-molecular-weight end of the
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polystyrene calibration curve could be indicative of shear
degradation. The 7 x 106 molecular weight polystyrene peak
elutes near the 9.5 x 105 peak, and the 4.1 x 106

polystyrene elutes between 1 x 106 and 2 x 106 molecular
weight polystyrene standards. The amount of shear degradation
increased with mobile phase flow rate and with polymer
concentration. It should be recognized, however, that other
flow rate and concentration dependent effects could contribute

to these observations.

CONCLUSTONS

Because of the complex hydrodynamics involved in SEC
systems, it is very difficult to arrive at a simple correlation
between operational parameters, such as flow rate and particle
size, and onset of shear degradation. Also, the dependency of
shear degradation on polymer concentration, chemical structure,
and solvent further complicates this issue. Nevertheless,
guidelines can be established, based on published data and
estimated shear rates produced in various parts of an SEC system.

Because of the appearance of degradation with conventional
columns in which very low ? are produced within the column, it
is obvious that degradation may be occurring in capillary tubing
associated with the system. As suggested by Giddings (25),
elongational forces within the packed bed may have a more

pronounced effect on polymer degradation than do tangential
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shear forces. Because of the high shear rates that can be
generated in high-performance columns, it is advisable to
measure elution profiles of samples as a function of flow
rates. If an on-line light scattering photometer is available,
the occurrence of degradation can be more readily determined.
However, one should be aware of elution volume-flow rate
dependence (27) and additional band broadening that can occur
between concentration and LALLS detectors used in series (28).

Capillary tubing of large ID should also be employed
providing that column efficiency is not sacrificed. Since HPLC
detectors contain small (<0.010 inch) ID tubing, alternative
detection systems may be required. Because of the inverse
relationship between shear rate and particle radius, it is
doubtful that small diameter SEC packings (<10um) would
prove useful for the analysis of high molecular weight polymers
unless short, wide columns are used to obtain sufficiently low
flow rates at acceptable analysis times.

Finally, since shear degradation of polymers may occur
more readily with increased polymer concentration, fairly dilute
polymer solutions may be required. The use of dilute solutions
is also needed to avoid chromatographic effects such as
macromolecular crowding and viscous fingering.

As can be seen, a significant amount of work is needed
before we can fully understand and predict the extent of polymer

degradation in chromatographic systems.



1736 BARTH AND CARLIN

REFERENCES

1. McHugh, A. J., Liquid Chromatography of Polymer Latexes,
in Advances In Emulsion Polymerization And Latex
Technology, 9th Annual Short Course, Lehigh Univ.,

G. Poehlein, Editor, Vol. 1, 1978.

2. Frenkel, Y. I., Orientation and Rupture of Linear
Macromolecules in Dilute Solution under the Influence of
Viscous Flow, Acta Physiochim. USSR, 19, 51 (1944).

3. Casale, A., Porter, R. 8. and Johnson J. F., The
Mechanochemistry of High Polymers, Rubber Chem. and
Technol., 44, 534 (1971).

4, Bird, R. B., Armstrong, R. C. and Hassager, O., Dynamics of
Polymeric Liquids, Vol. 1, John Wiley & Sons, N.Y., 1977,
p. 61.

5. Payatakes, A. C. and Neira, M. A., Model of the

Constricted Unit Cell Type for Isotropic Granular Porous
Media, A.I.Ch.E.J., 23, 922 (1977).

6. Neira, M. A. and Payatakes, A. C., Collocation Solution of
Creeping Newtonian Flow Through Periodically Constricted
Tubes, A.I.Ch.E.J., 24, 43 (1978).

7. Durst, F. and Haas, R., Elongated Flows with Dilute
Polymer Solutions: A Theoretical Model and its
Experimental Verification, Rheol. Acta, 20, 179 (1981).

8. Durst, F., Haas, R. and Kaczmar, B. U., Flows of Dilute
Hydrolyzed Polyacrylamide Solutions in Porous Media under
Various Solvent Conditions, J. Appl. Polym. Sci.,

26, 3125 (1981).

9. Arisawa, K. and Porter, R. S., The Degradation of
Polystyrene During Extrusiom, J. Appl. Polym. Sci., 14,
879 (1970).

10. Porter, R. S. and Johnson, J. F., The Entanglement
Concept in Polymer Systems, Chem. Rev., 66, 1 (1966).

11. MacArthur, A. and McIntyre, D., A Model of Chain
Degradation in Very Dilute Solutions of High Molecular
Weight Linear Polymers, ACS Polym. Prepr., 24 (2),

102 (1983).

12. Yu, J. P. 8., Zakin, J. L. and Patterson, G. K.,



POLYMER SHEAR DEGRADATION IN SEC 1737

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

Mechanical Degradation of High Molecular Weight Polymers
in Dilute Solution, J. Appl. Polym. Sci, 23, 2493 (1979).

Basedow, A. M., Ebert, K. H. and Hunger, H., Effects of
Mechanical Stress on the Reactivity of Polymers: Shear
Degradation of Polyacrylamide and Dextran, Makromol.
Chem., 180, 411 (1979).

Nakaro, A. and Minovra, Y., Relationship between
Hydrodynamic Volume and the Scission of Polymer Chains by
High-Speed Stirring in Several Solvents, Macromolecules 8,
677 (1975).

Nakaro, A. and Minovra, Y., Degradation of Aqueous
Poly(Acrylic Acid) and its Sodium Salt Solutions by
High-Speed Stirring, J. Appl. Polym. Sci., 22, 2207 (1978).

Johnson, W. R. and Price, C. C., Shear Degradation of
Vinyl Polymers in Dilute Solution by High-Speed Stirring,
J. Polym. Sci., 45, 217 (1960).

Abdel-Alim, A. H. and Hamielec, A. E., Shear Degradation
of Water-Soluble Polymers: Degradation of Polyacrylamide
in a High-Shear Covette Viscometer, J. Appl. Polym. Sci.,
17, 3769 (1973).

Rodriguez, F. and Winding, C. C., Mechanical Degradation
of Polyisobutylene Solutions, Ind. Eng. Chem., 51, 1281
(1959).

Rooney, J. G., and VerStrate, G., On-line Determination by
Light Scattering of Mechanical Degradation in GPC, in
Liquid Chromatography Of Polymers And Related Materials,
J. Cazes, Ed., Vol. 3, M. Dekker, N.Y., 1981, p. 207.

Morris, W. J. and Schnurmann, R., Mechanical Degradation
of Large Molecules, Nature, 160, 674 (1947).

Slagowski, E. L., Felters, L. J. and McIntyre, D., Upper
Molecular Weight Limit for the Characterization Of
Polystyrene by GPC, Macromolecules, 7, 394 (1974).

Kirkland, J. J., Porous Silica Microspheres for
High-Performance Size Exclusion Chromatography,
J. Chromatogr. 125, 231 (1976).

Ye, M.-L. and Shi, L.-H., A Study of Mechanical
Degradation of Polymers in High Performance GPC, J. Ligq.
Chromatogr, S5, 1259 (1982).



1738

24.

25.

26.

27.

28.

BARTH AND CARLIN

Rand, W. G. and Mukherji, A. K., Molecular Weight
Determination of Polystyrene using SEC Interfaced with a
Low-Angle Laser Light Scattering Photometer: The
Influence of Flow Rate, J. Polym. Sci.: Polym. Letter
Ed., 20, 501 (1982).

Giddings, J. C., Analysis of Fundamental Obstacles to SEC
of Polymers of Ultrahigh Molecular Weight, Adv.
Chromatogr., 20, 217 (1982).

Huber, C. and Lederer, K. H., Flow-Rate Dependent
Degradation of High Molecular Weight Polyisobutylene in
GPC, J. Polym. Sci., Poly. Letter Ed., 18, 535 (1980).

Aubert, J. H. and Tirrell, M., Flow Rate Dependence of
Elution Volumes in SEC: A Review, J. Liq. Chromatogr., 6
(s-2), 219 (1983).

Bressau, R., Problems in Multiple Detection of GPC
Eluents, in Liquid Chromatography Of Polymers and Related

Materials, J. Cazes, Ed., Vol. 2, M. Dekker, N.Y., 1980,
p. 73.



JOURNAL OF LIQUID CHROMATOGRAPHY, 7(9), 1739-1751 (1984)

MOLECULAR WEIGHT CALIBRATION
IN STERIC EXCLUSION CHROMATOGRAPHY
OF DIBLOCK COPOLYMERS OF
POLYSTYRENE AND POLY(ETHYLENE OXIDE)

J.V. Dawkins and M.J. Guest
Department of Chemistry
Loughborough University of Technology
Loughborough, Leicestershire LET11 3TU
England
and
G.M.F. Jeffs
Imperial Chemical Industries
Organics Division
Blackley, Manchester M9 3DA
England

ABSTRACT

The molecular weight calibration curve in steric exclusion
chromatography of a diblock copolymer of polystyrene and poly
(ethylene oxide) is obtained by a method involving the universal
calibration principle. The method is developed from the experi-
mental observation that calibration curves for homopolymers of
polystyrene and poly(ethylene oxide) in N,N-dimethylacetamide at
353 K are paraliel. It is assumed that the size of the diblock
cepolymer in solution is linearly related to the sizes of the
corresponding homopolymers. The method requires the experimental
determination of copolymer composition. Reasonable results for
the number average molecular weights of diblock copolymers were
obtained with this calibration method.

INTRODUCTION

Grubisic, Rempp and Benoit (1) suggested that hydrodynamic
volume can be used for universal calibration in steric exclusion
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chromatography (SEC), showing that a plot of log[n]M against
retention volume VR (in counts) was the same for homopolymers
and copolymers having various structures. Here, [n] is the
intrinsic viscosity (d1 g7!) of the polymer in the SEC solvent
and M is the molecular weight of the polymer. At a given VR’ it
is assumed that all polymers have the same value of [n]M so that
we can write

loginl o Mg = loglnl, M) (M
where ps refers to a calibration established experimentally with
polystyrene standards and p to the calibration for the polymer
requiring analysis. It is also assumed that the column combi-
nation, solvent and temperature remain constant. Equation (1)
therefore permits the determination of M_ from an experimental
polystyrene calibration. This may be accomplished with an on-
line viscometric detector (2) by establishing the dependence of
[n]ps and [n]p on VR as a polymer elutes from the chromatograph.
Alternatively, if a viscometric detector is not available, [nl
and M are related by the Mark-Houwink equation given by

nl = KM (2)

in which K and @ are constants for a particular homopolymer-
solvent-temperature system. Substitution of equation (2) for
homopolymers ps and p into equation (1) and rearrangement gives

log Mp— [(1-+aps)/(1-+ap)]1og Mps =[1/(1-+ab)]1og(KpS/Kp)
(3)
In the molecular weight characterisation of block copolymers,
a viscometer may be included in a multidetector system comprising
one or more concentration detectors selected from refractive
index, ultraviolet and infrared detectors (3), so that the
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dependence of the intrinsic viscosity [n]C of the block copolymer
on VR may be established. Provided that hydrodynamic volume is

a valid universal calibration parameter for a block copolymer (4),
then the molecular weight calibration MC for the block copolymer
may be calculated with the equation

log MC - Tog Mps = 1og[n]ps/[n]c (4)

from an experimental calibration for polystyrene, as in equation
(1).

If no viscometer detector is available, then the relation
for log Mc against VR has to be derived from the experimental
Mps and M_ calibration curves. Tung and co-workers (5,6) proposed
a calibration method which assumed that the size of the copolymer
molecule is the sum of the two segments of the molecule consider-
ing each block to behave as a separate homopolymer. Their method
involved a simple expression for log MC in terms of the homo-
polymer calibrations log Mps and log Mp which were weighted
according to the copolymer composition. Tung and co-workers
(5,6) also reported that their experimental calibration curves
Mps and Mp were parallel. Chang (7,8) proposed a molecular
weight calibration method for block copolymers, requiring homo-
polymer calibrations and Mark-Houwink constants as defined in
equation (3). Chang (7,8) observed that his method in practice
would often involve parallel calibration curves for the homo-
polymers. This follows because many SEC separations are
performed with good solvents for homopolymers (9-11), when
a = ap so that the right hand side of equation (3) becomes a

ps

shift factor between the parallel M.k and MpS calibration curves.

p
When polymers in good solvents have similar polymer-solvent
interactions, then this shift factor for universal calibration
may be considered in terms of the unperturbed mean-square end-to-

end distance <r2>0 of a polymer (10-12). In this paper we demon-
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strate how universal calibration based on <r2>o may be extended
to the determination of the calibration Mc for diblock copolymers
of polystyrene and poly(ethylene oxide) designated PS-PEQ.

CALIBRATION METHOD

The intrinsic viscosity for a polymer solution may be
expressed in terms of <r-2>o for a polymer (9-11) according to the
Flory-Fox equation

2 3/2 3 1/2
nl = ¢l<r >0/M] a M (5)

where o is the linear expansion factor and ¢ is the viscosity
constant. Substituting equation (5) into equation (1) and
rearranging gives
- = 2 2 2 2
log Hp Tog MpS logl<r >0/M]pS[M/<r >odp * Toglo s /ap ]

Y p

(6)

assuming that ¢ is the same for two polymers when aps = ap.
Results have been presented showing that s ™ apfor homopolymers
in good solvents when polymer-solvent interactions are very

similar (13). Consequently, equation (6) may be simplified to
- = 2 2
log Mp log MpS logl<r >O/M]pS[M/<r >0]p (7)

Since <r2>o/M is a characteristic constant for a homopolymer
whose conformation may be represented by a random coil, the shift
factor on the right hand side of equation (7) is easily calculated.

Recent studies of diblock copolymers in solution suggest that
the conformation may be considered to be that for homopolymers
(14,15). Thus, molecular size for an individual block, represen-
ted by the mean-square radius of gyration, is the same in the
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block copolymer as that in the equivalent homopolymer, i.e. the
molecular size of a block in the diblock copolymer is not
affected by the presence of the second block. Consequently, the
molecular size of a diblock copolymer in solution may be linearly
related to the sizes of the homopolymers (16) according to the
relation

2 = 2 - 2
[<r >0/M]C = Wgl<r >O/M]ps + (1 ws)[<r >0/M]p (8)

where ws is the weight fraction of styrene in the diblock
copolymer. By analogy with the derivation of equation (7) from
equation (1), it can be shown that equation (4) for a diblock
copolymer may be transformed to

- = 2 2
Tog M. - Tog Mps logl<r >0/M]pS[M/<r >31c (9)

where [<r2>0/M]C may be calculated from equation (8) as long as
the copolymer composition has been determined.

EXPERIMENTAL
Block Copolymers and PEQ Homopolymers
A1l polymers were prepared by anionic polymerisation
techniques in order to produce samples with narrow molecular

weight distributions. Solvents and monomers were extensively
dried and purified, and the polymerisations were performed under
conditions of rigorous purity using a high vacuum technique.
Ampoules containing the various reactants were equipped with
breakseals and were sealed onto an all-glass reactor similar te
a reactor described previously (17).

The synthesis of PS-PEO diblock copolymers involving the
forwation of polystyrylpotassium in tetrahydrofuran followed by
the addition of ethylene oxide was performed according to the
method described by 0'Malley and Marchessault (18). Polymeri-
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sations were initiated with cumylpotassium. The synthesis of
this initiator involved firstly the preparation of methyl cumyl
ether from a-methyl styrene, methanol and hydrochloric acid, and
secondly the reaction of this ether with sodium-potassium alloy
in tetrahydrofuran. A predetermined volume of a standardised
solution of cumyl potassium in tetrahydrofuran was placed into
an all-glass ampoule which was evacuated and sealed. Both
monomers and methanol were rigorously dried before sealing in
ampoules. Tetrahydrofuran which had been dried with calcium
hydride, disodium (o-methyl styrene tetramer), and a sodium
mirror was distilled into the reactor. Polystyrylpotassium was
formed by reaction at 273 K for 30 min. and then initiated the
polymerisation of ethylene oxide which was performed at room
temperature for 3-4 days before terminating with methanol. Block
copolymer was recovered by precipitating the reaction mixture in
a five-fold excess of 60/80 petroleum ether. Similar procedures
were used to prepare PEO homopolymers by the initiation of the
anionic polymerisation of ethylene oxide with cumylpotassium in
tetrahydrofuran using an all-glass reactor. Copolymer composition
was determined from infrared measurements with a Perkin Elmer 457
spectrometer. Calibration plots of absorbance versus concen-
tration were obtained for absorption peaks at 700 cm™1 (PS) and
1105 c¢cm™! (PEO) with solutions of the homopolymers dissolved in
trichloroethylene. From the spectrum for each PS-PEO diblock
copolymer in trichloroethylene and the calibration plots, the
weight fraction of each block was calculated. Trichloroethylene
(SLR, Fisons, with 0.2% triethylamine added) was destabilised by
shaking with 10% v/v hydrochloric acid, washed three times with
distilled water, and dried by stirring with fused calcium
chloride for 30 min. before distillation, taking the middle
fraction for use.

Steric Exclusion Chromatography

PS~PEQ diblock copolymers and PEO homopolymers were charac-
terised by SEC with a Waters Associates model 200 chromatograph
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at ICI Organics Division, Blackley, Manchester. A series
arrangement of columns containing crosslinked polystyrene gels
was used at 353 K with N,N-dimethylacetamide as solvent as
described in the paper by Dawkins and Hemming (19). The mole-
cular weight calibration for polystyrene was established with
standards supplied by Pressure Chemical Co., Pittsburgh, and
Waters Associates. The molecular weight calibration for poly
(ethylene oxide) was established with PEQ homopolymers prepared
by anionic polymerisation and with samples of poly(ethylene
glycol) designated PEG assuming values of molecular weight
provided by the suppliers (Shell Chemicals, BDH, ICI). The PEO
homopolymers were characterised by measuring the solution
viscosity of PEO in water with an Ubbelohde-type viscometer at
303 K. Data at several polymer concentrations were extrapolated
linearly by the Huggins and Kraemer plots to find [n] at infinite
dilution. The value of the viscosity average molecular weight
MV of PEO for plotting the GPC calibration was calculated from
the relation reported by Bailey and co-workers (20)

1 = 1.25 x 107+ 078 (10)

The polydispersity, defined as the ratio of weight and number
average molecular weights ﬂw/ﬂn, was calculated from the
chromatograms of the PEO homopolymers without corrections for
chromatogram broadening. Values of Nw/Mn were below 1.3, so that
construction of a PEO calibration curve with MV by the peak
retention volume procedure should be accurate (10).

RESULTS AND DISCUSSION

Experimental calibration curves for PS standards, PEQO homo-
polymers and PEG samples are shown in Figure 1. Straight line
behaviour was assumed for the range of VR from 16.5 to 22.0
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Molecular weight calibration plots for N,N-dimethylacetamide at
353 K. © polystyrene standards, o poly(ethylene oxide) homo-
polymers, ® poly(ethylene glycol) samples. = predicted M
calibration for PEQC with equation (7) and a shift factor Tlog;g
0.593. ~--- predicted MC calibration for PS-PEO (WS = 0.68) with
equation (9) and a shift factor log,y 0.82. ---.-- predicted M.
calibration for PS-PEO (W_ = 0.37) with equation (9) and a shift
factor log,y 0.70.
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counts. The calibration curves for PS and PEO homopo1yqags may
be related with equation (7). The value of [<r2> /M] was
assumed to be 0.67 X as in previous universal ca11brat1on studies
(8,12,19). The calibration curve for PEC predicted with equation
(7) superimposes with the experimental data for PEO in Figure 1
when the shift factor is log;q, 0.593, so that [<r?> /M]pl/2 for
PEO is then 0.87 R This value is very close to the value of
0.84 % reported by Beech and Booth (21). The difference between
these two values of [<r2>o/M] is close to experimental error.
The shift factor in equation (7) is presumed to be unaffected by
possible small differences in %ps and % in equation (6) for PS
and PEO in N,N-dimethylacetamide. The results indicate that
equation (7) is a satisfactory method for determining the
calibration curve for PEO homopolymers. Therefore, it is
reasonable to assume that the calibration curves for PS and PEO
homopolymers are parallel which is a requirement in the procedure
for determining the calibration curve for a PS-PEO diblock co-
polymer.

In the synthesis of a PS-PEO diblock copolymer, part of the
polystyrylpotassium was removed from the polymerisation reactor
and deactivated with methanol. A chromatogram for such a sample
which corresponds therefore to the PS block is shown in Figure 2.
A chromatogram for the PS-PEQ diblock copolymer resulting from
the same polystyrylpotassium is also shown in Figure 2. The
positions of these chromatograms on the VR axis clearly indicate
the success of the sequential polymerisation procedure for
forming PS-PEO and also indicate that there is no measurable PS
homopolymer in the sample of diblock copolymer. Residual PS
homopolymer would have arisen from premature termination of some
of the polystyrylpotassium on addition of ethylene oxide monomer,
generating a second peak at VR = 20.15 counts in the chromatogram
for the diblock copolymer in Figure 2. If it is assumed that the
sample of diblock copolymer does not contain homopolymer, then
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FIGURE 2

Chromatograms for diblock copolymer PS-PEO-4 and the PS block
from elution with N,N-dimethylacetamide at 353 K.

values of Mn (PS) and Mn (PS-PEO) for the polystyrene block and
the diblock copolymer respectively are related by

NS = Mn (PS)/ Mn (PS-PEO) 1)
A value of ﬂn (PS) is determined from the chromatogram for the
polystyrene sample in Figure 2 with the PS calibration curve in
Figure 1. Since ws is known from infrared spectroscopy measure-
ments, the value of Mn (PS-PEO) may be estimated with equation (11),
and results are given in Table 1.

