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CHARACTERIZATION OF BRANCHED POLY (VINYL ACETATE) BY
GPC AND LOW ANGLE LASER LIGHT SCATTERING PHOTOMETRY
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McMaster University, Hamilton, Ontario, Canada

A, C., Ouano
Research Division, IBM Corp.
San Jose, California 95193

L. L. Nebenzahl
General Products Division, IBM Corp.
San Jose, California 95193

ABSTRACT

Poly(vinyl acetate), PVAC, synthesized by bulk
polymerization over a range of initiator concentrations
([AIBN] = 10-5 to 4 x 10-3 g-mole/l), temperatures (50°C,
60°C, 70°C, and 80°C) and conversion levels (3 to > 90%) were
characterized using low angle laser light scattering (LALLS)
photometry to measure My of the whole polymers. A number of
these samples were characterized using GPC with a differential
refractive index (DRI) and LALLS detector to measure the mole-
cular weight distribution (weight fraction versus My). My for
PVAC samples synthesized at suitably low initiator levels at
various conversions were found to agree with classical light
scattering measurements after Graessley.

An electronic device and a technique which optimizes the
sensitivity and the signal-to-noise ratioc of the LALLS photo-
meter throughout the molecular weight distribution (MWD) of
the GPC chromatogram were devised. These considerably simplify
the operation of the LALLS for both offline and online opera-
tion with GPC.

Most importantly it was unambiguously shown that the
commonly used universal calibration parameter (UCP) with GPC,
[nlMy,, is incorrect for polymers with molecules having the
same hydrodynamic volume but different molecular weights, i.e.,
those with only chain branching (LCB), copolymers with composi-
tional drift, and polymer blends. The correct UCP was found to
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be [n]M,, where Mp is the number average molecular weight. This
UCP provides a sound basis for the characterization of complex
polymers by GPC with a viscometer detector and for the char-
acterization of branched polymers by GPC with a DRI detector
using an indirect method which involves a knowledge of whole
polymer intrinsic viscosity.

INTRODUCTION

In previous publications (1-3) it was demonstrated that
LALLS coupled to a GPC chromatograph gave self consistent
data on the molecular weight distribution of linear polymers.
In this work we took advantage of the unique characteristics
of LALLS and GPC to study branched polymers. We were parti-
cularly interested in investigating the controversy regarding
the applicability of the universal calibration concept to
polymers with long chain branching (LCB), i.e., polyethylene
(4-5) and PVAC. We also wanted to establish whether LALLS
offline and online with GPC provides useful information on the

molecular architecture of polymers with long chain branching,

PVAC was selected as the model polymer to study for the
following reasons: (a) It is a commercially important poly-
mer and its synthesis mechanism resembles that of low density
polyethylene which is also an important material. (b) PVAC is.
soluble in a wide variety of solvents, particularly in THF
which is the most widely used room-temperature solvent for GPC.
(c) The PVAC synthesis mechanism has been comprehensively
investigated (6).

This work is reported in two parts. In Part 1 we discuss
the offline LALLS measurement of the weight average molecular
weight, ﬁ@, of the whole polymer over a wide range of ﬁﬁ and
conversions. This permits the measurement of the second virial
coefficients, AZ' as a function of ﬁw, information which is
essential for the online LALLS/GPC measurement. These offline
measurements also permit comparison with ﬁ&'s determined in
the earlier work of Graessley (6) and values predicted by
kinetic theory. Part 2 concerns the online (LALLS coupled
with GPC) measurement of Mw as a function of retention volume
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over the GPC chromatogram. This allows investigation of the
Mw—hydrodynamic volume relationship, and the validity of the
universal calibration concept for polymers with LCB. The
online coupling of the LALLS to the GPC chromatograph also
provides an accurate measurement of the molecular weight
distribution (weight fraction versus Mw) for branched PVAC.

EXPERIMENTAL

A, PVAC Synthesis

The PVAC samples were prepared by bulk polymerization
using variocus levels of AIBN initiator, conversions and
temperatures (8). The initiator concentration was varied
from 107> to 4 x 1073
carried from 2.3% to almost 100% conversion. Polymerization

g mole/l and the polymerization was

temperatures investigated were 50, 60, 70 and 80°C.

