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ABSTRACT: Gel permeation chromatography with simultaneous light scattering measurements has been
performed on poly(y-benzyl-a-L-glutamate) and poly(y-stearyl-o-L-glutamate) in N,N'-dimethylformamide
and tetrahydrofuran, respectively. Intrinsic viscosities were computed by combining the measured
molecular weights with literature values for the Mark—Houwink parameters. The product of intrinsic
viscosity and molecular weight for the rodlike polymers, when plotted against elution volume, overlaid
the results for polystyrene, a random coil. In the excluded-volume limit, similar convergence was observed
for the second virial coefficient of osmotic pressure as a function of polymer number density. In the case
of poly(y-benzyl-a-L-glutamate) the radius of gyration increased linearly with mass up to at least M =
100 000, corresponding to a contour length of 70 nm. Slight deviations from linear behavior at higher
mass suggest a persistence length in the upper range of literature values based on measurements that
did not have the advantage of chromatographic separation.

Introduction

Gel permeation chromatography (GPC) is still the
most popular, rapid, and reliable way to determine the
molecular weight and distribution of synthetic polymers.
The separation of macromolecules by size is effected by
an inert stationary phase such as agarose, cross-linked
dextran, silica, or vinyl polymer gels. The procedure may
be called size exclusion chromatography by synthetic
chemists or gel filtration chromatography by biochem-
ists. Early experiments were time-consuming and suf-
fered from many limitations. Today the separation may
require just minutes. Annoying column and equipment
failures still occur, but less frequently. High-perfor-
mance column packings, improved detector sensitivity,
and optimization of the interdetector volumes may
reduce the analysis time even further in the future. A
major drawback of early experiments was the need to
calibrate the column with various standards of narrow
polydispersity and the same chemical composition as the
sample. When this was not possible, the GPC molecular
weight was only relative to whatever standards had
been chosen during calibration. In 1967 Benoit and co-
workers introduced universal calibration.2=2 They found
that polymers having different chemical identities fell
on the same graph of log([#]M) versus elution volume,
Ve, Where [7] is the intrinsic viscosity. This enabled a
rational correction procedure to be applied in the
common case that the polymer to be analyzed was not
the same type of polymer used for calibrating the
column.

The validity of universal calibration is questionable.
The underlying idea is that the product [#]M represents
the hydrodynamic volume of a macromolecule and,
therefore, its ability to penetrate the porous particles
comprising the stationary phase.*®> Molecules with
similar [#]M should elute at the same time. For rapidly
rotating, spherically symmetrical polymers such as

* Communicating author.
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linear random coils and most branched macromolecules,
this seems reasonable; however, several authors report
failures.6=10 One purpose of the present work is to test
the validity of universal calibration using rodlike poly-
mers, which are hydrodynamically distinct from random
coils or branched polymers. To this old strategy® we add
in-line light scattering detection (GPC/LS) and two
homopolypeptides, the venerable poly(y-benzyl-o-L-
glutamate) (PBLG) and the somewhat newer poly(y-
stearyl-a-L-glutamate) (PSLG), in different solvents.
These polymers display a very stiff o-helical conforma-
tion in appropriate solvents such as N,N’-dimethylfor-
mamide (DMF) for PBLG and tetrahydrofuran (THF)
for PSLG. Radially extended side chains surround a
cylindrical backbone to provide good solubility. A second
purpose of the present work is to explore the stiffness
of these helical polypeptides, a difficult task since they
are not commonly available in lengths that exhibit much
bending.

Background and Strategy
In the Mark—Houwink relation

[7] = KM* (1)

the parameters K and a depend on the polymer, solvent,
and temperature and slightly on the range of molecular
weights.»2 By the universal calibration hypothesis, at
a given value of Ve, the polymer to be analyzed (A) and
the polymer standard (S) share the same product, [7]-
M:

[7]1aMA = [7]sMs )
or
KAMAaA+l — KSMSaS+l (3)

If the Mark—Houwink values for polymers A and S are
both known, eq 3 can be solved for Ma under the
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Table 1. GPC/LS Parameters for PS in THF
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Table 3. PBLG Molecular Weights

My Mw/Mp
vendor specified this work? this work®

3105 N/A 1.14

6 207 N/A 1.03

10 300 10 250 1.03

43 900 45 900 1.01

102 000 105 800 1.02

212 000 240 900 1.01

170 000 174 700 1.01

422 000 483 900 1.02

929 000 935 900 1.01

1 600 000 1639 000 1.16

1971 000 2 226 000 1.03
2 145 000 2171 000 1.1

a GPC/LS. b Sensitive to baseline and peak selection.