SEC calibration curves for PS-PEO diblock copolymers were
determined with equation (9), having calculated [<r2>0/M]c with
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TABLE 1
Characterisation Data for PS-PEQ Diblock Copoiymers

Copolymer W W (PS) M (PS-PEO) M (SEC) M /M

S
PS-PEO-1 0.72 36200 50300 53900 1.40
PS-PEO-2 0.68 43900 64600 64500 1.50
PS-PEO-3 0.42 36200 86200 76100 1.44
PS-PEO-4 0.37 22100 59700 54900 1.47

equation (8) employing [<r2> /M] 1/& = 0.67 R, [<rZ> /Ml 1/2 =
0.87 R for PEO, and the va]ues of w given in Table 1 The co-
polymer calibrations MC are para11e1 to and between the curves
for the homopolymers, as shown by the selected copolymer examples
in Figure 1. With the calibration curve and chromatogram for a
diblock copolymer, values of Mn(SEC) and the polydispersity were
calculated and are listed in Table 1. The SEC method gives
values of Mn for the copolymers in fair agreement with Mn(PS—PEO)
obtained with equation (11).

In summary, the proposed calibration method is simple to use
and provides reasonable values of molecular weight for PS-PEO
diblock copolymers. It is likely that many SEC separations of
homopolymers and copolymers will be performed with good solvents
having similar polymer-solvent interactions because solute-gel
interactions are more likely when the eluent becomes less compati~
ble with the gel and when the eluent is a poor or theta solvent
for the polymeric solute (22). In this work we have assumed no
change in copolymer composition with VR' It follows from
equation (8) that when WS varies across the chromatogram the Mc
calibration calculated with equation (9) must be non-parallel to
the calibration curves for the homopolymers. Results for diblock
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copolymers having a copolymer composition distribution will be
reported in a separate paper.
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MOLECULAR WEIGHT CALIBRATION OF SEC
USING BROAD MWD STANDARDS-APPLICATION
FORPOLY (P-METHYL STYRENE)

0. Chiantore and A .E. Hamielec
McMaster Institute for Polymer Production Technology
McMaster University
Hamilton, Ontario, Canada L8S 4L7

ABSTRACT

Broad molecular weight distribution samples of poly (p-methyl styrene) were
synthesized using free radical polymerization with thermal initiation over a range of
temperatures, 120° - 160°C. The weight-average molecular weights (Myw) of these
polymers were measured by low angle laser light scattering photometry (LALLSP) to
provide broad MWD standards. Two broad MWD standards were then used to
determine the molecular weight calibration curve for poly (p-methyl styrene) using
the universal molecular weight calibration curve found using narrow MWD
polystyrene standards. SEC was then used to measure the Mw values for the
remaining poly (p-methyl styrene) samples. The Mw values by LALLSP and SEC
were in excellent agreement confirming the validity of the broad MWD standards
calibration method.

INTRODUCTION

Methods of molecular weight calibration using broad MWD standards are of
three basic types. Those which employ a broad MWD standard with known molecular
weight distribution [1-5]. Those which employ one or more broad MWD standards
with known My, Mw or [n] and assume a linear molecular weight calibration curve
[6-9] and finally those which employ one or more broad MWD standards and use the
universal molecular weight calibration curve obtained with narrow MWD

polystyrene standards [10,11].
1753
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The present investigation makes use of two broad MWD standards and the

universal molecular weight calibration curve based on narrow MWD polystyrenes.
THEORY

Let the molecular weight calibration curve for polystyrene be given by

Mg = ¢(v) (1)

where M is the molecular weight of polystyrene and ¢(v) is some arbitrary function of

retention volume, v. The universal molecular weight calibration curve can now be
given by

[NIM = Kgp(v)t s (2)

where [n] is the intrinsic viscosity, M molecular weight, Ks and ag are Mark-Houwink

constants for polystyrene. The molecular weight calibration curve for a second

polymer such as poly (p-methyl styrene) may be expressed as

M, = ApB(v) (3)

where M, is the molecular weight of the second polymer and
A = (KgK 1 +ew (4)
B = (1+agd/(l+ay) (5

where Ky and ay are Mark-Houwink constants for the second polymer.

We now consider a mass concentration detector and assume that either
correction for peak broadening is negligible or that the normalized detector response,
F(v) has been suitably corrected for broadening. The weight- average molecular
weights of 2 broad MWD standards of the second polymer measured by SEC are given
by

@

M, =AI F ) 6P dv (6)
1 [}

M =A J F,(v) ofv)dv D

Wo o 2
Setting My, and My, equal to those values already measured by light scattering, we
now have 2 equations for the 2 unknowns, A and B. Dividing equation (6) by equation

(7) gives
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M, M, = Jo F, () ¢Pv)dv/ L Fy) ¢f(v)dv 8
A single-variable search will provide § and then a direct calculation using either
equation (6) or (7) provides A and thus the calibration curve for the second polymer
via equation (3). [t should be pointed out that the validity of the molecular weight
calibration curve for the second polymer does not depend on the validity of the Mark-
Houwink constants for polystyrene. However, the validity of the Mark-Houwink
constants for the second polymer (found using equations (4) and (5)) does depend on
the validity of the polystyrene Mark-Houwink constants. This is inherent in all
previous methods of broad MWD standard calibration [11].

Another approach involving broad MWD standards for ecalibration is to use 2
broad MWD standards with known intrinsic viscosities. The intrinsic viscosities of 2

broad MWD standards measured by SEC are given by

b [ a *® Ba
[rlll =K, L FI(V)Mxde =A xKx L F (v} *(v)dv 9)
a *® fa
[nl,= A “KKJ F (i *(v)ydv (10)
o

Given [n]; and [} one can solve for A%K, and Ba,. In this case, where whole
polymer intrinsic viscosities are used, the validity of the molecular weight calibration
curve does depend on the validity of the polystyrene Mark-Houwink constants. The
use of this approach to find Mark-Houwink constants K¢ and ay has the same
limitations. A procedure which gives both valid molecular weight calibration curve
and Mark-Houwink constants for a polymer follows. For this method, 2 broad MWD
standards with known M., are required to find My, the molecular weight calibration
curve. A knowledge of [n] for these two standards or for any other 2 broad MWD
standards would then permit one to find valid K, and ay using equations (9) and (10).
For this method valid Mark- Houwink constants for polystyrene are not required.

In this investigation, the broad MWD standards method involving two My, is
thoroughly investigated and then applied in the search for the molecular weight
calibration curve for poly (p-methyl styrene). The sensitivity of the method was
investigated using theoretical distributions and a linear molecular weight calibration
curve for polystyrene. This calibration curve for polystyrene is given by

M, = 2.15*1010 exp(-0.357 v) (11)
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Using Mark-Houwink constants (Kg = 1.11*10-2 and ag = 0.723) for polystyrene
provided the following universal molecular weight calibration curve
tn([n]M) = 36.492-0.6151v (12)

The two broad MWD standards were assumed to have most probable distributions of

the form
W(M) = M/M2y exp (-M/MN) (13)
Use of the identity
W(M)dM = - W(v)dv (14)
one can transform this distribution into a SEC mass concentration detector response
as follows
W(v) = D2,Ds exp(-2 Dav) exp(-(D1/My)exp(-Dav))/M2xy (15)
where
M(v) = Dy exp(-Dav) (16)

is the molecular weight calibration curve for the second polymer. After choosing
Mark-Houwink constants for the second polymer, one can evaluate D) and Dy using
equation (12). To investigate the sensitivity of the method, various Mark-Houwink
constants and My values were used for the second polymer. It should be noted that
My = 2My for polymers having the most probable distribution. In the computer
simulation of sensitivity of the method, two detector responses of the form given by

equation (15) were used.

RESULTS AND DISCUSSION

The results of the investigation of sensitivity using computer simulation are
shown in Tables 1 and 2.

Figures 1-3 show the chromatograms or detector responses for the cases
investigated in Table 1. The recoveries of the Mark-Houwink constants, K and a for
the two methods using pairs of M, or [n] are equivalent and satisfactory when the
chromatograms for the standards are not near to overlapping. For the Mw pairs,
(4.0%10-5, 5.4*105) and (4.0*105, 4.4*105), the exponent ay recovered is satisfactory,
however, the pre-exponential factor Ky is significantly larger than the true value

which is 1.54*10-2. Errors in the measured detector responses and in My, and [n]
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TABLE 1
Sensitivity of two broad MWD standards method of calibration

found by computer simulation

Ky = 1.540*10-2 and ay = 0.650

1757

My, (nh My, [l K« ax
3.2*%105 55.2 6.8%¥105 90.1
X X 1.581*10-2 0.649
X X 1.514*10-2 0.651
1.2*%105 29.2 1.20*106 130.0
X X 1.576*10-2 0.649
X X 1.547*10-2 0.649
4.0*105 5.4*105 1.614*10-2 0.647
4.0%105 4.4*%105 1.624*10-2 0.647
TABLE 2

Sensitivity of two broad MWD standards method of calibration

found by computer simulation

Ky = 0.800*10-2 and ay = 0.740

Mw1 ng Kx QAyx
3.20*105 6.80*105 0.801*10-2 0.740
4.0*105 4.4*105 0.825*10-2 0.738

1.20*105 1.20*106 0.799*10-2 0.740
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TABLE 3

Sensitivity of two broad MWD standards method of calibration

to peak broadening found by computer simulation - same

corrections to both My, (My, = 3.2*105, My, = 6.8*%105).

K¢ = 1.540*10-2 and ay = 0.650

Peak Broadening

Correction (% M,,) Ky ax
1.581*10-2 0.649
1.640*10-2 0.649
4 1.754*10-2 0.649
10 2.652*10-2 0.649
TABLE 4

Sensitivity of two broad MWD standards method of calibration

to peak broadening found by computer somulation - different
corrections for each My (My,, = 3.2*105, M, = 6.8*105)

2 Bwo,

2% correction for My,,)

Ky = 1.540*10-2 and ay = 0.650

Peak Broadening

Correction (% My,) K¢ ay
2 1.640*10-2 0.649
5.568*10-2 0.559

10 11.70*10-2 0.168
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FIGURE 7

values would also be greatly magnified when the two standards are near to
overlapping.

In Table 2, results are shown for a polymer whose Mark-Houwink constants are
close to those for polystyrene. These results are about the same as those for a polymer
whose Ky and ay are significantly different than those for polystyrene and the same
conclusions can be drawn. The chromatograms for these cases are shown in Figures 4-
6.

The effect of peak broadening on the recovered Mark-Houwink constants Ky
and ay has also been investigated and the results are given in Tables 3 and 4.

The results in Tables 3 and 4 clearly show the significant effect on recovered K
and ay of small corrections for peak broadening. A correction of only 4% to M has a
large effect on K, and if the corrections to both My, are small but different (2% to My,
and 4% to My,) the errors in Ky and ay are greatly magnified. It is clear that broad

MWD standards calibration is very sensitive to peak broadening and if the method is
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to be effective careful steps should be taken to minimize peak broadening
experimentally or to properly correct detector responses for broadening.

To show that the two broad MWD standards method involving an My, pair is
valid, My, values for eleven poly (p-methyl styrene) samples synthesized thermally at
low conversions were measured by low angle laser light scattering photometry
(LALLSP) and by SEC. The molecular weight calibration curve for poly (p-methyl
styrene) was found using two of the polymer samples as broad MWD standards with
known My, and Muw,. This molecular weight calibration curve was then used to
measure My by SEC for the remaining poly (p-methyl styrene) samples. The M
values found by SEC and LALLSP are compared in Figure 7. The agreement is

excellent confirming the validity of the broad MWD standards calibration method
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STRATGHTFORWARD PROCEDURE FOR ESTIMATING THE SPREADING FACTOR
IN SEC

G. Glockner
Technical University of Dresden
Department of Chemistry
DDR-8027 Dresden, Mommsenstr., 13

ABSTRACT

This contribution compiles SEC plate-height data obtained with
various polymer standards and with a low-molecular probe. The
latter value is easily measured and commonly given as a test of
the apparatus used. Plate-height values h from the low and
high-molecular range can be approximated by a straight line
when plotted logarithmically:

logh = A 4+ Blogh

Knowledge of the slope factor B would enable plate-height da-
ta in the high-molecular range to be estimated on the basis o
the reliable value from a low—mo%ecular probe. The variance ¢
and the spreading factor 1/(2 0°) can easily be derived from
the plate height.

INTRODUCTION
The spreading factor is a quantity which is needed for the
evaluation of Tung's integggl equation (1):
5(n = [0 etnyey (1)
F(v) is the uncorrected cﬁromatogram, i. e. the detector re-

sponse at elution volume v. W(y) is the chromatogram corrected
1769
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for peak broadening. G(v,y) is the instrumental spreading func-
tion which contains the spreading factor. Graphically, G{(v,y)

is the detector response due to a single component with elution

volume y. G(v,y) is usually assumed to be Gaussian:

2
a(v,y) = ! exp - 11;2312_ (2)
oy2n 26

62 is the variance of a Gaussian distribution. The quantity ¢
is the standard deviation. For a Gaussian curve, it is half
the width at the inflection points, i. e. at 60.7 % maximum
height of this curve.

Tung (1) called the guantity 1/(2 62) "spreading factor"
but there are also papers which use this name for the expres-~
sions 1/(2 02)0'5 or 1/(52. At any rate, the so called
spreading factor is related to the reciprocal of the variance
62,

Eq. (1) reflects the fact that the chromatogram of a given
sample 1s always broader than its component distribution. The
band broadening is due to instrumental spreading. The higher
the performance of a chromatographic apparatus, the less dra-
matically the bands will broaden - but band broadening remains
e fundamental problem and especially influences the edges of a
chromatogram. Here the uncorrected curve shows constituents
which, in reality, are not present.

There are several numerical techniques for the solution of

Egq. (1). (For survey, see Ref. 2, e.g.). The methods proposed
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by Ishige et al. (3) or by Vozka and Kubin (4) proved to be
very effective (5). An analytical solution of Eg. (1) has re-
cently been given by Hamielec et al. (6).

All the correction technigues require precise knowledge
of the standard deviation g . With too small a value the cor-
rection will be insufficient, too high a value will yield over-
correction. In SEC of polymers, the guantity O can be measured
by several techniques: (1) by reverse-flow experiments (7),

(ii) by chromatographic runs of polymers which are chromato-
graphically monodisperse (8), (iii) by chromatographic runs
of samples with precisely known molar mass distribution (MMD),
(iv) using samples with exactly known values of average molar
mass or statistical moments, or (v) by recycling.

Methods (i) and (v) need special equipment and are rather
cumbersome, (ii) requires high effort in fractionating a syn-
thetic polymer to the necessary degree of purity, (iii) and
(iv) are strongly dependent on the precission to which the MMD
or the average molar mass values of the standard polymers are
known,

It is very difficult to obtain the precise data of O (v).
In some papers dealing with correction of SEC data the value
of U is assumed to be independent of elution volume, but all
experimental work shows a decrease of O or 02 with increasing v.
Some results reveal a maximum in the curve of 02 vs. Vv which
is located in the vicinity of the exclusion limit of the column.
This effect is due to the mass-transfer contribution and will

be discussed later.
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The purpose of this paper is the presentation of a
straightforward procedure for estimating Gz(v). We intend to
approach this aim via investigation of plate height as a func-
tion of molar mass, h = £f(M).

The plate height h (height equivalent to a theoretical
plate, HETP) is:

h = L/N (3
The plate number N is related to elution volume v and
variance O°2:
N = v2/0'2 (4)
Thus the plate height is:
h o= LG/ (5)
L is the length of column,

The plate height is a measure for the gquality of column
packing and influences the peak width. The peak width also in-
creases with increasing column diameter and length. In order to
get rid of these geometric effects and to approach a more gen-
eral relation for peak broadening we shall investigate the be-
haviour of h instead of that of peak width.

According to Eq. (5) and the additivity rule of variances,
the quantity h can be treated as the sum of contributions
which are, e. g., due to polydispersity of sample (index: P),
to diffusion and stream effects (D), and to resistance to mass

transfer (index: MT):

Bioter = Bp + hp + by, (6)
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The sum of the second and third term at the right-hand side of
Eq. (6) is the instrumental spreading. Only with monodisperse

samples h? is =zero, with polydisperse samples the htotal
should be corrected. This requires the precise knowledge of

the distribution of species. If the calibration function of

the SEC apparatus is linear,

InM = 1nD, - D,v (7

and the sample distribution is logarithmic-normal, hP can be
calculated from the number and weight averages of molar mass,

Mn and Mw’ with the help of the equation:

1n (Mw/Mn) = gg Dg (8)

EXPERIMENTAL

Apparatus: KNAUER Liquid Chromatograph LC/GPC 5050
with high-pressure pump FR 30 and differential re-
fractometer 2025/50, with a home-made siphon of
1.289 cm3 volume per count.

Column: L = 5 x0.25m, dc = 4.6 mm,
packed by supplier (XNAUER KG) with LiChrospher(R)
Si 4000, Si 1000, Si 500 (2x) and Si 100, particle
diameter dP = 10 /um.

Solvent: Tetrahydrofuran (THF) "pro analysi", VEB LABORCHE-
MIE, Apolda, dried with KOH (24 hours), refluxed for

2 hours with Na wire, distilled under nitrogen using

a VIGREUX column 0.30 m in length.
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Samples: Polystyrene standards for SEC calibration, supplier:
KNAUER KG, molar mass values given in column 1 of
Table TI.

Working conditions: concentration of sample solution e, =

1.5 g/1, v, = 538 /ul, flow rate ¥ =1 cm3/min.

RESULTS

The results obtained with this apparatus (9) are compiled in
Table I. Column 3 of it shows the observed peak width, which is
related to the standard deviation Gtotal by the expression
W = 4 0%otal' The O values listed in column 4 are calculated
from the peak width after correction for injection volume
(0.538 ml).

From the values of elution volume and molar mass (columns

1 and 2), the calidbration function was calculated. It reads

(for e, = 1.5 g/1 and % = 1 cm3/min):
7
i
log M, = 2 a; v (9)
i=0
with a = 449.977, a; = -144.251, a, = 18.0263, a, = -1.1768
a4 = 6.49444-2, a5 = -4.,58180-3, a6 = 2,25601-4, a7=—4.3568—6.

The plate height data (column 5) plotted logarithmically

vs. log M 1is shown in Fig. 1. The data are represented by
a straight line:

logh = A 4+ Blogh (10)

Values of the slope factor B are compiled in Tab. II.
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TABLE I

SEC Data Obtained with Toluene (M = 92) and Several Polystyrene

Standards
M _ " W g -
g/mol ml ml ml Jam
92 17.04 0.951 0.103 46
600 16.78 1.075 0.134 80
4,000 16.20 1.245 0.177 149
20, 400 14.89 1.280 0.186 194
33,000 14.20 1.280 0.186 213
51,000 13.82 1.411 0.218 312
110,000 12.84 1.316 0.195 287
173,000 12,30 1.266 0.182 274
200,000 12.19 i.256 0.180 271
390,000 11.38 1.204 0.167 268
670,000 10.93 1.235 0.174 318
867,000 10.82 1.319 0.195 407
2,000,000 10.27 1.655 0.27% 924

DISCUSSION

The result shown in Fig. 1 fully corresponds to previous ob-
servation (2). In the course of the present work we used ad-
ditional data from literature.

Pigs. 2 - 4 show results published by Dawkins and Yeadon

in 1980 (10). These authors used columns 0.20 m in length and
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Plate height as a function of molar mass, log h vs. log M
as measured with toluene (o) and polystyrene standards (o).
Column: L = 1.25m, 4.6 mm I.D., packed with silica micro-
spheres. Eluent tetrahydrofuran, flow rate 1 ml/min,
(redrawn from Ref. 9).

