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ABSTRACT: Automatic continuous nonchromatographic
monitoring and discrete chromatographic monitoring were
coupled together for the first time and used to monitor free
radical and controlled-radical polymerization reactions.
This was achieved by adding a multidetector Size Exclusion
Chromatography (SEC) system (alternatively termed Gel
Permeation Chromatography, GPC) to the ACOMP plat-
form (Automatic Continuous Online Monitoring of Poly-
merization reactions). The fact that the reactor solution is
already preconditioned in the ACOMP front-end to the con-
centration levels used in SEC makes direct coupling possi-
ble. Kinetics from two different types of reactions,
Reversible Addition Fragmentation Transfer (RAFT) and
free radical polymerization of butyl acrylate were studied,
including the production of a bimodal population. Comple-
mentary and contrasting features from the continuous and
SEC approaches are highlighted. The main advantage of the
SEC detection is to follow the evolution of full molecular
weight distributions (MWD), especially in ‘living’ type reac-

tions, where polydispersity decreases with monomer con-
version, whereas the continuous detection provides a much
more detailed characterization of the reaction. Interestingly,
in the case where a bimodal molecular weight distribution
was produced, the continuous method automatically
detected the onset of the second mode in a model independ-
ent fashion, whereas SEC could only discern the bimodality
by applying preconceived models. The SEC approach will
have valuable niche applications, however, such as when
reactions are relatively slow, monitoring narrow polydisper-
sity is of primary importance, and also in copolymerization
and terpolymerization reactions where complex mixtures of
reagents (e.g., RAFT agents, copper ions, etc.) make unfrac-
tionated spectroscopic resolution of comonomers difficult.
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INTRODUCTION

Monitoring polymerization reactions online has many
benefits. These include obtaining comprehensive,
quantitative data for understanding fundamental
mechanisms and kinetics, for optimizing reaction
processes, and, ultimately, for precisely controlling
reactions to yield desired products. Monitoring
approaches are becoming increasingly important as
the sophistication of polymer syntheses increases to
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include new approaches to creating precisely tailored,
functional polymers with specific architectures. At the
industrial level, such monitoring will allow for supe-
rior product consistency and quality and more effi-
cient use of petroleum and other nonrenewable
resources, plant and personnel time, and reduced
greenhouse gas emissions per kilogram of product.

Of the many approaches to monitoring, this work
concentrates on developments in the ACOMP area
(Automatic Continuous Online Monitoring of Poly-
merization reactions). ACOMP is a rapidly develop-
ing, flexible method that obtains massive amounts of
information rich data through an integrated plat-
form.'™ Typically, the ACOMP detector train will
furnish, at desired intervals, such as each second,
hundreds of signals; e.g., light scattering from multi-
ple scattering angles, viscometer, refractometer, tem-
perature, pH, and conductivity signals, and
multiple-wavelength UV /visible absorbance, and
near infrared signals. Recently, Mie scattering data
has also been added for monitoring emulsion poly-
merization reactions.* These many different types of
signals can be combined in different ways to provide
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a comprehensive, and often model-independent
characterization of polymerization and copolymer-
ization reactions in terms of kinetics, monomer and
co-monomer conversion, average composition drift
and distribution, and the evolution of weight-average
molecular weight M,,, and intrinsic viscosity [1],,. Sec-
ondary, model-dependent quantities, such as reactivity
ratios and sequence length distributions are frequently
computed on the basis of the primary data.

Other methods for monitoring polymerization
reactions include such in situ methods as Raman
Spectroscopy, near infrared, and mid infrared.”®

The object of this work is to expand the informa-
tion-rich approach of ACOMP to include automatic
multidetector Size Exclusion Chromatography (SEC)
data simultaneously with the continuous nonchro-
matographic data usually collected in ACOMP. (SEC
is often also termed Gel Permeation Chromatogra-
phy, GPC). This is made possible because the
ACOMP dilution levels and sample conditioning
(e.g., debubbling) are the same as those used in SEC,
so that the sample stream issuing from the continu-
ous ACOMP detectors can be automatically and
periodically injected into the SEC system. The
strengths and weaknesses of each approach can then
be addressed. To contrast different scenarios, both
‘living’ type RAFT reactions'® and classical free radi-
cal polymerizations were carried out, including the
production of bimodal molecular weight distribu-
tions (MWD). Butyl acrylate in butyl acetate was
chosen for the study.