Table 2. PSLG Molecular Weights

Muw Mw/Mn Muw Mw/Mp
13370 2.04 138 400 1.02
17 570 2.04 150 800 1.24
51 080 1.04 176 000 1.13
67 700 1.02 249 000 1.03
93 090 1.26

universal hypothesis. If an in-line viscosity detector (see,
for example, refs 11 and 12) is used, then one need not
even know the Mark—Houwink values for the analyte;
eq 2 can be solved directly for Ma. These very important
simplifications rely on the validity of the universal
calibration hypothesis.

One can design several strategies for testing universal
calibration. Triple detector measurements of polymers
having a very wide distribution might seem the most
elegant. In this powerful method, the molecular weight
is available from the light scattering and concentration
detectors, while the latter combines with a viscosity
detector to provide []. The main drawback is interde-
tector alignment. As the polymer flows first to one
detector and then to the next, it is necessary to compare
the raw signals after separation by an appropriate time
delay. The different response, flow characteristics, and
band broadening of the three detectors make this
difficult.’® Also, even with broadly polydisperse samples
(for the polypeptides under consideration, this would
require mixtures), critical data tend to lie in the “wings”,
i.e, near the baseline, where errors can corrupt the
results. For these reasons, it is actually not trivial to
establish Mark—Houwink and other scaling exponents
spanning a decade or more in molecular weight using
triple detector techniques. The scaling exponents ob-
tained laboriously from the older batch studies of well-
fractionated polymers may prove more accurate.

Instead of a triple detector approach, we combine
Mark—Houwink data from classical batch studies on
polypeptides and polystyrene with GPC/LS data for
molar mass determination. This eliminates one detector.
Once My, is measured from GPC/LS, we simply compute
[#] using literature values for the Mark—Houwink
parameters. The product of M, and [#] is plotted against
Ve, and independence of the results on polymer archi-
tecture is assessed. This strategy is appealing because
both polystyrenes and most polypeptides have reason-
ably low polydispersities as a result of their synthetic
pathways (see Tables 1—3) and because both have been
studied extensively over a range of M. Some of our
classically initiated polypeptides have polydispersity
index values that are the equal of the polymers produced

My Mw/M,, Mu Mw/ My,
10 700 1.23 71 000 1.12
13 700 1.27 86 000 1.02
18 500 1.23 96 000 1.05
30 000 1.07 265 000 1.18
46 000 1.05 327 500 1.04
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Figure 1. Elution profile for PBLG in DMF for 13 scattering
angles, approximately 20°—140°, with lower numbers corre-
sponding to lower angles.
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Figure 2. Scattering intensity envelope for a single slice of
one chromatogram.

by newer initiation strategies.*~16 Certain preparations
must be excluded from this analysis because their
dispersion is too high, but these samples, and mixtures
of them, prove useful for estimating chain stiffness. The
Mark—Houwink equations used, for [5] in mL g1, are

[7] = 0.011M,°%"®  for PSY (4)

[7] =1.26 x 107°M,'*°*  for PSLG®™®  (5)

[7] =158 x 10°M,***  for PBLG"  (6)