3 mm I.D. which had been slurry-packed with silica micro-
spheres. The heterogeneity in particle diameter (weight to
number average) was 1.22, 1.30, and 1.67, the number average
values dP = 13.9, 12.8, and 8.5 /um for the packing materials
H 2, H 4, and H 6, respectively. The exclusion limits were
>106, 5 x 105, and lO5 g/mol (in the same sequence). The in-
vestigations were performed at various flow rates. The straight
line for log h vs. log M, which was found at v=1 ml/min, is

repeated by a dashed line in the corresponding diagrams for

higher (2.0) or lower values of flow rate (0.1 and 0.5 ml/min).
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Values of B

TABLE II

Data by Least-Square Regression

1777

in Equation (10) as Calculated from Experimental

Linear

Source Fig. Flow rate Vv velooit u B
ml/min mm/ s

this work 1 1.5 2.51 0.24
Dawkins and 2 0.1 0.54 0.15
Yeadon (10) 0.5 2.68 0.29
1.0 5.36 0.34
2.0 10.72 0.34
(10) 3 0.1 0.54 0.24

H 4 0.5 2.68 0.33
1.0 5.36 0.38

2.0 10.72 0.43

(10) 4 0.1 0.54 0.19

H 6 0.5 2.68 0.29
1.0 5.36 0.36

2.0 10.72 0.29

Kirkland 5 0.88 0.76 0.17
() 1.4 1.21 0.22
2.5 2.16 0.26

5.8 5.01 0.30
Cooper et al. 6 0.055 0.05 0.13
(12) 0.215 0.18 0.17
1.040 0.90 0.27
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silica H 2 (exclusion limit >1,000,000 g/mol). (Data from
Ref. 10).

0.20 m,

3mm I.D.,

slurry-packed with

5 similarly presents results published by Kirkland

in 1976 (11). Pig. 6 gives a corresponding view of data from

Cooper et al. (12) which were used by this team again in 1983

(13). The value for a low-molecular probe was not given by the

authors. The point indicated at log M = 2 has been estimated

from the fact that a WATERS Styragel(R) column 105 £ was used

which, according to the supplier's warranty, has at least 2100

plates per metre.
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FIGURE 3

Same as Fig. 2, but column packed with silica H 4 (exclusion
limit 500,000 g/mol). (Data from Ref. 10).

All the examples presented in Figs. 2 - 6 approximately
support a linear relationship as given by Eq. (10). This lin-
ear dependence of log h from log M also includes the plate-
height value of a low-molecular probe, which is easily measured.
It is given as an additional bit of information in most papers.
From this plain value and the knowledge of the slope B, the
plate height valid for high-molecular samples can be estimated.

It has already been pointed out that there is not a general

value of the quantity B. Some of the results presented in Ref.
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~
1%

log M

Same as Fig. 2, but column packed with silica H 6 (exclusion

limit 100,000 g/mol). (Data from Ref. 10).

(2) yielded B = 0.3, but three of the six sets of data inves-

+)

tigated led to a smaller value ‘.

The B data compiled in Tab. II of this paper obviously

show the influence of flow rate. Fig. 7 is a synoptic rep-

resentation of data measured at different flow rates.

range of a linear velocity u =

+) Equation (16-34) in Ref.

h, =

Unfortunately, the M

(2) should read:

0.3
thn(M/Man)

was omitted.
Bzn

In the

0.05 - 10 mm/s the data given
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FIGURE 5
Plots of log h ve. log M for polysiyrene standards (o) and
toluene (o) at flow-rate values 0.88 ... 5.8 ml/min. Eluent
THF. Column: L = 0.60 m (concatenation of 2 x 0.15 and 3 x 0.10 m

tubes), 7.8 mm I.D., individually packed with 5 species of
silanized silica microspheres. (Data from Ref. 11).

by Cooper et al. (12), by Kirkland (11), and by Dawkins et al.
(10) yield an almost linear decrease of (d log h / & log M)
with log u. The slope of this decrease is about 0.13 and in-
dicated by the thick line in Fig. 7.

Fig. 7 also shows data from Chuang et al. (13) who have
recently measured SEC efficiency at very small flow rate. They
used two polymer samples with molar mass values within the lim-
its of the separation range of the column. Results for low-

molecular probes have not been given. In view of this restric-
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FIGURE 6
Plots of logh vs. log M for polystyrene standards (o, ) at
flow-rate values 0.055 ... 1.040 ml/min. Eluent THF. Column:
L = 1.22 m, packed with polystyrene gel of nominal porosity of
100,000 2. (pata from Ref. 12). (The value indicated at M = 100
(a) is estimated from supplier's column warranty. In calcu-

lating the position of the straight line, the open circles
were not taken into account.)

tion, the data can only provide approximate information. Nev-
ertheless, they are included in Fig. 7 in order to stress the
fact that the thick line must not be extrapolated beyond the
range of experimental evidence. Within this range, the data
measured by Chuang et al. also support the location of this

line,
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FIGURE 7
Synoptic representation of the flow-rate dependence of dlog h /
dlog M. The thick line corresponds to
dlog h /dlog M ( = B ) = 0.239 + 0.130 log u

and gives a good approximation of experimental data.
* :slope factor from Fig. 1 (PS in THF, silica)
A& —— A :data from Ref.(10), (PS in THF, silica H4)
v — v :data from Ref.(11), (PS in THF, silica) R). 5
Xe....x :data from Ref.(12), (PS in THF, Styragel' ’/10° &)
o, o, o :data from Ref.(13), (PS in trichloromethane, Bio-Glass
packings, three different columns)

The presentation of log h vs. log M wused here and in
Ref. (2) is by no means the only effort to correlate peak
broadening and molar mass or SEC elution volume. Egq. (10)
obviously works well in most cases, but one should be aware of

the fact that the pore-size distribution of the packing mate-
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rial might influence the applicability of this equation. We
have some experience of this kind with CPG packings.

Bly plotted plate number N as YN vs. elution volume v
and found a linear correlation in the high molecular range (14)
but the plate number determined with acetone was far aside,
Cooper et al. plotted N vs. log M and found correspondence
in the high molecular range (12). (Low-molecular values were
not given.) Kirkland presented a straight-line correlation
between 0 and 1log M which met the value obtained with toluene

but was rather badly obeyed by polymers of intermediate mole-

cular weight. This mode of plotting has repeatedly been employed.
McCrackin and Wagner (15) found good correlation in the range of
9,000 - 300,000 g/mol. The value for a low-molecular probe was
not given, but the extrapolation of the straight line towards

M = 100 g/mol would lead to a negative ¢ which has no physical
meaning.

Elution volume and standard deviation are dependent on
column diameter and length. Plotting of h vs. M overcomes
the shortcomings of other evaluation procedures and enables
columns of different size to be compared.

The relationship given by Eq. (10) is in accord with con-
clusions from general knowledge about polymer solutions and
liquid chromatography. The plate height depends on the coeffi-

cient of diffusion by:

n/d, = const(ud, / D))"

p (11)
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The expression given in brackets on the right-hand side is the
reduced velocity V. For v>10, the exponent n in Eq. (11)
approximately becomes invariable, n = 0.4.

The coefficient of diffusion D' is related to the molar

volume V of solute by:

0.6

D' = 0.00014 / (V nr) (12)

The viscosity of solvent is indicated by n'.
The combination of Bgs. (11) and (12) yields (for 2 given

solvent and a given velocity)

h = const VO'Gn

(13)
or

logh = 1log const + O0.6n log V (14)

If the volume of the solute is proportional to molar mass one
obtains Eq. (10) with B = 0.24, if it is proportional to un-
perturbed coil volume one obtains Eq. (10) with B = 0.36. Of
course, these values are rough approximations only. In pores,
the coefficient of diffusion is strongly influenced by the

ratio of molecular size to pore diameter.

CONCLUSIONS
The accuracy of plate-height values calculated through the
approximation given by Eq. (10) is not less than the preci-
sion of most experimental data in the high-molecular range.
The advantage of Eq. (10) is the inclusion of the reliable
and easily measured value for a low-molecular sample as a base

for the estimation of values in the high-molecular range.
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On base of this perception, the following procedure for
correcting SEC chromatograms can be recommended:

(a) Evaluation of the plate height with a low-molecular
probe, e.g. with toluene.

(b) Estimation of another plate-height value using a po-
lymer with a molar-mass value sufficiently smaller than the ex-
clusion limit of the column. This condition is essential be-
cause the contribution hMT in Eq. (6) diminishes with excluded
samples. Consequently, plate heights measured with excluded sam-
ples are smaller than those with penetrating polymers (10, 16).
In the vincinity of the exclusion limit, a plot of h (or 02)
ve. v will show a maximum. Corresponding to this, a plot of
1/(6V2') will have a minimum. This was demonstrated by Tung
and Runyon as early as in 1969 (17).

The distribution of the sample polymer must be either narrow or
precisely known. Under favourable circumstances, the contribu-
tion of sample heterogeneity can be calculated via Egs. (5, 6,
and 8).

Repetition of this step with another suitable polymer would
provide information whether the system really follows the de-
pendence indicated by Eq. (10).

(c) Estimation of the constants A and B in Eq. (10)
with the help of the values measured in steps (a) and (b).

(d) Calculation of the M value corresponding to a cer-
tain value of elution volume v in the uncorrected chromato-

gram.
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(e) Estimation of the plate-height value at this molar
mass via Egq. (10) and calculation of GZ or the spreading
factor 1/(2 0'2) via Eq.(5).

(f) Performing the correction of the chromatogram with the
help of a suitable algorithm.

(g) Repetition from (d) to (g) for the next value of wv.
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ABSTRACT

It is shown that detection by measurement of density
(mass per unit volume) offers some advantages: the
signals from such an instrument are inherently digital
and integrated over each measuring interval, which makes
calculation of molecular weight averages very easy. A
BASIC program is described, by which data reduction can
be performed with good accuracy by means of a low-cost

minicomputer.
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INTRODUCTION

One of the most important advantages of steric
exclusion chromatography (SEC) in the characterization
of polymers with respect to their molecular weight
distribution is the possibility to obtain molecular
weight averages (Mn'Mw'Mz’MQ)aS well as polydispersity
(Mw/Mn) from a single chromatogram. The determination
of molecular weight averages by a manual procedure is,
however, rather laborious and presents many opportuni-
ties for operator errors. Hence, various automated data-
handling systems have been developedj_1o which save
time and improve the accuracy of the results. In gene-
ral, there are two approaches towards automated data
reduction in SEC:

1. Real-time data acquisition and off-
line data processing
2., Combined real-time data acqui-
sition and processing
Both of them involve usually the following steps, each
of which may be subject to errors, as several authors
have pointed out11—15:
1. Conversion of the analog signal from the detector
(UV, RI etc.) into a digital form.

2. Transformation of elution times into elution volumes.

3. Definition of a baseline
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4. Definition of start and end of a peak

5. Division of the peak into small slices (usually of
equal elution volume intervals)

6. Assignment of a molecular weight to each slice (from
a calibration curve)

7. Determination of the area of each slice (usually by
approximation as a rectangle)

8. Calculation of molecular weight averages and poly-
dispersity.

If peak spreading is not negligible, several additional

steps may be necessary for the correction of molecular

weight averages or even of the whole MWD]

As we have shown in a previous pa_per}6 the use of
a density measuring device according to the mechanical

17,18 19-26

oscillator method as a detector in SEC
minates some of these steps and eliminates consequently
some possible sources of error: The signals from such

an instrument are inherently digital and integrated over
each measuring interval. Data reduction could be per-
formed by means of a programmable pocket calculator with
good accuracy; but still many operator manipulations
were required in this way:l6 Hence we have developed a
much more convenient method, which involves storage of
the raw data in the memory of a low-cost minicomputer

prior to calculation of molecular weight averages. The

main reason for the choice of an coff-line method was
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that it enables the operator to interact with the com-
puter in the course of the calculations in order to avoid
artefacts which might be produced by data reduction

"on the fly".

DETECTION BY MEASUREMENT OF DENSITY

The measuring cell of a densimetric detector is an os-
cillating, u-shaped (glass or metal) tube, the period
of which depends on the reduced mass of the oscillator,
which itself results from the mass of the empty cell and
the mass of the sample. As the sample volume is con-
stant, the period of the cell represents the density of
the samplej7’18’20

Period measurement is performed by counting the
periods of an oven-controlled 5 Mc - quartz oscillator
within a predetermined number of periods of the mea-
suring cell.

A small change Ap in density will cause a change
AT in the period To:

Ap = 2A.TO.AT

wherein A is a constant for each individual cell.

The concentration cy of a solute is given by

2A.To

c; = ;:T——j:; . AT
PorVi
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*

wherein Po is the density of the pure solvent and Gi

is the (apparent) partial specific volume of the solute.
As the thermal volume expansion coefficient of most

organic solvents is in the order of magnitude of

3K—1, one will have to keep temperature constant

within i1.10—4K, if a resolution in density of

1.10°

1.10_7 g/cm3 shall be achieved, which corresponds to a
detection limit of approximately 1 ppm (in the cell)

for a usual polymer-solvent system, such as polystyrene

in tetrahydrofuran. The more feasible way is, however,

the use of a reference cell for compensation of temperature
variations?4’25 By choosing a higher resolution for the
reference cell combined with a sliding average a stable

baseline can be achieved without an increase of baseline

noisej6
EXPERIMENTAL

A detailed description of a densimetric detector has

. . . . L2
been given in a previous communication?>

It consisted

of two cells DMA 602 M of about 100 ul volume (A.PAAR
KG, Graz, Austria), and a calculating unit developed in
our laboratory. For all measurements, temperature was
kept constant at 25%0.01%% using a thermostat Haake F3C.

Both cells were arranged parallel in the thermostat

circuit; a mixing chamber of about 10 1 volume was placed
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between thermostat and cells to keep temperature changes
slow.

The calculating unit was connected via a VIC 1011B
interface to a Commodore VC 64 computer equipped with a
monitor, a VC-1541 floppy disk and a matrix printer
Epson MX 80.

The chromatographic apparatus consisted of a pump
LDC Constametric IIG, a Valco injection valve equipped
with a 100 ul loop, a column Microgel M (Polymer Lab.)

with an exclusion limit of about 5.106, its (mobile

phase) volume was about 21 ml, a UV-photometric detector
LDC Spectromonitor II and the densimetric detector.
Chromatograms were also registered using a 3-channel
strip-chart recorder (UV, density with and without
temperature compensation).

The solvent (tetrahydrofuran) was distilled over
benzophenon-potassium prior to use, polystyrene stan-
dards (from Pressure Chem.Co.,Pittsburgh,Pa. and Waters,
Framingham,Mass.) were used as received.

All chromatograms were run at a flow rate of
1.00 ml/min, sample concentrations varied from 0.05 to

0.3% (w/v).

THEQORETICAL. CONSIDERATIONS

Several authorsﬂ_15 have pointed out, that even in a

perfect separation system under correct chromatographic
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conditions various sources of error have to be taken into
account, which might deteriorate the accuracy of mole-
cular weight averages calculated from SEC:

1. Depending on the type of column used errors in
the determination of elution volumes of only 0.1 % may
cause errors in molecular weight of several per cent]4’15
Even high quality pumps reproduce flow rates only within
0.3 %, which makes control of flow rates necessary (for
example by the use of a low molecular weight internal
standard) .

2. Finite digitizer resolution as well as noise
limit the precision of data, especially at low sample
sizes. A sufficiently high sampling frequency (at least
20-30 points per peak) reduces these errorsjz’”"15
With densimetric detection, there are no problems with
digitizer resolution; sampling frequency is, however,in-~
directly proportional to sensitivity, since higher re-
solution requires longer measuring times. Using 1000
periods of the measuring cell per interval one achieves
a resolution in density of 2.8::10-7 g/cm3 at measuring
times of v4 sec (corresponding to 67 ul at a flow rate
of 1.00 ml/min). This proved to be a good compromise:
even with standards of very narrow MWD, 20-30 points per
peak are obtained.

3. Noise also causes uncertainties in the definition

of baseline height as well as of start and end of a
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peak]S which leads to errors in the area of each slice
and of the whole peak.

4. If a drift of the baseline adds to the effects
mentioned above, especially the end of the peak may be
roorly defined, which leads to serious errors especially
in Mnjs

5. Additional errors may arise from variation of
detector resvonse with concentration or molecular weight.
(The response of a differential refractometer for poly-
styrene in toluene varies up to a molecular weight of
approximately 50000 )1.

6. A slight curvature of the calibration curve may
also lead to erroneous molecular weights. In this case
linear interpolation between standards should be
superior to a calibration curve obtained by a least
squares linear fit of the same data? Starting from these
considerations, our goal was the development of a
program which should nrovide algorithms for minimi-

zing these errors.

SEC - PROGRAM

The basic idea was that the operator should be able to
examine the raw data before starting data processing, to
eliminate artefacts, and to repeat any step or even the

whole calculations. Definition of a baseline and inte-
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gration should be performed within the limits entered by
the operator, calculation of molecular weights should
be possible using a linear calibration or interpolation
between standards, alternatively. Flow rate changes should
be compensated by the use of an internal standard.

A flow chart of the program is given in Fig.1.
To illustrate how the program works, a tyvical report
of a chromatogram and the calculations therefrom are shown
in Figures 2 and 3. (The data entered by the operator are
underlined.)

Before initializing the program, the expected
number NE of values has to be entered (i.e. the number of
measuring intervals of the detector within the time re-
quired for the whole chromatogram). When data acquisition
has been completed (N=NE), the raw data are displayed on
the screen for examination: If single wvalues are in
error for well understood reasons, they may be corrected.
On entering the number of the first and the last value,
the interesting part(s) of the chromatogram are plotted
on the printer.

To integrate a peak, the operator has to define
its start and end as well as a region before and after
the peak, respectively, between the averages of which the
program establishes a linear baseline. This procedure
can be repeated, if there is more than one peak to be

intecarated.
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FIGURE 1

Flow chart of the SEC - program
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DENSITY DETECTOR DMA &1: CHROM.NR. 7 DATE: 19.12.198%
SAMPLE: FPOLYSTYRENE SO000O0O
COLUMN SET: MICROGEL M ELUENT: TETRAHYDROFURAN
CONCENTRATION: ©.1 % (W/V) INJECTED VOLUME: 1Q0 MYL
FLOW RATE : 1 ML/MIN BASELINE: 13098910

N T (MIND D(N) DETECTOR RESPONSE

200 12.73 & %

201 12.80 s x

262 1284 5 x

20% 12.92 &

204 1299 & X%

205 13.05 & %

205 12011 7 x

207 135.18 7 *

268 13.24 5 %

209 12.31 & %

210 13.37 &

211 13.233 5 x

212 13,50 5 »

213 13.56 a %

214 13.82 5 &

215 12.69 & x

214 13.75 7 *

217 13.81 & %

Zi8 13288 &

219 3.94 &

220 3.01 &

221 4.07 7 *

222 4.3 10 x

223 14.26 14 *

223 14.26 23 x

225 4.32 35 x

zz 4.39 53 x

327 4235 &9 *

223 4.52 ag x
229 4.58 95 *
230 4.54 104 ®
231 4.71 161 x
232 4.77 92 *
233 14.83 az x
233 14.90 &9 x

235 4.96 57 x

235 5.02 37 *

237 5.0% 39 X

238 5,15 31 x

239 5122 27 %

240 5.28 22 *

241 3a 20 x

242 L3y 14 *

243 5.47 14 x

Zaa 5,33 11 x

245 5560 10 x

244 5. 66 16 x

247 15.72 9 x

248 15275 8 x

249 15.85 g8 %

250 1592 8 x

251 15.58 & x

252 16.04 8 x

253 16,11 7 x

2524 16:17 ] X

255 16.23 7 x

256 16.30 5 %

257 16,38 7 x

358 16243 5 %

259 146,49 7 x

260 16.95 5 %

Zo1l 16,462 8 *

262 16.58 7 x

262 16.74 & %

z6a 16:81 & %

265 16.87 g8 x

Z65 16.93 8 x

Z67 17.00 7 *

268 17:96 9 *

269 17,13 8 *

270 1719 8 x

MAXIMUM AT N = 230 ELUTION TIME: 14.64 MIN

MINIMUM AT N = 201 ELUTION TIME: 12.8 MIN

FIGURE 2

Plot of a chromatogram. Operator responses are underlined.
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XXX IMNTEGRAT IONXXX

BASEL INE BEFORE PEAK 31 200 - 221 START OF PEAK: 222
AVERAGE 1 J.95 +— .4&5
BASELINE AFTER PEAK : 248 - 270 END OF PEAK : 247

AVERAGE : 7.26 +- .92
PEAK AREA = 980.02 NUMBER OF VALUES: 26
XEEXFLOW RATE CORRECT XIONXXX

INTERNAL STANDARD : N{(MAX) = J24 VE = 20,73 M.
FLOW RATE = 1.00&6 ML/MIN

Kk CALIBRATION XXX

DATE: 4.12.1983 ELUENT: THF FLOW RATE: 1 ML/MIN
STANDARDS: POLYSTYRENE CONC.:0.05 - 0.1 % VOLUME: 100 MYL
400000 11.84
111000 13.88
J0000 14.77
20300 15.66
000 16.35
4000 17.31
2200 17.76
800 18.71
72 20.73

(LINEARR INTERPOLATION)

TABLE OF MOLECULAR WEIGHTS

N vi MI WI(A %Zoum
222 14.22 82025 .38 100.00
223 14.28 77430 .79 99.62
224 14.35 73131 1.70 98.83
229 14.41 &9052 2.92 97.13
226 14.47 65201 4.76 ?4.21
227 14.354 &1564 6.39 9. 44
228 14.460 S8131 8.32 83.07
229 14.47 S4889 9.44 74.75
230 14.73 S1828 9.93 &3.30
231 14.79 48813 .64 33.36
232 14.84 45780 8.72 45.71
233 14.92 42933 7.70 37.00
234 14.99 40287 &.37 29.30
235 15.0% 77464 S.14 22.93
236 15.11 35418 4.12 17.7°9
237 15.18 33217 .30 13.468
238 15.24 F1152 2.48 10.38
239 139.31 29216 2.07 7.90
240 15.37 27401 1.35 S.83
241 15.43 254698 1.35 4.28
242 15.50 24101 .94 -9
243 15.56 22460 .73 1.99
244 15.63 21199 .42 1.264
243 15.469 19928 .32 -84
244 15.73 18782 .31 .52
247 15.82 17702 .21 .21
MWy == 43240 M o= 37 1 P
MW7 == 1.09
FIGURE 3

Output of calculations from the chromatogram shown in

Figure 2. Operator responses are underlined.
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Before starting the calculation of molecular
weights, the actual maximum of an internal standard and
its elution volume in calibration have to be entered, from
which the program calculates the actual flow rate.

