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ABSTRACT: The emulsion polymerization of butyl acrylate was monitored by online nuclear magnetic
resonance spectroscopy at 20 MHz 1H frequency. The reaction progress could be followed, monitoring the
conversion of the reactant time-resolved without any need of sample preparation. Experimental data were
analyzed with kinetic models for free-radical polymerization. The data comprised the polymerization rate in
seeded batch emulsion polymerizations of butyl acrylate with doubly deionized water and D2O as solvent.
The polymerization rate versus conversion curve behaves compatible with the three rate intervals model,
typically observed in emulsion polymerizations. Zero-one kinetics explains the experimental results
appropriately, leading to the determination of entry and termination rate coefficients.

1. Introduction

The synthesis of a polymer is a complex process that produces
material of a quality that is dependent on reaction conditions. The
corresponding reactor models are often complicated and require
numerous parameters and pseudoconstants.1-9 The situation is
even more difficult in emulsion systems. A time-resolved measure-
ment ofmonomer, particle, and radical concentrations is needed in
order to validate theoretical models and to provide experimentally
determined coefficients that enter the models.

Process andproduct variables related to end-usepolymerproper-
ties are often measurable only with poor time resolution or not at
all. Thus, for the polymerization process, product quality monitor-
ing and control are challenging tasks.10-19 Few reliable and flexible
approaches for the measurement of monomer conversion are
known in the literature.10,11,15-17 Thus, the design of new analytical
methods remains an active field of research.11,12,16,17,19

Online methods for measuring chemical and physical properties
of polymerization reactions are advantageous because they provide
a direct process control also in industrial applications without
sampling during the reaction.14-16,20 Examples for online capa-
ble measurement techniques for emulsion polymerization8,10-22

are calorimetry, chromatography, densitometry, dielectric spectro-
scopy, electrical conductivity, turbidity measurements, and ultra-
sound propagation. Challenges are still in the online control of
conversion andmolarmass,11,15,17,19 in the derivation of interesting
parameters for descriptionof the complexprocessmechanisms, and
finally in the feedback from the experimental findings for an
operation with optimized reaction parameters.

For online studies in engineering applications under process
conditions, the nearly non-invasive NMR spectroscopy can be a
powerful method that provides unique information about mor-
phological and dynamic properties of polymer particles by taking
advantage of the high selectivity of the method to details of
chemical structure13-15,20-22 and molecular dynamics. Also,

NMR spectroscopy allows the investigation of the reaction
process almost in real time under process conditions in a wide
range of temperature and pressure.14-16 In the present study, the
reaction is investigated at a low magnetic field with its special
challenges.15,16,21

From chemical engineering point of view, n-butyl acrylate (BA)
is a monomer commonly used in acrylic formulations, and
considerable effort has been devoted to study its emulsion
polymerization.1-5,20,23-33 However, the knowledge of the effect
of process variables on kinetics and molar weight distribution
(MWD) is scarce.2,3,5 Because of the heterogeneous nature of an
emulsion polymerization and the concomitant large number of
kinetic events, data analysis and determination of kinetic con-
stants are rather complicated.Nevertheless, it has been shown that
one may obtain unique (and frequently over determined) values
for all relevant rate parameters by a combination of the available
data.2,8,26-28,30,33

An important aspect is to define two limits or categories to
describe emulsion polymerization kinetics, which are the zero-
one and pseudobulk kinetics, as approximations to the “true”
kinetics.7,8,20,23,28,33-41

Formathematicalmodeling,1,8,22,29-31 theknowledgeof thepro-
pagation rate constant is required among other kinetic parameters.
The IUPACWorking Party “Modelling ofKinetics and Process of
Polymerization” has made considerable effort to obtain consistent
values for the propagation constants (kp). The measurement of kp
by PLP (pulsed laser polymerization) has encountered some
difficulties for monomers such as BA.1,7,22,24,29,33,40

The purpose of this work is to obtain the rate coefficients by
online measurements of low-field 1H NMR spectroscopy for
monitoring the emulsion polymerization of butyl acrylate. For
this aim, the decreasing signal of the olefinic double bond in
butyl acrylate as well as the growing signal of the newly formed
saturated polymer main chain is followed in addition to the
polymer chain dynamics by line width analysis. Experimental
data of rate parameters can be compared with predictions from
models in order to elucidatewhether the emulsion polymerization
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of BA can be described by a zero-one model from the viewpoint
of the NMR experiment.