It is pointed out that a detailed SEC investigation,
per se, of the polyacrylate products is not within the
scope of this work, nor a study of the limits of SEC
for polyacrylate analysis. Rather, the direct compari-
son of kinetic and molecular weight from the contin-
uous nonchromatographic and SEC approaches is
the focus. In fact, there are several excellent publica-
tions dealing with SEC and polyacrylates, including
the issue of branching.” ™"

EXPERIMENTAL
Materials and procedure

The RAFT agent, 2-{[(dodecylsulfanyl)carbono-
thioyl]sulfanyl} propanoic acid (DoPAT) (>99.5%
purity), was supplied by Dr. Algirdas Serelis of
Dulux Australia (Victoria, Australia). AIBN was
used as the initiator. Butyl acrylate (BA), methyl
methacrylate (MMA), butyl acetate, and AIBN were
used as received from Sigma (>99% purity). Reac-
tions were carried out with a total of 20-35% by
mass BA in butyl acetate in a 100-mL three-neck re-
actor under N, blanket at 70°C. Table I summarizes
the reactions reported here; RAFT homopolymeriza-
tion of BA, free radical polymerization of BA at two
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TABLE I
Reaction Conditions for the Experiments
# M] 1 [DoPAT]
1 2.7 0.0167 0.00833
2 2.7 0.0167 -
3 2.0 0.0111 -
4 2.0 0.0033* -

The reactions were done at 70°C.
® An initiator boost by 16x this value was made at f
= 0.45.

different concentrations, and free radical of BA with
‘booster” initiator.

ACOMP

ACOMP background, theory, and instrumentation
have been described in detail previously.'™ The reac-
tor liquid was purged with N, before and through-
out the reaction and a small stream was withdrawn
continuously at 0.1 mL/min by a Shimadzu HPLC
(Columbia, MD) pump and further diluted with
butyl acetate before reaching the detector train. A
five-pump system was used so that the reactor solu-
tion is diluted in two stages, one (~ 7%) in a low
pressure mixing chamber pressure, the other (10%)
in a high pressure mixing chamber, yielding a 150
fold dilution. The total detector flow rate was 2.0
mL/min, yielding ~ 1.8-2.4 mg/mL of combined
monomer/polymer concentration, depending on the
experiment.

The ACOMP detector train was a typical one, and
included a Brookhaven Instruments Corp (Holtsville,
NY). BI-MwA seven angle scattering instrument
(MALS), a Shimadzu RID-10A refractometer (RI), a
custom-built single capillary viscometer, and a Shi-
madzu SM20 photodiode array UV/visible spectro-
photometer (UV).

SEC

The waste stream of the ACOMP system was con-
nected to a Rheodyne MXP 7900 injector valve with a
100-pL sample loop attached. An Amperite solid state
DFA series adjustable recycling timer was used to
control the valve for periodic injections, generally ev-
ery 10 min. This recycling time can be adjusted to suit
the elution time of the sample being injected. The goal
is to maximize the number of injections made
throughout the polymerization experiment while not
adversely affecting the elution peak of the polymer.
The SEC flow rate was 1.0 mL/min. Following the
injector, a standard SEC system was built, with col-
umns provided by Polymer Laboratories (now a part
of Varian, Walnut Creek, CA). In the case of RAFT
polymerization a PLgel 5-um column (pore size
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SOOA) was used, and a PLgel Mixed-B 10-um column
was used for free radical polymerization reactions.
This approach of using a single standard SEC col-
umn was chosen as a compromise between a reason-
able sampling frequency (every 10 min) and
resolution. There is currently interest in ‘fast SEC’
and construction and evaluation of different column
packing and geometries is ongoing. ‘Fast SEC’ still
involves a trade-off between speed and resolu-
tion.”>?' If the usual analytical approach of using
two or more traditional columns to get a high level
of separation and chromatographic resolution is
used the sampling rate will generally be too slow for
polymerization monitoring, except for extremely
slow reactions (lasting many hours).

The SEC detector train was similar to that of the
continuous nonchromatographic train described
above, and comprised another BI-MwA MALS, Shi-
madzu RI and dual wavelength UV. The UV wave-
length monitored was 250 nm. The SEC viscometer,
however, was a custom-built bridge capillary vis-
cometer utilizing a matched capillary bridge pro-
vided by Polymer Laboratories. Although this type
of viscometer offers superior results in SEC applica-
tions, compared to single capillary viscometers, it is
unsuitable for continuous monitoring, at least in its
standard configurations, because the hold up vol-
ume (provided here by a chromatographic guard
column) quickly saturates with monomer/polymer
from the ACOMP stream.

