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Abstract: Interfacial polymerization is used in a range of fields,
both academic and industrial, for the production of fibers, cap-
sules, and films. Despite its widespread use, measuring the
reaction kinetics of interfacial polymerization has remained a
challenge. For example, reaction kinetics for polyamide reverse
osmosis membranes are difficult to obtain and rarely reported
due to the thinness of films, and rapidity of their formation
at the liquid-liquid interface. Here, polyamide film formation
is studied using a microfluidic, interferometry-based technique
to measure monomer concentration near the interface as the
reaction occurs. Our results are consistent with a polymeriza-
tion reaction that is initially controlled by a reaction-diffusion
boundary layer within the organic phase. Using simple scaling
arguments to analyze our data, we report the first measure-
ments of the reaction rate constant for this system.

Reacting monomers at an interface between two immisci-
ble solvents is a robust and common method for producing
fibers, 1’2 capsules,®? and ultrathin films.® While interfacial
polymerization has been known for over 50 years? and is
used in large-scale manufacturing processes today,® in situ
techniques to measure interfacial reaction kinetics are lim-
ited, system-specific, and often cannot capture the dynamics
of fast reactions.

In particular, polyamide reverse osmosis (RO) membranes
are made through interfacial polymerization, whose reac-
tion kinetics have remained notoriously difficult to mea-
sure. The difficulty arises from the rapid (~seconds)? for-
mation of a thin (~100nm)® film at the liquid-liquid in-
terface. In addition, multiple phenomena are coupled in
this process: chemical reactions, solute transport between
phases, and polymer phase separation, adding further com-
plexity to the problem.”® For example, the reaction between
m-phenylenediamine (MPD) and trimesoyl chloride (TMC)
monomers, commonly used in RO membrane synthesis (Fig.
1a),? is believed to occur within the oil phase. MPD must
therefore partition from the water to the oil, diffuse within
the oil, and react with TMC to form oligomers.? As the
oligomers lengthen, phase separation occurs, growing a poly-
mer film that impedes the further transport of amine on one
side of the film to the acid chloride on the other.'%!! The re-
action thus slows, and becomes ‘self-limiting’.'* While there
is broad agreement regarding this mechanism for RO mem-
brane formation, most details remain unknown or poorly
characterized, including the intrinsic reaction rate constants,
and the effects of the physical and chemical properties of the
solutions themselves (e.g diffusivities, partition coefficients,
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Figure 1. (a) Structures of MPD and TMC in the aqueous and
oil phase respectively. MPD partitions into the oil and reacts with
TMC, reducing the concentration of MPD in the aqueous phase
near the interface. Flux into the oil phase is measured with inter-
ferometry. (b) Side view of microfluidic device for interferometry.
Photo-patterned hydrophilic region traps aqueous phase. Drop
profile shown is exaggerated, as the channel height is a tenth
of the drop radius. Light entering from above reflects between
surfaces, with different wavelengths interfering differently. Spec-
trometer splits the transmitted light from each pixel into a series
of peaks at wavelengths that interfere constructively. Changes in
these peak wavelengths correspond to changes in local refractive
index. (c) Top view of trapped water drop with arrow indicating
the direction oil flows to initiate the reaction. Light is collected
along a slit (red dash), to resolve refractive index profiles of an
MPD solution as they evolve in space and time.

concentrations) on the overall kinetics. *>

Attempts to measure such interfacial polymerization ki-
netics often involve arresting the polymerization at various
times and measuring membrane mass or thickness, or sam-
pling solution concentrations with time.®'!'3"2! Such meth-
ods, however, cannot capture the dynamics of fast-forming
films. Dynamic measurements of solution pH have captured
monomer consumption in polyurea encapsulation,®22724 and
have recently been applied to polyamide formation.?> These
techniques inherently probe properties of bulk solutions,
rather than conditions at the interface where the reaction
occurs. Solute transport effects are therefore lumped in with
kinetic processes, and measurements may conflate the two.
The growth dynamics of polyamide membranes have ad-
ditionally been studied through pendant drop tensiometry,
light reflectometry,'? and diffuse reflectance spectroscopy. 2
These methods capture qualitative features of the reaction,
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Figure 2. (a) Concentration profiles measured along the drop
radius (drop center is at the origin) for the reaction between 5 wt%
MPD and 0.5 wt% TMC. (b) Flux of MPD leaving the aqueous
phase (top), and the total mass of MPD that has left the drop
(bottom) for the experiment shown in (a). The flux is integrated
(to find the mass) until fluctuations become larger than the flux
itself, which occurs at approximately 10 s (Fig. S4)