B. AN/AC Measurements

The refractive index increments of PVAC were measured in
THF (distilled in glass grade by Burdick and Jackson) and
toluene (cp grade) at 24°C using a Brice Phoenix differential
refractometer. The light source was a mercury lamp with a
very narrow-pass band filter at 6100°A wavelength. The concen-
tration range used varied from 2 g/l to 10 g/l. The AN/AC
value obtained for PVAC in THF was 4.80 x 10_2 ml/g and for
PVAC in toluene was -1.83 x 1072 ml/g. The AN/AC in toluene
was measured to permit comparison of our measured H&'s with
those for the same PVAC samples measured separately in toluene
with LALLS.

C. Offline LALLS Photometry

The details of the design of the LALLS photometer have
already been discussed elsewhere (1,2), However, the pro-
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cedure for determining the Rayleigh factor Re of the solvents

and the PVAC solution is briefly described here.

Stock solutions of accurately weighed PVAC samples were
prepared in 25 ml volumetric flasks with THF. Three other
concentrations were prepared by diluting the stock solution
by 1/2, 1/5 and 1/10, In the case of the very high molecular
weight samples, dilutions of 1/20 were made in lieu of the

1/2 stock solution concentration.

The Re's of the solvent and solutions were obtained us-
ing the following procedure: (1) The solvent of the solution
was injected into the flowthrough sample cell using a syringe
equipped with a filter cartridge of 0.2 um porosity Teflon
filter (Millipore FGLP01300). After ascertaining that the
injected solution had displaced the previous sample in the
cell, the annulus and the field stop were set at 6.5°
{(6-7 setting) and 0.2 mm, respectively. (2) The gain of the
photomultiplier was adjusted to give a recorder reading of
about 100%., The actual recorder reading is recorded as Ge.
(3) The calibrated neutral density filters (optical attenu-
ators) 1, 2, and 3 are interposed in the laser beam. (4) The
annulus and the field stop are set to 0° and 1.5 mm,
respectively. (5) A combination of the optical attenuators
1 to 3 are then pulled out of the beam such that a maximum
response of the recorder is obtained. The recorder reading
and the set of attenuators in the beam are recorded. This
data along with the optical constants of the photometer gives
Gy- (6) G, is calculated in this manner:

G, = (recorder reading)]D(c‘!L’)_l

where D is the optical attenuation and the (0°2) 7L is the
instrumental constant which is supplied by the manfacture
(Chromatix). (7) The Rayleigh factor is calculated as

Re = Ge/Go .
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The molecular weight and the second virial coefficient,
A,, can be obtained by plotting the value %Q against the con-
. . Rg
centration. K is the polymer constant defined as:

2mN2 (aN/AC) 2 (1+cos20)

Wow
avg.

K = (1)

and ﬁe is the excess Rayleigh factor defined as

= _ psolution _ _sclvent
Rg = Ry Rg
and C is the concentration. Usually, the plot of §9 versus
. . . . R
C is a straight line with an interpret 6
KC 1
= = = (2)
Rg My

c~+0
and the slope gives A2.

D. Online GPC/LALLS Photometry

The GPC chromatograph used in this work was not a com-
mercial chromatograph, but was built from components as
illustrated in Fig. 1. The inlet of the LALLS sample cell
(with an integrated filter) was connected to the outlet of a
system of 5 high-speed (Microstyrogel) columns having perme-

3 R tos x 106 A {Waters' Asso-

ability limits ranging from 10
ciate designation) with a 1/16" Teflon tubing 24 inches long,
having an inside diameter of 0.0l1". The outlet of the LALLS
sample cell was connected directly to a Waters Associate R401
differential refractometer by a 12" Teflon tubing with the

above specification. The LALLS filter and sample cell had a
total volume of only 10 uf and the total mixing volume added

to the system by the LALLS was only 25 uf.

