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Introduction. Postpolymerization modification is an impor-
tant approach to generating advanced materials from known
polymerization methods and is widespread in research and
industrial production. Improvements in the efficiencies and
selectivities of postpolymerization reactions have resulted in the
ability to prepare materials with tailored degrees of functionality
being attached to the polymer backbone after the starting
polymer has been produced.

Many postpolymerization chemical transformations are used,
such as grafting, hydrolysis of pendant esters, activated esters,
nitrile and amides, quaternization of pendant amines, sulfonation
of aromatic units, and the growing use of the Huisgen “click”
reaction,1 whose power and versatility have been amply
demonstrated.2-4

Characterization is generally only performed at the end of
such modification reactions, with little if any real-time data on
the extent of reaction available. Comprehensive online monitor-
ing of these processes has not yet been demonstrated, and
success in this area will greatly increase the opportunities for
new materials. It is hence the object of this work to demonstrate
the feasibility of monitoring changes in polymer properties while
a modification reaction is occurring. Automatic continuous
online monitoring of polymerization reactions (ACOMP) is used
for this. ACOMP theory and practice have been adequately
described previously.5,6

For this demonstration the base hydrolysis of polyacrylamide
(Paam) was chosen. The reaction gradually converts the neutral
polyacrylamide into a copolymer with an increasing proportion
of charged monomers bearing carboxylate groups. The ACOMP
method is not limited to such modifications. In fact, it will be
applicable wherever a measurable signal corresponding to a
chemical or physical change can be measured in the flowing
sample stream. Detectors such as ultraviolet/visible spectro-
photometers, fluorimeters, FTIR, etc., can be used, in addition
to the light scattering, viscosity, conductivity, and refractometric
detectors used in this work.

Materials and Methods. Paam was synthesized via free
radical polymerization and was used for the hydrolysis reactions
whose reaction and detection conditions are given in Table 1.
Gel permeation chromatography (GPC) measurements and
separate batch measurements yieldedMw ) 950 000 g/mol for
the starting Paam, and GPC polydispersity was near the expected
ratios of 3:2:1 forMz:Mw:Mn. No detectable degradation of the
Paam occurred during hydrolysis, as verified by additional
independent GPC measurements on end products. Also listed

in Table 1 are separate potentiometric titration measurements
for the final conversion values of some of the end products.

ACOMP was utilized as previously described. In this work
a two-pump arrangement with high-pressure mixing was used.
The detector train comprised a Brookhaven Instruments BI-
MwA multiangle light scattering detector, a custom-built
viscometer, and a Shimadzu refractive index detector. Addition-
ally, a conductance probe was inserted into the reactor and
provided an additional monitored signal.

An aqueous dilution solvent of moderate ionic strength (IS)
in the range of 0.025-0.050 M was generally used. This
moderate IS allowed the evolution of the polyelectrolyte
characteristics of the polymer to be monitored. If high IS were
used, the polyelectrolyte effects would be suppressed and not
measurable. If extremely low IS were used, then “strong”
polyelectrolyte effects would hamper the interpretation of the
data. “Strong” polyelectrolyte effects refer to those commonly
reported at extremely low ionic strength. One such is the
electroviscous effect, whereby reduced viscosityηr increases
as a polyelectrolyte solution is diluted with a fixed IS solvent
(an example of which is given below).7,8 Another effect involves
strong interparticle correlations leading to an angular maximum
in scattered light.9-13 While it would be interesting in a separate
study to watch such effects build in, and hence monitor their
evolution as a function of linear charge densityê, such effects
are not pursued here in favor of establishing a more practical
approach to monitoring polymer modifications.

Results and Discussion.Raw ACOMP data are shown in
Figure 1 (reaction 2). IS in the detector train was 0.028 M.
Reduced viscosityηr increases 4-fold during the reaction.
Simultaneously, the light scattering (LS) decreases due to the
increase in electrostatically enhancedA2 andA3. This effect is
strong enough to drive LS back into the solvent level. The effect
on LS is often greater than on viscosity because the excluded
volume controllingA2 andA3 is enhanced byê due to both an
increase in coil dimensions (which, under nondraining condi-
tions, parallels the increase inηr) and the electrostatic field
around the polyelectrolyte, which further increases excluded
volume but has no effect on hydrodynamic dimensions and the
polymers’ motion through the solvent.14 The conductivityσ
decreases during the reaction as OH- is consumed and
COO-groups are formed along the polymer chains.

