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Measuring Interfacial Polymerization Kinetics Using Microuidic Interferometry

Interfacial polymerization is used in a range of elds, both academic and industrial, for the production of bers, capsules, and lms. 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 dicult to obtain and rarely reported due to the thinness of lms, and rapidity of their formation at the liquid-liquid interface. Here, polyamide lm formation is studied using a microuidic, interferometry-based technique to measure monomer concentration near the interface as the reaction occurs. Our results are consistent with a polymerization reaction that is initially controlled by a reaction-diusion boundary layer within the organic phase. Using simple scaling arguments to analyze our data, we report the rst measurements of the reaction rate constant for this system.

Reacting monomers at an interface between two immiscible solvents is a robust and common method for producing bers, 1,2 capsules, 3,4 and ultrathin lms. 5 While interfacial polymerization has been known for over 50 years 2 and is used in large-scale manufacturing processes today, 6 in situ techniques to measure interfacial reaction kinetics are limited, system-specic, and often cannot capture the dynamics of fast reactions.

In particular, polyamide reverse osmosis (RO) membranes are made through interfacial polymerization, whose reaction kinetics have remained notoriously dicult to measure. The diculty arises from the rapid (∼seconds) 2 formation of a thin (∼100nm) 6 lm at the liquid-liquid interface. In addition, multiple phenomena are coupled in this process: chemical reactions, solute transport between phases, and polymer phase separation, adding further complexity to the problem. 7,8 For example, the reaction between m-phenylenediamine (MPD) and trimesoyl chloride (TMC) monomers, commonly used in RO membrane synthesis (Fig. 1a), 9 is believed to occur within the oil phase. MPD must therefore partition from the water to the oil, diuse within the oil, and react with TMC to form oligomers. 2 As the oligomers lengthen, phase separation occurs, growing a polymer lm that impedes the further transport of amine on one side of the lm to the acid chloride on the other. 10,11 The reaction thus slows, and becomes `self-limiting'. 11 While there is broad agreement regarding this mechanism for RO membrane formation, most details remain unknown or poorly characterized, including the intrinsic reaction rate constants, and the eects of the physical and chemical properties of the solutions themselves (e.g diusivities, partition coecients, concentrations) on the overall kinetics. 12 Attempts to measure such interfacial polymerization kinetics often involve arresting the polymerization at various times and measuring membrane mass or thickness, or sampling solution concentrations with time. 8,11,1321 Such methods, however, cannot capture the dynamics of fast-forming lms. Dynamic measurements of solution pH have captured monomer consumption in polyurea encapsulation, 3,2224 and have recently been applied to polyamide formation. 25 These techniques inherently probe properties of bulk solutions, rather than conditions at the interface where the reaction occurs. Solute transport eects are therefore lumped in with kinetic processes, and measurements may conate the two. The growth dynamics of polyamide membranes have additionally been studied through pendant drop tensiometry, light reectometry, 11 and diuse reectance spectroscopy. 26 These methods capture qualitative features of the reaction, (a) Concentration proles 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 ux is integrated (to nd the mass) until uctuations become larger than the ux itself, which occurs at approximately 10 s (Fig. S4) . revealing that more than half of the lm forms within the rst few seconds, and allows the growth rate to be estimated. However, relating measurements of interfacial tension and light reection to monomer consumption or polymer production is dicult. As others have noted, 23,24 there is a continuing need for a systematic experimental study of interfacial polymerization kinetics.

In this work, we present a new method to probe interfacial reaction kinetics. We design microuidic interferometry devices that track monomer concentration proles as they evolve in space and time. Specically, the ux of amine leaving the aqueous phase is determined from spatial and temporal measurements of amine concentration near the oil/water interface. Relating this ux 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 polymerization process, monomer-monomer reactions occur within a reaction-diusion boundary layer, and thus follow simple scalings. Our measurements provide, for the rst time, the reaction rate constant of the MPD-TMC interfacial polymerization reaction.