The calculation of molecular weights can be per-
formed either using a linear calibration or a linear
interpolation between standards. The molecular weights
and elution volumes of the standards are read from a
data file on the floppy disk. After completion of the
calculations the results are printed, and the operator
can decide whether to repeat any of the steps mentioned

above or to finish the calculations.

RESULTS AND DISCUSSION

As has been pointed out in the previous sections, the
accuracy of molecular weight averages and polydispersity
calculated from SEC is determined by the following cri-
teria:

1. choice of chromatographic conditions

2. quality of the separation system

3. reliability of the calibration curve

4. sensitivity and stability of the detector

5. reliability of data acquisition and data processing

Any deficiency in point 1-3 will result in more or

less reproducible, systematic errors, inadequacy in point
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FIGURE 4

Peak areas as a function of molecular weight. Polystyrene
standards 600000, 50000, 9000, 4000,2200; Microgel M (60 cm),
THF, 1.0 ml/min, injected volume 100 ul, sample concentra-
tion: 0.05 % (® ), 0.1 % (Q)

4 and 5 will cause irreproducible, random errors. Since
this paper deals mainly with the performance of the de-
tector and data handling, we have tested the accuracy
as well as the reproducibility of the results obtained
with our system by means of repeated analysis of poly-
styrene standards.

First of all we had to consider an often neglected
source of error, which may occur in the low molecular
weight range of the chromatogram, i.e. the variation of
detector response with molecular weight. Although we have
shown in a previous paper21 that the response of the
densimetric detector is not very sensitive to molecular

weight, we have determined the peak areas obtained from
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TABLE I

Molecular weight averages and polydispersity from re-
peated injections of polystyrene standard 60917 (Pressure
Chem.Co.) on Microgel M in THF. Flow rate 1.0 ml/min,
sample concentration 0.1 %,injected volume 100 ul.

Molecular weights reported by the distributor:

By light scattering M, = 53700 t 6 3
By intrinsic viscosity Moo= 47400 % 6 3
By membrane osmometry M = 51150 T 6%
Kinetic molecular weight M = 47000 T 6%
MW/Mn < 1,06
My M Mw/Mn
48165 44985 1.07
49894 46820 1.07
48951 45807 1.07
49067 45813 1.07
49489 46307 1.07
49580 46096 1.08
49413 45780 1.08
48551 44911 1.08
49027 45753 1.07
50193 46908 1.07
48813 45289 1.08
48755 45207 1.08
48240 44719 1.08
49063 45652 1.07

49086 £ 1.2 % 45718 £ 1.5 & 1.074 * 0.05
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repeated injections of polystyrene standards (mol.weights
from 600000 to 2200; sample volume: 100 ul, concen-
tration: 0.05 and 0.1 %). As can be seen from Figure 4,
only below a molecular weight of 4000 a significant de-
crease of peak areas is observed. The standard deviation
of peak areas was typically less than 5 % even at sample
sizes of 50 ug (100 ul, 0.05 %).

Baseline stability can be estimated from figures
2 and 3: In general, noise is less than * 1 digit; after
an equilibration period baseline drift within an average
chromatogram does not exceed 15 digits (1 digit corres-
ponds to a density difference Ap = 2.8x10_7g/cm3!).

Reproducibility and accuracy of molecular weight
averages is demonstrated in table 1: even for a narrow
MWD standard 25 * 1 points per peak are obtained, M, and
Mn are determined with a standard deviation of 1.2 % and
1.5 % respectively.

Data reduction and printing of the results can be
performed in this manner within less time than the ex-
cluded volume requires to pass the column (at 1 ml/min).
Hence one may inject the next sample before processing
the data from the last one, and start data acguisition

thereafter.

CONCLUSIONS

It has been shown that the system described in this

paper fulfills the requirements of high performance §EC,



DENSIMETRIC DETECTION IN SEC 1805

as they have been formulated by Tchir, Rudin, and Fyfe15-

1. For an average polymer a sufficient
number of points per peak is obtained

2. Noise level is less than 2 % even at
sample sizes of 50 ug

3. Baseline level is defined to within
2 % at the same sample size

4, Peak width is defined to within 20 %

(typically 5-10 %)

The reproducibility of molecular weight averages is typi-
cally better than ¥ 2 %, if an internal standard is used
for flow rate correction.

Hence, the method described in this paper makes
rapid and accurate determination of molecular weight

averages possible by simple and inexpensive means,
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Abstract

Long chain branching frequency in polyethylene has been measured.
Molecular weights determined directly by low angle laser light scattering
of eluting species in gel permeation chromatography were compared with
those estimated by universal calibration. Erroneous values for long chain
branching frequency are produced if care is not taken to disrupt
polyethylene aggregates in the GPC solvent.

Ethyl and hexyl side chains do not register as long branches in
this analysis but sixteen carbon sidechains are counted.

In low density polyethylene the long chain branching frequency
is generally highest at low molecular weights. This is because these
polymers are produced in a non-isothermal free radical polymerization.
Chain transfer to dead polymer, which produces long branches, occurs most
frequently under the reaction conditions that also yield low molecular

weight polyethylene.
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Introduction

Gel permeation chromatography (GPC) estimates of long chain
branching in polymers start with the structure parameter g' which relates
the intrinsic viscosities of branched and linear polymers with the same

composition and molecular weight:

. @

where the [n]b is the intrinsic viscosity of the branched polymer and [n]2
is that of the linear counterpart, in the GPC solvent. It is necessary to
invoke a relationship between g' and g, which is the ratio of the mean

radii of gyration <Ré> of the same polymers:

2
<R7>
e
8= —— 2)
<RG>2

The value of g has been calculated for a number of branched struc-
tures such as star-shaped, randomly-branched and comb-type molecules (1,2).
Calculation of g' for use in equation (1) is much more difficult than that
of g because the degree of draining of the macromolecules is not known
exactly and because the degree of expansion of linear and branched molecules
in a given solvent may be different (1,3). Various relations have been

proposed of the form:

g' = g“ (3

where k has been suggested to have magnitudes between 0.5 and 1.5 (4,5).
At equal GPC elution volume and infinite dilution (6) the molecular

weights of branched and linear species are related by
_ % &
[nl M, = [l M (4)

where the subscript b and superscript * refer to the branched and linear

] . . *
species that elute at the same retention time. In general, Mb >M . Now,
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[nl, = g'ln], = g'KM] = g'a} 5)

since MZ is specified as equal to Mb in the definition of g' (in eq. (1)).
In equation (5), K and a are the Mark-Houwink constants for monodisperse

versions of the linear polymer in the GPC solvent:
] = re? (6)

Also,

(M = kHEH )

Therefore, equation (4) can be written:

g'KM;+l _ K(M*)a+l
and
*ya+l
M
g = ﬁ; = gk (8)

M*, M and g' can be obtained directly. At any given elution
volume /N is measured by low angle laser light scattering (LALLS), while
M* is calculated from the universal calibration curve for linear polymers.
The long chain branching frequency is measured implicitly by g'. To
estimate the actual number of long branches per molecule it is necessary

to assume a value for k and a model for the architecture of the branched

species. Following Axelson and Knapp (7) we have assumed the Zimm-Stockmayer

relation for a randomly branched macromolecule with trifunctional branch

points (2):
2 +n 172 (2 + n )1/2 + n1/2
g=6_ 10w on kil ¥_ -1 9
n, 2 o 2 +n )1/2 B nl/Z
w W
Most of our calculations were made with k = 0.5, but other values were also

used, as described below.
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Data handling procedures used in this study were basically those
suggested earlier by Axelson and Knapp (7). However, improvements in
analytical and computational methods have produced long chain branching
data that are quite different from the cited authors, and, indeed, from all
previous analyses, so far as we know.

The results of this investigation provide new insights into the

mechanism ol the high pressure, free radical polymerization of ethylene.

Experimental

Polyethylene solutions were prepared in trichlorobenzene. All
solutions contained 0.1% (w/w) 4,4-thiobis (3-methyl-6-tert-butylphenol)
antioxidant. GPC measurements were made at 145°C with a Waters 150 C liquid

4 A° and 10° a° (nominal porosity)

chromatograph equipped with 500 A°, 10
Ultrastyragel columns. A solvent flow rate of 0.5 mL/min was found to give
good resolution. In some experiments du Pont Zorbax porous silica columns
SE-60, SE-1000 and SE-4000, were used. Both sets of columns gave equivalent
results and the molecular weight parameters that were calculated agreed
very closely with those of earlier analyses of reference polyethylenes (8).
Polymer concentration in the eluant was monitored with a Waters
differential refractive index detector. Molecular weights of the eluting
polyethylenes were measured in-line with a Chromatix KMX-6 low angle laser
light scattering photometer (LALLS) using light scattered at 6-7° to the
incident beam. This photometer incorporates a He-Ne laser source (A =
6328 A®°). The specific refractive index increment (dn/de) of the various
polyethylenes in trichlorobenzene were measured at 145°C with a Chromatix
laser differential refractometer. DMolecular weights (Mi) of polyethylene

volume
species that appeared at elution (ve)i were calculated

[ N

(10)

where K is the appropriate optical constant (related to (dn/dc)z), R, is



LONG CHAIN BRANCHING IN POLYETHYLENE 1813

the excess Rayleigh scattering determined from the LALLS detector response
and Az is the second virial coefficient of the whole polymer. A2 was

measured from static light scattering analyses of the whole polymer sample.
In equation (10) the concentration, s of the eluting species was obtained

from the differential refractive index detector response by:

o, = e (1

where m is the mass of polymer injected, Xi is the detector response and
Vi is the increment of solution volume between data points.

Universal calibration for linear species was based on hydrodynamic
volumes of anionic polystyrenes (9,10). The Mark-Houwink relation for poly-
styrene in trichlorobenzene was based on K = 1.75 x 1073 cm3g_l, a = 0.67
(11). For linear polyethylene, the values of Ram and Miltz (12) (K = 5.96 x
lO_2 cm3g_l, a = 0.7) were used.

An analytical solution to equation (9) is not available. An
iterative computer program was written to calculate n, at each value of 5%
from equations (8) and (9).

We have previously shown that dissolution of polyethylene in tri-
chlorobenzene at 145° will usually not produce aggregate-free solutions (13).
Solutions free of aggregates can be produced, however, by storing the
mixtures at 160°C for appropriate times before making molecular weight
measurements at 145°C. The effects of aggregation on measurements of long
chain branching were examined in this study by analyses of polymer solutions
prepared with and without the 160°C treatment. Storage at 160°C for about
one hour was sufficient to provide aggregate-free solutions of the poly-
ethylenes studied in this work. Storage at this temperature for longer

periods up to several days had no effect on molecular weight or branching

results.

NBS 1476 Polyethylene

Figure 1 shows the relation between number of long branches per

1000 carbons and molecular weight for National Bureau of Standards Standard
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Figure 1

Long branch frequency-molecular weight relation for NBS 1476 polyethylene.
Estimate made with k (eq. (3)) = 0.5. A: polymer dissolved and analyzed
in trichlorobenzene at 145°C; B: polymer dissolved at 160°C and analyzed
at 145°C; C: data of reference (7), measured in alpha-chloronaphthalene

at 145°C and recalculated by us from original data.

Reference Material 1476. This is a melt index (14) 1.2, 0.931 g cm_3 density
polymer that is reported to be a low conversion tubular reactor product (15).
Curve A in Figure 1 records long chain branching for samples dissolved and
measured at 145°C. Curve B is for the same material after the polyethylene
solution was given a 160°C treatment to destroy polymer aggregates. The
branching frequency at low molecular weights is seen to have decreased, while

that at high molecular weights has increased slightly.
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These changes can be explained as follows. The erroneously high
values for long chain branching at low molecular weights in aggregate-—
containing solutions reflects the behavior of smaller agglomerates that
appear effectively in the GPC as bigger entities with branches. This will
occur if only a portion of a molecule is incorporated into an aggregate with
the dangling remainder functioning essentially as a long branch. Large
aggregates are presumably composed of large individual macromolecules.

These aggregates will appear in the LALLS trace as 'spikes' that behave
like dust particles. These agglomerates will be rejected in the molecular
weight computations (8,16). When the solution is treated to dissolve these
aggregates the ''spikes' are no longer present and the large branched species
produce signals that are registered by the LALLS detector. The frequency

of long chain branching at high molecular weights is seen to increase if
aggregate—free solutions of NBS 1476 are analyzed.

Curve C records the long chain branching frequencies reported by
Axelson and Knapp (7). The discrepancies between their results and ours
are, we believe, due to differences in experimental proeedures.The cited
authors used relatively high concentrations of polyethylene dissolved in
alpha-chloronaphthalene, which is a poor solvent for this polymer. No special
dissolution time or procedure was measured. All these factors usually lead
to aggregation and uncertainties in molecular weight measurements (8).

Furthermore, for molecular weights > 8 x lO5

the calibration procedure used
by Axelson and Knapp (7) may not give reliable results.

As mentioned earlier, the value of k for use in equation (8) is
uncertain. Figure 2 shows branching frequency calculated with various K's
between 0.5 and 1.5, which is the usual range suggested for polyethylenes
(17). The choice of this exponent affects the magnitude of the branching
frequency calculated, but the form of the branching-molecular weight relation
is not altered.

Since the relation observed differs from that reported by earlier

workers it may be appropriate here to defend the accuracy of the present
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Figure 2

Long chain branch frequency of NBS 1476 polyethylene as a function of
molecular weight. Estimates using k (eq. (3)) = 0.5 (4), 0.75 (B) and

1.5 (0.

results by pointing out that our measurements of the molecular weight para-
meters of this sample agree very well with those from other recent careful
studies (8). This agreement holds both for LALLS and universal calibration
methods of measurement. The branching frequency is calculated as described
above from a combination of these two procedures, each of which is in good

agreement with earlier measurements on this polymer.

How Long is a Long Branch?

Short chain branching in polyethylene is believed to have no
significant effect on solution or melt rheological behavior, whereas long
chain branching is considered to be important in this connection (18). Long
branches can be defined generally as having about the same dimensions as the
main chain (19). It is obvious, however, that branches much shorter than
this length will affect the radius of gyration of solvent-swollen polymer

coils. The minimum branch length for long chain behavior has been indeter-
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minate, to date. For this reason, the question is not usually addressed in
recent reviews of the subject (18,20).

Copolymers of ethylene and l-olefins that are now available can
be used to define long branch length more closely. In this study, linear
polyethylene and ethylene copolymers with butene-l, octene-1 and octadecene-1
were examined. Butene and octene comonomers are common bases for current
linear low density polyethylenes. Linear polyethylene and ethylene copolymers
with butene and octene register as having zero long chain branching with
the GPC-LALLS method used here. The octadecene copolymer was counted as
long branched, however. Thus, we can conclude that a long branch, as measured
by GPC-LALLS, has a minimum length > 6 and < 16 carbons. Details of these
measurements follow.

Molecular weight parameters of the l-olefin copolymers are
recorded in Table 1. Average molecular weights estimated from universal
calibration are compared with those measured with the LALLS detector. M
values agree closely for the butene-l and octene~l copolymers that have the
same molecular weight-hydrodynamic radius as linear polyethylene. ﬁn and ﬁz
are higher for the LALLS data because this detector is more sensitive than
the differential refractometer to high molecular weight species and less
sensitive to lower molecular weight polymers.

Figure 3 shows the long chain branch frequency estimated for the
ethylene-octadecene-1 copolymer. The long branch density is found to
decrease with increasing molecular weight., It is known from other measure-
ments that lower molecular weight copolymers are richer in the l-oclefin (22)

and these results are consistent with those of fractionation experiments.

Discussion

The dependence of long branch frequency on molecular weight of NBS
sample 1476 is not typical of the majority of low density polyethylenes that
we have examined. A more general relation is one in which branch frequency

decreases monotonically from low to high molecular weights. This is not
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Figure 3

Long chain branching frequency versus molecular weight for ethylene-

octadecene-1 copolymer.

expected. Long branches are formed in free radical polymerizations by chain
transfer to polymer (19). Since larger dead polymers offer bigger targets
it is assumed that encounters with growing macroradicals and long chain
branching will be greater at higher molecular weights. This reasoning is
plausible for isothermal polymerizations. Low density polyethylene polymer-
ization reactions span awide range of temperatures, however, and the molecular
weight of the polymers produced decreases with increasing temperature.
Chain transfer reactions are also enhanced at higher temperatures. The
activation energy for chain transfer to polymer is greater than for the
polymerization reaction (23). Thus chain transfer to polymer and long
branch formation are most frequent under conditions where lower molecular
weight polyethylenes are being formed.

The measurements reported here suggest that macroradicals undergo
chain transfer reactions primarily with dead polymer that was formed in the
same microregion of the flow-through reactor. This is not very surprising,

since most polyethylene reactors are not designed to provide back-mixing.
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Our conclusions differ from those of previous workers, who found
either that long chain branching in low density polyethylene increased with
molecular weight or was independent of molecular weight (18,20). The present
data are believed to be more realistic, because they are derived with newer
and more sensitive analytical methods.

There has also been some question as to whether the presence of
short branches should be discounted in the estimation of long branch frequency
(24,25). The present data show that short chain branching can be ignored,

if a short branch is defined as one with six or less carbons.
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APPLICATION OF GEL PERMEATION CHROMATOGRAPHY
FOR INVESTIGATION OF 9~(2,3~EPOXYPROPYL)-
CARBAZOLE OLIGOMERS

Juozas Vidas GraZuleviBius, Narcizaes Duobinis,
Rimtautas Kavalifinas
Kaunas Antanas Snielkus Polytechnic Institute

ABSTRACT

Gel permeation chromatography on dextran gels
»Sephadex LH~20” and "Sephadex LH-60” in the solution
of dimethyl formamide was used for the estimation of
molecular weight and molecular weight distribution of
9-~(2,3~epoxypropyl)carbazole oligomers and for the
investigation of the process of their obtaining as
well, The simple numerical method of the instrumental
dispersion correction as well as the principle of
?the differential chromatograms” was used to interpret
the gel permeation chromatography data. The method
used permits to separate 9—%5,3~epox propyl)carbazole
oligomers within the range of molecular weights
150=15000,

INTRODUCTION

9~(2,3=epoxypropyl)carbazole (EPC) oligomers
obtained by é&nionic and cationic polymerization are
known as perspective organic semiconductors for
electrophotography (1,2).