2. Experimental Section

2.1. Reagents and Reagent Purification. Distilled deionized
water was used in one polymerization reaction and D2O (90
atom%D), purchased fromArmar Chemicals (Switzerland), in
the other. The emulsifier, sodium dodecyl sulfate (SDS,g99%,
Sigma-Aldrich,Germany), initiator ((NH4)2S2O8,g99%,Roth,
Germany), and buffer (NaHCO3,g99,5%p.a. Roth,Germany)
were used as supplied without further purification. BA (purity
g99%) was purchased from Sigma-Aldrich, Germany.

2.2. Online Low-Field NMR Spectroscopy. The experimental
setup for online 1H NMR reaction monitoring consists essen-
tially of a low-field NMR (20 MHz) spectrometer and a flow
system. The NMR spectrometer is based on a commercially
available mq20 minispec (Bruker, Germany), which was adapted
for spectroscopy. The probe comprises a lock substance externally
to the flow cell, which has the function of frequency correction and
feedback during the experiment. It is independent of the flow
system. Additionally, this construction allows a direct monitoring
of the reproducibility of the NMR spectra by recording the
reference signal coincidently with the reactant’s spectrum. Besides
the lock, an electrical shim system was built into the probe,
equippedwith 12 orders plus aB0 correction term for improvement
inB0 homogeneity such that the full width at half-height of a single
NMR peak amounts to about 0.2 ppm in a cylindrical volume of
about 5 mm� 15 mm. For polymer reactions and other relatively
simple chemical reactions, this resolution is sufficient for answering
questions like reaction progress and conversions of specific moi-
eties. The flow system consists of a silicon rubber tube, a Teflon
(PTFE) tube, fed through the NMR probe, and a syringe pump,
which pumps the reactant liquid in a closed loop bypass directly
through the NMR spectrometer and back into the reactor. The
Teflon tube has the advantage that poly(BA) does not stick into it
in the course of the reaction,where it does in the silicon rubber tube.
The contactless pumping by the syringe pump (Watson Marlow
Sci. 323,England), however, requires the usageof the silicon rubber
hose. The contactless pumping is especially useful in the present
reaction because of the cluing properties of poly(BA) and the
oxygen sensitivity. Flow rates (50 rpm), diameter, and length of
the tubes had to be optimized taking into account the requirements
of flow NMR experiments as well as the changing sample and
environmental properties. The NMR sequence was a single-pulse
experiment with a pulse length of 7.5 μs; the acquisition time
amounted to 400 ms. The probe and receiver dead time was
20 μs. Thirty-two scans were added with a recycle delay of 0.9 s.
A waiting time of 60 s was chosen between the repeated experi-
ments. Care was taken that the thermal magnetization equilibrium
state was reached by observing subsequent scans. The effective T1

for the flowing system is smaller than the measured T1 for a static
sample due to inflow effects during the recycle delay, such that the
experiment could be essentially repeated atT1. The relatively small
flowrateallowsacomplete polarizationof the liquidduringpassing
through themagnetwhichhas adiameter of 125mm.Therefore, no
special premagnetization region was needed for these experiments.
The spectra were referenced to the external capillary sample in the
probe, which allows a direct and sample independent calibration of
the frequency axis. Additionally, the signal amplitude of the intrin-
sic reference can be used formonitoring the quality and stability of
the NMR measurements.

The recorded spectra were subsequently analyzed by a peak
fitting routinewritten inMatlab,where the lines, expected from the
high-field investigations,20 are described by Gaussian lines with
variablewidth and integrals. As the olefinic and thewater shifts are
independent of the reaction progress, the shifts of these species are
fixed for all spectra. The olefinic signal integral and the aliphatic
line width are the important parameters reflecting the reaction
progress. They are discussed as a function of reaction time.

