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Thermally driven directional free-radical polymerization in confined channels

Preeta Datta', Kirill Efimenko, Jan Genzer*

Department of Chemical & Biomolecular Engineering
North Carolina State University
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We report on the formation of poly(acrylamide) (PAAm) with a relatively-narrow molecular
weight distribution (MWD) by means of thermally-driven directional free-radical polymerization
carried out in polymerization chambers featuring two parallel glass walls separated by various
distances, ranging from sub-millimeter to a few millimeters. Using this experimental setup, in
conjunction with size exclusion chromatography and peak fitting of MWD profiles of the resulting

PAAm, we decouple two simultaneous modes of AAm polymerization reaction mechanisms, i.e.,

thermal and monomer-initiated decompositions.
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Key physical properties of polymers depend on the chemical nature of the monomeric units, the
molecular weight and molecular weight distribution (MWD) of macromolecules, and the
mechanism by which the polymers are formed.! While many polymers are synthesized in bulk,
other modes of polymerization have also been employed, including, surface-initiated
polymerization®*, frontal polymerization,>® grafting-through polymerization®!°, and others. In a
typical frontal polymerization setup, a localized reaction front propagates in space and is driven
by a complex interplay of Arrhenius kinetics and heat diffusion.!!-!> Here we use directional free-
radical radical polymerization conducted between two parallel plates separated by sub- to
millimeter spacings (H). Specifically, we report on producing poly(acrylamide) (PAAm) with
narrow molecular weight dispersity (D ~1.2) by confining thermal radical polymerization of
acrylamide (AAm)!%, irrespective of the location inside the reaction chamber or the degree of AAm
conversion. The molecular weights of PAAm vary with H inside the reaction chamber away from

the heating source. We demonstrate that varying H enables discriminating between two modes of

AAm polymerization, i.e., monomer-enhanced decomposition and thermal decomposition,
employing persulfate initiators (vide infra).

Our experimental set-up features a Teflon jacket of variable thickness that is sandwiched
between two parallel insulating glass plates (cf. Figure 1) giving rise to a reaction chamber with
adjustable H (see Supporting Information, SI, for details). To synthesize PAAm we use AAm,
potassium persulfate, and dimethyl sulfoxide (DMSO) as the monomer, initiator and solvent,
respectively. The polymerization reaction is initiated by placing a hot soldering iron along the
edge of the reactor. Appearance of a white zone marks the occurrence of polymerization reaction.
Three distinct regions appear as the polymerization reaction front propagates in space (cf. Figure
1). Figure 1 displays the fractional monomer conversion along the direction of heat propagation,

as measured by gas chromatography after polymerization.
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Figure 1. (top) Schematic depicting the side-view of the reaction set-up. (middle) The different reaction
zones in thermally-driven directional polymerization with the respective monomer conversions. (bottom)
IR spectra of dimethyl sulfoxide (DMSO), acrylamide (AAm) and the samples from the different zones.

The rate of polymerization of AAm varies non-linearly with AAm monomer concentration.
To explain this unusual rate dependence of AAm polymerization, Hunkeler!” proposed a "hybrid
cage-complex" mechanism, in which hydrogen bonding between AAm and the initiator results in
the formation of a charge-transfer complex. The decomposition of this complex leads to a
secondary initiation reaction, which proceeds in competition with thermal bond rupture (often in
preference) of the initiator. As a result, the polymerization of AAm using persulfate initiators
undergoes either monomer-enhanced decomposition (MED) or conventional thermal

decomposition (TD). The rates of polymerization are different for the two different modes of
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initiation; i.e., R ~ [M] (for TD) and [M]*? (for MED), where [M] is the monomer concentration.
The two modes of polymerization lead to two MWDs of the products, which occur simultaneously;
the overall rate of polymerization, according to Hunkeler, should be proportional to [M]¥*. The
observed 5/4th power for AAm polymerization is an "apparent" polymerization order, with the
true kinetic process being a balance between the TD and MED mechanisms. Polymerization

kinetics determines the molecular weight of the products as well as the MWD of PAAm. '3
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Figure 2. (Left panel) Experimental SEC elution curves collected from PAAm prepared in
reactors featuring different reactor spacing (H) and distances from the heating source (L). (Right
panels) Degrees of polymerization of the experimentally-determined overall molecular weight
distribution (green stars) and most probable two distinct distributions (squares) as well as
corresponding fractions (circles) of the thermal decomposition (TD, red data) and the monomer-
enhanced decomposition (MED, blue data) mechanisms.