revealing that more than half of the film forms within the
first few seconds, and allows the growth rate to be estimated.
However, relating measurements of interfacial tension and
light reflection to monomer consumption or polymer pro-
duction is difficult. As others have noted,?*?* there is a
continuing need for a systematic experimental study of in-
terfacial polymerization kinetics.

In this work, we present a new method to probe interfa-
cial reaction kinetics. We design microfluidic interferometry
devices that track monomer concentration profiles as they
evolve in space and time. Specifically, the flux of amine leav-
ing the aqueous phase is determined from spatial and tempo-
ral measurements of amine concentration near the oil/water
interface. Relating this flux to the reaction that consumes it
provides unprecedented measurements of reaction kinetics,
and therefore new insights into the polymerization process
of MPD with TMC. At the start of the interfacial polymer-
ization process, monomer-monomer reactions occur within
a reaction-diffusion boundary layer, and thus follow simple
scalings. Our measurements provide, for the first time, the
reaction rate constant of the MPD-TMC interfacial poly-
merization reaction.

Our technique employs multiple-beam interferometry
in a microfluidic device?° to measure changes in refractive in-
dex as monomer is consumed by the reaction. Briefly, white
light sent through two semi-reflective surfaces constructively
interferes at wavelengths that depend upon the optical path
(the distance separating the two mirrors multiplied by the re-
fractive index of the solution). These wavelengths appear as
discrete peaks when the transmitted light is split by a spec-
trometer (Fig. 1b). Changes in concentration cause changes
in refractive index, which causes peak wavelengths to shift.
Spatial resolution is obtained by collecting light through a
slit, and tracking the refractive index for each pixel within
the slit, therefore being set by the objective used (here 0.78
pm/pixel). By relating refractive index changes with con-
centration changes (Fig. S1), monomer concentration can
be monitored spatially and temporally.

Employing this technique to study an interfacial reaction
requires creating a stable oil-water interface. To this aim, we
developed mirrored, hydrophobic, microfluidic devices, with
photo-patterned 500 pum-diameter circular hydrophilic spots,
as shown in Fig. 1b-c (see SI for details).®° Filling the device
with aqueous MPD solution, then displacing the solution

27,28

with air creates a pancake-shaped MPD drop that wets the
hydrophilic spot, pins the water-air contact line, and holds
the drop in place. The experiment begins when a solution of
TMC in decane is pushed into the channel and then stopped,
initiating the interfacial polymerization reaction. A slit of
light is collected at the leading edge ("upstream") of the
drop, and MPD concentration profile is tracked in space and
time as the reaction proceeds (Fig. 1c).

At the moment of oil contact, the MPD concentration
[M PD] near the interface drops, as MPD diffuses into the
oil phase and begins to react (Fig. 2a). Within the first few
seconds, the interfacial MPD concentration begins to rise,
indicating a slowing reaction as MPD is replenished from
the bulk of the drop. With time, diffusion smooths out gra-
dients in concentration, and the profiles flatten. Measured
concentration profiles are indeed consistent with solutions to
the diffusion equation, with the interfacial boundary condi-
tion set by the measured concentration (Fig. S2).