Although an extensive comparison of single capil-
lary and bridge capillary viscometers has been pre-
sented,?? a few salient features are mentioned here.
In general, the bridge viscometer will give superior
signal/noise ratio, but requires two separately cali-
brated pressure transducers. In the case of the sin-
gle-capillary viscometer, the reduced viscosity is
independent of any calibration factors and is com-
puted at each sampling point 7, according to

_Mi—Mo_Pi=Po_Vi—=Vo

Nrw,i MoCi Poci Voc; ( )

where P; represents the pressure drop along the cap-
illary and V; represents the voltage signal corre-
sponding to that drop, both at elution point i. P,
and V), refer to the average solvent baseline values.
Note that since the same transducer is used to mea-
sure all quantities in the expression, any calibration
factors cancel out, so that no calibration is necessary.
In contrast the computation of n,,,; for the bridge
viscometer, is

AKAV A

p— 2
(KpVpi —2KaAVaj); @

4Py,
Mopi = (P — 2Paj)ci

where P, is the pressure difference between the two
arms of the bridge, Py is the pressure drop across
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the arms of the bridge, and K, and Kg are the cali-
bration constants needed to convert the voltage
received from the two transducers into the respec-
tive pressure drops. In this work, the calibration
constants were Ky = 1 kPA/V, and Kz = 20 kPa/V.

Although MALS in the SEC detector train avoids
traditional column calibration using polymer stand-
ards, in this work RI calibration curves were made
with polystyrene (PS) standards, with molecular
masses ranging from 1660 to 3.06 x 10° g/mol,
depending on the type of the column used (Polymer
Laboratories) to compare the MALS and column cal-
ibration results for molecular weights. The value of
dn/dc for pBA in butyl acetate was determined using
the RI detector to be 0.080.

It will be useful in the results analysis to have the
following elution data for standards, and viscosity
molecular weight relationships:

For the PL Gel 5-um column, the PS standards
in Butyl Acetate yielded, M, = 225 x 107exp
(—1.0849x), where x = elution volume in mL.

For the PLgel Mixed-B 10-um column, the PS
standards in Butyl Acetate yielded, M, = 1416
X 1012exp(—2.1311x), where x = elution volume
in mL.

Using the differential viscometer values for the
polystyrene standards in butyl acetate yielded the
following relationship

[n] = 0.023874M%°070

Using the differential viscometer values for poly
(butyl acrylate), or pBA, in butyl acetate yielded the
following relationship

[n] = 0.001987M°#707

The quantity M[n] is proportional to polymer
hydrodynamic volume V. In the relevant polymer
range of M > 5000 g/mol Vp for pBA is larger than
the corresponding Vp value for PS at any given
mass.

The analog signals from each of the detectors were
collected with the BIMwA four channel A/D board
and recorded with the BITDSLS software at 1 Hz.

RESULTS
RAFT and free radical polymerization reactions

Figure la shows continuous, nonchromatographic
raw ACOMP signals from the different detectors for
RAFT polymerization of BA (#1, Table I). The
increase of light scattering at 90° (LS90) and viscom-
eter (shown in the overlay) voltages follows the
growth of the polymer chains, whereas the decrease
in UV (the 245 nm data are shown, selected from the
complete UV spectrum gathered) and increase in RI
follows the monomer consumption. Temperature
during the reaction was also monitored and is
shown in the Figure 1(a) overlay.
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Figure 1 (a) Raw ACOMP signals for reaction #1. (b)
Multidetector SEC signals obtained for reaction #1,
obtained simultaneously with those of Figure 1(a).