The Mark—Houwink values for PSLG were obtained!®
using samples whose polydispersities were not well
characterized at the time, although dynamic light
scattering and other considerations did suggest reason-
able uniformity. Table 2 shows that most PSLG samples
are indeed quite narrowly distributed. The Mark—
Houwink parameters for PBLG result from a reanalysis
of data by Fujita et al.?° and Doty et al.?! and newer
data from this lab, all in helicogenic solvents. We take
this opportunity to correct errors of presentation made
in a previous paper from this laboratory, ref 19. In
Figure 2 of ref 19 the symbols for the data of Doty and
Fujita were mistakenly swapped. Thus, the claim of
agreement with the Mark—Houwink parameters of Doty
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et al. is incorrect; the new Mark—Houwink results in
ref 19 agree better with those of Fujita et al. Also, in
the discussion of Figure 2 of ref 19 numbers like 6.8
are not the Mark—Houwink K value. Rather, log K =
—6.8 for [] in dL/g; equivalently, log K = — 4.8 for [5]
in mL g~. For all the polymers, we have used simple
linear Mark—Houwink relationships, even though the
collected data on PBLG in helicogenic solvents suggest
that minor curvature is present; see Figure 2 of ref 19.

Experimental Section

The synthesis of the PBLG and PSLG was previously
described.!82223 Additionally, some PBLG samples were pur-
chased from Sigma. Polystyrene standards were obtained from
Scientific Polymer Products, Inc., and from Toyo-Soda. HPLC
grade solvents were used as received. Care was taken to keep
the highly hygroscopic DMF dry. The GPC system consisted
of a Waters 590 pump, a Waters sample injector, a Wyatt
DAWN DSP multiangle light scattering detector operating at
632.8 nm, and a Waters 410 differential refractive index
detector. The column set included a Phenomenex 7.8 x 50 mm
guard column plus tandem Phenomenex Phenogel 10 MXM
and 105 A columns (7.8 x 300 mm, 10 um bead size, suitable
for polystyrene molar masses of 5000—1 000 000). The mobile
phase (THF for PS and PSLG, DMF for PBLG) was kept under
nitrogen to prevent moisture contamination, degassed by
sparging with dried helium for several hours before experi-
ment, and filtered through a 0.2 um Whatman filter prior to
use. The temperature was 25 °C, and the flow rate was 0.90
mL min~1. Sample concentration was 0.5—6 mg mL™, depend-
ing on molar mass, and the injection volume was 100 uL. The
differential refractometer was calibrated by measuring the
voltage output for a series of Dow Polystyrene 1683 solutions
in THF using as the specific refractive index increment dn/dc
= 0.185 mL g~. The same dn/dc value was used to determine
the mass concentrations of PS standards for GPC/LS experi-
ments in THF. Other dn/dc values used were 0.080 mL g*
for PSLG in THF!*® and 0.118 mL g~ for PBLG in DMF?*
(respective dn/dc uncertainties: +0.002 and +0.004 mL g1).
For PS in DMF dn/dc was taken as 0.1615 mL g%, which is
within about +0.001 mL g of the long-wavelength data of
Méchtle and Fischer, as listed in the text by Huglin.?® It was
assumed that dn/dc did not vary with M. All polymers were
completely dissolved after 3—4 h with occasional stirring. The
columns were calibrated with 12 PS standards (M = 3000—
2100 000) in THF. Elution volumes of PS were very similar
in DMF, despite expressed concerns about nonsize separations
for PS in DMF (see ref 26 and references therein). Perhaps
this represents progress in stationary phases or the care that
was taken in the present study to maintain the DMF in a dry
condition.

The DAWN model DSP multiangle light scattering detector
can measure scattered light intensities at up to 18 different
angles. The number of usable angles depends on solvent
refractive index. While analyzing high-molecular-weight poly-
mers, data obtained at some usable angles may be disregarded
in order to obtain good linearization and accurate radii. Light
scattering intensity chromatograms from 13 scattering angles
(23° < 6 < 143°) for PBLG (M., = 265 000) appear in Figure
1

The evaluation of molecular weights and sizes was ac-
complished by ASTRA software (version 4.5 or 4.7) using the
so-called “Debye” fit method, based on the following equation:

R(0)/Kc = MP(6) — 2A,cM?P?(6) (7)

where R(0) is the excess Rayleigh factor, 6 is the scattering
angle, K = 422n¢?(dn/dc)?4o*Na~t is an optical constant, c is
the mass/volume concentration of the solute, ng is the refrac-
tive index of the solvent at the incident radiation wavelength,
Ao, Na is Avogadro’s number, and A; is the osmotic second virial
coefficient. The form factor, P(6), is given at low scattering
angles by 1 — g?R4?/3 where Ry is the radius of gyration and q
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Figure 3. Universal calibration plots for PS, PSLG, and
PBLG. Also shown is a trace derived from a single GPC/LS
run.

