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ABSTRACT

Continuous-flow chemistry is emerging as an enabling technology for the synthesis of precise
polymers. Despite recent advances in this rapidly growing field, there remains a need for a
fundamental understanding of how fluid dynamics in tubular reactors influence polymerizations.
Herein, we report a comprehensive study of how laminar flow influences polymer structure and
composition. Tracer experiments coupled with in-line UV-vis spectroscopy demonstrate how
viscosity, tubing diameter, and reaction time affect the residence time distribution (RTD) of fluid
in reactor geometries relevant for continuous-flow polymerizations. We found that the breadth of
the RTD has strong, statistical correlations with reaction conversion, polymer molar mass, and
dispersity for polymerizations conducted in continuous flow. These correlations were
demonstrated to be general to a variety of different reaction conditions, monomers, and
polymerization mechanisms. Additionally, these findings inspired the design of a droplet flow
reactor that minimizes the RTD in continuous-flow polymerizations and enables the continuous

production of well-defined polymer at a rate of 1.4 kg/day.



Introduction

Continuous-flow chemistry is emerging as a useful technology for precision in polymer
synthesis.' Compared to conventional batch processes, the use of micromixers and small
diameter tubing leads to rapid mixing and the large specific surface area of milli-and microflow
tubular reactors affords excellent heat transfer. These attributes minimize local hot spots, offer
instantaneous initiation or termination of polymerizations with fast kinetics, and ultimately provide

¢ For photocatalyzed

enhanced control of polymer structure and material properties.>
polymerizations, small diameter flow tubing allows more uniform irradiation, faster kinetics, and
easier scale-up compared to batch.”!! Lastly, software control of pumps, reactors, and in-line
analytical techniques enables automation of polymerization processes.!>13

New opportunities in polymer synthesis enabled by continuous-flow chemistry include the
rapid creation of polymer libraries, the telescoping of multistep polymerizations, and the
automated optimization of macromolecular synthesis.'®2° In contrast to batch processes,
continuous flow’s ability to dynamically alter continuous variables within a single experiment
enables the rapid synthesis and analysis of polymer samples with systematic alterations in
molecular weight, composition, and reaction rate. This higher-throughput approach expedites
access to libraries of polymers for reaction optimization, kinetic analysis, and structure—property
studies.?!*? Continuous-flow synthesis permits users to combine multistep chemical processes into
an uninterrupted sequence, which has been exploited to efficiently produce multi-block and

17,2326 Furthermore, the automation of continuous-flow

sequence-defined copolymers.
polymerizations has the potential to facilitate the reproducible synthesis and analysis of synthetic

polymers by non-experts, analogous to peptide synthesizers, thus removing a significant barrier to

material discovery efforts.



The precise reaction conditions offered by continuous flow are especially relevant in
controlled polymerizations where regulation of polymer microstructure, molecular weight, and
dispersity (D) is desired. Ideally, the synergistic combination of controlled polymerizations and
the well-defined reaction conditions in continuous flow would lead to polymers with predictable
molar mass and low D. Studies by Yoshida, Sawamoto, and coworkers demonstrated the
advantages of continuous flow for rapid and highly exothermic cationic polymerizations, where
the enhanced mixing and improved heat transfer in continuous flow dramatically improved
polymerization control, resulting in materials with much lower D than analogous reactions run in
batch.27-28

For polymerizations that exhibit slower kinetics, translation of batch reactions to
continuous-flow polymerization often demonstrates poor control. In seminal work conducting
reversible addition fragmentation chain-transfer (RAFT) polymerization in continuous flow,
Thang et al. consistently observed lower monomer conversion and higher P compared to the
analogous batch reactions for a wide variety of monomers.?’ These results have been subsequently
validated by a number of other independent studies and have been ascribed to fluid dynamic
phenomena inherent to tubular reactors.’*34 Fully exploiting the benefits of continuous-flow
polymer synthesis will first require a fundamental understanding of how fluid dynamics in tubular

reactors influence polymer structure and composition.



Plug Flow
P e oot o Dispersity matches batch
Velocity ==———>
— - » »m

Profile ——> T  Conversion matches batch

0 5 10 15 20
Residence time (min.)

Assumed flow regime Narrow residence Narrow
time distribution polymer D

Laminar Flow

—_—
Velocity == .
Profile _»—» ﬁ .