We let the polymerization front propagate for 60 mins under directional and constant heat

supply. These experiments are carried out in reactors, whose H ranges from 0.4 to 2.0 mm. We
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vary the ratio of initiator to monomer (vide infra). After quenching the reaction using liquid
nitrogen and disassembling the reactor, we collect PAAm samples from different locations in the
reaction chamber at equidistant intervals (I cm) successively from the heat source for
characterization using size exclusion chromatography (SEC). The left panel in Figure 2 displays
the SEC elution curves collected from PAAm that were prepared in reactors featuring different
reactor spacings (H) and various distances from the heating source (L). The bimodal nature of the
SEC curves (except for the bulk system) implies the presence of two distinct modes of
polymerization. Specifically, we detect that in highly confined systems and close distances to the
heating source, the high degree of polymerization mode (mode I) dominates, while at larger
distances from the diffusing source and smaller confinement the lower degree of polymerization
mode (mode II) takes over. We assign the mode I to MED and mode II to TD according to the
discussion above and information provided in SI.

Each data set was rigorously fitted to two independent Schulz-Zimm MWDs, one for each
mode; see SI for details. Iterative parameter fitting yields the degree of polymerization and fraction
corresponding for each distribution (cf. right panel in Figure 2). As mentioned previously, the
degree of polymerization depends on the degree of confinement and the distance from the heating
source. For instance, PAAm polymerized in the confined reactor with H=0.4 possesses degree of
polymerization that is ~1.5 times higher than that of PAAm prepared inside the H=2.0 reactor and
~2.4 times higher than that of PAAm prepared by conventional bulk free-radical polymerization.
The contribution of the TD and MED modes depends on H. For H=0.4 mm the MED dominates
at short distances from the initiation center and eventually TD takes over at long distances from
the heating source. For H=2.0 mm the TD mode is the major governing mode of polymerization
for all distances away from the heating source. AAm polymerization in reactors with H=0.4 mm
follows the “plug flow” mode while polymerization inside reactors having H>2.0 mm exhibits
convection. The transition between the two modes takes place at approximately H>1.0 mm. We
surmise this based on the images of the fronts published earlier in reference '® and the MWD of
PAAm and the deduced modes of polymerization shown in Figure 2 in this paper. More details
will be provided in a future publication.!® Depending on the reactor spacing and the distance from
the initiator site it is possible to decouple the two modes of polymerization reactions. As shown
in Figure 2, in bulk polymerization TD is the predominant mode irrespective of the location within

the reaction chamber.
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We now proceed to deconvolute the effects of TD and MED on polymer MWD and D in
persulfate/AAm systems. We vary the initiator to AAm monomer ratio progressively from 1:75,
1:750 to 1:1500 for H= 0.4 mm and H=2.0 mm. Temperature profiles inside the reactor at regular
time intervals (red dotted lines in Figure 3) are determined by measuring the temperature of the
upper glass surface with an IR camera and calculating temperature inside the reactor via a
conductive heat transfer model (see SI for details). The heat loss in a “highly” confined (i.e.,
H=0.4 mm) system is much higher than that in a reaction chamber with H=2 mm. Since such
directional polymerization propagates via a positive feedback mechanism with respect to thermal
energy, a greater heat loss translates into slower reaction kinetics and lower overall heat generation.
As aresult, there is a clear difference in the local temperatures at all distances away from the heat
source across H=0.4 and H=2 mm, demonstrated in Figure 3. The temperature gradients are higher
in the less confined systems; more initiators with lower half-life times are activated and
polymerization progresses rapidly thus generating more heat of reaction which further increases
the temperature gradients. In addition, the occurrence of convection in high H can distort the
reaction front and lead to mixing inside the reaction chamber, thus approaching bulk reaction
behavior (cf. Figure 3).'825 Convection assists in faster front propagation; it increases thermal
transport and the front velocity and may cause depletion of monomers in the front region. In a
highly confined system (i.e., H=0.4 mm), lower temperature gradients lead to more controlled
initiation and chain growth, i.e., fewer initiators with longer half-lives are activated and the chains
grow relatively slowly. The temperature uniformity inside the reaction chamber at all times
indicates that chain propagation occurs at roughly the same temperature in more confined systems.
As a result, the polymer product possesses high molecular weight and low D relative to less
confined systems where polymerization proceeds faster. Physical gelation present during
polymerization narrows down the MWD of polymers due to decreased mobility of the growing
chains, which minimizes the likelihood of termination. We attribute the low D dispersity values
to the simultaneous contribution of slow front propagation velocity, the suppression of convection
in vertically confined systems, and the gelation effect. More details will be provided in a future