Measuring the slope of the concentration profiles at the
interface gives the diffusive flux, J, of MPD into the oil,

J—_D O[M PD] ’ (1)

or r—R
where D = 840 um?/s is the measured diffusivity of MPD
in water (see SI), r is the radial coordinate, and R is the
drop radius (Fig. 2b). The flux starts at a maximum, and
decays within the first second as a power-law in time with
exponent between f% and f%, depending on starting con-
centrations (Fig. S5). This flux indicates the amount of
amine leaving the aqueous phase with time. Integrating this
flux over time reveals the total amount of amine that has
reacted (Fig. 2b). Most of the mass of the membrane is
formed within the first few seconds, consistent with other
reports.2® Simple estimates further confirm these measure-
ments to be reasonable: a measured MPD mass of 0.1 g/m?
corresponds to a membrane thickness of ~250 nm (density of
1.24 g/cm® 3! with a ratio of 1 MPD to 1 TMC), consistent

with typical membrane thicknesses. %1132

These measurements provide direct access to the rate of
monomer consumption as the polymerization occurs. A
model is required to relate J to properties of the reaction.
Following Ref. 33, we consider the reaction to occur in two
stages: monomer-monomer coupling in a reaction-diffusion
boundary layer (of Danckwerts type>*), followed by precipi-
tation and film formation. We begin with the former, which
holds only at the very early stage of the reaction.

At the instant the two phases come into contact, MPD dif-
fuses into the oil, where it reacts homogeneously with TMC
(assumed in excess) at a rate 6k[MPD],y[T'MCJo, where
k is the reaction rate constant, [M PD],; is the concentra-
tion of MPD in the oil, and [TMC]o is the starting TMC
concentration. The factor 6 reflects bi-functional MPD and
tri-functional TMC. Statistically, each amine monomer re-
acts within a time 7 ~ m, after which it is consumed.
During this time, the amine diffuses a distance § ~ /DoT
from the interface, where D, is the MPD diffusivity in oil.
A reaction-diffusion boundary layer of thickness

Do
6k[TMClo )

thus forms (Fig. S7). We assume the reaction-diffusion
boundary layer to evolve quasi-steadily, since it develops
faster than concentrations change appreciably within the
aqueous drop. The flux in the water (eq. 1) balances the



(a) 5 x10% (b) 102 (c) 5 x10%
™mC
© 19.3 mol/m® (0.70 wt%)

41 O 9.6 mol/m® (0.35 wt%) 3 A2 4r

* © 6.9mol/m® (0.25 wt%) @ 10 e \-(N\C\o EIEeS
) o ) o L—x ~
E s ° 1| E 0882 E sf
= 6 = 4 3, 8 o |3
= - =
& 029 o 8
E 2 o oo 1E 8 E > s
o g - = | wvep Q o
=, = 1™ 107F @ 936 molim® (10 wive) 1™ 4t
Q. - 8 © 465 mol/m® (5.0 wt%) ® [
_ = /8 O 232 mol/m® (2.5 wt%)
ol—= 10 0
0 200 400 600 800 1000 10° 10 102 0 1000 2000 3000 4000
3 3
[MPD], (mol/m?) [TMC], (mol/m?) [MPD] [TMC], "
Figure 3. (a) Flux at the start of the reaction for fixed initial TMC concentrations, but varying initial MPD concentrations. Jy scales

linearly with [M PD]q as predicted. (b) Flux at the start of the reaction for fixed [M PD]g, but varying [TMCJo. Jo scales linearly with
/ITMC]y for a range of starting concentrations. (c) Plotting Jo against [M PD]o+/[TMC]o (units of mol3/2m=9/2), in [TMC]o range

of 6.8-19.3 mol/m3, reveals a line with a slope of 7.9 & 0.6 x 10~8mb5/2mol~1/2s~1. Error bars show standard error from at least three
experiments for each point. Experiments are performed at room temperature (temperature deviations up to +3K, a possible source of

the error).

flux in the oil across the boundary layer, and is given ap-
proximately by

KD,[MPD],
5 ®)

where K is the oil/water partition coefficient and [M PD]o
the initial MPD concentration in the aqueous phase. Com-
bining (2) with (3) gives

Jo ~ K[MPD]p

Jo ~

6k[TMCJoD, . (4)