Figure 1(b) shows raw SEC signals from the same
reaction; RI, UV at 250 nm, light scattering at 90°
(LS90), and differential viscometer pressure (DP). The
evolution of RI, UV at 250 nm, and LS90 follows
the kinetics of the reaction monitored by ACOMP.
The interval between injections was 10 min. The neg-
ative pulses in the DP data are due to the elution of
the split pulse of the fractionated mass that went
through the arm in the capillary bridge where the
hold-up volume was located. As the hold up volume
in this case was an SEC guard column, the pulse of
material is essentially maintained, though somewhat
broadened, and gives a negative pulse when it finally
leaves the capillary with the hold-up volume. If the
guard column used for hold-up volume is replaced
by a simple empty volume, e.g., an unpacked col-
umn, the negative pulse is eliminated.
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Figure 2 shows fractional monomer conversion f,
versus time for the BA free radical and RAFT reac-
tions (#1 and #2 in Table I), as obtained from the
combined RI and UV (at 245 nm) signals. As
expected,” the reaction rates depends almost
entirely on the initiator concentration and are not
affected by the presence of the RAFT agent, used in
the case of the controlled reaction. Shown in the
inset are light scattering signatures as functions of
the monomer conversion for the initial portions of
the same reactions. The formation of large polymer
chains in the case of the free radical polymerization
reaction is indicated by the high light scattering val-
ues observed. Contrasting LS behavior is shown for
the reaction done in a controlled fashion (RAFT).

For free radical polymerization M,, often decreases
linearly in time as M,, = My, o(1 — &f), where e = 1/2
when there is no chain transfer at all, and initiator
lifetime is long compared to the reaction time, and ¢
= 0 when there is strong chain transfer to monomer.
With this, for free radical polymerization

I(f) = KConkao(l - Sf)f (3)

where ¢, o is initial monomer concentration in detec-
tor chain, K is the usual optical constant for light
scattering of vertically polarized incident light, and
M, is the initial M, of the reaction.

Likewise, for ‘living’ reactions, I(f) is parabolic,

I(f) = KCWL,OZ\/Ifinalf2 (4)

and Mg in, is the final target mass of the living poly-
merization. The fits to the LS data in the inset of

1 T T T T T T

#2 (free radical) W
L 31 (RAFT)
08
f
06 |-
0.4
02
o1 EN)
0 1 L I i
6000 8000 110* 1.210* 1.410' 1.610* 1.810* 210

t(s)

Figure 2 Fractional monomer conversion f versus t for
RAFT (reaction #1) and free radical BA polymerization
(reaction #2). The inset shows the raw light scattering
(LS90) signal versus f, together with fits to the predicted
behavior for each type of reaction [egs. (3) and (4)].
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Figure 3 M, versus f for ‘living’ RAFT reaction #1 (lower
pane) and for free radical reaction #3 (upper pane). Also
shown are values from the automatic SEC-MALS data. For
the RAFT data the discrete circles show the equivalent mo-
lecular weights obtained by calibration of the column by
polystyrene standards.

Figure 2 are according to egs. (1) and (2), and show
how the free radical and controlled radical nature of
reactions #2 and #1, respectively, are evident directly
from the raw LS data.

Figure 3 shows the evolution of weight average
molecular weight M,, with conversion for reactions
#1 (bottom pane) and #3 (top pane). M, was
obtained using the well known Zimm equation*
according to previously established ACOMP proce-
dures.' This involves combining the polymer con-
centration obtained from f with the light scattering
data extrapolated to zero angle, and with a small
correction due to the second virial coefficient A,.
High molecular weight polymer is observed in the
free radical polymerization reaction, with little
change in its value, while in the case of the RAFT
reaction, polymer mass grows gradually, in a linear
fashion, as expected for a ‘living’ type reaction.

It is important to point out that branching has
been detected in the polymerization of acrylates.>'”
The effects on reaction kinetics of intramolecular
transfer to polymer,®** likely backbiting,*® and of
intermolecular transfer to polymer have been stud-
ied. Long-chain branching is known to change the
conformation of polymer molecules in solution and
is thus of importance for the interpretation of the
SEC results.*”'” This group has also found evidence
of branching for pBA reactions, where M, versus
conversion actually increased, rather than decreasing
or remaining constant as is usual for free radical po-
lymerization without branching.2 In this work, how-
ever, there is no strong evidence of branching in the
free radical reactions #2—#4. Deviations from first
order monomer conversion are normally predicted
when branching occurs,'” but Figure 2 shows that
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conversion kinetics are quite first order for both the
RAFT and free radical reactions. Data below on reac-
tion #4 also indicate first order kinetics before and
after the sudden increase in initiator.