The filter used to provide a good clean signal for the
LALLS was a 0.45 y silver filter (Selas) in series with a
0.25 y Teflon filter (Millipore). This system provided a
relatively particle-free solution in the LALLS scattering
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Fig. 1 Schematics of the GPC/LALLS system {(a) solvent

reservoir, (b) magnetic stirer, (c) syringe
metering pump, (d) filter, (e) pulse damping
system, (f) sample injection valve, (g) frac-
tionating column, (h) LALLS photometer, (i) DRI,
(j) siphon volume counter, (k) waste solvent.

volume without significant removal of the high molecular

weight fraction of the sample. There was no significant

pressure drop build up in the filter during injection of the

samples.

To determine the concentration of the GPC effluent from

the DRI equipped chromatograph, the following relationships

are derived:

Let

H(v)

v retention volume in ml

DRI response

If we assume that H(v) is independent of molecular weight of
the effluent then

H(v) = k C(v) (3)
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where C(v) is the polymer concentration of a particular
retention volume. The total weight (WT) of the polymer in-
jected into the GPC is related to the chromatogram total
area (Ap),

Ve Ve A
_ 1 _ A
Wy = D cwav = LY Tuinav = T (a)
VO VO
therefore
W
Clv) = '™ H(v) (5)

In terms of the DRI chromatogram height and area, and
the instrumental constants, (5) can be rewritten as:

w‘I‘Rs
C(x) = x;a— y(x) (6)

where y(x}) and A% are the heights of the chromatogram in cm
at any x (the abscissca of the chromatogram) and the total
area in cm2 of the chromatogram, respectively. RS and Q are
the recorder chart speed in cm/sec¢ and flow rate in cm3/sec,
respectively. The WT is calculated from the concentration of
the polymer solution and the volume of a calibrated sample
injection loop (1.008 ml). Q is calculated from the syphon
volume and the syphon dump frequency.

The corresponding Rayleigh factor Ry is determined
from the LALLS signal for the fraction oflinterest. The

molecular weight, Mw of the fraction is computed from the
i

equation
KC,
1 i _
WoTE MG 7
i i

where K and A2 are the polymer constant and the second virial
coefficient, respectively. FPurther details of the experi-
mental procedure and description of the LALLS can be found in

References 1-3.
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RESULTS AND DISCUSSION

A. Offline LALLS

Figure 2 shows plots of Kc/ﬁe versus concentration for
the Series-4 PVAC samples. It is apparent that the plots
show upward curvature particularly at concentrations greater
than 2 gram/l., This suggests that the 3rd virial coefficient
has a significant contribution to the Kc/ﬁe dependence on
concentration., For samples which exhibit a strong 3rd virial
coefficient, a linear relationship can often be obtained by
plotting the VKC/_R'e versus the concentration. Figure 3 shows
this linear relationship for the Series~4 PVAC samples shown
in Fig. 2. It is apparent that the value of (KC/EG)C+0 can
be more precisely obtained from the linear plot of Fig. 3
than from Fig, 2. However, the M@'s calculated from Figs. 2

and 3 were found to agree within 10%, mainly because the curva-

o
o
T
L

KC/Ry x 108
w =
o (=]
1 1
\
\\
B
\\
&
i

\
\
\

2 6 10 14 18 22 26 30 34 38 4?2
Conc. (g/ml) x 10%
Fig. 2 Rayleigh ratio versus concentration plots for
PVAC synthesized at 60°C and 2 x 1073
AIBN concentration at percent conversion of
e - 21,25, o - 37.40, a - 54.46, o - 64,68,
@ - 82,31 and o - 92.60.

g-mole/1
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Fig. 3 The square root of the Rayleigh ratio versus
the concentration plots for PVAC samples
shown in Fig. 2. The same symbols are used
to represent various levels of conversion as

in Fig. 2.

ture of the plots in Fig. 2 are not severe, permitting reason-
ably accurate extrapolation to (KC/EB)C*O'

The interlaboratory reproducibility of Mw data for the
LALLS was tested with PVAC samples B-7 and C-9. Dr. McRury
obtained Hw's of 3.4 x 10° for the B-7 and 2.0 x 10° for c-9,
which compare reasonably well with the ﬁ&'s of 2.9 x lO6 for the

B-7 and 2.2 x 106 for the C-9 obtained in this study.