Increase in dispersity

Decrease in conversion

e —————— 0 5 0 15
Reslden(etlme (min.)
Observed flow Regime Broad residence Broad
time distribution polymer D

Figure 1. Comparison of different flow regimes used to describe small-diameter continuous-flow

tubular reactors.

Modern polymerizations run in continuous-flow tubular reactors are predominately
conducted in the laminar flow regime, which is defined as fluid moving through a closed channel
with a Reynolds number less than 2000.3° Laminar flow is characterized by ordered, parallel layers
of liquid sliding past each other at different velocities with radial mixing being limited to molecular
diffusion. Due to friction at the tubing-liquid interface, a parabolic velocity profile is observed
with layers at the edge moving slower than layers toward the center (Figure 1). These velocity
differences are maintained over long length spans due to the lack of turbulence or recirculation
eddies, causing liquid to reside in the flow reactor for different amounts of time.3%°

The resulting residence time distribution (RTD) caused by laminar flow is defined as the
distribution of time it takes simultaneously injected fluid to fully traverse and exit a flow reactor.

For chemical reactions, the RTD results in a distribution in reaction time and a corresponding

effect on reaction conversion and product formation.*® For polymerizations, the RTD is directly



correlated to polymer P. Despite the emerging utility of continuous-flow polymerizations, there
remains no quantitative study on how RTD influences polymer structure.

Herein, we report a comprehensive study of how laminar flow in small diameter tubular
reactors influences polymer structure. Using in-line UV-vis spectroscopy, we demonstrate how
tubing diameter, solution viscosity, and mean residence time influence RTD under conditions
relevant for continuous-flow polymerization. We subsequently conduct polymerizations under
various conditions and reactor geometries to understand how RTD influences reaction conversion,
polymer molar mass (M,), and P. The breadth of the RTD in laminar flow is found to have strong,
statistical correlations with polymerization control. These correlations are demonstrated to be
general to a variety of different reaction conditions, monomers, and polymerization mechanisms.
Additionally, our comprehensive studies have enabled the rational design of a reactor to minimize
RTD, enabling the continuous production of well-defined polymer at a rate of 1.4 kg/day.

Results and Discussion

The effect of reactor geometry on experimentally measured RTD. Reports of
polymerizations conducted in continuous flow have typically assumed plug flow as a simplified
model of solution moving through a reactor. In plug flow, fluid velocity is assumed to be constant
across any cross-section of the tubular reactor and no boundary layer is considered at the fluid—
wall interface.’> The RTD of plug flow is assumed to be negligible (Figure 1). In reality,
continuous-flow polymerizations are conducted in tubular reactors at low to moderate flow rates
under laminar flow conditions, where solution in the middle of the tube exits the reactor faster than

the mean residence time and solution near the walls resides in the reactor much longer.
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Figure 2. A. Continuous-flow setup used to measure residence time distribution (RTD); B.

Analysis of UV-Vis response allows experimental determination of RTD.

To experimentally measure the RTD of common flow geometries, in-line UV-vis
spectroscopy was used to track the dispersion of an injected tracer. A flow system was first brought
to steady state operation before a UV-absorbing small molecule tracer was introduced into the
system (Figure 2A). The RTD was extracted from absorbance measurements in the time between
when the tracer first begins exiting the reactor and the absorbance reaches a new steady state
(Figure 2B). In a typical experiment, the observed RTD was calculated for a specific tubing
diameter or flow rate, with hexanes as the mobile phase and toluene as the UV-absorbing small
molecule tracer. To probe the effect of viscosity on RTD, the identity of the mobile phase was

changed from hexanes (0.3 mPa*s) to either a 90% acetonitrile-water solution (0.5 mPa*s), water



(1 mPa*s), a 9% polyethylene glycol-water solution (9.1 mPa*s), or a 23% polyethylene glycol-
water solution (85 mPa*s). For aqueous solutions the absorbing tracer was changed from toluene
to phenol. These experiments enabled visualization of the influence of tubing diameter, residence
time, and molecular diffusion on the RTD under conditions commonly used for continuous-flow
polymerizations (Figure 3). In agreement with previous studies, increasing tubing size, decreasing

retention time, and increasing viscosity all resulted in a broadening of RTD.3¢
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Figure 3. Experimental RTD of common continuous-flow conditions using small molecule tracers.
The area under the curve has been normalized to one. A. Effect of tubing diameter on RTD with
constant retention time and viscosity (10 min. and 0.3 mPa*s, respectively). B. Effect of retention
time on RTD with constant tubing diameter and viscosity (0.04 in. and 0.3 mPa*s, respectively).
C. Effect of viscosity on RTD with constant tubing diameter and retention time (0.04 in. and 10

min., respectively). Flow rates for each condition is detailed in the Supporting Information.