The raw viscosity, LS, andσ data contain extensive informa-
tion on the evolution of the polyelectrolyte properties during
hydrolysis. Some associated phenomena can be described
without models, but others require model-dependent interpreta-
tion. Qualitative effects of increasingê are immediately apparent
in the raw viscosity and LS data.ηr is computed directly from
raw viscosity data with no models or calibration factors needed,
since

whereV(t) is the raw voltage at any timet, cp is the polymer
concentration in g/cm3 (which remains constant during the
hydrolysis experiment), andVs is the baseline viscosity signal
for the pure solvent.

At the values ofcp and IS in the detectorηr is very close to
intrinsic viscosity [η]. This is illustrated in Figure 2 for the end
product of experiment 5, where ACM (automatic continuous
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mixing) was used to rampcp from 0.002 g/cm3 to 0 at fixed IS.
It is readily seen that at the concentrations in the detector train
ηr is very close to [η]. The cp ramp data in Figure 2 are shown
for IS of around 5 and 50 mM, with the expected results that
[η] is markedly lower at higher IS. The hydrodynamic parameter
κH in the expansionηr ) [η] + κH[η]2 is found to be 0.018 and
0.18 respectively for the IS 0.005 and 0.05 M cases (lower two
curves) in Figure 2. This yields less than 5% error by taking
[η] ∼ ηr in the first case and less than 10% in the latter case.
A ramp of unhydrolyzed Paam is also shown in the figure, with
the expected result that [η] is less than for the hydrolyzed
material.

Also shown for contrast in Figure 2 are ramps ofcp at very
low ionic strength, 0.000 02 M, and with pure water. The
striking electroviscous effect mentioned above is readily ap-
parent for these two cases. Clearly, serious errors would result
if [ η] were assumed simply to be equal toηr at finite cp.
At cp ) 0.001 g/cm3, for example, the error would be several
hundred percent.

[η], closely approximated by the directly measuredηr, then
yields effective polymer viscometric volumeVH (for an equiva-
lent sphere). Computational expressions for [η] can be obtained
starting with the Flory relation

whereΦ ) 2.56× 1023 M-1 and molar massM is known from
separate model-independent measurements. Equation 2 applies
to the case of non-free-draining and no intrachain excluded vol-
ume considerations, and〈S2〉 0 is the unperturbed mean-square ra-
dius of gyration. The use of [η]0 in eq 2 instead of [η] denotes the
fact that excluded volume is not taken into account. One way of
then taking excluded volume into account is by applying a visco-
metric expansion factor to [η]0, as is discussed briefly below.

There is clearly a correlation between increasing [η] and ê,
but the relationship requires a model.ê, in turn, is proportional
to the fractional degree of hydrolysisδ (fraction of acrylamide
monomers hydrolyzed) without any assumptions, as long as
ê is well below the “counterion condensation threshold”.15

δ(t) is an important practical characteristic to monitor since
it allows running the reaction to any degree of conversion
desired. In the current data there is no model-independent route
to obtaining conversion, in contrast to normal ACOMP mea-
surements of polymerization reactions, where model-indepen-
dent conversion is immediately obtained from the raw data. This
suggests that future studies use a chemically specific detector,
such as FTIR, for direct measurement of conversion.

What follows, nonetheless, is a first attempt to relateσ(t) to
δ(t). Below the CC thresholdê tracksδ(t) via lB and monomer
contour lengthb.

The task here is to solve for the time dependence of the
accumulation of COO- groups on the hydrolyzing chain, which
well below the CC threshold yields the average linear charge
density, and then use an approximate model to relate the
decrease ofσ(t) caused by the loss of conductivity due to the
loss of free OH- and the correspondingly smaller increase in
conductivity due to the increasingê as COO- groups accumulate
on the chains.

For each Am monomer converted to COO- an OH- is lost

Table 1. Experimental Conditionsa

Creactor Cdetector train

expt no.
end product conversion by

potentiometric titration CPaam(M) CNaOH (M) T (°C) CPaam(M) IS (M)

1 49% 0.2322 0.05 60 0.016 0.009
2 not available 0.1160 0.1 35 0.016 0.028
3 not available 0.1159 0.1 60 0.016 0.028
4 46% 0.1160 0.1 60 0.0074 0.054
5 40% 0.1162 0.1 35 0.0074 0.054

a NaCl concentration in reactor was 0.010 M for all experiments.