2.3. EmulsionPolymerization.Batch emulsion polymerization
was carried out in a 350 cm-3 five-necked glass reactor equipped
with a condenser, a mechanical stirrer having a constant speed of
400 rpm, anda reflux condenser in a total batchperiodof about 3h.
DDI water (220 cm-3), 0.52 g (6.2�10-3 mol) of sodium bicar-
bonate (buffer), and2.52g (8.74�10-3mol) of sodiumdodecyl ben-
zenesulfonate (surfactant) were added to the reactor. After 25 min,
98 g (0.77 mol) of butyl acrylate was added, and the reaction tem-
perature wasmaintained at 70 �C.At the beginning of the reaction,
water and emulsifierwere added.Afterdissolutionof emulsifier, the
monomer was added. Agitation was started while the reactor was
purgedwith nitrogen for about 15min to deoxygenate themixture.
Subsequently, heating was started. When the reactor content
reached the desired temperature, the initiator solution was added
0.43 g (1.9 � 10-3 mol) of (NH4)2S2O8 in 10 cm-3 of water. This
point was considered as zero reaction time.As described above, the
reactantsweremeasuredonlineby low-field 1HNMRspectroscopy
for detection and analysis of the reaction progress. The total
reaction time was ∼130 min.

To avoid the dominating proton signal of water in the 1H
NMR spectra, the reaction was also carried out in D2O instead
of DDI-H2O. The reaction was started by adding the initiator at
reaction temperature, using the same amounts and conditions as
in theDDI-H2O reaction. TheD2O reaction allows a closer look
by 1H NMR spectroscopy into the reaction progress as the
olefinic signals from the monomer can be determined much
more accurately.

3. Kinetics of Emulsion Polymerization: Entry Model
35

and
Apparent Polymerization Rate

Commonly, emulsion polymerization is modeled considering
the concentration of different moieties. As NMR spectroscopy is
a suitable tool for concentration determination, one model35 is
explicitly summarized here and applied to the data. Via the aid of
stabilizators, droplets of the monomers are formed which can
be understood as a reservoir in the reaction. Therefore, in the
continuous, aqueous phase the monomer concentration is
assumed to be constant [Maq]. With the addition of the
initiator with concentration [I], the reaction starts as the
initiator decomposes with an effective rate constant kd into
radicals with concentration [R]. This step of the radical emul-
sion polymerization can be described by a first-order reaction,
where the efficiency is taken into account by regarding the
dissociation constant as an effective rate constant kd. Theses
radicals start to react with monomers dissolved in the contin-
uous phase and form monomer radicals with concentration
[Mini]. This reaction is regarded as initial propagation char-
acterized by a rate constant kpw,ini. It is the beginning of
oligomer formation which takes place in the continuous phase
characterized by a rate constant kpw. The solubility of longer
chain oligomers, however, is small. Therefore, the probability
of an oligomeric radical entering amicelle or a droplet has to be
considered. An entry coefficient Fw is defined for the descrip-
tion of the entrance of oligomer radicals into latex particles.
Commonly, the number of repetitive units in the oligomer
radical is 2-3 inmost publications,4,35,42 which is also assumed
in the present case. Of course, the entrance process will depend
on the available number of micelles or particles Np. The
polymerization reaction can also be terminated with a rate
constant ktw, when two radicals react with each other. The
probability of termination is a function of the total concentra-
tion of radicals [T ], apart from the rate coefficient. In micelles
or latex particles, polymerization proceeds with its own kinetic
law, which is discussed later. Maxwell et al. proposed a
mathematic formulation35 of the scenario in the aqueous phase
which is used for modeling of the NMR data presented in this
work. The following differential equation system describes the
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time-dependent concentrations of the specific moieties.

d

dt
½IðtÞ� ¼ - kd½IðtÞ� ð1Þ

d

dt
½RðtÞ� ¼ 2kd½IðtÞ�- kpw;ini½Maq�½RðtÞ� ð2Þ

d

dt
½M0

1ðtÞ� ¼ kpw;ini½Maq�½RðtÞ�- kpw½Maq�½M0
1ðtÞ�

- 2ktw½M0
1ðtÞ�½TðtÞ� ð3Þ

d

dt
½M0

2ðtÞ� ¼ kpw½Maq�½M0
1ðtÞ�- kpw½Maq�½M0

2ðtÞ�

- 2ktw½M0
2ðtÞ�½TðtÞ� ð4Þ

d

dt
½M0

3ðtÞ� ¼ kpw½Maq�½M0
2ðtÞ�-Fw

Np

NA
ð5Þ

½TðtÞ� ¼ ½RðtÞ� þ ½M0
1ðtÞ� þ ½M0

2ðtÞ� þ ½M0
3ðtÞ� ð6Þ

This equation system can numerically be solved for example
by the Runge-Kutta numerical integration procedure. In our
case this was realized by a self-written Matlab program. An
adequate solution requires good estimates for the coefficients as
the numerical stability of the solution depends critically on these
numbers summarized in Table 2. They show a large scatter which
might be due to different experimental conditions.