We hypothesized that the RTD of a growing polymer would deviate from that of small
molecule tracers. To test this hypothesis on a model system, we chose to explore the ring-opening
transesterification polymerization (ROTP) of y-valerolactone (y-VL) catalyzed by 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD). The polymerization in flow was first brought to steady state
operation using hexanol as an initiator. Subsequent replacement of hexanol with pyrenebutanol
by a step change in flow rate of two pumps provided a polymer-bound UV—Vis tracer while
keeping the total concentration of alcohol constant. The resulting RTD observed for an active
polymerization (Figure 4) is much broader than analogous experiments conducted with small
molecule tracers under otherwise identical conditions. While the small molecule experiments in
Figure 3 demonstrated a symmetric RTD that is predicted by the dispersion model of fluid transport
in a tubular reactor, a convective model of fluid transport more accurately describes the
asymmetric RTD seen in polymerizations.?” This convective model is typically observed in flow
geometries with minimal radial diffusive mixing or large tubing diameters (Figure 3A). We predict
that the slower molecular diffusion of polymer chains as well as the inherent viscosity of polymer
solutions leads to convective fluid transport even in small diameter tubing, resulting in a broader

RTD than previously studied small molecule systems.
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Figure 4. Comparison between the observed RTD of a polymerization and a small molecule model

experiment under the same reaction geometry (10 min. residence time and 0.04 in. tubing).

The influence of RTD on polymerization performance. Quantifying the influence of
RTD on monomer conversion, M,, and P for continuous-flow polymerization is non-trivial.
Viscosity constantly evolves as a polymerization progresses and different retention times have a
non-linear effect on reaction conversion. Therefore, the modification of tubing diameter was
chosen as a user-defined variable to enable the systematic study of RTD’s effect on polymer
structure. Model studies with small molecule tracers (Figure 3A) demonstrated that increasing
tubing diameter increases the RTD; thus, we hypothesized that an increase in tubing diameter in a
continuous-flow polymerization would result in a decrease in conversion, decrease in M, and
increase in H. The controlled ROTP of y-VL was carried out in reactors with tubing inner-

diameters of 0.02 in., 0.03 in., 0.04 in., 0.063 in., and 0.093 in. As a control, these results were



compared to a polymerization run in a small scale (2 mL) batch reactor, which had sufficiently fast

mixing and heat transfer to approximate an experiment with no RTD.

N
o H ’
NN —>/\/\/\O O
OH + 6 10 min. 25°C M>n

Reactor geometryb M (g/mol)° p° Conversion (%)d
Batch (2 mL scale) 11,200 =200 1.05 £ 0.01 69 £9
Flow (0.02 in. tubing) 11,300 = 900 1.12 £ 0.01 69 +2
Flow (0.03 in. tubing) 11,000 = 400 1.14 £0.04 63 3
) 10,800 =500 1.15 £0.01 62 £2

Flow (0.063 in. tubing) 9,000 + 300 1.27 £0.07 50%5

(
(

Flow (0.04 in. tubing
(

Flow (0.093 in. tubing) 9,000 = 1,000 1.33 = 0.06 49+ 8

Table 1. Continuous-flow polymerization of y-VL with varied tubing diameters. Reactions were
conducted in triplicate and the standard deviations are reported. “Conditions: [y-VL] = 5M; [y-
VL]:[initiator]:[TBD] = [125]:[1]:[0.4]; Theoretical M, at 100% conversion = 25,600 g/mol.
’Tubing lengths and flow rates found in SI. “Measured by GPC using polystyrene standards.

9Determined by 'H NMR.