As the value of molecular weight (MW) and
molecular welight distribution (MWD) of oligomers of
this type considerably affects their properties the
choise of a good determination method of these
parameters is an important factor in the field of

1823
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these investigations. Gel permeation chromatography
(GPC) is fit the best for the determination of the MW
and MWD of poly/9-(2,3-epoxypropyl)carbazole/ (PEPC)
especially as the UV-absorbtion intensity of the
solution of PEPC and a comparatively high MW of the
elementary unit give possibllity to use a simple
equipment =~ a single short column furnished with the
hydrostatic feeding of eluant, a continuous UV~
absorbtion measuring cell made of ordinary optical glass
and the UVespectrophotometer as a detector,

EXPERIMENTAL

The GPC of EPC oligomers was carried out in the
solution of dimethylformamide (DMFA) using dextran gels
»Sephadex IH-20” and *Sephadex LH~-60”, The UV-spectro -~
photometer *Specord UV VIS® operating as a detector at
the constant wavelength 294 nm was used. Samples (0.5 ml)
were injected as a solution in eluant (0.05-0.4%). The
elution rate was 20 ml/h. The elution volume measurement
was carried out by means of graduated glass tube with
the accuracy of 0.1 ml and marked on the elution curve
at 2-3 ml intervals by means of the special button on
the recorder, The detector’s response -~ optical density
of the PEPC solution in DMFA at the wavelenght 294 nm
does not depend on the degree of polymerization in the
investigated range of MW and can be transformed directly
into the concentration,

RESULTS AND DISCUSSION

The numerical method of the correction of instrument
spreading for the GPC data treatment was used (3,4). The
essence of the method is as follows: a chromatogram
described in general by the equation of instrument
spreading 1 (5) is divided into a sufficient number of
little intervals. This equation
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o0 o9
jr(v)=0fA(v.y> W(y) dy (1)
0
is expressed in the matrix form with a sufficient
degrae of accuracy:

F=AW (2), where
F - the matrix of the experimental chromatogram
function values,
A ~ the matrix of the instrument spreading
function values,
¥ - the matrix of the corrected chromatogram
function values.
When the function of instrument spreading represents
the Gaussian distribution, every member of the matrix
A is caloculated by means of the equation:
asy = é‘(hk/ﬁr)l/2 exp/-hk(i—k)zcsz/ (3), where
&'~ the interval of the division, ml or counts,
hkr the coefficient of instruEgnt spreading at
the elution volume vy, ml ° or counts™ -,
i and k ~ numerical variables.
The corrected chromatogram in the matrix form was
calculated by means of the equation:
W= A—l F (4).
For this purpose by the use of a standard computer
program the inverse matrix A"1 is calculated and
multiplied by the matrix ¥ or by multiplying the
matrixes A'W according to the equation 1 and obtaining
the system of equations:
8111 + B3oWp + eee HApW = Ty
823Wy + BppWp + eoe Mg = T
2 : : : (5)e
811y T BoWp + eee FEW = Ty
After designing ;= al,k+15 To= 32,k+15 oo Iy= ai,k+1
the system 5 is solved by means of a standard computer
program, The solution of this system represents the
desired matrix W - the corrected chromatogram.
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The division interval of a chromatogram was so
chosen that the determinant value of the matrix A was
no less than 4-10~7 as the inversion of such »singular”
matrixes as well as the solution of the systems of
equations based on them is impossible . Thus the
interval value for the caculations was 1 and 2 ml for
»Sephadex IH~20” and 3 ml for *Sephadex LH-60%,. In
order to decrease the division interval to 1 ml +the
first point was transferred by 1 ml and the calcula =~
tions were carried out twice or three times respecti -
vely. The results were arranged to corresponding points
at 1 ml intervals, The values hy were determined by
method mentioned (4) and were assumed equal throughout
the interval of elution volume as their changes were
negligible,

In order to demonstrate the possibilities of the
method used the experimental and corrected (hk=0.352)
elution curves of the typical product of anionic
polymerization of EPC under the action of KOH having
the number=average MW (Mn) 1030 and weights-average MW
(Mw) 1100 are shown in Figure 1. It 1s evident the
method permits to separate the lower PEPC oligomer
homologues to the polymerization degree of n=4, For
this experiment the *Sephadex LH~20” gel column was
used. The MW range of oligomers separated by this
column was 150~2000.

For the investigation of EPC oligomers having &
higher MW, for example, the polymerization products of
EPC under the action of the alluminium isopropoxide s
zinc chloride catalytic system the ”Sephadex IH=60” gel
was usedg The corresponding elution curves of the PEPC
sample (M,=4270, M =3020) are shown in Iigure 2 (hy=
0.091). It is obvious that this product differs in the
considerably higher polydispersity than PEPC obtained
by using KOH, The process itself is more complicated by
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Concentration

Elution volume, ml

Figure 1

Experimental (1) and corrected (2) elution curves
of the EPC anionic polymerization product.

instrument spreading as the low hk value indicates. It
should be noted that low hk value results the consider-
able osclilation in the corrected chromatogram what is
characteristic for most other methods of the instrument
spreading correction (6). The PEPC MW range that is
separated by this column was 200~15000. The data (see
Figures 1 and 2) show that the application of both GPC
variants allows to obtain the information about MW and
MWD of PEPC in the range of MW 150-15000C,.

GPC was used not only for the analysis of the EPC
polymerization products, but for the investigation of
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Concentration

— T

20 30 40 50 60 70
Elution volume, ml

Figure 2

Experimental (1) and corrected (2) elution curves

of the EPC polymerization product under the action
of catalytic system aluminium isopropoxide « zinc

chloride,

this process mechanism by observation on the changes of
the MWD at the different monomer conversion as well,
Por this purpose +the *differential chromatogram®
principle (7) was used giving possibility to estimate
the MWD of the product formed in the definite interval
of time as well as the substances from which this
product was formed. The investigation of this type was
demonstrated by an example of the EPC polymerization in
the dioxane solution under the action of sodium pheno~
xide in the presence of dibenzo~18~crown-6 (8). The
differential MWD curves of the product formed at the
different stages of monomer conversion are shown in
Figure 3 a, b (”Sephadex LH-20” GPC, h,=0.488). Each
Figure has two MWD curves corresponding to different
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a

Concentration
Concentration

Figure 3

MWD curves of EPC polymerization products at
different degrees of monomer conversion: a - 3.2%
(13, 8.8% (2), MWD difference curve (3); b ~ 15.8%
(1), 32.0% (25, MWD difference curve (3).

degrees of a monomer conversion as well as a PMWD
difference curve®” obtained on their basis. The monomer
conversion vas 3.2 and 8.8% (Figure 3 a), and 15.8 and
32.0% (Figure 3 b). A part of the MWD difference curve
below the base line corresponds to fractions of the EPC
oligomer having reacted in the given time interval
whereas the upper part of this curve corresponds to the
reaction products. Thus it is evident that in the
initial polymerigzation period (the change of the EPC
conversion from 3.2 to 8.8%) the lower PEPC homologues
(MW 700 and 900) add a monomer to form products having
MW 1200, 1400, 1500 and higher. At more considerable
polymerization degree(see Figure 3 b) the decrease of
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the content of low=molecular fractions with MW 600-1800
and the formation of much higher MW products is obvious
too. Thus the investigation proved the stepping chain
growth mechanism in the process,

Hence, the application of GPC by using the
instrument spreading correction for the data treatment
in the investigation of the synthesis and properties of
EPC oligomers allows to estimate the MW and MWD of the
products obtained as well as to get the definite infor~
mation about the mechanism of the process.
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GEL CHROMATOGRAPHY WITH SILICA GELS
I, COLUMN SYSTEMS FOR CONVENTIONAL POLYMER SEPARATIONS
EXTENDED TOWARDS LOWER MOLAR MASSES *

I, Novdk and D, Berek
Polymer Institute, Centre for Chemical Research,
Slovak Academy of Sciences, 842 36 Bratislava, Czecho-
slovakia

ABSTRACT

Three procedures for preparation of silica gels
with small pore diameters suitable for gel chromato-
graphy were tested. The materials with optimum proper-
ties were not obtained, however, it was shown that the
column set with the separation range extended towards
lower molar masses can be built using appropriately
chosen silica gels,

INTRODUCTION
Since recently, SiO, based column filling mate-
rials have been rather frequently used in both con-
ventional and high performance gel chromatography
(size exclusion chromatography).

Silica based gels posses several advantages:

1, Their structure and, consequently, their both
external and pore geometry is essentially in-
dependent of pressure, temperature and eluent.

+
Presented at 7th Symposium on Column Liquid Chro-

matography, Baden Baden, May 1983
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2,

4.

NOVAK AND BEREK

They are compatible with mobile phases of

different polarities,

They allow to prepare column packings with

- open pore structure exhibiting high separa-
tion efficiency due to fairly high velocity
of the mass transfer

- large pore volumes allowing to increase se-
paration selectivity

~ desired pore sizes from about six nanometers
up to few hundreds of nanometers

- matched pore size distribution to obtain
possibly highest separation selectivity

- strictly spherical particle shape with dia-
meters ranging from few micrometers up to
hundreds of ,um,

It is possible to modify their surface by

simple chemical reactions.

High mechanical and thermal stability, universa-

lity as

to the eluent and versatility in physico~che=-

mical properties make SiO2 aero-gels a welcome comple-

tion to

the organic polymers based column fillings for

gel chromatography (GPC).

On
glasses
1,

the other hand, the silica gels and porous
exhibit some drawbacks:

Free silanol groups cause the surface activity
of the packing and, consequently, unwanted
interactions with both electroneutral and char-
ged samples,

Both Si0, matrix and its bonds with organic
groups of the surface modifier are unstable in
eluents with pH 7 - 8 and, generally, in
aqueous mobile phases.

So far silica gels are not available with suf-
ficiently large pore volume and narrow pore
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size distribution with the large pores above

400 nm and with the small pores between about

2 and 6 nm in diameter, The column fillings with

very large pore sizes are needed for fractiona-

tions of extremely large synthetic and biologi-
cal macromolecules and for separations of parti-
cles of dispersions, On the other hand, gels with
small pore dimensions would be used:

i, For both analytical and preparative selecti-
ve GPC fractionation of oligomers or at least
for their quantitative separation from high
polymers

ii, For construction of GPC column sets with ca-
libration dependences: log molar mass versus
elution volume linear down to few hundreds
g mol~l molar mass values

iii, For separation of peaks of polymers from
various ghost peaks caused by gases, water
and other low molecular impurities and poly-
mer additives often present in the injected
solutions,

The linearity of the calibration curve simplifies
substantially the GPC data processing while the quanti-
tative separation of oligomeric and low molecular sub-
stances from the analysed polymer is a necessary condi-
tion for obtaining reliable data on mean molar masses
and molar mass distribution: It is known that the dis-
turbances of GPC traces in the region of high elution
volumes decrease the precision of the values of number
average molar mass of the macromolecular substance
measured by gel chromatography.

In present paper, we describe our results con-
cerning experimental work devoted to the solving the
latter problem., The obtained results are presented in
the form of calibration curves.
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EXPERIMENTAL

The GPC calibration dependences were measured by
means of a simple device assembled in this Laboratory.
The eluent was transported by means of a single piston
reciprocating membrane pump, Model VMC 300 (Workshops
of Czechoslovak Academy of Sciences, Prague, Czechoslo-
vakia) that was provided with a pulse damper according
to (1), The three-way six~port injection valve was
equipped with the loops 0.5 - 3 mL depending on the
column set. The column dimensions were 1,220 or 610 or
500 mm in length and 8 or 4 mm in diameter, The detec-~
tor was a differential refractometer, Model 2025/50
(Knauer K, G., Bad Homburg, FRG)., The elution volumes
were measured either by means of an automatic siphon
system that was provided with a device diminishing the
loss of eluent by evaporation (2) or with a drop coun-
ter Model DC 1002 (Laboratory Instruments Works, Prague,
Czechoslovakia). Both siphon system and drop counter
were calibrated by weighing.

Tetrahydrofuran (THF) was used as eluent after
purification described in (3). Narrow polystyrenes with
molar masses in the range from 6 x 102 up to 107 g mol'l
were products of Pressure Chemicals, Pittsburgh, PA,
USA,or Toyo Soda MfG, Co., Ltd., Tokyo, Japan,

The column packings were products of Electro Nu-
cleonics, Fairfield, NJ, USA (various types of porous
glass CPG - 10); Merck, Darmstadt, FRG (set of Fracto-
sils); Waters Inc., Milford, MA, USA (set of Porasils)
and Glassworks Kavalier, Votice, Czechoslovakia (Sil-
pearl). Silpearl sorbent was originally intended for

TLC. Its surface area was about 600 m=> g'l, pore volu-

me approx. 0.5 mL g"1

« In our experiments the particle
fraction 30 - 60 pum was selected. All columns were dry

packed by the classical tap-and-fill procedure.
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RESULTS AND DISCUSSION

Figs. 1 - 3 show the GPC calibration curves for
various commercial S$iO, based column packings, Evidently,
the selectivity of the separation is rather poor in the
molar mass range below about 4 x 103 g mol'l for all
gels studied.

In an effort to change pore sizes of silica gels
to make them more suitable for separation in lower
molar mass region, three different procedures were used:
a, Diminishing the pore sizes by depositing various

materials into wide-pore packings. The easiest way
seemed to be the polymerization of different mono-

mers on the pore walls of silica gels. Various epoxy
resins were formed within the pores, The amount of
resin varied from 10 to 60 mass % calculated on the
starting silica gel, The results were not promising:
While the smallest pores had been already completely
blocked by the resin the large pores have still re-
mained too large. If the amount of deposited resin
was further increased, both the pore diameters and
pore volumes decreased simultaneously sc that the
resulting material with desired pore size had too
small pore volume.

b. Controlling the polymerization of silicic acid so

that presumably small pores were formed in resulting
silica gels, Various conditions for fine pore forma-
tion were tested: Concentration of starting sol of

silicic acid, time and temperature of polymerization
as well as postpolymerization treatment, The results
obtained were again not satisfactory (cf., Fig. 4),
The silica gels so far prepared had either toc large
mean pore diameters or too small pore volumes,

c. Increasing the pore diameters of the silica gel with

very small pores, In our experiments, we have chosen
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FIGURE 1, GPC calibration curves for Fractosils.,

O - Fragtosil 500 nm; 4 - Fractosil 250 nm; V- Fracto-
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The numbers represent the mean pore diameters of the
gels given by the producer.
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FIGURE 3, GPC calibration curves for CPG - 10 Porous
Glasses, A -« 204.,5 nm; ¥ - 142.2 nm; []- 72 nm;

X- 36,8 nm; A~ 15,6 nm; @ - 11,8 nm; V- 7.5 nm;
O~ 4 nm, Column dimensions 1220 x 8 mm.

M
i
0t b
sh\
R
10‘L Ny

101 o\x .\

2 Y
10°r by

T

9V,
e/counts

FIGURE 4, GPC calibration curves for experimental irre-
gular silica gels. @ - SG-3N; V - SG-15N; O - SG-10N.
Column dimensions 500 x 6 mm, 1 count represents 0,7 mL.
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silica gel Silpearl despite of its rather small pore
volume. We used various leaching techniques applying
solutions of alkaline (NaOH, KOH) or acidic (HF)
leaching agents at different concentrations, tempe-~
ratures and reaction times. Here again, we have
found that probably due to the interface tension
between leaching agent and silica gel, as well as
due to the restricted diffusion rate of the leaching
agent into small pores, the dissolution of gel mat-
rix started preferably in larger pores. In other
words, leaching resulted again in materials with toc
large pore diameters. The calibration curves for
some materials obtained by leaching of Silpearl si-
lica gel are shown Fig. 5.

Finally, we have decided to use the columns
packed with original and leached Silpearl in combina-
tion with the above mentioned commercial wide-pore si-
lica gels in order to prepare column sets with the se=~
paration ranges extended towards lower molar masses.

The examples of the calibration dependences for
some column sets are shown in Fig. 6. The experimental
points are compared with the courses of the calibration
dependences obtained by simple addition of the elution
volumes for particular single columns, The agreement is
surprisingly good.

From the presented results it can be concluded
that special types of narrow pore silica gels can be
used for extending the separation range of the conven=-
tional wide pore sio0, based GPC packings towards lower
molar masses, However, due to generally smaller pore
volume of these materials, several columns packed with
narrow pore silica gels must be added to the column
systems in order to obtain linear calibration curves
down to 103 g mol"l and lower molar masses or, at least,
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FIGURE 5. GPC calibration curves on Silpearl,

O - starting sample; ]~ sample 18ached by HF (0.5 hour
in 3 % aqueous HF solution at 25 "C) V - sample leached
by NaOH (1 hour in boiling 2 % NaOH solution),

Columns dimensions 1220 x 8 mm.,
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FIGURE 6, Combined calibration curves. Q - Fractosils:

1 x 500 nm, 2 x 250 nm, 1 x 100 nm, 2 x 15 nm,

plus 1 x Silpearl modified by NaOH, 1 x Silpearl modified
by HF, columns 8 x 610 mm; [J- Porasiles C, D, E, 1 x
original Silpearl, 1 x Silpearl modified by NaOH,

1 x Silpearl modified by HF, columns 8 x 1220 mm;

¥V~ 1.5 x Fractosil 500 nm, 1 x CPG Porous Glass 142.2 nm,
1 x CPG Porous Glass 36.8 nm, 1 x CPG Porous Glass

15,6 nm, 1 x original Silpearl, 1 x Silpearl modified

by NaOH, 1 x Silpearl modified by HF, columns 8 x 1220 mm;
solid line - calculated curve, points = experimental,
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column systems that resolve the peaks of polymers from
the peaks of oligomeric or low molecular accompanying
substances., Consequently, both the dead volume of the
system and the time of analysis increase and the overall
separation efficiency is partially sacrificed,
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HYDRODYNAMIC VOLUME FLUCTUATION OF POLYSTYRENE BY COLUMN
TEMPERATURE AND ITS EFFECT TO RETENTION VOLUME IN
SIZE EXCLUSION CHROMATOGRAPHY

Sadao Mori and Masami Suzuki
Department of Industrial Chemistry, Faculty of Engineering,
Mie University
Tsu, Mie 514, Japan

ABSTRACT

The fluctuation in hydrodynamic volume of polystyrene in
several solvents was evaluated by changing solvent temperature and
the relation between the magnitude of the fluctuations and the
retention volume change was experimentally examined. Limiting vis-
cosity numbers of polystyrene in tetrahydrofuran(THF), chloroform,
toluene, cyclohexane, and a benzene-methanol mixed solvent (77.8/
22.2 vol/vol) were measured by using a Ubbelohde-type viscometer.
Temperature dependence of limiting viscosity number of the poly-
styrene solution was observed in some range of temperature, where
a change of the retention volume of polystyrene would be assumed to
be observed with the change of column temperature because of the
change of its hydrodynamic volume in solution. The examination of
the temperature dependence of retention volume in SEC for poly-
styrene standards confirmed this effect. The recommended column
temperature is in the range where the temperature dependence of the
limiting vigcositg number of po%ystyrgne solutions is negligible;
e.g., at 25 - 50°C for THF, 35 - 65 C for toluemne, and 20 - 30

¢ and 45° - 55°C for chloroform. Column temperature in the range
of 30° - 45°C in chloroform is also recommended because of counter-—
balance of several effects to retention volume fluctuation.

INTRODUCTION

The measurement of molecular weight averages and their distri-

butions for polymers by size exclusion chromatography (SEC, or GPC)

1841
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requires the construction of a calibration curve obtained by plot-
ting retention volumes vs. molecular weight of the corresponding
polymers. A reliable molecular weight - peak retention volume
relationship is the most important factor for obtaining the accu-
rate and precise molecular weight averages. The retention volume
changes with changing column temperature [1,2]. In the previous
paper [3], we reported the effect of column temperature on the
retention volumes of solute polystyrenes and it was stressed that

a 10°% change in column temperature caused a decrease of about 1%
in retention volume, which corresponds to an error of more than 10%
in molecular weight at the same retention volume. Two main factors
which cause the retention volume fluctuation were assumed to be (1)
an expansion or a contraction of the mobile phase in the colummn due
to the temperature difference between column and solvent and (2)
the adsorption effects of a solute to the gel phase.

In SEC, solutes are separated according to their hydrodynamic
volumes in solution. Cantow et al. [1] and Little and Pauplis [2]
have explained the effect of column temperature to retention volume
by the variation of polymer coil size. However, at a molecular
weight of 100,000 and an increase in temperature of 115°¢C from 35
OC, the linear expansion coefficient of polystyrene in 1,2,4-tri-
chlorobenzene was 1.05 [1], so that the estimated change in reten-
tion volume caused by the increase in hydrodynamic volume was about
0.07% when an increase in temperature was 10°¢ [3]. In the previ-
ous paper [3], it has been assumed that the estimated change in
hydrodynamic volume caused by the change in column temperature was
negligibly small.

However, it is obvious that temperature of a polymer solution
affects its limiting viscosity number [4,5]. which increases or
decreases with temperature and exhibits a maximum in an limiting
viscosity number vs. temperature curve when it is measured over
sufficiently wide range of temperature [5]. Because the value of
hydrodynamic volume of a polymer in solution is proportional to the
product of its limiting viscosity number [n] and molecular weight

M, the change in limiting viscosity number with temperature will
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also affect the retention volume of the polymer. In other words,
the evaluation of the change of the limiting viscosity number with
> temperature can estimate the change of the retention volume caused
by the variation of the hydrodynamic volume with column tempera-
ture.

In this paper, the temperature dependence of limiting viscos-
ity number of polystyrene dissolved in several solvents commonly
used in SEC is demonstrated and the contribution to the retention
volume of hydrodynamic volume fluctuation with temperature is

estimated.

EXPERIMENTAL

Determination of limiting viscostty nwmber.

Limiting viscosity number of polymer solutions in the range of
concentration 0.2 - 1.0 g/dl was measured by using Ubbelohde-type
viscometers (one has the range of dynamic viscosity 1.7 - 5 cst and
the viscometer coefficient 0.00463 cst/s and the other 3 - 10 cst
and 0.00980 cst/s). A sample polymer used for the measurement of
limiting viscosity number was a commercial polystyrene ESBRITE (ﬁw
= 2.87xlO5 and ﬁ; = l.08x105). Viscosity numbers of the polymer
solutions were calculated by dividing the specific viscosities (
which are relative viscosities minus 1) by the corresponding con-
centrations. The limiting viscosity number of a polymer solutiom
was then obtained by plotting viscosity numbers vs. concentrations
and by extrapolating the line to the intersection at zero concen-—
tration. Solvents used for the measurements of limiting viscosity
number of polystyrene were tetrahydrofuran (THF), toluene, chloro-
form, cyclohexane and a benzene-methanol mixed solvent (77.8/22.2
vol/vol).