publication.!
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Figure 3. Cumulative rate constants for different initiator to monomer ratios measured by differential
scanning calorimetry, superposed on the top view of a propagating reaction front as a function of distance
from the heating source (L) for two different reactor spacings: H=0.4 mm (left) and H=2.0 mm (right). The
photographs correspond to the green lines in the figure. The schematic (top) illustrates how convection in
less confined systems can lead to bulk-like mixing and resulting distortion of the otherwise sharp reaction
interface.

To identify the reaction kinetics of the TD and MED distributions (shown in red and blue
in the right panel in Figure 2), we performed differential scanning calorimetry (DSC)
measurements on acrylamide/dimethyl sulfoxide mixtures of different compositions with varying
amounts of persulfate initiator. By fitting the DSC data to Arrhenius kinetics, we determined the
associated rate constants as a function of temperature and plotted the rate constants as a function
of distance from the heat source (cf. Figure 3, see SI for details). The rate constant determined
from the DSC measurements represents a lumped rate constant, for both TD and MED modes,
given the highly exothermic nature of AAm polymerization.?®3° For low persulfate to acrylamide
ratio (i.e., 1:1500), i.e., in the presence of excess AAm monomer, the predominant mode of

polymerization is MED and the cumulative rate constant exhibits a gradual decrease along the
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direction of heat propagation, i.e., with decreasing temperature (cf. Figure 3). For high initiator
to monomer ratio (i.e., 1:75), ahead of the sharp interface that marks the reaction front, the
cumulative rate constant increases with increasing temperature to reach a maximum value and then
decreases. At intermediate values of initiator to monomer ratios (i.e., 1:750), the cumulative rate
constant values reside between the two extremes and do not exhibit much variation with
temperature. Convection accelerates and distorts the propagating reaction front, as in H=2 mm
reactor data plotted in Figure 3. Additionally, net heat accumulation is greater in H=2 mm thick
reactor than the H=0.4 mm reactor, as the ratio of surface to volume, and therefore the ratio of heat
generation to heat loss, is lower. The cumulative effect of convection and low surface-to-volume

ratio leads to a shift in the rate constants for the less confined system (H=2 mm) at any given time.

We reconcile our observations as follows. The rate constant associated with TD is higher
than that corresponding to MED at any given temperature. As a result, TD contributes
substantially to the overall polymerization. Because the rate of polymerization varies as [M] for
TD, the kinetic chain length, and therefore the molecular weight of the corresponding products, is
lower relative to the MED mode, for which the rate of polymerization varies as [M]*? (see SI).
Because of convection-driven kinetics in less confined systems (i.e., higher H), monomer is
depleted faster at any given location and therefore the rate of chain propagation and the average
molecular weight of the MED products (blue population) is lower than in case of more confined
systems (i.e., H=0.4 mm).

A confined polymerization reactor can be thought of as a series of plug-flow reactors with
negligible mixing. Each position along the direction away from the heat source possesses different
kinetic history and corresponds to different stages of monomer conversion. Polymers synthesized
by thermally-driven directional free-radical polymerization under confinement exhibit
exceptionally narrow MWD. Under high degree of confinement such polymerization enables

separating two distinct modes of polymerization of AAm in a spatio-temporal manner.
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