As shown in Table 1, the RTD in laminar flow led to decreased control compared to an
analogous small-scale batch reaction, with clear correlations observed between tubing diameter,
conversion, M,, and P. Each experiment was conducted three times and standard deviations are
reported in Table 1. Even in the smallest inner-diameter tubing tested, P increased from 1.05 in
batch to 1.12 in flow, and increases in tubing inner-diameter led to further increases in D. In the
largest diameter tubing (0.093 in.), both conversion and M, decreased 20% compared to batch and
D increased from 1.05 to 1.33. These results represent a significant limitation for the scale-up of

continuous-flow polymerizations, since large tubing inner-diameters enable higher continuous

10



throughput for a given reaction. We note that large scale polymerizations in batch also deviate
from ideal behavior due to poor mass and heat transfer in larger volume batch reactors.
Overcoming RTD with droplet flow. The combined UV-Vis and polymerization data
suggest that decreasing tubing diameter, increasing retention time, and decreasing viscosity result
in better control. For polymerizations run in continuous flow, however, the pressure drop along a
given length of tubing must be considered concomitantly with changes to the reactor geometry.
Pressure drop (4P) is the result of frictional forces between the stationary tubing and the moving

liquid and can be quantified by the Hagen-Poiseuille equation’?:

128uL0
AP = ———
dy

Where, 1 is the dynamic viscosity, L the tubing length, O the volumetric flow rate, and d; the tubing
diameter. For polymerizations conducted in continuous flow, pressure drop commonly becomes
high enough to stall pumps or burst tubing due the increasing viscosity of the polymerizing mobile
phase. Strategies to mitigate the negative impacts of laminar flow on polymer structure and D also
exaggerate pressure drop within the flowing system. For example, diluting the reaction will lower
the pressure drop, but requires a faster flow rate (Q) and longer lengths of tubing (L) to maintain
an equal throughput. Similarly, decreasing tubing inner-diameter (d;) exponentially increases
pressure drop and increases the difficulty of producing samples in a meaningful quantity. For these
reasons, we found it challenging to use the aforementioned techniques to minimize RTD and
replicate the control observed in small-scale batch polymerizations.

Two alternative techniques to minimize the RTD in tubular microreactors include the

creation of Dean vortices or the use of in-line static mixers.***! Dean vortices represent secondary

11



fluid motion in laminar flow resulting from centripetal forces of fluid flowing in tubes arranged
with tight curvature. Tracer experiments on both tightly and loosely coiled reactors showed no
difference in RTD, suggesting that Dean vortices did not occur in the geometries and reaction
conditions explored herein. The use of static mixers is a potential solution, but they exaggerate
AP, are prone to clog with viscous solutions, and require optimization for each system.

Gas-liquid segmented flow, also referred to as Taylor flow or droplet flow,*? is an
alternative and attractive approach to decrease the RTD in continuous-flow reactors. The droplet
flow approach compartmentalizes slugs of liquid in an immiscible mobile phase (Figure 5). Within
each slug, recirculation motions enhance mixing and the lack of slug coalescence ensures a narrow
RTD. This approach has been shown to narrow the RTD of both small molecule reactions and
nanoparticle synthesis, for the latter decreasing the size dispersity of nanoparticles formed in
droplet flow compared to continuous flow.*43

Using a metering valve and an inert gas, we evaluated the influence of droplet flow on the
RTD of continuous-flow polymerizations. Tracer experiments analyzed by in-line UV-vis
spectroscopy were used quantify the RTD of viscous fluids in droplet flow. For the most viscous

sample analyzed in Figure 3C (85 mPaes), droplet flow resulted in a narrower RTD than even the

analogous non-viscous sample (0.3 mPa*s) run in traditional continuous flow.

12
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Figure 5. Polymerization of y-VL using droplet flow. The reaction run in 0.093 in. inner diameter
tubing produced poly(y-VL) at a rate of 1.4 kg/day. “Conditions: [y-VL] = 5M; [y-
VL]:[initiator]:[TBD] = [125]:[1]:[0.4]; Theoretical M, at 100% conversion = 25,600 g/mol.
’Tubing lengths and flow rates found in SI. “Measured by GPC using polystyrene standards.
9Determined by 'H NMR.