Determination of retention volume,

A Jasco (Japan Spectroscopic Co. Ltd., Hachioji, Tokyo 192,
Japan) TRIROTAR high performance liquid chromatograph was used with
a Shodex Model SE-11 differential refractometer (Showa Denko Co.,
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Minato-ku, Tokyo 105, Japan). Column systems were DuPont Bimodal
SEC columns (PSM-60S and PSM-10008) packed with deactivated silica
gel and two Shodex A80M SEC columns packed with polystyrene gel.
Columns were thermostated at specified temperatures to an accuracy
of 0.1°C in a water bath. Mobile phases were toluene, chloroform
for DuPont columns and cyclohexane for Shodex columns.

Monodisperse polystyrene (PS) standards (Pressure Chemical
Co., Pa., USA) were used as test samples. A portion of 0.1 ml of
0.05% polystyrene solutions was injected into columns. The flow
rate of the pump dial was adjusted to 0.5 ml/min for PSM columns
and 1.0 ml/min for Shodex columns and the actual flow rate was
checked at the outlet of the RI detector by measuring the time
required to fill a 10-ml measuring flask with solvent eluted from
the system.

Measurement of peak retention volumes was performed five times
and average values were obtained. These retention volumes were
first taken in units of time and then calculated by multiplying the
retention time by the flow rate measured at the outlet of the RI
detector. The retention volume thus obtained was then corrected by
subtracting or by adding the amount due to the difference between
column temperature and the mobile phase temperature in the reser-

voir. The partition coefficient (K ) of each polystyrene stan-

SEC
dard was calculated as follows:

Repe = Ve = V) /Yy

where Vc is the corrected retention volume of a polystyrene stan—
dard, VO the void volume or interstitial volume of gel in the col-
umns (Vo for PSM 5.33 ml and for A80M 20 ml), and vy inner volume
of gel in the columns (Vi for PSM 4.37 ml and for A80M 21 ml).

RESULTS and DISCUSSION

The dependence of limiting viscosity number on temperature for
PS (unfractionated PS) in five solvents is shown in Figures 1 and

2. In these figures, we can see that a range of temperature where
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FIGURE 1. Plot of limiting viscosity number versus temperature for
unfractionated polystyrene in chloroform and THF.

a variation of limiting viscosity number is below 0.01 is at 25° -
50°C for THF, 35° - 65°C for toluene, 20° - 30°C and 45° - 55°C for
chloroform, and 25° - 45°C for benzene/methanol (77.8/22.2 wvol/vol).
In these temperature ranges, the contribution of hydrodynamic vol-
ume difference due to temperature fluctuation to retention volume
would be negligible. The limiting viscosity number of PS in cyclo-
hexane increased with increasing temperature and that in benzene/
methanol increased similarly over ASOC. The mechanism of tempera-
ture dependence of limiting viscosity number is out of our scope.
In the previous paper [3], it was observed that a 10%¢ change
in column temperature caused about a 1% shift of retention volume
and resulted in errors of more than 10% in molecular weight at the
same retention volume. 1In this experiment, a 10°¢C increase from
25°C for toluene or a 15°C increase from 30°C for chloroform was
found to cause an about 107 increase or decrease in hydrodynamic

volume of PS in these solvents, respectively, resulting in the
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FIGURE 2. Plot of limiting viscosity number versus temperature for
unfractionated polystyrene in toluene, cyclohexane and a benzene -
methanol mixed solvent.

hange of 0.5% in retention volume which corresponds to a 5% change
n molecular weight.

A shift of retention volume with increasing column temperature

will be resulted in next three main factors:

I
e
o

t

(1) An expansion of the mobile phase in the column due to the
difference of temperatures between the column and a solvent
reservoir (and a pumping system).

(ii) The adsorption effects of a solute to the gel phase.

(iii)A change of hydrodynamic volume of a solute.

n the previous paper [3], the third factor was excluded. 1In the
xperimental range of 25°% - 45°C in the mobile phase THF, it is
bserved to be correct (see Figure 1). However, in the range where

he limiting viscosity number fluctuates, the effect of a change of
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FIGURE 3. The relationship between column temperature aund partition
coefficients for polystyrene standards in chloroform, toluene and
cyclohexane.
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FIGURE 4. The relationship between column temperature and partition
coefficients for n-hexane in chloroform, toluene and cyclohexane.

hydrodynamic volume can not be ignored. The increase in column
temperature causes the expansion of the mobile phase in the column
and the reduction of the adsorption effect of a solute to the gel
phase, resulting in the decrease of the retention volume. On the
other hand, in case of the temperature dependence of the limiting
viscosity number, as shown in Figures 1 and 2, there are three
types; constant over some range of temperature difference, the in-

crease or the decrease with increasing temperature. When the lim-
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iting viscosity number increases with temperature, then the reten-
tion volume decreases, as is the case in (i) and (ii). If the lim—
iting viscosity number decreases with increasing temperature, the
retention volume will increase and result in the counterbalance to
the effects of expansion of the mobile phase and of the adsorption
to the gel phase. This will be the case for the range 30° - 45°%
in chloroform.

Figures 3 and 4 show the relationships between column tempera-

ture and the partition coefficients K for four PS standards and

n-hexane in three different mobile phiggs. In chloroform, a plat—
eau in the curve is observed at 35° - 45°C as is expected from the
above discussion,

In toluene, the deviation of the values of KSEC between 25°C
and 35°C is much than those between 35°C and 45°C and between 45°C
and SSOC, which corresponds to the increase in the limiting viscos-
ity number at 25°C with increasing temperature.

In cyclohexane, the values of KSE decrease significantly with

C
increasing in temperature. This phenomena may be attributed to the
increase of the limiting viscosity number with temperature in addi-
tion to the decrease of the adsorption effect with increasing in
temperature.

The wvalues of K for n-hexane decrease uniformly with in-

creasing in temperatifg, suggesting the participation of the hydro-
dynamic volume effect in the temperature dependence of the values
KSEC of polystyrene solutes.

In conclusion, the recommended column temperature is in the
range where the temperature dependence of the limiting viscosity
number of polystyrene solutions is negligible; e.g., at 25° - 50°%¢
for THF, 35° - 65°C for tolueme, and 20° - 30°C and 45° - 55°C for
chloroform. Column temperature in the range of 30° - 45°% in
chloroform, though the temperature dependence of limiting viscosity
number is significant, the counterbalance of the three effects
makes the temperature dependence of the retention volume minimum.

Though hydrodynamic volume or size of polymer in solution should

essentially be measured by light scattering technique, our discus-
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sion would still be effective in the point of the factors that
affect the reliability to a molecular weight — retention volume

relationship.
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ABSTRACT

Four narrow distribution Eolystyrene samples with
molecular weights from 3.5 x 10  to 2.7 x 109 ana six
linear or branched polyvinyl acetate samples were used
in the study. GPC experiments were performed in two
solvents ( THF and MEK ), three column sets ( different
permeation limits ) and five different concentrations
ranging from 0.05% to 3%.

The elution curves were normalized while average
retention volumes and peak width were calculated. The
data of the same sample with different concentrations
can thus be compared on the same graph. The following
conclusions were drawn.

(1) At very low concentration, elution curves were
independent of the concentration. On increasing the con-
centration, peak positions were first moved to longer
retention volumes and then the whole curves broaden app-
reciakly.

(2) Concentration dependence increases with the in-
crease in molecular weight and goodness of the solvent
power.

(3) The plots of the retention volume wvs concen-
tration deviate from linearity. Extrapolation at higher
concentrations is not reliable.

(4) The peak widths of the elution curves expressed
by the variance ¢ increase with the increase of con-
centration.

(5) The initial slopes of the peak-concentration
plot of the branched PVAc samples are proportional to the
hydrodynamic volumes expressed as [’7_‘[M of the samples.

1851
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INTRODUCTION

Gel permeation chromatography is the most widely
used method for determining the molecular weight and
molecular weight distribution of high polymers (1). The
reliability of the results depends both on the correct
manipulation of the experimental technique and on the
appropriate ways of data treatments. Many experimental
conditions such as concentration, rate of flow, injection
volume and temperature will have significant effects on
the chromatograms. It is necessary to make proper choice
and control of these factors.

Because of their universality, differential refra-
ctive index detectors are commonly used to monitor the
concentration of the polymer in the eluate. The sensibi-
lity of RI detector, however, depends strongly on A n,
the difference in refractive index of the polymer and the
solvents. In certain cases, only a few solvents with
unfavorable A n are available. Chromatographers have to
use higher concentrations in order to obtain larger signal.
Therefore studies on the concentration dependence in GPC
are essential both for theoretical and practical reasons.

The existence of concentration dependence in GPC was
already reported in literature (2). Many experimental re-
sults showed that retention volume tends to increase with
increasing concentration. The effect is more pronounced
the higher the molecular weight of the polymer and on the
solvent goodness. The origin of the occurrence of the con-
centration dependence in GPC was explained in different
ways. Moore (3) explained it from a hydrodynamic point of
view. Since there is a large difference in viscosity of
the solution and solvent, the plug flow of the eluate will
be perturbed and distortion of chromatogram shape and ex-
cessive tailing result. Janga (4,5) showed by theoretical

calculation and experimental verification that 80-90% of
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the concentration effect can be attributed to hydrodyna-
mic factors. Recently the concentration effect has been
explained thermodynamically as a consequence of the re-
duction of the effective hydrodynamic volume of the sol-
vated polymer coil with increasing concentration (6,7).
Both theories can explain gqualitatively the concentration
effect in GPC.

In this work, GPC experiments were performed on 4
narrow distribution polystyrene samples in three column
sets with different permeation limits, five concentrations
( 0.05% to 3% ) and two solvents ( THF and MEK ) respec-
tively. In addition, six polyvinyl acetate fractions
with different degree of branching were carefully selected
so that three of them have nearly same intrinsic viscosi-~-
ties and the other three have nearly same ﬁw. They were
chromatographed in four different concentrations using
THF as the solvent. All the chromatograms thus obtained
were normalized and comparisons were made on the same
sample at different concentrations. The effects of mole-
cular weight, degree of branching, solvent, column sets
and concentration on the peak retention volume, average

retention volumes and peak widths were examined.

EXPERIMENTAL

Samples:

Four narrow distribution polystyrene samples with
molecular weights of 2.7 x 106, 6.7 x 105, 2.0 x 105 and
3.5 x lO4 were obtained from Waters Associates Inc. Six
PVAc fractions were prepared and fractionated in this
laboratory. The characterization data of these six PVAc

samples are listed in Table 1.

Solvents:
THF, Analytical pure; MEK, Chemical pure.
GPC equipment:
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TABLE 1

Characterization Data For Six PVAc Fractions (8)

Sample ﬁwx10—6 E7] Conversion,% G* nw**
PVAc-1 2.10 282 65.8 0.673 8.46
PVAc-2 2.04 316 51.1 0.768 4,69
PVAc-3 2.07 361 21.8 0.871 1.71
PVAc~4 0.92 230 7.06 1 o]
PVAc-5 1.14 230 43.8 0.84 2.22
PVAcC-6 1.78 229 65.8 0.815 4,95

* e =Ini/ 0y
* % n, characterizing the number of branches in one mo-

lecule.

Waters LC/GPC Model 244 chromatograph was used. Two
of the three column sets consisting of two l-meter column
connected in series each were packed with deactivated
porous silica gel prepared in this laboratory. The per-
meation limits of these two sets are 2.7 x lO6 and 9.5
X lO5 in PS molecular weight respectively. The third co-
lumn is a commercial one consisting of one 50 ¢m Shodex-
Pak A-80M with a permeation limit of 5 x 106. In all

cases, the flow rate was kept at 1 ml/min.

Data treatment:

All the chromatograms were normalized in order to
make comparison on the same graph. The ordinates of the
curves were transformed into hi/Z;hi, where hi is the
height of the species having retention volume of Vj.
Figure 1 to Figure 6 are part of the typical curves ob-
tained. Average retention volumes , v , were calculated
according to V = 2:( h, Vv, /2 h; ). The widths of the

curves were characterized by g which were calculated
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according to g- = Z[ (h,/ Zh y (v, -V )2 ] vV_ vs
i i i ) P

c plots and V vs ¢ plots were illustrated in Figure 7

and g~ Vvs ¢ plot was shown in Figure 8.

RESULTS AND DISCUSSIONS

Concentration Dependence of GPC Chromatograms:
Chromatograms of four PS samples in five different
concentrations ( approximately 0.05%, 0.1%, 0.3%, 1% and
3% ) with THF or MEK as the solvent were illustrated in
Figure 1 to Figure 5. With the exception of the PS-3.5 x
104 sample which has the lowest molecular weight, all the
curves exhibit three different stages of variation of the
shape on increasing the concentration of the sample. When
the concentrations were sufficiently low, no concentration
effect was seen and the curves coincide. This situation
can be easily explained by both the hydrodynamic or the
thermodynamic reasoning, since low concentration induces
low viscosity difference and larger inter-molecular dis-
tances in the solution. On increasing the concentration
to a certain level, the curves began to show distortion
and the peaks moved to larger retention volumes. The
spans of the chromatograms remained unchanged. This
phenomenon can easily be realized through the theoreti-
cal consideration of reduction of coil dimension at
finite concentration. The higher molecular weight portion
of the sample will exhibit concentration effect at that
concentration level while the lower molecular weight por-
tion did not. As a result, the span of the chromatogram
remained unchanged but the shape of the curves distorted.
Elsdon (8) recently studied polydispersed samples and rea-
ched the same conclusion. On further increasing the con-
centration of the samples , the curves were broadened sig-
nificantly along with severe tailing. This is obviously

caused by very large difference in viscosity as well as
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Fig. 1 Chromatograms of Five Different Concentrations
of Sample PS-3.5 x 10% in MEK

by the further reduction of coil dimension and overloading
of the column. Figure 6 is the result of high perfor-
mance GPC. Serious concentration effects were observed
along with appreciable tailing.
Effects of Molecular Weight, Solvent and Column Type on
the Concentration Dependence:
Molecular weight and goodness of the solvent are
found to be closely related with the concentration depen-
dence. From the normalized chromatograms obtained for

four PS samples, certain classification can be made to



CONCENTRATION DEPENDENCE IN GLC 1857

10 4

”.
36 Lo Ly 48
Ve(count)

Fig. 2 Chromatograms of Five Different Concentrations
of Sample PS-2.0 x 10° in MEK

show different behavior in concentration dependence as
illustrated in Table 2. It was shown that the concen-
tration dependence increases with molecular weight and
goodness of the solvent, in agreement with those reported
in literature (2). The third and fourth vertical columns
in Table 2 listed the concentration regions which showed
respectively ' no concentration effect ' and ' roughly
beginning of the concentration effect '. The values of
the fourth column should be gquite close to the overlap-
ping concentration c* proposed by de Gennes in his scal-

ing treatment of the polymer solution (9). Graessley (10)
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Fig, 3 Chromatograms of Five Different Concentrations
of Sample PS-6.7 x 10° in MEK
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Fig. 4 Chromatograms of Five Different Concentrations
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Fig. 5 Chromatograms of Five Different Concentrations
of Sample PS-2.7 x 10° in THF
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Fig. 6 Chromatograms of Five Different Concentrations
From 0.01% to 3% of Sample PS-2.7 X 106 in
THF in Shodex-Pak A-80M Column

TABLE 2

Concentration Dependence of Four PS Samples

No Conc. Distortion Broaden

;;mple Solvent Effect, % Span same, % Tailing, %
2.7xlO6 THF , MEK 0.05;0.1 0.3 1; 3
6.7xlO5 THF , MEK 0.05, 0.1, 0.3 1 3
2.OxlO5 THF 0.05, 0.1, 0.3 1 3
2.Ox105 MEK 0.05,0.1,0.3, 1 - 3
3.5x104 THF 0.05,0.1,0.3, 1 - 3
3.5xlO4 MEK 0.05,0.1,0.3,1, 3 - -
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TABLE 3

c* Values of 4 PS Samples in THF and MEK

Samples crx 102
THE MEXK
PS-2.7 x 106 0.13 0.33
PS-6.7 x lO5 0.39 0.79
PS-2.0 x 105 0.98 1.70
PS-3.5 x lO4 3.74 5.10

proposed a simle equation for calculating this overlap-
ping concentration c* as c* = 0,77 /C71 . It will be
interesting to see whether our experimental results cor-
respond with those calculated theoretically. If the
following Mark-Houwink equations are employed,

EOJTHF = 0.682 x 10;2 MZ'ZE

[?JMEK 1.95 x 10 M
the values of c* calculated for the four PS samples are
listed in Table 3. Comparison of the values of the 4th
column in Table 2 with those in Table 3 show that the
agreement 1s good in the case of THF and fair in the
case of MEK.

Figure 7 gives the plot of vp and Vv against con=-
centration for different molecular weight and different
solvents. Only sample PS-3.5 x 104 gives linear plot.
Plots of other samples with highexr molecular weight de-
viate from linearity in higher concentrations. Sug-
gestions in literature of eliminating concentration de-
pendence by extrapolation to infinite dilution are not
justified by our data. The influence of concentration
effect on the curve width was shown in Figure 8. In all
cases, the curve width expressed with g increases with

the increase of concentration.
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Concentration Dependence of Branched Samples:
Concentration effects on the GPC studies of branched
polymers have not been reported in literature. Since di-
fference in degree of branching induces difference in seg-
mental densities of the samples in solution which will
have significant effect on the concentration dependence
of the GPC behavior. Vp vs ¢ plots for the three branched
PVAc samples with nearly same intrinsic viscosities and
the other three with nearly same Mw were illustrated in
Figure 9 and Figure 10. It is obvious that when the con-
centrations were below 0.6%, Vp vs ¢ plots were linear
with different slopes for different samples. Since these

six samples represent different degree of branching, the
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concentration effect should be different. If we take the
slope of the Vp vs ¢ plot as an indication of magnitude of
concentration dependence, we found that these slopes de-
pend on the hydrodynamic volumes , E7]M , of the samples.
Figure 11 illustrates the slope vs CnM plots which gives

a good straight line. From our data, it can be concluded
that the concentration dependence of GPC behavior for
branched samples of different degree of branching can still

be realized through the variation of the hydrodynamic vo-

lume.
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ABSTRACT

The contribution from viscosity phenomena and coil size con-
traction to the shift of polymer elution volumes with increasing
concentration has been evaluated in size exclusion chromatography
through a practical experimental procedure. It is shown that the
viscosity effect is operative to different extents, depending on
the different column systems. For most of the investigated polymer
samples, however, macromolecular coil contraction seems to be the
main contributing effect to the total concentration dependence of
polymer elution volumes.

INTRODUCTION

It is well known that, in size exclusion chromatography (SEC)
of polymer molecules, when the concentration of the injected sam-
ple is increased the peak maximum is shifted toward higher elution
volumes. The change of elution volumes is particularly evident for
narrow distribution polymers such as the standards normally used
for calibration and, in the same chromatographic system, it incre-
ases with increasing both the sample molar mass and the thermody-

namic quality of the solvent.
1867
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This concentration dependence of elution volumes in SEC has
been generally attributed either to an effect of contraction of the
polymer coils with increasing concentration in the injected solu-
tion (1), or to a sum of contributing processes (2), namely, the
mentioned coil contraction, the effect of the viscosity of the so-
lutions in the interstitial volume of the columns, and the so-cal-
led secondary exclusion due to the reduction of the accessible po-
re volume of the packing when polymer molecules are already prese-~
nt in the pores. The reduction of the effective hydrodynamic volu-
me of solvated polymer coils with increasing concentration can be
accounted for by using the model developed by Rudin (1). Results
from this model are in reasonable agreement with Yamakawa's theory
relating concentration and hydrodynamic volumes of solvated poly-
mers and were shown to describe SEC behaviour of several practi-
cal systems (3). The fact that the concentration dependence of elu-

(4-6)

tion volumes is lower in thermodynamically poor solvents gives
support to the hypothesis on which Rudin's theory is based. Quanti-
tative relationships between concentration effects in SEC and the-
rmodynamic quality of the solvents have been recently discussed (7?
The relative importance of the different contributing effects
to the total concentration dependence of elution volumes was inve-
stigated by Janca (8_10). The viscosity of the injected polymer so-
lutions was experimentally shown to drastically affect elution vo-
lumes and chromatogram widths of polymer standards which elute in
the column interstitial volume only (8). Relationships for the qu-
antitative description of this phenomenon and of the ratio of in-
dividual contributions to the overall concentration dependence we-

9,10 . . .
(9,10) and the application to experimental results led

re derived
to an estimation of the viscosity effect as approximately 807 of

the total concentration effect. The reported comparisons of expe-
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rimental elution volumes with the predictions of Rudin's theory are
therefore, accor&;ng to Janca (11), incorrect because it is not co-—
nsidered that during the chromatographic process dilution along the
column occurs; when this effect is not taken into account the poly-
mer concentrations are obviously overestimated.