= 4zn sin(6/2)/40, with n the refractive index. A sample plot
for PBLG-265000 appears in Figure 2. The intercept at zero
angle, Ro/Kc, and the slope at zero angle, mo, were found in
order to calculate M and Ry from second or third degree
polynomial fits to the data using following equations:

RO
1-4f1-8AC

4AC

M= (8a)

—3mgA?

Ry =— ot (8b)
162°M(1 — 4A,Mc)
where 1 is the light wavelength in the solution. A molecular
weight invariant value for A, chosen to represent the molec-
ular weight range being studied, is often used. The low
concentrations of GPC/LS normally support this assumption
for the purpose of obtaining M and Ry, but we shall later be
interested in the M dependence of A,. Where rodlike polymers
are concerned, the molecular weight invariance is an even
better assumption.?’

Results and Discussion

Universal Calibration. The measured molecular
weights for PS in THF agree well with those specified
by the vendor, as shown in Table 1 where polydispersity
parameters, M/M,, also appear. The M,,/M,, param-
eters measured by GPC/LS are somewhat smaller than
those claimed by the vendor; perhaps this is because
the polydispersity index in GPC/LS is sensitive to
baseline and peak selection. Measured parameters for
PSLG and PBLG appear in Tables 2 and 3, respectively.
Figure 3 shows combined universal calibration curves
for PS, PSLG, and PBLG. Casual inspection suggests
no significant differences. When 98% confidence limits
are drawn, the data sets actually are just barely
distinguishable at some elution volumes; still, the
universal hypothesis seems valid for almost any practi-
cal purpose. Also shown is a continuous curve con-
structed from a single GPC/LS measurement of a
mixture of PBLG samples. It lies completely within the
98% confidence limits of a linear fit to the individual
PBLG data points.

The product [#]M represents one estimate of the
polymer volume, involving both hydrodynamic ([»]) and
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Figure 4. Osomotic second virial coefficient (for polymer
content specified as number density) is another successful
descriptor of elution volume. The virial coefficient is derived
from an equation valid in the excluded-volume limit and does
not reflect attractive interactions that, when present, quickly
lead to phase separation for stiff polymers.

thermodynamic (M) parameters. Another estimate of
the polymer volume can be obtained from the osmotic
second virial coefficient in the excluded-volume limit. In
this limit, attractions are ignored, as are electrostatic
repulsions. Neither factor is too worrisome for un-
charged polymers in good solvents, but the immediately
following considerations should not be extended to ©
conditions, poor solvent conditions, or polyelectrolytes.
Although it is customary to express concentrations as
weight/volume, more physical insight is available when
number density units (e.g., v = solute molecules/mL) are
used. In those units, the osmotic second virial coefficient,
A, is defined through the relation

a=vKT(L+vA,, +..) 9

with 7 the osmotic pressure, k Boltzmann’s constant,
and T the Kelvin temperature. The relationship between
Az, and the usual virial coefficient, A,, for concentration
expressed in g mL™1 is

A,, = M?AN, (10)

For rigid rods, Az, is the volume swept out as the rod
rotates end over end about its midpoint:28

A,,=dL%4 (11)

In this expression, d is the diameter, 1.6 nm for PBLG
and 3.6 nm for PSLG,824 and L = 0M/Mo is the contour
length, where 6 is the projection along the helix axis
per monomer repeat unit, 0.15 nm for the a-helix. The
monomer mass, My, is 219 for PBLG and 382 for PSLG.
Thus, A, for the rodlike polymers is easily computed
from M. For polystyrene, A,, can be computed from eq
10 and the experimental results for A, in THF.2°

A, (in mL mol g~?%) = 0.0194M %% (12)

Figure 4 shows that A, , values for PS, PSLG, and PBLG
are all similar at a given elution volume, except for early
eluting PSLG samples. The convergence in these good
solvents is slightly better than for the product [y]M.
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Figure 5. Radius of gyration increases linearly with molec-
ular weight for PBLG in DMF. The varied symbols correspond
to different samples, measured separately.