The polymerization of y-VL was used to probe the influence of droplet flow on
polymerization (Figure 5). Droplet flow demonstrated a dramatic improvement compared to
analogous continuous-flow polymerizations. Even in the largest diameter tubing, the conversion,
My, and D all effectively matched that of a small-scale batch reaction. The improvement in RTD
was found to be decoupled from retention time, viscosity, and tubing diameter, thus overcoming a
crucial hurdle for continuous-flow polymerizations. Using two peristaltic pumps at a total flow
rate of 3.6 mL/s and 0.093 in. inner-diameter tubing, the polymerization of y-VL was scaled up to
collect poly(y-VL) continuously at a rate that would equate to 1.4 kg/day under continuous

operation. Importantly, both the M, (12.0 kg/mol) and P (1.07) of the polymer was analogous to a

13



small-scale batch polymerization. A built-in pressure monitoring system demonstrated that total
system pressure never exceeded 5 pounds-per-square-inch, indicating that further scale-up is
possible.

In order to probe the generality of RTD’s effects, we studied the RAFT polymerization of
n-butyl acrylate (nBuA), N-isopropylacrylamide (NIPAM) and N, N-dimethylacrylamide (DMA).
These studies expanded the data set from ROTP to controlled radical polymerization while
simultaneously investigating polymerizations with both slower (nBuA) and faster (NIPAM and
DMA) reaction kinetics. The RAFT polymerization of nBuA was studied at a retention time of 30
minutes (Figure 6). The polymerization run in batch resulted in poly(nBuA) with a M, of 13.0
kg/mol and a D of 1.14. Polymerizations run in continuous flow demonstrated a correlation
between increasing tubing diameter and increasing P. This loss of polymerization control is
consistent with the results observed with poly(y-VL) (Table 1). We hypothesize that the magnitude
of D change is less for the slower polymerization of nBuA due to the narrower RTD observed for
reactions with longer residence times (Figure 3B). The polymerization of nBuA, however, did not
demonstrate a reduction in monomer conversion with increasing tubing diameter. While we have
limited experimental evidence at the current time, we hypothesize that the broadening of ® without
the associated decrease in monomer conversion is due to the differences in the RTD of the
monomers and growing polymer chains in solution. Due to differences in molecular diffusion, a
narrower RTD is expected for unreacted monomers as compared to the growing polymer chains,
especially at longer residence times (Figure. 4). This would lead to the RTD in this system having

a smaller impact on monomer conversion as compared to polymer D.
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CTA:
1 RAFT CTA, AIBN *f] o

> S_. S OH
0”0 EtoAc, 80°C, 30 min. oo HO)K( \g/ \/\g/
n-Bu A-Bu

Reactor geometryb M (g/mol)° D¢ Conversion (%)d
Batch (2 mL scale) 13,400 1.14 62
Flow (0.04 in. tubing) 13,100 1.17 64
Flow (0.093 in. tubing) 13,100 1.26 65
Droplet (0.093 in. tubing) 13,600 1.15 60

Table 2. Continuous-flow polymerization of nBuA with varied tubing diameters. “Conditions:
[nBuA] = 2M; [nBuA]:[CTA]:[AIBN] = [200]:[1]:[0.3]; Theoretical M, at 100% conversion =
25,600 g/mol. *Tubing lengths and flow rates found in SI. “Measured by GPC using polystyrene
standards. “Determined by '"H NMR.

Expected trends were observed for the polymerization of NIPAM at a five-minute retention
time, with droplet flow leading to an even lower P than that observed in an analogous batch
experiment (additional polymerization data can be found in the SI). The polymerization of DMA,
however, demonstrated additional complexities of running polymerizations in continuous flow
beyond RTD. For this polymerization exhibiting rapid kinetics, heat transfer and mixing were
found to have significantly larger effects on conversion and P than RTD. For example, in two
otherwise identical reactions, conversion in a 2 mL batch reactor was increased from 6% to 87%
upon preheating the monomer solution prior to adding the thermal initiator, highlighting the slow
heat transfer in batch. The analogous flow reaction achieved a moderate conversion of 64%
without any preheating. Surprisingly, attempts to preheat the flow reaction by separating the
monomer and initiator solutions into two syringes and recombining them using a T-mixer led to a
decrease in conversion and an increase in D. The collection of these experimental observations