The second virial coefficients for PVAC samples synthe-
sized at 80°C and 60°C with low and comparable level of initiator
concentrations were measured and plotted against the molecular
weight as shown in Fig. 4. For linear polymers such as poly-

styrene and poly(methyl methacrylate), the A2 have been shown
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Fig. 4 Log-log plots of the second virial coefficient
A, versus the weight average molecular weight,
Mw’ for PVAC synthesized i; e — 80°C and
8 - 60°C with [AIBN] = 10 g-mole/1.

(1,2) to follow a linear relationship with ﬁg in log-log
scale, It is interesting to note that, in the lower ﬁ& and
lower conversion range, the log A2 versus log ﬁw appears to
be linear. However, there is a rapid decrease in A2 for
samples at higher conversions and therefore higher branching
frequency and molecular weight. Furthermore, the PVAC sam-
ples which were prepared at 80°C exhibit a more rapid decrease
in A2 with increasing ﬁ;. Since A2 is proportional to the
excluded volume (7) and since the excluded volume decreases
with increasing branching frequency at constant ﬁ;, we can
infer from Fig. 4 that the PVAC polymers prepared at 80°C have
a higher branching frequency but shorter branches than the
PVAC polymers prepared at 60°C of comparable ﬁw'

As mentioned in the Introduction, one of the reasons for
our interest in PVAC is that its polymerization kinetics are
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well understood and therefore comparison between ﬁ& data with
theory is possible, Figure 5 shows the dependence of the Mw’
the number average molecular weight, ﬁﬁ, (from Illahie (8)
and Thomas (9)) and the average number of branches per
molecule, BN (from theory), on the conversion at 80°C and
10”4 g-mole/l [AIBN] synthesis conditions. It is clear

that the ﬁg and H& predicted by theory as developed by
Graessley (6) agrees reasonably well with the experimental

M& and ﬁﬁ. The values of the kinetic parameters Cm, Cp

and K were obtained by fitting measured Mw at various con-~

versions.
il 1 i T i 1 T i ’ T
32} _ | 43.2
i Wl
= °l= 428
2.8 ] /Bn
| / / ]
24} / / 424
B //0 4
o 20} / / 420
= B / // . o
16} . {16
I= / /
| / / 1
1.2} /? / 41.2
| PRd / i
g /,/’ { 08
- - .
08 o] /(/ ]

// e

-~ Mn -~
0.4 E/ /// _!,——-‘-%TL/ d04
'_———-1-—/—'/74‘— O ]

—
—_——T j L I i j 0

0 0.2 0.4 0.6 0.8 1.0
Conversion

0

Fig. 5 A plot of the M My (8 and 9}, and B versus
percent conversion for PVAC samples synthesized
at 80°C and [AIBN] = 1074 g-mole/l, — — — theory

(cM = 3.5 x 107%, cp = 2.5 x 10™% ana X = 0.56).
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FPigure 6 shows the effect of initiator concentration on
the variation of E& with conversion at 80°C synthesis tempera-
ture. At lower conversions, the effect of the initiator

concentration appears to be minimal. However, at conversion
levels greater than 70%, the molecular weight of the PVAC
prepared with the higher initiator concentration appears to
have significantly lower EQ than the polymer prepared of the
lower concentration of AIBN.

Figure 7 shows the dependence of ﬁ& on conversion and
on AIBN concentration at 60°C synthesis temperature. Also
shown is a comparison among theory, Graessley's data (6) and
our data. Increasing the initiator concentration clearly

56 T T T T I i T 1

|
{
481 | A
lA
a0t

3.2+ / 4

2241 7 4

x 108

16} A .

-
08| "t — 1

) -
I o

0 P L L | L —l L L 1
0 0.2 0.4 0.6 0.8 1.0
Conversion

Fig. 6 A plot of the Mw versus percent conversion
for PVAC synthesized at 80°C and two dif-
ferent levels of initiator concentration.
o - [AIBN]) = 10% g-mole/l, LALLS offline
data, 4 - [AIBN] = 10”4 g-mole, LALLS/GPC

online data, m = 2 x 1074 g-mole/1, LALLS
offline data. — — —theory (CM = 3.5 x 107 %,
4