Attempt was also made of evaluating the contribution due to se-
condary exclusion (12): experimental results showed that, at least
under statiomary conditions, this process is probably operétive to
a very small extent. As a consequence it might be assumed that in
SEC the increase of peak elution volumes with sample concentration
is completely due, in real chromatographic systems as well, to the
sum of the contributions from the macromolecular coil contraction
and from the solution viscosity in the interstitial colummn volume.

In this paper we present results of an investigation intended
to evaluate the relative amounts of the two contributing effects
over the total concentration dependence of elution volumes under
some practical experimental conditions. The study has been carried
out in a good solvent, with narrow distribution polymer standards
eluting either in the interstitial volume only, or in the permea-

tion range of chromatographic columns with different pore sizes.

METHODOLOGY

—— e e o e e e

The following procedure has been used to evaluate the diffe-
rent contributions to the concentration effect in our systems. The
overall concentration dependence of elution volumes is obtained
from direct injections of several standards at different concen-
trations. In general, for values of concentrations not too high
the measured elution volumes vary linearly with the injected con-
centration. Injection in the same column system of a totally exclu-

ded polymer gives the shift of elution volumes due to the pure vi-
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scosity effect taking place in the interstitial volume. It has been
shown ® that for such a polymer a linear relationship exists be-
tween the specific viscosity of the injected polymer solution and
the elution volume, at least up to viscosity values where the solu-
tion behaviour is still newtonian. Owing to the fact that such a
viscosity effect occurs in the interstitial volume, outside the gel
pores, it might be assumed that a very same effect occurs for per-
meating polymers as well. In other words, for polymer solutions
with the same specific viscosity, the same viscosity contribution
should result, independently of the fact that the polymer molecu-
les can diffuse into the gel pores. Therefore, such a viscosity
contribution can be evaluated, for each injected sample, from the
elution volume shift of the excluded polymer at the same specific
viscosity. The specific viscosities of the polymer samples are cal-
culated by the Huggins equation (13) at the different concentra—

tions, and the amount of the viscosity effect can be subtracted

from the total increase of the elution volumes.

EXPERTMENTAL

The chromatographic columns employed (25 cm length, 0.46 cm
I.D.) were slurry packed with microparticulate spherical silica
gels (average particle diameter 10 ym) supplied by E. Merck (Darm~
stadt, Germany). Mean pore sizes of the gels were 10 nm, 50 nm and
100 nm.

Two different column combinations were used in order to cover
different molar mass ranges; their characteristics are reported in
the next section.

Narrow distribution polystyrene (PS) standards (ArRo Labora-

tories, Joliet, Illinois, and Waters Associates, Milford, Massachu-
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setts) were injected as tetrahydrofuran (THF) solutions at diffe-
rent concentrations; THF was used as eluent as well; injection vo-
lumes were 10 rl. An UV spectrophotometer (Zeiss PM2) at 260 nm wa-—
velength was used as a detector. The chromatogresphic flow rate was
approximately 0.5 cm3/min.

All the measurements were done in triplicate and the results were

averaged.

RESULTS AND DISCUSSION

The calibration curve of the first column system, two columms
in series with 100 nm and 50 nm respectively as nominal pore size
of the silicas, is shown in Fig. 1. The narrow distribution PS
standards reported in Table 1 were injected at different concentra-
tions (up to 2'10-2 g/cm3 for some of the samples) and the resul-
ting peak elution volumes were measured.

As it appears from Fig. 1, the polymers with molar masses
17500, 111000, 200000, 390000 and 670000 are all eluting in the
fractionation range of the columns, whereas the 107 standard is
completely excluded from the pores. For the latter sample it has
been checked by using Rudin's model 3 that even at the highest
injected concentration, 2-10“3 g/cm3, his hydrodynamic volume is
still large enough to make the molecules excluded.

With increasing polymer concentrations, not only peak elution
volumes Ve and widths increased, but distorted chromatograms were

obtained, especially for the high molar mass samples. Some exam-

ples are shown in Fig. 2 for two permeated polymers and for the ex-
cluded one. When the asymmetry and distortion of the chromatograms
were severe, the average elution volumes of the polymer samples we-

re obtained by calculating the first statistical moment of the peaks.
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FIGURE 1. Calibration curve for the column system 100 nm + 50 nm.

The experimentally observed elution volumes at increasing con-
centrations, ¢, are reported in Fig. 3; the concentration dependen-—
ce of Ve increases with the polymer molar mass as expected, and is
linear either in the low concentration or in the whole range, de-
pending on the different molar masses.

For each polymer concentration of Fig. 3 the specific viscosi-

ties were calculated by means of the Huggins equation
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TABLE 1
Huggins Constants, k_, and Contribution of Hydrodynamic Volume

Contraction to the Concentration Effect for the PS Standards in
the Column System 100 nm + 50 nm.

Polymer Molar Mass ky [icav) /d57/ facav) /el
17500 0.40 0.82
111000 0.33
200000 0.31 0.77
390000 0.28
670000 0.25 0.71
107 0.24

'p]sp=[-‘v’_7c+kH ['7_72 2 m

where the intrinsic viscosities Z77_7 were obtained from the equa-—

(14)

tion
[ ] = 1111072 o075, (2)

The values of the Huggins constant, kH’ for PS in the investi-

gated molar mass range, in THF solution, were interpolated from the

data by Spychaj et al.(15)and are reported in Table 1.

From Fig. 3 the elution volumes Ve o extrapolated at c¢=0 can
’

be obtained. The total increment of elution volumes, [LVt =(Ve o
»

Ve o), where Ve c is the elution volume of the polymer at concen-—
s ’

tration c, can be plotted against the polymer specific viscosities,

as it is shown in Fig. 4. The increase of elution volumes for the
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FIGURE 2. Chromatograms of permeated and excluded PS samples at
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FIGURE 3. Elution volumes of PS standards at different concentmtions;
©:17500; 3 :111000; { :200000; A :390000; WV :670000;
®:107.

excluded polymer, PS 107, is completely due to the viscosity effect
in the interstitial volume. For all of the other samples, at each
7sp value, the A Vt values are higher than those of the excluded
polymer, suggesting that in addition to viscosity, the effect of
coil contraction is operative. The increase of [XVt is higher for
the lower molar mass samples due to the fact that, for a same'q sp

value, these polymer samples have a higher concentration.
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The contribution to the total concentration effect on elution
volumes from viscosity phenomena is given, under the experimental
conditions adopted and the assumptions already made, for each of
the permeated polymer samples by the Ath of the 107 PS sample at
the same 47sp value;jthis contribution can be subtracted from the
total change of elution volumes A;Vt at the appropriate concentra—
tion and the resulting increment of elution volumes, A VS, is due
to the macromolecular coil contraction only.

In Fig. 5 the change of [&V£ with injected polymer concentra-
tion is shown for three different molar mass samples, eluting in
three different parts of the column permeation range, i.e. at the
beginning (PS 670000), in the middle (PS 200000) and at the end
(PS 17500) of the practically linear part of the calibration curve
(see Fig. 1), After subtraction of the viscosity contributions,
the resulting increment of elution volumes, A Vs’ at different con-
centrations are plotted in Fig. 6 for the three PS standards.

Both in Figs. 5 and 6 an initial linear dependence of the incre-
mental elution volumes AVt and AVS on concentration is evident.
For each polymer sample, the ratio of the slopes d([}Vs)/dc d([&Vt)/
dc will give an estimate of the fractional amount of the contribu-
tion due to coil size contraction over the total concentration de-
pendence of elution volumes. This ratios are reported in the last
column of Table 1 for the samples considered. One can see that the
contribution of coil size contraction is dominant, in our experi-
mental system, in determining the increasing of elution volumes.
The viscosity effect seems to be responsible for 20-30% only of the
total elution volume change.

Similar experiments were also performed with a different cdumn
set (2 columns packed with 10 nm pore size silica gel) covering the

3 5 A . .
molar mass range 107-10", as it is shown by the calibration curve
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FIGURE 5. Changes of elution volumes,l&Vt, with injected polymer
concentration. Symbols as in Fig. 3.

in Fig. 7. The PS standards listed in Table 2 were injected at in-
creasing concentrations. The results are shown in Fig. 8.

All the chromatograms were regular in shape, with only slight
distortion for the peaks of the excluded polymer, PS 470000, shown
in Fig. 9. For these latter samples the elution volumes were obtai-
ned from the first moment of the peaks.

It can be seen from Fig. 8 that the changes of elution volumes

with concentration are small for the low molar mass permeating sam—
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FIGURE 6. Increment of elution volumes for macromolecular coil
contraction. Symbols as in Fig. 3.
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FIGURE 7. Calibration curve for the column system 2 x 10 nm.
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TABLE 2
Huggins Constants, k_, and Contribution of Hydrodynamic Volume

Contraction to the Concentration Effect for the PS Standards in
the Column System 2 x 10 nm.

Polymer Molar Mass kH [d(AVS)/dJ/ZE(AVt)/dE7
1800 0.50 0.65
8500 0.50 0.63
17500 0.40 0.47
50000 0.35 0.36
470000 0.27

ples. The changes for PS 17500 are also slightly smaller than those

observed for the same polymer in the first column system investiga-—

ted. The specific viscosities of the injected samples were calcu-

lated at the different concentrations by using the Huggins constant

values reported in Table 2. The Zc7_7 values were obtained from Eq.

(2) for all the standards, with the exception of PS 1800 and PS 8500,
(16)

for which the viscometric equation
- 0.50
[7 ] =1.0-10 ' (3

recommended for low molar mass samples in good solvents, was em—
ployed. The kH value for these two latter polymers were taken from
reference data relative to low molar mass polystyrene samples in
different solvents (16).

The total increments of elution volumes are plotted im Fig. 10

against the ‘7sp values: one can see that the viscosity effect, as
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FIGURE 9. Chromatograms of excluded PS 470000 standard at different
concentrations.
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1.0

FIGURE 10. Changes of elution volumes, AV , with specific viscosi-
ties. Columns 2 x 10 nm. Symbols as in Fig. 8.

represented by A;Vt changes of the excluded PS 470000 sample, is
in this column system higher than in the previous case.

After obtaining at the different concentraztions the viscosity
contributions to A Vt with the procedure described above, the va-
lues of [}Vs could be calculated, and these are plotted in Fig. 11
vs injected polymer concentrzations for three of the standards.

The relative amount of the concentration dependence of elution vo-

lumes due to the hydrodynamic volume reduction was again estimated
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FIGURE 11. Increment of elution volumes for macromolecular coil
contraction. Columns 2 x 10 nm. Symbols as in Fig. 8.

from the ratio d(AVs)/dc/d(AVt) /de, for the different standards,
and the results are shown in the last column of Table 2.

The effect of macromolecular coil contgaction turns out to be
reduced in respect of the results of Tabletiparticularly, for the
samples PS 17500 and PS 50000 this contribution is acting either
at the same level than the viscosity effect, or with a lower rela-

tive importance. In practice, in this column system, the increased
viscosity contribution overcomes the one from the higher pore per-
meation of the macromolecules. The results relative to the lower
molar mass samples, PS 1800 and PS 8500, cannot be given too much
confidence, because it is questionable wether, for such short po—
lymer chains, the same concentration dependence of molecular sizes
and of solution viscosities used for random coil molecules can be
still employed. On the other hand, elution volume changes occurring
for these samples are quite low, and large differences in the cal-

culated contributions can result from small errors in measurements.
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CONCLUSIONS

A practical experimental procedure for evaluating the ratio of

the viscosity effect to the total change in elution volumes in SEC
of polymers at different concentrations has been applied to real
chromatographic systems. It is assumed that all the concentration
effect comes from two main contributions: the frictional forces ac-
ting in the interstitial volume during sample elution in the cclumns
(viscosity effect) and the higher pore volume permeated because of
the macromolecular size contraction with increasing concentrations.

The calculated relative amount of these contributions show that
the viscosity effect can be operative to different extents, depen-—
ding on the column system; under the experimental conditions inve-
stigated,however, the macromolecular coil contraction seems to ac-
count for 50-80% of the total elution volume changes for most of
the investigated samples.

In the analysis of data herewith shown use has been made of the
injected nominal concentritions of the polymer solutioms. It is
known that during the chromatographic elution a dilution process
occurs, and this should be taken into account when looking for quan-
titative relationships (11). The employed methodology, however, of
plotting elution volume changes against nominal concentrations and
against the correspondent specific viscosities is not incorrect if
it is assumed that the dilution of the sample equally affects the
concentration and viscosity dependence of elution volumes. To check
that this assumption is reasonable the experimental elution volumes
were also correlated to the average effective concentration of the
samples estimated bf using the procedure suggested by Janca an

and the different contributions to the changes of elution volumes

were evaluated. The results so obtained were only slightly different
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from those reported here, showing in general an even bigger effect

of the hydrodynamic volume contraction.
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ABSTRACT

The effect of concentration on the distribution
of macromolecules between solution inside the pores
and outside the porous medium after mixing of polymer
solution with the medium was investigated. Experimen-
tal measurements were carried out for polystyrene
standards in a thermodynamically good solvent - tetra-
hydrofuran, and in a mixed theta solvent tetrahydro-
furan-me thanol. The results of measurements, particu-
larly in the theta solvent, suggested a considerable
effect of secondary non-exclusion interactions. A com-
parison between the distribution coefficients calcu-
lated theoretically using various models and those
determined experimentally revealed a considerable
discrepancy. It is obvious that the reported theoret-
ical models of concentration dependence of the dis-
tribution coefficients under stationary conditions
do not adequately reflect the real situation. The in-
dividual likely causes of this discrepancy have been
critically discussed.
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INTRODUCTION

In our preceding paper (1) we reported an exper-
imental investigation of the concentration dependence
of the equilibrium distribution coefficient KSEC' The
measurements were carried out under stationary condi-
tions, by mixing a known quantity of the porous medium
with a known volume of polymer solution of the given
concentration., After the equilibrium was established
the polymer concentration in the supernatant was deter-
mined. If the dissolved polymer was excluded at least
from one part of the pores accessible to pure solvent,
the polymer concentration in the supernatant increased.
Using the values of polymer concentration in solution
before mixing with the porous medium and after mixing
the known volume of the solution and the known pore
volume in the porous medium, the equilibrium distri-
bution coefficient can be calculated. Its dependence
on the polymer concentration in solution is interesting,
because values thus determined are free from the effect
of dynamic factors, such as, e.g., viscosity phenomena
operative to a considerable degree in concentration
effects which have been studied by us and quantita-
tively described in a series of our preceding papers
(for review cf. (2)). The results of our preceding
paper (1) showed that the experimentally determined
increase in the distribution coefficient with
increasing concentration is larger than corresponds
to the theoretical calculations based on the assumed
role played merely by a change in the effective size
of dissolved macromolecules with varying concentra-
tion, This has proved that the contribution of sec-
ondary exclusion, the role of which had been consid-
ered earlier, may be only very small, if any. If
secondary exclusion was also operative in the

concentration effects, this would lead, on the
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contrary, to a decrease in the distribution coeffi-
cient with increasing polymer concentration in
solution, or a smaller increase in the distribution
coefficient with increasing concentration than
corresponds to a change in the effective size of
macromolecules,

Anderson and Brannon (3) reported a theoretical
model of concentration dependence of the distribution
coefficient of rigid spherical macromoiecules in tﬁe
porous structure. Their model is interesting, since
it predicts concentration effects also in the thermo-
dynamically poor theta solvent,.

This study supplements our preceding measure-
ments (1) and extends experimental measurements
of the equilibrium distribution coefficients KSEC
under stationary conditions, also using the theta
solvent. By comparing all experimental results thus
obtained with the theoretically calculated distribu-
tion coefficients, various theoretical models were
critically analyzed which, in principle, may elucidate
the observed concentration dependence of the distribu-

tion coefficients.

THEORY

No detailed analysis of the individual theoret-
ical models of ,concentration effects is offered in
this part. Only basic theoretical relations are
given which are used in the interpretation of the
experimental results and which make possible a basic
understanding of the problem of concentration effects.
For details, we refer to our earlier papers.

For the concentration ratio of the polymer
solution before mixing with the porous medium, S

and after the mixing, c relation

27
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01/02 =1 + (vp/v1)(KSEC-1) (1)

is valid, in which Vp is the total pore volume in

the porous medium added, V1 is the wvolume of polymer
solution before mixing, and KSEC is the distribution
coefficient (1). It is assumed that for infinite
dilution the equality between the distribution
coefficients under stationary conditions holds also

in a dynamic chromatographic experiment. The
distribution coefficient under dynamic chromatographic

conditions is defined by
Vo =V, + K v (2)

where VR is the retention volume of the given polymer
and Vi is the interstitial or dead volume of the
solvent between grains of the column packing. For the
totally excluded polymer, KSEC = 0., If there is no
other interaction between the separated macromolecules
and porous medium apart from steric exclusion, for

permeating macromoleculs O = K The dependence

<
sec= 1+
of the distribution coefficient on the effective
dimensions of permeating macromolecules may be

described by an empirical calibration function

Kepg = £ (v.€) (3)

where v is the volume of unswollen macromolecule and
€ 1is the dimensionless swelling factor. The central
part of the calibration curve may be approximated by
a linear function

Kepg = P+ Q 1In (v.g) (4)

According to Rudin and Wagner (4), the swelling factor
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€ is a function of the concentration c

/e =1/¢e,+ (c/c)(e, - 1)/ €, (5)

where Eo is the swelling factor for infinite dilution
(c=0) and Cy is the critical concentration at which
the size of the macromolecule is the same as under
the theta conditions ( £=1). These quantities can be

calculated from

e, = [n]/[n], (6)

()
I

< M/(No v) (7)

4
0

un[n]eM/(s.q:) (8)

where [ﬂ] is the intrinsic viscosity; in the theta

solvent, Uﬂe is given by

= 0.5
[n]e_ Ko o« M (9)
N0 is the Avogadro number, M is molecular weight and
¢ = 3.1 x 102h is the universal Flory constant.

Anderson and Brannon (3) have suggested a model
which describes the distribution of rigid spherical
macromolecules between solution in pores of wvarious
shape, on the one hand, and bulk solution, on the
other, assuming steric (hard sphere - hard wall) and
long-range (screened electrostatic) interactions.
These authors described, in terms of wvirial series
expansion, the concentration dependence of the
distribution coefficient for the single particle
distribution function in a restricting medium, where
the effect of the porous medium is represented by
position-dependent potential energy acting upon each

macromolecule. They explained the concentration effect
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on the distribution function by coupling between the
macromolecule-macromolecule and macromolecule-pore
interactions. The basic idea underlying the effect

of concentration on the local distribution coefficient
consists in a reduced spherical symmetry inside the
pore which causes a decrease in the macromolecule-
-macromolecule interaction inside the pore. As a
consequence, the same interactions outside the pores
enhance the distribution of macromolecules towards
solution in the pore, compared with the exclusion
effect of the single macromolecule-pore wall inter-
action, The result of complicated operations involving
mathematical statistics was approximated (3) by means

of an empirical virial expansion

2
Kepe = ¥, (1 + Xy O+ &, o+ eee) (10)

where Ko is the distribution coefficient at zero
concentration and ca)is the polymer concentration in

the supernatant. Hence, in the stationary experiment,

Ch = Cup The first virial coefficient a1 was then
given by
X 7.92 K 8.48 K2 + 8.40 X5 (11)
v = - 7. > — 8. o + 8. °

The preceding theoretical conclusions offer two
limiting hypothetical alternatives for the explanation
of the concentration effect under stationary
conditions, First, it may be assumed that a change

in the distribution coefficient is due only-to a

change in the effective dimensions of the wmacromolecule
with changing concentration. In this case, however,

the distribution coefficient should not be affected

by concentration in the theta solvent., In the second

case of the Anderson-Brannon model (3), the distribu-
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tion coefficient ought to be a function of concentra-
tion also for rigid macromolecules; hence, it should
vary also in the theta solvent, in spite of the fact
that there is no change in the effective size of
macromolecules with varying concentration. Our exper-
imental work was planned so as to make possible

a critical comparison of the alternmatives just out-

lined with real experimental data.

EXPERIMENTAL

Polystyrene standards (PS) were used; their
molecular parameters are given in Table 1. Tetrahydro-
furan (THF) representing a thermodynamically good
solvent and a mixture of THF and 28.7 % (v/v)
methanol which at 25 °C is a theta solvent (5) were
used as solvents. A detailed description of exper-
imental procedures has been given in our preceding
paper (1), from which also one part of experimental
results has been taken. In this study, a constant
temperature of 25 °C (accuracy * 0.1 °C) was
maintained in all experiments by means of a thermostat.
The porous medium (silicagel Merckogel Si 500 R
deactivated by a reaction with trimethyl chlorosilane
and hexamethyl dichlorosilane, particle size 40—63/um)
was mixed with a solution of PS after evacuation of
the mixing vessel containing the porous medium. This
eliminated the possibility of air microbubbles being
caught in the pores. The ratio of concentrations of PS
solutions before and after mixing with the porous
medium was determimned chromatographically as reported
earlier (1).