Figure 1. Raw ACOMP data for LS (only 90° shown) andσ for
reaction 2, includingηr, calculable from eq 1 with no calibration or
model assumptions.

Figure 2. ηr vs cp at various IS. The electroviscous effect appears in
pure water and at very low ionic strength (0.000 02 M).
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Solving this allows [Am] to be computed and, with a model
for the relationship between the experimentally measured
decrease ofσ(t) due to loss of OH- and the buildup of charge
groups on the polymer,δ(t) can be computed. This first approach
holds up to approximatelyδ(t) ∼ 0.35, where counterion
condensation commences in the most naive counterion conden-
sation model.

Equation 4 leads to a single second-order, nonlinear dif-
ferential equation in [OH-]

and an identical equation for [Am], with initial values of
[OH-](0) and [Am](0), respectively, whose solutions are

and

The concentration of COO- groups building up on the polymer
is given by

The fractional conversion is given by

A model is now needed to connectσ(t) to δ(t). The following
model is not claimed to be definitive but is a reasonable starting
point before considering more refined approaches that take into
account numerous possible effects.

Let σ0 be the portion of the total reactor conductivityσ due
to any added salt, e.g., the NaCl shown in Table 1. That is,σ0

is constant and is the sum of the conductivity due to [Na+] and
[Cl-], where [Na+] ) [Cl-] ) [NaCl]. The remaining solution
conductivity∆σ ) σ - σ0 is then due to (1) the additional Na+

ions from the NaOH, whose concentration [Na+]NaOH is
unchanging as long as there is no counterion condensation, (2)
[OH-], which diminishes as hydrolysis proceeds, and (3) the
contribution to the hydrolyzing Paam whose molar conductivity
in (Ω cm mol)-1 increases with the chains’ increasing linear
charge densityê, while the total concentration of chains’ [Paam]
remains constant and equal to the initial amount [Paam]0.
[Paam]0 ) [Am]0/N, where N is the average degree of
polymerization, which does not change during hydrolysis, as
verified by GPC measurements made on hydrolysis reaction
aliquots. Polydispersity is ignored in this first approach. The
molar conductivity for each of these terms is denoted asΣNa+,
ΣOH-, andΣp-(t), where the subscript p- indicates the anionic
polyelectrolyte formed by the hydrolysis, and its time depen-
dence indicates it changes in time asê increases.

Concentrating on the origin ofΣp-(t), consider the polyanion
drifting at terminal velocityV in an electric field E. The
microscopic form of Ohm’s law isJp- ) σp-E, whereJp- is current
density due to the polyanion drift inE andσp-(t) ) Σp-(t)[Paam]-
(0) is the polyanion conductivity. By definitionJp- ) Fp-V, where
Fp- is the solution volume charge density due to the polyanion.
The magnitude of the electrical force on the polyanion, ignoring
any screening and counterion condensation effects, isFE ) ZeE,
whereZ is the number of elementary charges on a polyanion.
In this approximationFp-(t) ) Ze[Paam](0)NA, where NA is
Avogadro’s number. At terminal or drift velocityV, FE is
balanced by the drag forceFD ) fV, wheref is the polyanion
frictional factor. In the nondraining limitf ) 6πηRH, whereη
is the pure solvent viscosity andRH is the equivalent hydrody-
namic radius, which is proportional to [η]1/3. Combining these
terms yields

It was recently demonstrated that at the concentrations of Paam
used in this type of hydrolysis the solution viscosity due to the
polyelectrolyte itself does not appreciably affect ionic conductiv-
ities, so thatη ) constant. AlthoughRH varies, it varies only as
[η]1/3, so thatRH increases very slowly as hydrolysis proceeds
and is taken as constant in the first approximation. This leads to

â includes all the constants in eq 12. Four adjustable parameters,
the constant first term on the right-hand side,ΣOH-, â, and the
rate constantk, are then used to fit the conductivity data, using
the functional forms for [OH-] andδ(t) from the above analysis.
δ(t) can then be computed from the best fit value ofk. This
procedure was used to relate∆σ(t) to δ(t) and hence toê (for
ê < 1) using eq 2.