Apart from the reaction in aqueous phase, the polymerization
reaction takes place in the latex particles, which grow from the
micelles as formed by stabilizator molecules, by the entrance of the
oligomer radicals. These reaction steps cannot be followed expli-
citly by means of low-field NMR spectroscopy in the sense of
concentration determination.However, it is well-known thatmole-
cularmotionalmodes of a polymer depend on the chain length. On
the other hand, especially 1H NMR transverse relaxation T2 is
given by effective dipolar couplings and the motional spectral den-
sity, which both obviously change during a polymerization reac-
tion. An estimate of the transverse relaxation can be obtained from
the line width of the corresponding peaks in the spectra. Therefore,
a model is needed for description of the chain growth inside the
latex particles due to increasing oligomer radical concentration
[M3,LP

0 ] in the latex particles: As a detailed insight into the processes
is not possible by means of NMR line width analysis, a pseudo-
first-order reaction is assumed with an apparent rate coefficient
kp,app. The polymer radical concentration [Px(t)] can therefore be

described by eq 7, a termination process being implicitly considered
via the time dependent radical concentration.

d

dt
½P0

xðtÞ� ¼ kp;app½Px- 3�½M0
3,LPðtÞ� ð7Þ

The integration of this first-order reaction equation leads to an
exponential law, which can be fitted to the experimental data,
revealing an apparent polymerization rate coefficient for the
reaction inside the latex particles.

4. Results and Discussion

4.1. Monitoring of the Reaction by Online Low-Field 1H
NMR Spectroscopy. Online detection of emulsion polymer-
ization by 1H NMR allows a relatively short time interval
between two subsequent spectra even at the low magnetic
field used in this investigation. Figures 1 and 2 show the low-
field 1H NMR spectra at about 20 MHz using DDI water
and D2O as solvents, respectively, before the polymerization
was started (a) and after completed reaction (b). Monomeric
butyl acrylate shows characteristic peaks around 6.5 ppm
while poly(butyl acrylate) can be identified by the resolvable
signal at 2.1 ppm (aliphatic). The olefinic signal decreases
with reaction time as the number of double bonds di-
minishes. Therefore, the aliphatic signal increases to the
same extent. In the work of Landfester,20 high-field 1H
NMR spectra are shown, obtained from an in situ MAS
experiment. When comparing the spectra (see also Table 1),
it is evident that the lines of BA in the range of 4-5 ppm
cannot be separated from water in our experiment, but they

Table 1. Comparison of the Signals in Low-Field and High-Field
1
H

NMR for (Poly)butyl Acrylatea

component
signal low-field
1H NMR (ppm)

signal high-field
1H NMRb (ppm)

olefinic part of butyl
acrylate

6-6.5, obscured
by water

4.8-6.1

aliphatic part of
butyl acrylate

maximum at 1.4 0-1.5

aliphatic part of butyl
acrylate and
poly(butyl acrylate)

maximum at 1.7 0-1.5; 2.1

O-CH2 obscured by water 3.7
aDifferences are due to the minor spectral resolution of the low-field

instrument. bReference 20.

Figure 1. (a) 1H NMR spectrum before polymerization was started
using doubly deionized water as solvent. The H2O peak dominates the
spectral signature. Pure butyl acrylate shows a characteristic peak in the
olefinic spectral region. (b) After conversion the olefinic signature
decreased; the line width especially in the aliphatic spectral region
increased once due to an additional line second due to the reduced
molecular mobility. The right-hand side line in all spectra corresponds
to the external reference in the probe used for lock and reproducibility
issues.
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have to be taken into account in the mass balance. The
number of protons in the aliphatic region of the spectrum
amounts to 7 permolecule, whereas the number of protons in
the olefinic region amounts to 3 per monomer molecule,
which is qualitatively reflected in the spectra. In the poly-
merized state, the olefinic 1H vanishes, and the aliphatic
increases by 3 1H per repeating unit. It is interesting to note
the difference in the signal around 4.6 ppm inFigures 1 and 2.
Because of the reduced amount ofH2O in this spectral range,
the signature of the 1H nearby the oxygen of the acrylic acid
of BA in monomer and polymer state can be revealed.
Summarizing, the relatively crude picture obtained from
the low-field 1H NMR spectra is sufficient to follow the
reaction quantitatively online.