Thus at the very start, when the polymerization is domi-
nated by bimolecular reactions between monomers, we pre-
dict the amine flux out of the drop to scale linearly with
[MPD]() and A/ [TMC]O

To test this assertion, we run this reaction with various
combinations of starting MPD and TMC concentrations,
and measure the flux for each reaction, as in Fig. 2b. Figure
3a-b reports the flux at the start of the reaction (the first
data point in Fig. 2b) plotted against starting MPD and
TMC concentrations. At fixed TMC concentrations, the ini-
tial reactive flux indeed scales linearly with starting MPD
concentration (Fig. 3a, Fig. S6). Varying [TMC]o reveals
a range of concentrations (6.8-19.3 mol/m?®) whose flux are
consistent with the scaling proposed in eq. 4, ~ /[T MC|o,
for a reaction-diffusion boundary layer (Fig. 3b).

We expect this scaling to hold as long as the starting
assumptions hold. For example, the scaling should break
down if [TMC]o is too low to be considered in excess.
A crude estimate requires [TMC]o must at least exceed
[M PD])oi,0, the concentration of MPD in the oil. Requir-
ing K[MPD]o = [MPD]oi,0 < [TMC]o, corresponding to
[TMClo> 2 mM (K=0.0024, Fig. S10) for these experi-
ments, suggests the scaling should break down for [TMC|o
< bmM. Deviations from this scaling at very high TMC con-
centrations (>27.6 mM), may reflect HCl production from
polyamide formation or TMC hydrolysis.

Over a range of concentrations, the starting flux is indeed
consistent with scaling (4). We can thus determine the fun-
damental, monomer-monomer reaction rate constant k, from
the boundary layer scaling, up to a numerical prefactor. A
more accurate expression can be determined using finite el-
ement computations to model the reaction in this specific
geometry (Fig. S8), revealing the prefactor to be approx-
imately 1 £ 0.2. Figure 3c plots the starting flux against

[MPD}()[TMC]ém7 giving a straight line with slope 7.9 +
0.6 x 10~°m®?mol~/%s71. Using this with K= 0.0024
+ 2x10~* (Fig. S10), and an oil-phase MPD diffusivity
D,=1630 + 90 um?/s (Fig. S11), in eq. (4) reveals a re-
action rate constant k= 110 £+ 35 L/mol s. This compares
well with the rate constant measured for the analogous reac-
tion between aniline and benzoyl chloride (mono-functional
versions of monomers used here) in N-methyl-2-pyrrolidone,
for which k=128-164 L/mol 5.?>*% Given that N-methyl-
2-pyrrolidone is a more polar solvent which stabilizes the
charged transition state, the slightly smaller value reported
here for k seems reasonable. 7

The previous discussion holds for the early stage in the
reaction, where transport resistance due to a dense film is
absent. Figure 2b, and its analog for other conditions, shows
the amine flux to decay as a power-law in time, with expo-

nent between -1 and -2, after the first second. One would

expect J ~ =2 if MPD diffused through a growing mem-
brane with constant diffusivity D,,. 15 Amine fluxes that de-
cay more rapidly than ¢~ 2 would therefore suggest MPD dif-
fusivities that decrease as the polymer network forms. This
hypothesis has been proposed elsewhere,***® and is consis-
tent with the experimentally observed ‘self-limiting’ behav-
ior. %! We leave a more detailed analysis of this phenomenon
for further studies.

To summarize, we have demonstrated a microfluidic in-
terferometry technique that provides a window into the
rapid dynamics of an interfacial polymerization reaction of
widespread interest. Measured concentration changes near
the interface capture the dynamics of this interfacial poly-
merization, and simple scaling arguments describe monomer
consumption at the start of the reaction. Such insights will
ultimately aid in connecting input chemistry with observed
structure, morphology, and RO performance, and in the de-
sign of desired ultrathin films. While we have specifically
focused on polyamide RO membrane formation, the general
methodology should be applicable to other interfacial reac-
tions.
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profiles developing with time.
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