Our technique employs multiple-beam interferometry 27,28 in a microuidic device 29 to measure changes in refractive index as monomer is consumed by the reaction. Briey, white light sent through two semi-reective surfaces constructively interferes at wavelengths that depend upon the optical path (the distance separating the two mirrors multiplied by the refractive index of the solution). These wavelengths appear as discrete peaks when the transmitted light is split by a spectrometer (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 µm/pixel). By relating refractive index changes with concentration 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, microuidic devices, with photo-patterned 500 µm-diameter circular hydrophilic spots, as shown in Fig. 1b-c (see SI for details). 30 Filling the device with aqueous MPD solution, then displacing the solution 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 prole is tracked in space and time as the reaction proceeds (Fig. 1c).

At the moment of oil contact, the MPD concentration [M P D] near the interface drops, as MPD diuses into the oil phase and begins to react (Fig. 2a). Within the rst 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, diusion smooths out gradients in concentration, and the proles atten. Measured concentration proles are indeed consistent with solutions to the diusion equation, with the interfacial boundary condition set by the measured concentration (Fig. S2).

Measuring the slope of the concentration proles at the interface gives the diusive ux, J, of MPD into the oil,

J = -D ∂[M P D] ∂r r=R , (1) 
where D = 840 µm 2 /s is the measured diusivity of MPD in water (see SI), r is the radial coordinate, and R is the drop radius (Fig. 2b). The ux starts at a maximum, and decays within the rst second as a power-law in time with exponent between -1 2 and -3 2 , depending on starting concentrations (Fig. S5). This ux indicates the amount of amine leaving the aqueous phase with time. Integrating this ux over time reveals the total amount of amine that has reacted (Fig. 2b). Most of the mass of the membrane is formed within the rst few seconds, consistent with other reports. 26 Simple estimates further conrm these measurements to be reasonable: a measured MPD mass of 0.1 g/m 2 corresponds to a membrane thickness of ∼250 nm (density of 1.24 g/cm 3, 31 with a ratio of 1 MPD to 1 TMC), consistent with typical membrane thicknesses. 6,11,32 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-diusion boundary layer (of Danckwerts type 34 ), followed by precipitation and lm 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 diffuses into the oil, where it reacts homogeneously with TMC (assumed in excess) at a rate (2) thus forms (Fig. S7). We assume the reaction-diusion boundary layer to evolve quasi-steadily, since it develops faster than concentrations change appreciably within the aqueous drop. The ux in the water (eq. 1) balances the ux in the oil across the boundary layer, and is given approximately by

J0 ∼ KDo[M P D]0 δ , (3) 
where K is the oil/water partition coecient and [M P D]0 the initial MPD concentration in the aqueous phase. Combining ( 2) with (3) gives

J0 ∼ K[M P D]0 6k[T M C]0Do.
(4) Thus at the very start, when the polymerization is dominated by bimolecular reactions between monomers, we predict the amine ux out of the drop to scale linearly with [M P D]0 and [T M C]0.

To test this assertion, we run this reaction with various combinations of starting MPD and TMC concentrations, and measure the ux for each reaction, as in Fig. 2b. Figure 3a-b reports the ux at the start of the reaction (the rst data point in Fig. 2b) plotted against starting MPD and TMC concentrations. At xed TMC concentrations, the initial reactive ux indeed scales linearly with starting MPD concentration (Fig. 3a, Fig. S6). Varying [T M C]0 reveals a range of concentrations (6.8-19.3 mol/m 3 ) whose ux are consistent with the scaling proposed in eq. 4, ∼ [T M C]0, for a reaction-diusion 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 [T M C]0 is too low to be considered in excess. A crude estimate requires [T M C]0 must at least exceed [M P D] oil,0 , the concentration of MPD in the oil. Requiring K[M P D]0 = [M P D] oil,0 < [T M C]0, corresponding to [T M C]0> 2 mM (K=0.0024, Fig. S10) for these experiments, suggests the scaling should break down for [T M C]0 < 5mM. Deviations from this scaling at very high TMC concentrations (>27.6 mM), may reect HCl production from polyamide formation or TMC hydrolysis.