Also shown in Figure 3 are the SEC points com-
puted by multiangle scattering, for both reactions #1
and #3. An important observation from reaction #1
is that, because the masses start very small and
increase linearly with conversion (living reaction), it
was not until around 50% conversion that any usa-
ble light scattering data from the SEC could be
obtained. In contrast, as is seen in Figure 1(a), the
continuous ACOMP detectors begin to furnish good
light scattering data as soon as conversion begins,
yielding the good, continuous M, data in the bottom
curve of Figure 3. For the free radical polymeriza-
tion, large polymer was produced from the start,
and by about 25% conversion there was enough
polymer concentration that light scattering in the
SEC data yielded meaningful M, values. Again,
however, the continuous ACOMP signals furnish a
continuous record of M, from the beginning of
conversion.

Finally, as regards Figure 3, the molecular
weights, obtained by calibration with PS standards,
sometimes referred to as ‘Polystyrene equivalent mo-
lecular weights” are shown for reaction #1. These
give values far in excess of the absolute values com-
puted by light scattering, using both the continuous
and SEC data. Similar, erroneous results were found
for the other reactions (PS equivalent data values
not shown for the other experiments). This reinfor-
ces the well known fact that using standards for mo-
lecular weight calibration gives only the ‘equivalent
molecular weight” referenced to the particular stand-
ard polymer used, and not an absolute value. It is
noted that computation of M,, via light scattering in
SEC of the PS standards themselves led to values
within 2% or less of the nominal values provided by
the manufacturer (Polymer Laboratories). The reason
that the PS equivalent values for pBA are overesti-
mated is because, as shown in the viscosity/molecu-
lar weight relationships at the end of the
Experimental section, the hydrodynamic value Vj,
of pBA is greater for any given mass than for PS,
and hence, for any given mass, the pBA will elute at
lower elution volume, and be erroneously compared
to a higher molecular weight PS. The PS equivalent
values were corrected using the viscosity/molecular
weight relationships at the end of the Experimental
section; i.e., taking Vg oc [n]psMps = [n]peaMpBa-
The results (not shown) are closer to those obtained
by light scattering SEC and ACOMP but still not in
full agreement.

The SEC data can furnish full MWD, which
ACOMP cannot. Thus, SEC can be particularly use-
ful for ‘living’ reactions, where obtaining low



MONITORING OF POLYMERIZATION REACTIONS

310" :
oy exp.#1, RAFT =0.97
a 210" | M M =1.04
3
= =062
G -
|5 rony =048 M M =1.04
C) M M =1.24
o
010° 1 10°
exp #3, free radical 1=0.98 (o]
MM=18 a
W o)
£ 3;_,
1=0.27 4 510 :
MM =1.5 £
H*
w
: 010"
1000 10* 10° .
M (g/mole)

Figure 4 Molecular weight distributions (concentration
versus M) at early, mid and late conversion in the RAFT
(upper panel) and free radical (lower panel) reactions at
early and late conversion, with the polydispersity index
values, M,,/M,, on the graph. The narrowness of the
RAFT distributions contrast sharply with the broad distri-
butions obtained by the free radical reaction.

polydispersity is often a primary concern, and which
are often slow enough to be able to gather SEC data.
Figure 4 (earlier) shows how M,,/M, decreases from
1.24 to 1.04 from early to mid-conversion and then
stays about the same for the rest of conversion. The
contrast with free radical reaction #3 (lower panel in
Fig. 4) is striking. For these, the distribution starts
quite broad, M,,/M,, = 1.5 and broadens to 1.8 by
late in the reaction.

Bimodal molecular weight distributions
in free radical reactions

Frequently, extra initiator is added during free radi-
cal reactions, sometimes to ensure reaction comple-
tion or to ‘scavenge’ residual monomers. Such
initiator ‘boosts” can also produce bimodality in the
molecular weight distribution, if the initiator is added
at early or intermediate levels of conversion.*

In reaction #4, an AIBN initiator boost of 16 times
the initial AIBN concentration was given at monomer
conversion f = 0.45. Figure 5 shows f versus t for this
reaction. The very detailed, continuous data clearly
show the increase in conversion rate after the boost.
If the preboost and postboost conversion data are
each fit with a single first order (exponential) the
rates are 2.04 x 107* s ! and 833 x 10 4 s}, respec-
tively, which is in remarkable agreement with the
Quasi Steady State Approximation® (QSSA) in the
limit of slow initiator composition, for which the first
order rate constant is predicted to be proportional to
the square root of the initiator concentration.
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Figure 5 Monomer conversion f versus t for reaction #4
where an initiator boost was made at f = 0.45. Data
obtained from both continuous and SEC (discrete circles)
are shown. First order rate constants for the preboost and
postboost portions of the reaction are also shown.