Apart from the amplitudes and integrals of specific lines,
also line widths can be analyzed. The quantification was
done by fitting the spectra by Gaussian lines. According to
the definition of the Gaussian function, the half-width σ is
defined as line width here. During the reaction, it is found
that line width increases, which can be quantified with
reasonable accuracy in case of the aliphatic peak. It should
be noted that the reaction product shows an NMR line at
2.1 ppm,which could lead to an increase in the line width as the
resonances cannot be resolved at the low field and its limited
resolution. However, this fact cannot explain the increase in
line width accurately as it is much larger and symmetric. It is
well-known in polymer 1H NMR spectroscopy that line
width, which is related to the transverse relaxation rate,
increases as the dipolar couplings increase. This is the case
as polymerization progresses: Themolecules grow, themole-
cular motional modes change accordingly, and the sterical

arrangements change such that the effective or residual
dipolar coupling between nearby 1H increases additionally
due to the decrease of the tumbling frequency. Thus, the
characteristic increase of the 1HNMR line width is based on
an increasing content of polymerized material in the sample
which results in a decreasingmobility, i.e., a stronger dipolar
coupling. Therefore, line width increases and can be taken as
ameasure for polymerization progress. Of course, transverse
relaxation rate could have beenmeasured spectrally resolved
in parallel to the spectra in thermal magnetization equilibri-
um. However, this additional measurement requires time in
the order of minutes leading to only a crude temporal
resolution of the online observation of the polymerization.

In Figure 3a, the changes in line width of the aliphatic
signature are shown together with the decrease in the olefinic
signal intensity for the H2O-based reaction. As the olefinic
signal is dominated by the H2O signal, the fit is rather
incorrect at this spectral region, even more as the line width
in the spectra increase significantly during the reaction.

For comparison, the decrease of the olefinic signal integral
in case of the D2O reaction is depicted in Figure 3b again
together with the aliphatic line width. As lines are over-
lapping, the quantification is still inaccurate, especially in
case of low olefinic concentrations. Please note that the two
experiments were performed subsequently. As the reaction is
known to exhibit inhibition times depending for example on
temperature and as the fitting accuracy is minor in the H2O
reaction, small time shifts in the results can occur.

4.2. Estimation of Characterizing Parameters of the Emul-
sion Polymerization. The conversion was estimated from the
ratio between the change of thewidth in the aliphatic spectral

Figure 2. (a) 1H NMR spectrum before polymerization was started
using D2O as solvent. The butyl acrylate monomer shows up more
clearly as the water peak is drastically reduced. (b) After the conversion
to poly(butyl acrylate) the spectral shape changed (compared with
Figure 1): Apart from the decrease in the olefinic region, the line width
increased. The line at the right-hand side is again the external reference
in the probe.

Figure 3. Linewidth of the aliphatic signal (9) and of the integral of the
olefinic signal (O) as a function of reaction time for doubly deionized
water (a) and D2O (b) obtained by online low-field 1H NMR spectro-
scopy. In (b) the dominating water signal is partially reduced such that
the accuracy of the fit to the spectra is superior. The line width starts to
increase about 50 min later compared to the onset of the decrease of the
olefinic signal. The addition of the initiator was at t=50min in (a) and
at t = 100 min in (b).
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region and the initial BA concentration as a function of
reaction time. Figure 4 presents the evolution of the instan-
taneous conversion of BA. TheD2O reaction showed a slight
difference in conversion (at times <30 min, which is within
the experimental error); afterward, the conversion is the
same in both experiments. Usually, three separate regions
can be distinguished in the conversion-time curves; this is in
accordancewith the experimental data obtained in thiswork.
The first interval is localized in the conversion range 0-15%,
interval II within 15-52%, and interval III at conversions
above 52%.1-3 In intervals I and II of the batch process,
monomer droplets act as reservoirs. The monomer diffuses
from the droplets to the locus of polymerization with a rate
controlled by free radical propagation. The conversion is
close to 98% in both experiments. These results were vali-
dated with a gravimetric method. The polymer was precipi-
tated by isopropanol and subsequently washed by ethanol to
eliminate remaining small molecules. The dried polymer was
weighted to calculate the conversion, based on a simple mass
balance equation. The conversions were 96% and 92% for
water and D2O reactions, respectively. These discrepancies
are associated with the loss of polymer during the precipita-
tion process and are considered as experimental error.