2.5 x 10 °, K = 0,56).
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Fig. 7 A plot of the Mw versus percent conversion
for PVAC synthesized at 60°C and three
levels of initiator concentrations.
e - [AIBN] = 107° g-mole/l, LALLS offline,
A - [AIBN] = 1073 g-mole/l, LALLS/GPC online
data, o - [AIBN] = 2 x 107> g-mole/l, LALLS
offline data, a - [AIBN] - 4 x 1073 g-mole/1,
LALLS offline data, O - Graessley's (6) data
— — — theory (CM = 2 x 10_4, CP = 1.5 x 10—4,

K = 0.56).

depresses the molecular weight. This effect is probably due
to the decrease in the main chain length and the LCB length.
Thus, at higher conversion for the same branching per unit

main chain length, the molecular weight of the PVAC synthe-
sized at higher AIBN concentration will be lower than those

prepared with the lower initiator concentration.

Although the agreement among theory, Graessley's data

and our data (initiator concentration ~ 10°°) at the lower

539
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concentration ([AIBN] = 107

good, there is substantial deviation of the experimental

g mole/l) level is reasonably

data from the theory above 80% conversion. There are at
least three possible explanations for these observations:

(1) the theory may not be valid at higher conversion; (2) the
accuracy of the ﬁ; measurements may degrade, because the
homodyne beating {which can resemble scattering from dust
particles) of extremely high molecular weight polymer causes
difficulty in accurately determining the time average light
scattering intensity of the solution; (3) at high conversion,
the small error in the percent conversion measurement results
in very large changes in ﬁ&. Of the three explanations, (1)
and (3) are the most probable because LALLS data of Mw > 7 x
lO6 have been measured reliably (2).

Further comparison between the experimental data and
theory is obtained from the dependence of ﬁw versus conver-
sion at 70°C synthesis temperature shown in Fig. 8, The
kinetic constants Cm and Cp were obtained by extrapolating
the 60°C and 80°C data and using the Arrhenius equation. As in
Fig. 7, the agreement between theory and experimental data
is very good at low initiator concentration (Graessley's
data (6)) and conversion., The polymers prepared with higher
([a1BN] = 1073
stantually lower H; than Graessley's data (6) (prepared at a
much lower [AIBN] ~ 10-5
theory.

g-mole/l) initiator concentration show a sub-

g-mole/l) and ﬁ;'s predicted by

B, Online GPC/LALLS

Typical chromatograms of a high conversion PVAC sample
using both the DRI and LALLS detectors are shown in Fig. 9.
It is immediately apparent that the peaks of the DRI and the
LALLS for the broad distribution samples are not in coinci-
dence despite the very small (~ 25 uf&) mixing volume between
the LALLS and the DRI sample cells. The LALLS chromatogram
is offset towards the lower retention volume or the higher

molecular weight portion of the chromatogram relative to the
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3.2F

28|

0 L - 1 L | . It 4 L
0 0.2 0.4 0.6 0.8 1.0
Conversion
Fig. 8 A plot of the Mw versus percent conversion

DRI response.
to the higher

for PVAC synthesized at 70°C and [AIBN] =
1073 g-mole/1. e - LALLS offline data,
D - Graessley's (6) data, — — — theory (CM =

2.66 x 1074, cp = 1.96 x 1074, k = 0.98).

The stronger response of the LALLS detector
end of the MWD is as expected, for the inten-

sity of the scattered light is proportional to the product

of the mass concentration and the molecular weight of the

sample (Eq. 4).

The difference in the sensitivity of the DRI and the

LALLS detectors at both ends of the chromatograms (shaded

area of Fig. 9) poses a problem for calculating the molecular

weight of the
whole polymer
the magnitude
culate the Mw

sample at both ends of the chromatogram and the
average molecular weights precisely, because

of both signals must be accurately known to cal-
of any fraction of the chromatogram. To sclve
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Fig. 9 Typical LALLS and DRI chromatogram of a broad
molecular weight distribution samples. The
shaded areas are regions where one of the de-
tectors does not have sufficient sensitivity.

the problem of LALLS's extreme sensitivity in the high end of
the MWD and lack of sensitivity in the low end of the MWD, we
devised an electronic "black box" (herein referred to as DG)

which allows one to change the sensitivity instantaneously at
any point in the chromatogram while at the same time provid-

ing the exact values of Go at each sensitivity setting.