Other geometric parameters, such as axial ratio of the
rods or the volume L3, do not successfully scale the data.

Chain Stiffness. A plot of Ry vs M appears in Figure
5. Itis constructed from separate measurements of three
different samples, including one that is already a
mixture of separate polymers. In principle, it would be
better to inject one very broad sample. Due to instru-
ment sensitivity limitations, this could require overload-
ing of the column to ensure detectable signals at the
peak extremities. Despite some wrinkles, the data from
our three separate measurements join to give a consis-
tent trend that is approximately linear, as expected for
a rodlike polymer. The upper straight line represents
the radius of gyration calculated in the thin rod limit
as

R L _ oMM,
wEt V12 V12

The oscillations of the data about the trend line are
probably an artifact, reflecting that the samples are
composed of narrowly distributed polymers and their
mixtures. The sharp peaks of such samples exacerbate
even minor interdetector misalignments. This wobbling
hampers efforts to determine stiffness parameters pre-
cisely, but important information can yet be extracted.
There are certainly no significant deviations from the
rod limit up to M = 100 000 (L = 70 nm). The apparent
sudden change of slope at slightly higher mass is
probably an artifact, but significant deviations from
linearity are evident by M = 300 000 (L = 210 nm). One
may calculate Ry for wormlike chains of persistence
length a, using the equation303t

(13)

La 2a’ a
2 p 2 P p —L/a,
Ry =3 —a, +—L 1——L(1—e ) (14)

Curves are shown in Figure 5 for a, = 240, 120, and 70
nm. These values span the range of most previous
estimates of the persistence length of PBLG in good,
helicogenic solvents (see, for examples, refs 32—35 and
references therein). The present results favor a persis-
tence length on the higher side of the reported range,
perhaps because the effects of polydispersity3® have been
vanquished; still, a truly reliable value for the persis-
tence length of PBLG remains out of reach. Figure 5 is
plotted on a linear scale; log—log plots constructed for
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the several samples of PBLG in DMF gave an apparent
Flory scaling parameter vg (as in Ry ~ M'r) of 0.85 +
0.06. This compares favorably to the corresponding
exponent from dynamic light scattering, a hydrodynamic
method, on narrowly distributed samples, which is 0.78
+ 0.05.3536 Either exponent reflects not only the intrin-
sic chain stiffness but also the range of mass studied,
which is limited compared to studies of typical random
coils.

GPC experiments on PBLG were previously per-
formed by Grubisic et al.® in DMF and by Dawkins and
Hemming?® in dimethylacetamide at 80 °C. These
solvent conditions were intended to prevent association
of PBLG, which is highly sensitive to moisture.3” We
used pure DMF instead, taking care to avoid water
contamination. An aggregation test for PBLG in DMF
at 25 °C using analytical ultracentrifugation did not
show any sign of association for narrow molecular
weight samples; however, peaks corresponding to ag-
gregates were occasionally observed in GPC/LS. Such
data have been excluded in the above analysis, and it
is believed the results for PBLG in DMF reflect single-
molecule, good-solvent behavior. For PSLG in THF, the
plot analogous to Figure 5 was much noisier due to the
low inherent scattering of this system (dn/dc = 0.080
mL g~1). Meaningful persistence lengths and scaling
exponents for PSLG in THF could not be obtained with
the present equipment and polymer samples.

Conclusion

Universal calibration appears valid for flexurally stiff
polypeptides over the range of molecular weights nor-
mally available. This may prove a useful result for the
characterization of a wide variety of homopolypeptides
and copolypeptides that can be prepared using novel
metal complex initiation schemes.1#~16 It remains dif-
ficult to estimate persistence lengths of the synthetic
homopolypeptides, but the removal of residual polydis-
persity does appear to favor a very high value for the
persistence length of PBLG. The assumption of a rodlike
shape for the polypeptides results in osmotic second
virial coefficients, defined in a number density repre-
sentation, that seem at least as universal as the product
[#IM. This observation should not be extended to
polymers in poor or © solvents or to charged polymers.
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