The number of polymer particles at time t, Np(t), is given
by eq 8 (see also1),

NpðtÞ ¼ 6½M0�XðtÞ
πFpDυ

3
ð8Þ

where [M0] is the monomer concentration,X the conversion,
Fp the polymer density, and finallyDυ is the average diameter
of the latex particle.1

The number of polymer particlesNp produced in the course
of reaction can be calculated for both reactions (water and
D2O). Np increases with time up to ca. 75 min, and then it
decreases slightly at the end of reactions (high conversion).
The order of magnitude of Np is 10

19 dm-3 for both experi-
ments. The rate of polymerization is not expected to be in-
fluenced appreciably by the number of polymer particles in a
first-order kinetic system. It was shown previously that the
steady-state rate of polymerization is practically independent
of the number of polymer particles in case of BA polymeriza-
tion using a constant surfactant concentration.1-3 These
model predictions are in accordance with our experimental
data.

The rate of polymerization Rp with a maximum of Rp,max=
0.1 mol dm-3 min-1 was determined from the conversion and
is depicted in Figure 5 for both experiments.5,8,23,25,26 For
the calculation of the steady-state rate of polymerization,

conversions between 15 and 52% were considered as they
account for the interval II kinetics. Additionally, the rate of
polymerization in interval II as a function of the number of
particles was proportional toNp

0.97 andNp
0.94 for water- and

D2O-based reactions, respectively. According to Smith-
Ewart (SE) theory in interval II, Rp follows the equation
Rp � Np

1.0, which is in agreement with the present experi-
mental findings.

On the other hand, the experimentally determined rate can
be used to calculate the average number of radical per
particle, ~n, using the generalized SE equation1,4,8,23-25,29,30

RpðtÞ ¼ kp½Mp�~nðtÞNpðtÞ
NA

ð9Þ

whereRp is the rate of polymerization, kp is the rate constant
for propagation in the latex particles, [Mp] is the monomer
concentration in the particles, Np is the number of polymer
particles, and NA is the Avogadro number. For the calcula-
tion of ~n, the values for kp and [Mp] are to be known. [Mp]
was determined from the intersection of the drop in rate and
the steady state (Figure 5). This point corresponds to the
disappearance of monomer droplets and represents the
transition from interval II to interval III. The conversions,
at which the transition occurred, were found to be around
52%. kp was obtained from literature. In fact, the radical
number is a model-based quantity whose magnitude is
strongly dependent on the assumed kp value.

36 A large ave-
rage number of free radicals per particle ranging from 3 to
9 have been reported for seeded emulsion polymerization of
BA.25 In other cases,1-3 ~n is below 0.50. This results in
instantaneous termination and latex particles with either
zero or one radical.

The average number of radicals per particle ~n as calculated as
a function of conversion is shown in Figure 6; ~n decreases at
higher conversions. The values of ~n, extracted from the NMR
data, are well below 0.5, suggesting that the assumption of
instantaneous terminationmay be applicable.1,23-25,34 Accord-
ing to these data, it can be concluded that butyl acrylate poly-
merizationcanbedescribedbyzero-onekinetics. If this system
is governed by zero-one kinetics, the slope and intercep-
tion procedure may be used to determine entry and exit rate
coefficients of radicals.

4.3. Rate-Determining Parameters in the Zero-One
Seeded Emulsion Polymerization of Butyl Acrylate. The
definition of a zero-one system (that a radical entering into
a droplet causes rapid termination of the polymerization
within the droplet) can be restated: Entry of a radical into a

Figure 5. Rate of polymerization (Rp, mol/(dm3 of water) min-1) vs
conversion X for water-based (9) and D2O-based (O) reactions. The
three stages of the emulsion polymerization are indicated on the basis of
literature values.23

Figure 4. Time evolution of the conversion for butyl acrylate poly-
merizationwithwater (9) andD2O (O) as solvent as calculated from the
specific line widths in the aliphatic region.
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particle which already contains a growing polymer chain will
lead to reaction termination with a high probability before
significant new polymer or chain growth is formed. It is
essential to provide experimental evidence that the experimen-
tal conditions chosen here indeed are compatible with zero-
one kinetics (Smith-Ewart theory23-25,36). Another necessary
but not sufficient condition is that the value of ~n, the average
number of radicals per particle, should not exceed 0.5, which
was already shown to be fulfilled in the present case.