An example of the application of the DG is shown in
Fig. 10. To attain a higher sensitivity in the front end of
the chromatogram (point A), the digital thumb wheel control
of the DG is set at a high value of 4300 {high DG setting
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Fig. 10 Typical chromatograms where the sensitivity
and the signal-to-noise ratio of the LALLS
detector is changed at the various regions
of the sample retention volume with the use
of the DG device.

results in a high LALLS sensitivity and signal-to-noise
ratio). As the concentration increases the LALLS response
rises sharply and, to prevent over loading the photomultiplier
tube, the DG setting is reduced to 3800 at point B. At point
C the DG is returned to the high setting of 4300 and before

it reaches the baseline it is raised to 4600 at point D. In
this manner, the precision of the LALLS detector at all points
in the chromatogram is increased, and permits the calculation
of Mw at the low molecular weight end of the chromatogram

(point D and beyond).

Since DG can be calibrated such that each DG reading
corresponds to a Go value, the Raleigh factor (Re = Ge/Go)
can be calculated at all points of the LALLS chromatogram.
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The Go for all points in the LALLS chromatogram of Fig. 10
can be obtained from the DG calibration curve of Fig. 1ll. For
example, the G° from points A go B is 2.37 x 107, and between
points B and C it is 1.33 x 10'.
Figure 12 shows plots of the weight average molecular
weights across the chromatograms of PVAC (synthesized at 60°C
and [AIBN] = 10'5 g-mole/l) versus retention volume of vari-
ous conversion levels, At least three important observations

can be made from this figure:

1. At any retention volume, the M, increases markedly
with conversion. This is in accord with the well-known fact
that branched polymers with the same hydrodynamic volume as
linear polymers have higher M.

8.40 T I [ 1 1 1 T T

8.00 | / il
7.60 |- / i

720 | / ]
6.80 |- / i
6.40 |- / .

6.00 I L | Il | L 1 I
2000 2500 3000 3500 4000 4500 5000 5500 6000

DG Reading

Log Gy

Fig. 11 A typical calibration curve for the DG device.
This calibration curve permits direct conver-
sion of the DG reaching to Go’ a quantity
required for the calibration of the Rayleigh
factor Rg.
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Fig. 12 A plot of the Mw as measured by the online
GPC/LALLS system across the chromatogram of
PVAC synthesized at 60°C, [AIBN] = 1073 g-
mole/l and at conversion levels of: o - 3,27%,

a - 30.7%, e - 48.5%, o0 - 57.0% and o ~ 90.6%.

2. The molecular weight at all conversion levels con-
verges at larger retention volumes, i.e., greater than 7.5
counts. This is as expected since the frequency of branches
per molecule decreases with decreasing molecular weight and
since the lower molecular weight fraction of the high conver-
sion PVAC would resemble the more linear PVAC of the low

conversion level sample.
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3. Since the frequency of branching is very large in
free radical polymerized PVAC, the polydispersity of the PVAC
samples at any retention volume in the LALLS and the DRI de-
tector cells may be high, because polymers with different
degrees of branching may have the same hydrodynamic volume
(same retention volume) but possess widely different mole-
cular weights.

These observations have important implications in regards to
the use of the universal calibration curve for nonuniformly
branched polymers and the interpretation of the MWD obtained
by the GPC/LALLS technigque. These implications will now be
discussed.

Because the LALLS and DRI detectors sense eluted frac-
tions which are polydisperse in molecular weight (although
homogeneous in hydrodynamic volume), the computed value of
the molecular weight at any retention volume is the weight
average molecular weight, Mw' Thus, the molecular weight
distribution obtained by the GPC/LALLS technique is, in fact,
not the true MWD, but is a plot of the Mw across the chro-

matogram as shown in Figs. 12 and 14. Although these plots
give a qualitative picture of the MWD of the samples, they
should not be used to calculate molecular weight averages
(MN, Mz---) other than E@. For example, if one were to cal-
culate the MN from the high conversion data of Figs. 12 and
14, the result would be an MN which is too large relative to,
let us say, an osmometer value.