suggests that mixing, not reactor geometry, is the primary determinant to achieve controlled
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polymerizations in flow with monomers that exhibit rapid kinetics. For fast reactions in flow,
improving mixing efficiency through the use of more advanced micromixers is suggested, and a

number of quality discussions on the topic can be found elsewhere.3¢-7

Conclusion

We have provided experimental evidence that the RTD associated with laminar flow in
tubular microreactors has strong, statistical correlations with reaction conversion, M,, and P in
continuous-flow polymerizations. Tracer experiments coupled with in-line UV-vis spectroscopy
demonstrated that decreasing retention time, increasing viscosity, and increasing tubing diameter
resulted in broadening of the RTD. For the ROTP of y-VL, we found that the broadening of the
RTD directly correlated to an increase in P and a decrease in both M, and conversion. Droplet
flow was discovered as a solution to mitigate the negative effects of RTD for the continuous-flow
polymerization of y-VL, resulting in a method that matched the results of a small-scale batch
reaction while producing narrowly disperse polymer (P = 1.07) at a rate of 1.4 kg/day.
Furthermore, these observations were generalized to polymerizations with different mechanisms
and different reaction rates. The fundamental understanding of laminar flow’s influence on
polymerization detailed herein will facilitate the broader adoption of continuous-flow synthesis in

polymer science.
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Detailed information on reagents, analytic instrumentation, specific reactor tubing specifications,
flow rates, list of commercially available flow equipment, specific procedures for the
polymerizations of J-valerolactone, n-butyl acrylate, N-isopropylacrylamide, and N,N-

dimethylacrylamide, extended polymerization data of poly(n-butyl acrylate), poly(N-
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isopropylacrylamide), poly(N, N-dimethylacrylamide) and explanation of data workup for

residence time distribution visualizations can be found in the Supporting Information.
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General methods and materials

Reagents

d-valerolactone was dried over calcium hydride, distilled, and stored in a glove box prior to use.
N-isopropylamide was recrystallized once from a 50/50 mixture of hexanes/toluene prior to use.
n-butyl acrylate and N, N-dimethylacrylamide were passed through an alumina column in order to
remove inhibitor prior to use. All other reagents were purchased and used without further
purification.

Analysis

Proton nuclear magnetic resonance spectra ('"H NMR) were recorded on a Bruker model DRX 400
MHz spectrometer with a solvent resonance as the internal standard ("H NMR: CDCls at 7.26 ppm
or D>O at 4.79 ppm). UV-Vis spectra were measured on a Gilson 151 UV/VIS Multilength
Detector at 254 nm coupled with a Vapourtec R-series recorder.

Gel permeation chromatography (GPC) for poly(N,N-dimethylacrylamide) samples were
performed on an Agilent 1260 Infinity separation module liquid chromatograph equipped with two
Agilent Resipore Columns (PL1113-6300) maintained at 50 °C, and an Agilent 1260 RID G1362A
refractive index detector at 50 °C. A solution of 0.1 wt% LiBr in dimethylformamide (DMF) was
used as the mobile phase at a flow rate of 1.0 mL/min. Molecular weight and dispersity data are
reported relative to poly(ethylene oxide) standards.

For all other polymer samples GPC analysis was performed on a Waters 2695 separations module
liquid chromatograph equipped with either four Waters Styragel HR columns (WAT044225,
WAT044231, WAT044237, and WAT054460) arranged in series or two Agilent Resipore columns
(PL1113-6300) maintained at 35 °C, and a Waters 2414 refractive index detector at room
temperature. Tetrahydrofuran was used as the mobile phase at a flow rate of 1.0 mL/min.
Molecular weight and dispersity data are reported relative to polystyrene standards.

Viscosity measurements for PEG-water solutions were taken on an ARES-G2 from TA
instruments using a concentric cylinder and cup geometry.



Flow geometries

Flow rates for all experiments were calculated by measuring the internal volume of the reactor
tubing and dividing by the desired retention time. Listed below are the lengths of tubing used in
each experiment.