The radical entry rate coefficient F is determined by the
generation rate of oligomeric radicals in the aqueous phase,
capable of entering a latex particle irreversibly. The exit (k) of
radicals from a particle can occur by the transfer of the
radical activity to a small species that is capable of diffusing
away from the particle quickly. This species is normally a
monomer. Once the transfer to the monomer has occurred,
the monomeric radical has in principle three possible fates:
(1) escape from the latex particle, (2) termination with
another radical, and (3) propagation, after which escape is
assumed to be impossible. The last option has no direct
influence on the radical concentration in the particle in a
zero-one system and is therefore kinetically unimportant.

A theoretical expression for the variation of the con-
version within a certain time in a zero-one system is given
by23-25,36

ln
1-XðtÞ
1-X0

� �

¼ A

2Fþ k
Ftþ ~n0 -

F
2Fþ k

� �
ð1- expð- tð2Fþ kÞÞÞ

" #
ð10Þ

whereX0 is the fractional conversion at t=0 and A is called
conversion factor. ~n0 is the radical concentration in a particle
at t=0.At long reaction times the equation can be simplified
according to

ln
1-XðtÞ
1-X0

� �
¼ A

2Fþ k
Ftþ ~n0 -

F
2Fþ k

� �" #
ð11Þ

This equation can be represented by

ln
1-XðtÞ
1-X0

� �
¼ aþ bt ð12Þ

The intercept a and the slope b of the linear equation can
be obtained from the experimental data (Figure 7). The
polymerization rate is constant within the interval II in a

zero-one system, as evidenced by X(t) being linear for a
substantial time period. Thus, slope and intercept can be
used to calculate F and k.23-25,36 The two coefficients are

F ¼ b

a
~n0 -

b

A

� �
ð13Þ

k ¼ A

a
- 2

b

a

� �
~n0 -

b

A

� �
ð14Þ

~n0 is the initial value of ~n at t = 0.
This technique demonstrates that both rate coefficients

can be obtained with a minimum of model-based assump-
tions. Entry and exit rate coefficients were F=2.4� 10-4 s-1

and k = 3.3 � 10-3 s-1, respectively. The accuracy of rate
coefficients from entry and exit is mainly determined by the
accuracy of kp. Here kp was presumed to be know
exactly,1,23-25 450 dm3 mol-1 s-1. The values are consistent
with those from the literature.

4.4. Modeling of the Experimental Data by the Entry
Kinetic Model. As during reaction integrals and line widths
change in the olefinic and in the aliphatic spectral regions,
these data are analyzed by modeling via the kinetic model
introduced above.35 It is obvious that the olefinic signal
decreases in both reactions, which corresponds to total
amount of monomers in the reactor. However, the model
assumes a constant monomer concentration in the aqueous
phase, which cannot be measured directly. From the numer-
ical simulation it is found that the intermediate states of the
oligomer formation exhibit concentrations near zero for the
rate coefficients known in the literature. Therefore, the
reduction of the total monomer concentration is related
directly to the increasing [M3

0], and consequently, theoretical
prediction and experimental result can be compared (Figure
8a,b). For numerical integration the rate coefficients sum-
marized in Table 2 were used. The maximum number of
monomer units for propagation outside the latex particlewas
three. This parameter set was used for both reactions. The
data of the D2O-based reaction (Figure 8b) can be described
sufficiently good, allowing a direct comparison with theore-
tical modeling. An insensitivity of the model toward Fw was
found which can be assumed in the range of 10-3-10-5 s-1

equally well. Only a small decrease of [M3
0] was found at large

reaction times. As the olefinic concentration is no longer
accurately determined at the late stages of the experiments,
no definitive answer can be given from this second approach.

Figure 6. Variation of the average number of radicals per particle (~n) as
a function of conversion X for both the doubly deionized H2O (9) and
the D2O (O) reaction. As ~n~ is smaller than 0.5, a zero-one kinetics can
be assumed.

Figure 7. ln(1 - X) versus reaction time for the seeded emulsion poly-
merization of butyl acrylate, X being the conversion: (9) water and (O)
D2O. A linear dependence of ln(1- X) on t is found such that from the
slope the entry coefficient F and from the intercept the termination
coefficient k can be obtained.
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Even in the DDI water-based reaction, the olefinic signal
(Figure 8a) could bemodeledwhile using the sameparameter
set such that an agreement with the prediction can be found.
The differences in temporal behavior and in the accuracy are
mainly due to the inaccuracy of the fit on the spectra.
Nevertheless, the new experimental method of online low-
field NMR spectroscopy can provide direct insight into the
emulsion polymerization of BA.