Figures 12 and 14 show that M, variation with retention
volumes for PVAC samples prepared at 80°C over a range of
conversion levels. On comparison, it appears that the 1n Mw
versus retention volume plot of the PVAC synthesized at
higher temperature exhibits more severe curvature at lower
retention volumes. This is an indication of higher LCB
frequency in the 80°C sample. This observation confirms
the virial coefficient A, and M shown in Fig. 4 for PVAC
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Fig. 13 A plot of the log Mw versus the weight fraction
of the same PVAC samples shown in Fig. 12. The
same symbols are used to represent the same

percent conversion as in Fig. 12.

prepared at 60°C and 80°C, that is, samples prepared at the
higher temperature have a higher LCB frequency. The differ-
ential MWD (weight fraction versus 1ln Mw) plots for the 60°C
and 80°C PVAC are shown in Figs. 13 and 15, The shift of
the distributions at higher molecular weights with conver-

sion is as expected.

The problem of nonuniformly branched polymers being
eluted into fractions which are polydisperse in molecular
weight even though they possess the same hydrodynamic
volume will now be considered. This problem makes the

interpretation of MWD obtained by the universal calibration
parameters (UCP) concept proposed by Benoit, et al (10)
unclear. To correct for the molecular weight polydispersity
of the fractions in the detector cells, earlier investigators
(4,5,10,11) plotted the product of the intrinsic viscosity
and the weight average molecular weight ([n]Mw). The use of
Mw may also have been an attempt to correct for the fact

that the polymer injected into the GPC was not monodisperse,
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Fig. 14 A plot of the Mw as measured by the online
GPC/LALLS system across the chromatogram of
PVAC syntehsized at 80°C, [AIBN] = 1074 g-
mole/l and conversion levels of o - 31,7%,
A = 72,0%, @ - 80% and ¢ - B89.5%.

but a fraction with a significant spread in molecular weight.
The choice of Mw as the proper molecular weight average to
couple with the [n] for the UCP concept perhaps evolved from
the intuitive feeling that for most polymers, Mw is the closet
average to the viscosity average Mv. However, there are
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Fig. 15 A plot of the Mw versus weight fraction of
the same PVAC samples and symbols shown in
Fig. 14,

indications (4,5,12) suggesting that the choice of Mw for the

UCP may be incorrect.

In Table I, compare the [n] for all retention volumes with
that of the whole polymer [R]. It is clear that there is an
inconsistency. The [n] values found using the universal calibra-
tion curve based on polystyrene ([n]pSM S) and the parameter
[n]Mw are too small relative to the whole polymer [n]. This
is particularly evident for sample E-5 which has a higher LCB
frequency. The high precision of the Mw in Table I was veri-
fied by the excellent agreement between the Mw obtained from
the integration of the Mw with respect to the weight fraction
in Table I and the ﬁ; obtained from offline LALLS measurement

of both samples.

Perhaps a more direct and convincing proof of the in-
appropriateness of Mw and the correctness of MN for the UCP
concept is provided by the following theoretical analysis.
If we assume that the polymer molecules eluted into the
detector cell at any specified retention volume all have the
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Table I Use of the universal calibration curve based on
polystyrene to generate intrinsic viscosities
across branched poly(vinyl acetate) chromato-

grams.
PVAC PVAC
Retention (MCn1d) Sample - El Sample - E5
Volume _695 -6 -6
Counts (x10 ) M x10 {nl M x10 [nl
5.5 8.87 e [N 5.13 1.729
5.625 6.21 e cee 4.20 1.478
5.75 4.35 2.13 2.04 3.20 1.359
5.875 3.05 1.758 1.735 2.47 1.235
6.0 2.14 1.383 1.547 2.00 1.¢70
6.125 1.498 1.099 1.363 1.623 0.923
6.25 1.050 0.882 1.190 1.316 0.798
6§.375 0.736 0.737 0.99%9 1.045 0.704
6.5 0.515 0.622 0.828 0.856 0.602
6.625 0.361 0.514 0.702 0.694 0.520
6.75 0.253 0.417 0.607 0.514 0.492
6.875 0.1773 0.344 0.515 0.442 0.401
7.0 0.1243 0.273 0.446 0.381 0.326
(nlg = 2.20 (nlgs = 3.00

same hydrodynamic volume (this is true if we assume band
spreading is negligible), we can write