Over a range of concentrations, the starting ux is indeed consistent with scaling (4). We can thus determine the fundamental, monomer-monomer reaction rate constant k, from the boundary layer scaling, up to a numerical prefactor. A more accurate expression can be determined using nite element computations to model the reaction in this specic geometry (Fig. S8), revealing the prefactor to be approximately 1 ± 0.2. Figure 3c plots the starting ux against

[M P D]0[T M C] 1/2
0 , giving a straight line with slope 7.9 ± 0.6 × 10 -8 m 5/2 mol -1/2 s -1 . Using this with K= 0.0024 ± 2×10 -4 (Fig. S10), and an oil-phase MPD diusivity Do=1630 ± 90 µm 2 /s (Fig. S11), in eq. ( 4) reveals a reaction rate constant k= 110 ± 35 L/mol s. This compares well with the rate constant measured for the analogous reaction between aniline and benzoyl chloride (mono-functional versions of monomers used here) in N-methyl-2-pyrrolidone, for which k=128-164 L/mol s. 35,36 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. [START_REF] Reichardt | Solvents and Solvent Eects in Organic Chemistry[END_REF] The previous discussion holds for the early stage in the reaction, where transport resistance due to a dense lm is absent. Figure 2b, and its analog for other conditions, shows the amine ux to decay as a power-law in time, with exponent between -1 2 and -3 2 , after the rst second. One would expect J ∼ t -1 2 if MPD diused through a growing membrane with constant diusivity Dm. 15 Amine uxes that decay more rapidly than t -1 2 would therefore suggest MPD diffusivities that decrease as the polymer network forms. This hypothesis has been proposed elsewhere, 33,[START_REF] Freger | [END_REF] and is consistent with the experimentally observed `self-limiting' behavior. 8,11 We leave a more detailed analysis of this phenomenon for further studies.

To summarize, we have demonstrated a microuidic interferometry 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 polymerization, 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 design of desired ultrathin lms. While we have specically focused on polyamide RO membrane formation, the general methodology should be applicable to other interfacial reactions. DGE-1144085. A portion of this work was performed in the UCSB Nanofabrication Facility, part of the NSF-funded NNIN network, in the Microuidics Laboratory within the California NanoSystems Institute, supported by UCSB and the UC, Oce of the President, and the Shared Experimental Facilities of the Materials Research Science and Engineering Center at UCSB (MRSEC NSF DMR 1720256). We thank Douglas Vogus, Anirudha Banerjee, and Sarah Grazul for aid in measuring K, and Yanxian Lin for assistance with PFG NMR.
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  (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 interferometry. (b) Side view of microuidic device for interferometry. Photo-patterned hydrophilic region traps aqueous phase. Drop prole shown is exaggerated, as the channel height is a tenth of the drop radius. Light entering from above reects between surfaces, with dierent wavelengths interfering dierently. Spectrometer 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 ows to initiate the reaction. Light is collected along a slit (red dash), to resolve refractive index proles of an MPD solution as they evolve in space and time.
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  6k[M P D] oil [T M C]0, where k is the reaction rate constant, [M P D] oil is the concentration of MPD in the oil, and [T M C]0 is the starting TMC concentration. The factor 6 reects bi-functional MPD and tri-functional TMC. Statistically, each amine monomer reacts within a time τ ∼ 1 6k[T M C] 0 , after which it is consumed. During this time, the amine diuses a distance δ ∼ √ Doτ from the interface, where Do is the MPD diusivity in oil. A reaction-diusion boundary layer of thickness δ ∼ Do 6k[T M C]0
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  (a) Flux at the start of the reaction for xed initial TMC concentrations, but varying initial MPD concentrations. J 0 scales linearly with [M P D] 0 as predicted. (b) Flux at the start of the reaction for xed [M P D] 0 , but varying [T M C] 0 . J 0 scales linearly with [T M C] 0 for a range of starting concentrations. (c) Plotting J 0 against [M P D] 0 [T M C] 0 (units of mol 3/2 m -9/2 ), in [T M C] 0 range of 6.8-19.3 mol/m 3 , reveals a line with a slope of 7.9 ± 0.6 × 10 -8 m 5/2 mol -1/2 s -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).
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