Also shown in Figure 5 are f versus t points
obtained from the automatic SEC data, using the UV
signal at 250 nm in the SEC detection train.
Although the SEC points closely follow the continu-
ous data, the number of points is much smaller and
the change in the kinetics could possibly be over-
looked. Hence, the continuous data produces supe-
rior results for quantifying detailed conversion.

Figure 6 shows the effect of the initiator boost on
M, which displays a rapid change in slope at the
moment the initiator is added. M,, as measured by
ACOMP is the cumulative value in the reactor. The
instantaneous weight average molecular weight
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Figure 6 M, versus f for reaction #4, and M, ins, cOm-
puted according to eq. (5). The inset shows a histogram of
the mass distribution from this continuous data, where the
bimodality is striking.
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conversion of free radical reaction #4, with initiator boost,
together with log-normal fits. The dotted line shows the
logarithmically binned M, inst data from ACOMP, which
clearly reveals the bimodality of the molecular weight dis-
tribution, which the SEC data does not directly show.

My,inst can be computed from the cumulative data

Via

Mw,inst = d(]Z\;W) (5)

My inst is also shown in Figure 6, and the abrupt
drop is seen when the initiator is added. There is
hence a bimodal population produced, with the first
mode centered around M, inst = 190,000 and the sec-
ond around My inse = 50,000. This bimodality is
detected directly from the ACOMP data without
recourse to any model. (M, inst follows by mathemat-
ical necessity from cumulative M,, and is not model-
dependent).

The inset to Figure 6 shows a histogram of M, inst
from sorting the M, inst data in Figure 6 into ‘bins’.
The bimodality is clearly seen, again without making
any a priori assumptions about the nature of the dis-
tribution. The ratio of the mean masses of about
four is also in agreement with the QSSA for free rad-
ical polymerization kinetics, where, for a given
monomer concentration and in the absence of signif-
icant chain transfer, the kinetic chain length varies
as the inverse square of the initiator concentration.

In contrast, the SEC data in Figure 7 show a very
significant broadening of the MWD, but there is no
apparent bimodality. Addition of one or more extra
SEC columns to enhance resolution could make the
bimodality more apparent, but at the expense of
slowing the SEC sampling frequency; e.g., one extra
column halves the sampling frequency and two
extra columns cuts it to one third. As it is, using the
single column, the following analysis can be made.
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Because it is known, a priori, that a bimodal MWD
will result from the initiator boost, it is possible to
invoke a preconceived model in which the net chro-
matogram is assumed to be the superposition of two
single modes, each of which is best fit by a log-nor-
mal distribution. The result of a single log-normal fit
to the early (preboost) MWD is shown in the figure,
along with a double log-normal fit to an MWD to-
ward the end of the reaction. The latter fit is good,
which corroborates the assumption of the bimodal
distribution, but the bimodal assumption has first to
be made, and is not an immediate consequence of
the direct SEC MWD analysis. The fit to the SEC
MWD places the peaks of the bimodal distribution
at 180,000 and 57,000, fairly close to the factor of
four predicted, and close to the ACOMP values. It
should also be pointed out that this separation in
peak masses is not strong, so that even multiple col-
umns might fail to clearly reveal the bimodality.

The dotted line MWD in Figure 7 is that obtained
from the continuous ACOMP data, by ‘binning’ the
My, inst data logarithmically. Again, the bimodality is
very clear via continuous detection.

Finally, as regards the initiator boost reaction, Fig-
ure 8a shows how the continuous viscosity data also
reveals the bimodality. The viscosity measurements
are independent of the light scattering measure-
ments, so this is a good cross-check on the result.
Under the low polymer concentration conditions in
the detector, the weight average reduced viscosity
computed directly from the single capillary viscosity
data is very close to the weight average intrinsic vis-
cosity [n],, and is hence represented as such in Fig-
ure 8(a). The continuous data show the decrease in
[N]w- The bimodality is made striking in Figure 8(a),
however, by computing the instantaneous weight
average intrinsic viscosity [n],, via,

[n]w,inst = % (6)

The values of [n], in Figure 8(a) obtained from
the differential viscometer on the SEC detector train,
shown by the discrete crosses, are in reasonable
agreement with those obtained by the continuous
data from the single capillary viscometer. Again,
although the concentration of polymer entering the
continuous detectors and SEC trains are the same,
the material passing through the SEC columns gets
highly diluted and may hence often yield noisier
data than the corresponding continuous measure-
ment, and it is hard to obtain reliable viscosity and
light scattering data at early conversion points.