[n} [n]1 My = [n], My = +-- (8)

M =
Ps Pps

where species 1, 2, +*++ may refer to linear, branched, co-
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polymers or blends of homopolymers. The [n] in the detector
cell is given by

(nl = W [n]l + W, [n]2 LERER {9)

where Wl’ W v++ are the weight fraction of the species in

2!
the detector cell. Equation (9) may be rewritten as
Wl W2
fn] = ﬁ; fnl, ¥, + ﬁ; Inl, My + ==+ (10)

By virtue of Equation (8), Equation (1l0) can be written as

oW
nl = [“]ps MPS W; + ﬁ; + oeae (11)
By definition, the number average molecular weight MN is
given by
_ 1
MW eEEw, (12)
1 2
T + T + ene
1 2

Thus, the correct universal calibration parameter is given

by
[n]MN = [n]ps Mps = [n]l M+ [n]2 My + e (13)

and the correct molecular weight average to use in the UCP is
the number average molecular weight, MN. The use a visco-
meter online with GPC would thus provide the variation of MN

across the chromatogram.

Unfortunately, a suitable online viscometer which can
provide instantaneous intrinsic viscosities for both high and
low temperature operation of the GPC is not available com-
mercially. We therefore propose an indirect method to obtain
the variation of intrinsic viscosity and MN across a GPC
chromatogram and an accurate measure to MN of the whole poly-
mer., The intrinsic viscosity - molecular weight relationship

for a polymer with LCB is expressed as
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lnfn] =lnK +alnM +b (InK)?+c (In m)? 1

where K and a are Mark-Houwink constants for linear polymers.
If My is taken as the cutoff molecular weight below which
o

the polymer is linear,

b=-clnM (15)
o]

we are now left with one unknown which is obtained using an
independent measurement of the whole polymer intrinsic vis-
cosity. The interactive procedure employed is to estimate
the parameter c and use the universal molecular weight calibra-
tion curve based on polystyrene to determine the variation of
[n] with retention volume acorss the chromatogram. That is,
integrate [n] according to Eguation (1l6) to determine the
whole polymer instinsic viscosity [n],

(Ml =  F(V) [nl(V) dv (16)

where F(V) is the normalized DRI response. Comparison of the
measured and calculated [N] will permit the estimate of ¢ to be
improved until convergence is achieved. The result is the vari-
ation of MN and [Nn] across the chromatogram and then integration
gives EN of the whole polymer. Thus, the [N] values may be used
with a branching model to estimate LCB frequencies.

SUMMARY

We have demonstrated in this work that the LALLS and
the online LALLS/GPC techniques are indeed powerful tools
for the solution characterization of branched polymers. We
have shown that the ﬁ% and the weight fraction M, distribu-
tion of polymers can be obtained rapidly and accurately,
giving data that agree well with theory and data previously
obtained for similar PVAC samples by Graessley (6) using
conventional light scattering.
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In the process of obtaining the best possible data for
the online LALLS/GPC, we developed a "black box" device
(designated DG) which optimizes the sensitivity and the
signal-to-noise ratio of the LALLS photometer. The DG not
only simplifies the operation of the LALLS, but also in-
creases the dynamic range of the photometer for the Mw
measurement. This feature allows the accurate measurement
of the low Mw components of a sample with a broad MWD.

More importantly, we have unambiguously shown that the
most commonly used universal calibration parameters [n] Mw
is incorrect, and the errors which can arise by using such a
parameter to calculate either the molecular weight or the
[n] from the GPC chromatogram can be very large, particularly
for polymers which possess the same hydrodynamic vcolume but
have widely different molecular weights. The correct mole-
cular weight average to use in the universal calibration
parameter for GPC effluents which are heterodisperse in mole-
cular weight is the number average molecular weight, My-
Thus, we recommend that [n] MN be used as the generalized
universal calibration parameter for GPC analysis of polymers
with various molecular architectures, i.e., linear, branched,
copolymers with compositional drifts and polymer blends.

Finally, we have proposed an indirect method to use with
the universal molecular weight calibration curve to determine
the weight fraction - MN distribution and the Eﬁ at the whole

polymer,
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