Additionally, the apparent polymerization rate coefficient
for the reaction inside the latex particles can be extracted
from the change of line width with reaction time (Figure 9).

They amount to (7.7-10)� 10-4 s-1. The values were found
by a fit of the exponentially increasing function for a pseudo-
first-order reaction. Interesting to note that the increase in
line width starts about 50min later compared to the decrease
of the intensity of the olefinic signal which reflects the total
monomer concentration. This indicates that the polymeriza-
tion reaction inside the latex particles requires a sufficient
concentration [M3

0] and a sufficient chain length for effec-
tively being observed in the NMR line width.

5. Conclusions

The emulsion polymerization of n-BA can be successfully moni-
tored by online low-field 1H NMR spectroscopy. This new analy-
ticalmethodprovides useful insight into thequantitative assessment
of emulsion polymerizations. Using these results, it was possible to
evaluate the monomer concentrations during the reaction of butyl
acrylate under batch conditions and calculate characteristic para-
meters like reaction rates as a function of reaction time.

The maximum rate Rp,max is attributed to the increased
number of polymer latex particles. The following decreasing of
polymerization rate results from the depressed transfer of mono-
mer from the monomer droplets to the reaction loci inside the
latex particles. It is also found that the number of polymer
particles increases with conversion. These findings are consistent
with the literature.

The average number of radical per particle (~n) is found to be
much lower than 0.5, which indicates that a zero-one kinetics
model can be applied for modeling the NMR data. From this
approach, the exit rate constant k as well as the entry parameter F
can be determined. Especially the propagation constant is found
to be consistent with the literature value of 450 dm3 mol-1 s-1.
Moreover, the observed line broadening can be used for the

Figure 8. Normalized, reversed signal integral of the olefinic spectral
region togetherwith the result of the numerical integration of the kinetic
model for the 3-mer radical [M3

0] (black lines). The parameters are given
in the text and are for both reactions the same: (a) doubly deionized
water-based reaction; (b) D2O reaction. The kinetic model is found to
describe the data very well within the experimental error.

Table 2. Parameters and Their Values Taken from the Literature and
from the Present Work for the Emulsion Polymerization of Butyl

Acrylate at 70 �C

parameter reference

rs = 103 nm 23
Dw = 1 � 10-10 m2 s-1 23
[Maq] = 6 � 10-3 mol/dm3 25
Fm = 0.869 g cm-3 25
Fp = 1.026 g cm-3 25
kp = 450 dm-3 mol-1 s-1 23, 25
ktw = (6-30) � 107 dm-3 mol-1 s-1 25
kd = 1.3 � 10-6 s-1 (T = 50 �C, pH = 7) 25
Fw = 7.9 � 10-5-1.3 � 10-3 s-1 43
k = 3.3 � 10-3 s-1 this work
F = 2.4 � 10-4 s-1 this work
kd = 8 � 10-4 s-1 (T = 70 �C) this work
kpw,ini = 450 dm3 mol-1 s-1 (T = 70 �C) this work
ktw = 3 � 104 dm3 mol-1 s-1 (T = 70 �C) this work
Np = 1019 dm-3 (T = 70 �C) this work
Fw = 10-5-10-3 s-1 (T = 70 �C) this work
kp,app = (7.7-10) � 10-4 s-1 (T = 70 �C) this work

Figure 9. Increase of the line width in the aliphatic spectral region:
(a) doubly deionizedwater-based reaction; (b)D2O-based reaction.The
apparent rate coefficients are determined within a pseudo-first-order
kinetic model to 9.97� 10-4 and 7.6� 10-4 s-1, respectively. The fit to
the data is also shown in the figures (black lines).



5568 Macromolecules, Vol. 43, No. 13, 2010 Vargas et al.

estimate of polymerization rate inside the latex particles within a
pseudo-first-order reaction scheme.

A simulation of a kinetic entry model in the aqueous phase
allows a good description of the experimental findings, revealing
a complete parameter set for the description of the reaction in the
aqueous phase.

The online low-field NMR spectroscopy is capable of mon-
itoring a polymerization reaction and thereby revealing valuable
information about the kinetic parameters.
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