Porosity(the total pore volume of the given amount

of porous medium) was determined by the method of
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TABLE 1

Molecular parameters of polystyrene standards

Standard Manufacturer MWX1O—3 Mnx10_3

PS 694 000 Waters Assoc.,Inc. 694 not given
Mw/Mn< 1.05

PS 303 000 Chrompack,Holland 303 288

PS 111 000 TWaters 111 111

Note: Molecular weights are given by the manufacturer

mercury porosimetry. The total pore volume of
Merckogel Si 500 & was V, = 0.641 ml/e.

The composition of the theta solvent before and
after mixing with Merckogel Si 500 K was determined by
gas chromatography. 0.,2275 g of silicagel was mixed
with 0.4677 & of the theta solvent. The methanol
content in the supernatant dropped from the original
28.7 % v/v to 27.2 % v/v. This fact indicates that
under the given conditions, methanol is probably
preferentially sorbed on the surface of the porous
medium, and consequently the composition of the solvent
varies near the surface., For this reason, a one-~com-—
ponent theta solvent seems more suitable. On the other
hand, however, the unpublished results of our
preceding paper (1) demonstrated a considerable
adsorption of PS on the surface of the porous medium,
if cyclohexane was used as the theta solvent. A simi-
lar adsorption was observed with deactivated Merckogel
Si 500 K. Virtually, the adsorption was so strong
that the polymer concentration in the supernatant

decreased distinctly, so that, at low concentrations,
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the polymer could not be detected in the supernatant
at all, It is of interest that, although in the
stationary arrangement the polymer was almost
quantitatively adsorbed from the solution in cyclo-
hexane in the dynamic chromatographic experiment with
cyclohexane as solvent the experimental result did

not suggest adsorption,

RESULTS AND DISCUSSION

In addition to direct experimental data obtained
by the stationary measurement, the Mark-Houwink
equation for PS in THF at 25 °C was also needed for the
calculations. We used an equation from our earlier
work (6)

[n]=1.17 x 1072 M0 717 (12)
The constant of Eq. (9) was calculated as
Ke = 8.12 x 10”2 (1). The slope and abscissa of

the calibration function (Eq. (4)) were calculated
for Merckogel Si 500 X by using the least Squares
method from chromatographic data obtained by the
calibration of the PS series by employing a procedure
described earlier (1). The values thus obtained were
P =-14,5178 and Q = - 0.1201.

The experimental c1/c2 and VP/V1 values are
reviewed in the first part of Table 2., The second
part of Table 2 contains the distribution coefficients
K pc calculated using Eq. (1) from direct experi-
mental data (A) in THF (a,b) and in the theta solvent
(c). Also, the Table 2 contains the KSEC values
calculated theoretically assuming that a change in

concentration will affect the change in K only

SEC



TABLE 2
Change in the distribution coefficients KSEC due to
a change in concentration in the stationary experi-
ment - direct experimental values and theoretical

calculation according to various models

K
°, 01/02 VP/V1 SEC
(% w/v) A B C
PS 694 000%
L.21 0.9109 0.286 0.689 0.273 0.612
3.11 0.8802 0.281 0.574 0.246 0.581

1.41 0.8390 0.267 0.396 0.179 0.473
1.13 0.8377 0,241 0.327 0,162 0.436
0.52 0.73%9 0.324 0,185 0.122 0.327
0.125 0.7023 0.325 0.084 0.077 0.153
o 0.057 0.057

Ps 303 000"
1.87 0.9611 0.159 0.755 0,085 0.100

0.88 0.9052 0.133 0.288 0.053 0,070
0.43 0.8395 0.207 0.225 0.034 0.048
0.21 0.8286 0.187 0.083 0.024 0.032
[¢] 0.013 0.013

Ps 303 000°
1.85 0.8917 0.204 0.469 0.013 0,099

0.92 0.8596 0.204 0.312 0.013 0.078
0.45 0.8516 0.191 0.223 0.013 0.050
0.22 0.8087 0,198 0.032 0.013 0.033
0 0.013 0.013
PS 110 0002

2.00 0.9642 0.216 0.834 0.509 1.392
1.00 0.9330 0.240  0.721 0.h92 1.016

0.50 0.8885 0.259 0.570 0.482 0.779
0.13 0.8765 0.278 0.556 0.473 0.553

0.03 0.8834 0.225 0.483 0.470 0.490
J 0.469 0.469
Note:
A - calculated from experimental data using Eq. (1)

B - calculated theoretically: only the effect
of a change in the effective dimensions of
macromolecules; Eq.(h).

C - calculated theoretically: only the effect
of macromolecule-macromoleculc intcractions;
Eqs. (10) and (11).

a - experimental values from ref. (1) in totra-
hydrofuran
b - stationary expcriment in tetrahydrofuran

¢ - stationary experiment in theta solvent
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as a consequence of the change in effective
dimensions of macromolecules in solution. Using
the dynamic chromatographic experiment, the empirical

calibration function, i.e. the dependence of K on

the effective dimensions of PS of wvarious moleiﬁiar
weights, and the P and Q values were determined. The
effective dimensions of PS macromolecules for wvarious
concentrations were calculated from Egqs. (5-9).
Finally, the distribution coefficients were calculat-
ed from Eqs. (10) and (11). From the results
summarized in Table 2, several conclusions may be
drawn:

1. KSEC calculated from experimental data for
PS 303 000 varies in an important way also in the
theta solvent. As KSEC of the same PS in THF changes
much more with changing concentration than values
for PS 694 000, is seems that also interactions
other than mere steric exclusion take place on the
deactivated Merckogel Si 500 X. Measurements with
PS 694 000 and PS 111 000 obtained earlier (1) were
performed with Porasil DX, but other interactions
also cannot be excluded even in this last case.

2. The KSEC values calculated only from
a change in the effective dimensions of macromole-~
cules in solution are distinctly lower in all cases
than corresponds to experimental ones. This finding
has been reported earlier (1). It is quite obvious,
therefore, that a mere change in effective dimensions
with changing concentration cannot explain the

overall observed change in K even under condi-

’
tions of a stationary experizggt. Already from these
facts it can be seen that, as long as one does not
succeed in excluding or quantitatively describing
some interactions other than mere steric exclusion,

the stationary experiment has only a limited
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importance in the investigation of concentration
effects in SEC, and also in corroborating any model
of the separation mechanism in SEC (7).

3. The KSEC
and Brannon model suggest an apparent accord with the
experimental values for PS 694 000. For PS 303 000
they are substantially lower than the experimental

ones. For PS 111 000, on the other hand, they are

values calculated using the Anderson

much higher, reaching even extreme and physically
unlikely values KSEC > 1. Only the first wvirial
coefficient was considered in the calculation of KSEC'
To elucidate the causes of this artefact, the KSEC

vs. K dependences calculated from Egs. (10) and (11)
were plotted in Fig. 1 for various values of the
volume fraction (. Fig. 1 shows that for P = 0.5

and P = 1.0 the calculated dependences pass through

a distinct maximum which exceeds in a wide range of

K the wvalue K

o SEC
macromolecules which strongly swell in a thermo-

>1, Since for flexible chain

dynamically good solvent (p reaches considerably high
values already at relatively low weight concentra-
tions (depending on molecular weight), it is obvious
that for swelling macromolecules this model is
nonrealistic. The physically unreal KSEC values may
result from the calculation also for a relatively
low-molecular weight polymer (cf. PS 111 000), if

Ko is high.

4. A shortcoming of the model based on a change
in effective dimensions consists in that the e, = cp
(concentration in the supernatant equals that in the
pore). The Anderson and Brannon model does not intro-
duce this assumption.

5. Thus, the results of measurements of the
distribution coefficients under stationary conditions

are not very encouraging with respect to the possible
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Fig. 1.

The K vs K functions for wvarious values of
SEC o

volume fractions @

arP= 1.0, b: = 0.5, c: = 0,25, d: 9= 0.1, e: Y= O,

comparison with the dynamic chromatographic experiment.
A question remains whether it is possible to rule out
or evaluate the contribution of secondary (nonexclu-—
sion) interactions. It is quite probable that also
kinetic aspects (i.e. the sorption-desorption rate)

in the dynamic chromatographic process may become
operative, The Anderson-Brannon model was worked out
for the behaviour of rigid particles in a porous

medium, which is a limiting factor of its suitability
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in the case of a coil of the flexible chain macro-
molecule., On the other hand, however, the calculations
of Casassa (8) and Giddings (9) demonstrate that
differences between the behaviour in the SEC of
statistical coils and rigid spherical macromolecules
are not too drastic. Although our attempts to quantify
exactly the role played by the mechanisms and models
described above in the elucidation of concentration
effects in the SEC of macromolecules have failed, our
previous conclusions regarding the effect of dynamic
viscosity effects remain valid (10).

It is difficult to draw conclusions, as further
investigation of the problem of distribution coef-
ficients under statiomary conditions. Undoubtedly,
further development of the Anderson-Brannon model for
the case of macromolecules other than rigid ones
would be useful. From the experimental point of view,
it is desirable to investigate also other types of
macromoleculs, and rigid particles in the first place.
Both theoretical research and experiments in this

direction will continue.
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NOTE ON COMPLEXITY OF CONCENTRATION EFFECTS IN SEC

Josef Janda

Institute of Analytical Chemistry
Czechoslovak Academy of Sciences

611 42 Brno, Czechoslovakia

The paper by Chiantore and Guaita (1) published
in this special issue deals with concentration
dependence of the elution volumes in Steric Exclusion
Liquid Chromatography (SEC) of polymers. The observed
dependence is surprisingly high., Their main conclusion
is that macromolecular coil contraction seems to
account for 50-80 % of the total elution volume changes.
This result is in quantitative wvariance Qith our findings
cited in their paper, that viscosity phenomena account
for about 80 % of the total concentration effects in
the central part of the calibration curve.

The total increments of the elution volumes
AVt = (Ve,c_ve,o ’ and Ve,o are the elution

volume at the concentration c and the elution volume

}, where v,

extrapolated to ¢ = 0, respectively, were taken from
Fig. 3 of the ref. (1) for some polystyrene standards
and for the concentrations of 10 and 20 mg/cm3. The
values of AVt were multiplied by the corresponding

[d(AVs)/dc]/[d(AVtVdc] values (a factor of the

1903
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fractional amount of the contribution due to the coil
size contraction over the total change of the elution
volume), taken from Table 1, ref. (1). The resulting

values of AVS were added to the corresponding Ve
?
thus obtaining the corrected elution volumes

yeorr
e,c
of the viscosity phenomena, By using these corrected

at given concentrations minus the contribution

elution volumes, the apparent molecular weights Mapp
were taken from the calibration graph on Fig. 1,
ref. (1). Further the change of the swelling factorg
(see ref, (2)) with the change of concentration from
zero to the given concentration and the ratio E/Eo
(eo is the swelling factor at ¢ = O and € is the
swelling factor at given conoentration) were
calculated. The ratio E/Co is proportional to the
contraction of the macromolecular coil when changing
the concentration from zero to the given value, If
the ratio E/EO is equal to the ratio of the true
molecular weight of the polystyrene standard in
question to the apparent molecular weight Mapp found
from the calibration graph by a procedure described
e,c ? the whole change of the elution volume
corrected for the viscosity phenomena would correspond
to the contraction of the macromolecular coils in
solution. All the results are summarized in Table 1.
As can be seen from Table 1, the ratios M/Mapp
are systematically higher than the E/Co values by
about 60 % or more, It means that the contribution of
the macromolecular coil contraction calculated by using
Rudin’s theory (3) is lower than considered (1). On the
other hand it means at the same time that also other
phenomena (e.g. adsorption) are probably operative at
the given experimental conditions and should be
considered to explain the whole change of the elution

volumes as a consequence of the concentration effects,
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TABLE 1
Polystyrene yeorr M M/M £/ x)
€

molecular €,C app app °
weight M °y Cy o4 cy 4 c, c4 c,

17500 6.63 6.75 10000 6400 1.75 2,73 1,05 1.09
200000 5.40 5,60 112900 85000 1.77 2.35 1.31 1.61
670000 4.85 5,02 243000 183300 2.76 3.66 1.92 2.84
x) Taken and calculated from ref. (2);

c, = 10 mg/cmB, c, = 20 mg/cm3

The support for the relative importance of the wviscosity
phenomena was given by applying Rudin’s theory (3) to
experimental data (4). However, the results by Chiantore
and Guaita (1,5) as well as numerous previously
published papers by other authors indicate the enormous
complexity of the processes underlying the concentration
effects in SEC of polymers and the need for further

investigation.
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LC CALENDAR

1984

AUGUST 21 - 24: 24th Int'} Conf on Analytical Chem. in
Development, Sri Lanka. Contact: Secretary, Organizing Committee,
Centre for Anal. Chem R & D, Dept. of Chem., University of
Colombo, P. 0. Box 1490, Colombo 3, Sri Lanka.

AUGUST 26-31: National ACS Meeting, Philadelphia, PA. Contact:
Meetings, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA.

SEPTEMBER 10-14: Advances in Liquid Chromatography, including the
4th Annual American-Eastern European Symposium on LC and the Int'l
Symposium on TLC with Special Emphasis on Overpressured Layer
Chromatography, sponsored by the Hungarian Academy of Sciences'
Chromatography Committee & Biological Research Center and the
Hungarian Chemical Society, in Szeged, Hungary. Contact: Dr. H.
Kalasz, Dept. of Pharmacology, Semmelweis University of Medicine,
P.0.Box 370, H-1445 Budapest, Hungary, or Dr. E. Tyihak, Research
Inst. for Plant Protection, P.0.Box 102, H-1525 Budapest, Hungary.

SEPTEMBER 16 =~ 21: Federation of Analytical Chemistry &
Spectroscopy Societies (FACSS), Marriott Hotel, Philadelphia, PA.
Contact: D. B. Chase, DuPont Co., Experimental Station 328,
Wilmington, DE, 19898, USA.

OCTOBER 1-5: 15th Int'l. Sympos. on Chromatography, Nurenberg,
West Germany. Contact: K. Begitt, Ges. Deutscher Chemiker,
Postfach 90 04 40, D-6000 Frankfurt Main, West Germany.

OCTOBER 8 - 10: ASTM Committee E-19 on Chromatography, St. Louis
Sheraton Hotel, St. Louis, MO. Contact: F. M. Rabel, Whatman,
Inc., 9 Bridewell Place, Clifton, NJ, 07014, USA.

OCTOBER 24 - 26: Third Workshop/Symposium on LC/MS and MS/MS,
Montreux, Switzerland. Contact: R. W. Frei, Dept. of Anal. Chem.,
Free University, De Boelelaan 1083, NL-1081 HV Amsterdam, The
Netherlands.

1907
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OCTOBER 28 - NOVEMBER 1: 2nd International Congress on Computers
in Science, Washington, DC. Contact: S. R. Heller, EPA, PM-218,
Washington, DC, 20460, USA.

NOVEMBER 13 - 16: 23rd Eastern Analytical Symposium, New York
Penta Hotel, New York City. Contact: S. D. Klein, Merck & Co.,
P. 0. Box 2000/R801-106, rahway, NJ, 07065, USA.

DECEMBER 10-12: "TLC/HPTLC-84: Expanding Horizons 1in TLC,"
Sheraton-University City, Philadelphia, PA. Contact: J. C.

Touchstone, University of Pennsylvania, Dept. OB-GYN, 3400 Spruce
eStreet, Philadelphia, PA.

DECEMBER 10-12: Fourth International Symposium on HPLC of
Proteins, Peptides and Polynucleotides, Baltimore, MD. Contact:
Shirley E. Schlessinger, Symposium Manager, 400 East Randolph,
Chicago, IL, USA.

DECEMBER 16-21: International Chemical Congress of Pacific Basin
Societies, Honolulu, Hawaii, sponsored by the Chemical Inst. of
Canada, Chemical Soc. of Japan, and the American Chem. Soc.
Contact: PAC CHEM '84, International Activities Office, American
Chem. Soc., 1155 Sixteenth St., NW, Washington, DC, 20036, USA.

1985

FEBRUARY 11-14: Polymer 85, Int'l Symposium on Characterization
and Analysis of Polymers, Monash University, Melbourne, Australia,
sponsored by the Polymer Div., Royal Australian Chemical Inst.
Contact: Polymer 85, RACI, 191 Royal Parade, Parkville Victoria
3052, Australia.

FEBRUARY 25 - MARCH 1: Pittsburgh Conference on Analytical
Chemistry & Applied Spectroscopy, New Orleans, LA. Contact: Paul
E. Bauer, 1985 Pittsburgh Conference, 437 Donald Rd., Dept. FP,
Pittsburgh, PA, USA.

APRIL 15 - 17: Second International Symposium on Instrumental
TLC, Wurzburg, West Germany. Contact: H. M. Stahr, 1636 College
Veterinary Medicine, Iowa State University, Ames, IA, 50011, USA.,
or Prof. S. Ebel, Institute for Pharmacies, A. M. Hubland, D-8700
Wuerzburg, West Germany.

APRIL 28 - MAY 3: 189th National ACS Meeting, Miami Beach.
Contact: A. T. Winstead, ACS, 1155 16th Street, NW, Washington,
DC, 20036, USA.

JUNE 24 - 28: 59th Colloid & Surface Science Symposium, Clarkson
College of Technology, Potsdam, NY. Contact: J. P. Kratohvil,
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Institute of Colloid & Surface Science, Clarkson College of
Technology, Potsdam, NY, 13676, USA.

JULY 1-5: Ninth International  Symposium on Column Liquid
Chromatography, sponsored by the Chromatography Discussion Group
and by the Royal Society of Chemistry's Chromatography &
Electrophoresis Group, Edinburgh, Scotiand. Contact: Prof. J. H.
Knox, 9th ISCLC Secretariat, 26 Albany Street, Edinburgh, EH1 3QH,
Great Britain.

JULY 4: 4th International Flavor Conference, Greece. Contact: C.
J. Mussinan, IFF R&D, 1515 Highway 36, Union Beach, NJ, 07735,
USA.

SEPTEMBER 1-6: 6th  International Symposium on Bioaffinity
Chromatography & Related Techniques, Prague, Czechoslovakia.
Contact: Dr. J. Turkova, Institute of Organic Chemistry &
Biochemistry CSAV, Flemingovo n. 2, CS-166 10 Prague 6,
Czechoslovakia.

SEPTEMBER 8-13: 190th National ACS Meeting, Chicago. Contact: A.
T. Winstead, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA

SEPTEMBER 29 - OCTOBER 4: Federation of Analytical Chemistry &
Spectroscopy Societies (FACSS), Marriott Hotel, Philadelphia, PA.
Contact: T. Rains, NBS, Center for Analytical Chemistry, Chemistry
B-222, Washington, DC, 20234, USA.

1986

APRIL 6-11: 191st National Am. Chem. Soc. Mtng., Atlantic City,
NJ. Contact: A. T. MWinstead, ACS, 1155 16th Streeet, NW,
Washington, DC, 20036, USA.

SEPTEMBER 7-12: 192nd National Am. Chem. Soc. Mtng., Anaheim,
Calif. Contact: A. T. Winstead, ACS, 1155 16th Street, NW,
Washington, DC, 20036, USA

SEPTEMBER 21-26: XVIth International Symposium on Chromatography,
Paris, France. Contact: G.A.M.S., 88,Boulevard Malesherbes,
F-75008 Paris, France.

1987

APRIL 5-10: 193rd National Am. Chem. Soc. Mtng., benver, Colo.
Contact: A. T. Winstead, ACS, 1155 16th Street, NW, Washington,

DC, 20036, USA.
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AUGUST 30 - SEPTEMBER 4: 194th National Am. Chem. Soc. Mtng., New
Orleans, LA. Contact: A. T. Winstead, ACS, 1155 16th Street, NW,
Washington, DC, 20036, USA.

1988

JUNE 5 - 11: 3rd Chemical Congress of the North Americanmn
Continent, Toronto, Ont., Canada. Contact: A. T. Winstead, ACS,
1155 Sixteenth St, NW, Washington, DC, 20036, USA.

SEPTEMBER 25 - 30: 196th ACS National Meeting, Los Angeles, CA.
Contact: A. T. MWinstead, ACS, 1155 Sixteenth Street, NW,
Washington, DC, 20036, USA.

The Journal of Liquid Chromatography will publish
announcements of interest to liquid chromatographers
in every issue of the Journal. To be listed in the
LC Calendar, we will need to know: Name of the
meeting or symposium, sponsoring organization, when
and where it will be held, and whom to contact for
additional details. You are invited to send
announcements to Dr. Jack Cazes, Editor, Journal of
Liquid Chromatography, P. 0. Box 1440-SMS, Fairfield,
CT, 06430, USA.
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