Figure 8(b) plots log[n] versus Log(M) for the last
automatic SEC injection from the bimodal experi-
ment. A relationship of [n] = 0.001987M°*"" is
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Figure 8 (a) [n], versus f for the initiator boost reaction

(#4). Also shown is [N]w inst, Obtained from the continuous
data via eq. (6), which clearly shows the bimodality. The
corresponding discrete [n], points from the SEC differen-
tial viscometer are also shown. (b) log[n] versus log(M),
and the associated power law fit, from the last automatic
SEC aliquot from reaction #4.

obtained, which was the source of this expression
given at the end of the Experimental section. The
exponent is close to the typical value of 0.8 for linear
polymer chains in a good solvent (i.e., with strong
excluded volume). The excellent linearity spans
nearly two orders of magnitude in M, and shows
that, despite the bimodality, the architecture of the
shorter polymer chains produced after the initiator
boost do not differ at all from the larger chains pro-
duced at the outset. It is recalled that the viscosity
exponent in these relations is particularly sensitive
to small errors in interdetector dead volume, since
three detectors are used in the computation (MALS,
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viscosity, and UV or RI).** Computation of M is also
sensitive to dead volume, but involves only two
detectors (MALS and UV or RI). In any case, the av-
erage values of M, and [n], from SEC result from
ratios of the separately integrated detector peaks,
and are, hence, independent of dead volume.

CONCLUSIONS

Addition of multidetector SEC enhances the already
massive data gathering power of ACOMP. The most
valuable complementary information obtained by
the SEC is the full molecular weight distribution that
can be obtained, as opposed to the average values
My, and My, inst, and the average distribution that the
latter offers, which are obtained by continuous, non-
chromatographic detection.

The ability of the SEC approach to furnish mean-
ingful molecular weight distributions will depend
both on the details of the reaction and which col-
umny(s) are used; Obviously, short columns for rapid
SEC will increase frequency of data points but de-
grade resolution, while adding multiple columns can
enhance resolution but seriously diminish the fre-
quency of data points. In the current work a single,
conventional size analytical column was not able to
directly resolve a narrowly separated bimodal distri-
bution, but the resulting broadened distribution
could be resolved into bimodal components with a
model dependent assumption.

Ironically, in the initiator boost reaction here, the
continuous, nonchromatographic approach was able
clearly to detect the onset of MWD bimodality with-
out any model assumptions, in all its detectors and
quantities; conversion, My, and [n],, whereas the
SEC detection, with only a single column, could not
directly detect the bimodality. Addition of extra col-
umns could improve resolution, but at the expense
of SEC sampling frequency.

Although continuous detection in ACOMP can
reveal bimodalities and population broadening for
free radical reactions, eqs. (5) and (6) do not apply
for living reactions, so that ACOMP-SEC will be im-
portant for determining polydispersity in living reac-
tions, while the continuous detectors will give much
better and more detailed data on monomer conver-
sion and the evolution of M, and [n],. ACOMP-SEC
will also be well suited for living reactions that are
slow, so that more data points per unit of conversion
can be obtained.

Using small pore columns, the SEC approach will
probably be useful in copolymerization, and possibly
terpolymerization, for monitoring the conversion of
comonomers™ when other spectroscopically interfer-
ing agents are used in the reaction, such as RAFT
agents, copper ions, etc.

Journal of Applied Polymer Science DOI 10.1002/app
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Not unexpectedly, use of column calibration via
polymer standards (polystyrene standards in this
case), lead to results dramatically different than the
absolute values furnished by light scattering, in both
the continuous and SEC/light scattering data. As a
practical matter, it can be very useful to have both
SEC detection and continuous detection, but where
the expense of a complete multidetector SEC system
would be prohibitive, a simple concentration detec-
tor (e.g., RI or UV) equipped SEC stage could be
used, and the column calibrated to the materials
produced, to estimate polydispersity from the single
concentration detector.
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