Figure 3 shows [η] vs ê, whereê was determined according
to the above procedure. It is approximately linear at very low
values ofê but then has a negative second derivative after about
ê ) 0.1. This effect has been measured by others for partially

d2[OH-]

dt2
- 1

[OH-]
{d[OH-]

dt }2

+ k[OH-]
d[OH-]

dt
) 0 (5)

[OH-](t) ) [OH-](0) ×

{ 1 - [Am](0)/[OH-](0)

1 - ([Am](0)/[OH-](0)) exp[-([OH](0) - [Am](0))kt]} (6)

[Am]( t) ) [Am](0) ×

{ 1 - [OH-](0)/[Am](0)

1 - ([OH-](0)/[Am](0)) exp[-([Am](0) - [OH-](0))kt]}
(7)

[COO-](t) ) {[Am](0) - [Am]( t)} (8)

δ(t) )
[Am](0) - [Am]( t)

[Am](0)
(9)

∆σ(t) ) [Na+]NaOHΣNa+ + [OH-](t)ΣOH- + [Paam]0ΣP-(t) (10)

Figure 3. Evidence for deviation from non-free-draining; the experi-
mental values are consistently below computed values for non-free-
draining, using combined EPL/EEV theories. The main figure is
measured and computed [η] vs ê, during hydrolysis experiment 5.ê
for the experiment was obtained using eqs 3-12. The inset is measured
and computed [η] vs [NaCl] for the end product of experiment 5, for
which ê ) 1.

Σp-(t) )
(δ(t)N)2

6πηRH
(11)

∆σ(t) ) [Na+]NaOHΣNa+ + [OH-](t)ΣOH-âδ(t)2 (12)
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hydrolyzed Paam16-18 including Zema and Kowblansky,19 who
used several samples of partially hydrolyzed Paam. Their
conclusion was that the effect was due to much broader and
extensive counterion condensation than the naive theory predicts,
leading to less coil expansion than expected.

While there is good experimental and computational evidence
that counterion condensation does not have a sharp threshold,
it seems there may be other, larger effects behind the nonlin-
earity. In fact, if computations of mean-square radius of gyration
〈S2〉 are made using a well-established combination of electro-
static persistence length (EPL) and electrostatic excluded volume
(EEV),20,21 based on the original theories by Odijk22,23 and
Skolnick and Fixman,24 with no adjustable parameters, then
there is anapproximatelinear proportionality between [η] and
ê, when [η] is computed on the basis of non-free-draining
(sometimes also referred to simply as “nondraining”). The
computational procedure involves first calculating the electro-
static persistence length, whence the unperturbed〈S2〉0 is found
in the wormlike chain model, after which the static expansion
factor Rs based on electrostatic excluded volume effects is
computed, and the full value of〈S2〉 is found via 〈S2〉 )Rs

2-
〈S2〉0. [η]0 is then computed via eq 2, and the full value of [η]
is computed via [η] ) Rh

3[η]0, whereRh is the viscometric
expansion factor.

The fact that the experimental [η] falls below the computed
one based on EPL/EEV and non-free-draining (eq 2) is strong
evidence for deviations from the nondraining assumption; i.e.,
as the coil opens up, there is more and more draining through
the coil. The computed value of [η] is shown in Figure 3, and
it is clearly much higher than the experimental values. In the
curve the approximation was made thatRh ) Rs.

A similar effect was also noted in ref 16 and for other
polymers such as sodium hyaluronate,25 wherein the self-
diffusion coefficient, obtained by extrapolation tocp ) 0 andq
) 0 of mutual diffusion coefficients from dynamic light
scattering, did not vary strongly with ionic strength, whereas
〈S2〉 was strongly dependent on IS. In fact, the〈S2〉 vs IS behavior
computed, without adjustable parameters, from the EPL/EEV
theory matched the experimental values obtained by the static
light scattering angular envelope very well.

Further evidence for deviations from non-free-draining are
seen in the inset to Figure 3. In this, the same end product from
experiment 5 was ramped at 0.0013 g/cm3 vs [NaCl], and [η],
closely approximated byηr, is shown. While there is a large
decrease inηr with IS, it is much less than predicted by EPL/
EEV and non-free-draining. In fact, even taking into account
thatRh can be less thanRs, the predicted values of [η] are still
much higher than the experimental values. In the Figure 3 inset
[η]0 was again computed with eq 2, with the EPL model alone
for 〈S2〉0, and the viscosity expansion factorRh was then related
this time toRs (from the EPL/EEV treatment) using the Kurata-
Yamakawa semiempirical expression26

This yields a computed [η] ) Rs
2.43[η]0, which is less than found

by use of the Flory equation and the perturbed values of〈S2〉
computed by [η] ) Rs

3[η]0, but these values are still far higher
than the experimental ones.

Hence, there is good evidence for deviations from non-free-
draining, which is interesting from the point of view of polymer
physics but also has the unfortunate effect that monitoringηr

does not provide a route to computingê. Nonetheless, the
monitoredηr itself can be a very useful index of how far the

hydrolysis has gone in conferring desired intrinsic viscosity
characteristics on the end product.

Figure 4 showsηr vs σ for all the experiments. The
significantly different initial slopes of experiments 2 and 5 reflect
the fact those hydrolyzes were carried out atT ) 35 °C, where
the conductivities are lower than at 60°C. Other differences
among the curves are due to factors that include Paam
concentration and IS in the reactor and the detector train. Results
from experiments 1, 3, and 4 show strong decreases in the slope
as the reaction proceeds (i.e., from high to low conductivity),
and experiments 3 and 4 arrive at a plateau, even thoughσ
continues to decrease; i.e., although further COO- groups are
formed on the polymer (consuming additional free OH-and
lowering σ), [η] stops increasing. The two most likely origins
of the effect include both deviations from non-free-draining,
and counterion condensation. In this latterê ceases to change
despite increasing stoichiometric charge on the chain so that
there is no more swelling of the coil. For a contour monomer
length ofb ) 0.256 nm,ê ) 1 atδ ) 0.36.27 The approach to
the plateaus in experiments 3 and 4 is gradual; i.e., nothing
suggests a sharp transition atê ) 1. The lack of a sharp
transition has been found in more elaborate models for coun-
terion condensation that take chain and counterion entropy and
other effects into account.28 At this point, however, it is not
possible to unambiguously separate out how much of the
decrease in slope in Figure 4 is due to counterion condensation
and how much to deviations from non-free-draining.

The LS data readily provide evidence of increasingê, but
analysis is difficult due to the interplay of intra- and interparticle
interference effects on the angular scattering envelope. The
relation between excess scatteringIR(q,c) and the single particle
form factorP(q) and interparticle structure factorS(q) is

When interparticle interference is negligible,P(q) is the
dominant effect and the slope d[Kcp/IR(q)]/dq2 equals〈S2〉z/3Mw

for q2〈S2〉z , 1. Figure 5 shows this slope for experiment 5. At
the beginning the interactions of the neutral polymer have
negligible effect on the slope (as confirmed by separate
experiments on neutral Paam), but as the polymer becomes
weakly charged this slope increases reflecting the increased〈S2〉
as the coil swells. As the coil size and the electrostatic
interactions get larger as hydrolysis proceeds andê increases,
interparticle interactions become important andS(q) becomes
dominant. It is well-known that this leads to a decrease in the

Rη
3 ) Rs

2.43 (13)

Figure 4. ηr vs σ for the experiments in Table 1.

IR(q)

K
) McpS(q) P(q) (14)
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slope, which is seen in Figure 5 after about 10 000 s. When the
interparticle correlations become strong enough, there usually
appears a maximum inS(q), which leads to a decreasingKcp/
IR(q) vs q before the maximum; i.e., a negative slope appears
at lowq. The position of theS(q) maximum that shifts to higher
q as cp increases, further increasing the magnitude of the
negative slope, d[Kcp/IR(q)]/dq2.

The inset to Figure 5 gives an example of howA2 increases
as hydrolysis proceeds (experiment 4, 0.054 M) IS).

Conclusions. The ACOMP approach demonstrates that
physical properties of polymers can be monitored during
modification reactions. In the particular example here, physical
properties due to the increasing polyelectrolyte nature of the
hydrolyzing polymer were measured during the modification
reactions. As is often the case with polyelectrolyte solutions,
several simultaneous effects lead to difficulties in interpreting
the very pronounced trends in the data. These effects include
counterion condensation effects and deviations from non-free-
draining (i.e., increased draining as the coil swells) measured
by reduced viscosity and the strong interplay of intra- and
interparticle interference effects in the light scattering.

This method should have numerous practical applications for
optimizing product quality and process efficiency for a wide
variety of modification reactions. For example, in this work
targeted values of [η] might be sought and controlled using
ACOMP. On the other hand, the particular detectors used in
this work did not allow a model-free measurement of the

evolution of ê, but this could be accomplished with FTIR or
another more chemically sensitive detector.

At any rate, ACOMP is not restricted to postpolymerization
conversion of neutral polymers to polyelectrolytes. Reactions
that change mass or interactions with other polymers or small
molecules can be followed, and chemically sensitive detectors
can be added to the detector train to monitor changes in
functional groups.
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