Experiments Tubing size Tubing length Reactor volume

0.02 in. 150 cm 304 pL
0.03 in. 150 cm 684 pL

UV-Vis measurements 0.04 in. 150 cm 1.22 mL
0.063 in. 150 cm 2.92 mL

0.093 in. 150 cm 6.57 mL
0.02 in. 150 cm 304 pL
0.03 in. 150 cm 684 pL

0.04 in. 150 cm 1.22 mL

Poly(8-valerolactone) polymerizations 0.04 in. Droplet 150 cm 1.22 mL
0.063 in. 20 cm 390 pL

0.093 in. 30cm 1.31 mL

0.093 in. Scale up 900 cm 39.44 mL

0.04 in. 150 cm 1.22 mL

Poly (n -butyl acrylate) and poly(N -

. . 0.093 in. 30 cm 1.31 mL

Isopropylacrylamide) polymerizations )
0.093 in. Scale up 900 cm 39.44 mL
0.04 in. 150 cm 1.22 mL

Poly(N,N- dimethylacrylamide) .

L. 0.093 in. 30 cm 1.31mL

polymerizations .
0.093 in. Scale up 180 cm 7.89 mL



Flow equipment

Flow tubing and connections were purchased from Upchurch Scientific (IDEX Health and
Science). Syringe pumps and syringes were purchased from Harvard Apparatus. Luer-lock
adapters were purchased to allow withdrawing reaction solution using standard needles (Idex
Health and Science).
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Figure S1. A. PEEK super-flangeless nut B. Yellow super-flangeless ferrule with corresponding
stainless steel ferrule ring -- sold separately — larger sizes needed for 0.063 and 0.093 in. tubing.
C. 0.02 in., 0.03 in., 0.04 in., 0.063 in., and 0.093 in. tubing D. Vapourtec SF-10 peristaltic pump
E. Micrometering valve (part number p-445) F. back pressure regulator, 40 PSI (part number P-
785) G. Static mixing Tee H. 20 mL stainless steel syringe I. Ph.D Ultra syringe pump



Polymerization methodology

Poly(6-valerolactone)ln the glove box using dry reagents and solvents, two solutions were
prepared. The first was charged with 0.925 mL (10 mmol) of 3-valerolactone, 0.75 mL of DCM,
and a stir bar. The second was charged with 1 mL of DCM, 4.5 mg (0.032 mmol) of
triazabicyclodecene, and 10uL (0.080 mmol) of anhydrous 1-hexanol. To initiate the
polymerization the two solutions were combined at room temperature and allowed to stir for 10
minutes before being quenched by addition of a small amount of acetic acid. At 100%
conversion the target DP is 125 and the target Mnis 12,515.

For flow reactions the solutions were instead loaded into two different syringes that had been
dried under vacuum overnight and brought into the glovebox. Outside of the glove box the
syringe pumps were set to an identical flow rate with the total rate targeting a 10 minute
retention time. A third pump containing an acetic acid/DCM solution was used to quench the
reaction. To reach steady state, the pumps were run for 30 minutes (3 retention times) before
collecting product.

For scale-up in droplet flow, solutions were prepared inside the glove box in two separate septum
caped Erlenmeyer flasks. The peristaltic pumps were set to flow rates slightly lower than
predicted for a 10 minute retention time. At first the peristaltic pumps pumped DCM through the
system to allow manual adjustment of the argon flow rate until a 10 minute retention time was
approximated by visually measuring the velocity of the air bubbles. Once a suitable retention
time was estimated the peristaltic pumps began feeding from their respective monomer and
catalyst/initiator solutions. When those solutions had been depleted the pumps were switched
back to DCM to push the remaining volume of reaction solution through the reactor. During this
experiment 100% of material was collected in a single vessel and then further analyzed via NMR
and GPC.

Poly(n-butyl acrylate)

A single round bottom flask was charged with 28.7 mL (0.2 mol) of deinhibited n-butyl acrylate,
98.5 mg (0.6 mmol) of azobisisobutyronitrile, 254 mg (2 mmol) of 2-(2-
carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid and 71.3 mL of ethyl acetate. Argon
was then bubbled through the solution for 60 minutes. At 100% conversion the target DP is 200
and the target M, is 25,600 g/mol

For the batch reaction a 2 mL sample was transferred into a small vial pre-purged with Argon
and equipped with a stirbar and gas-tight septa. The vial was allowed to stir in a 80°C heat bath
for 30 minutes before being quenched by the addition of butylated hydroxytoluene and removal
from heat.

For flow reactions the desired length of tubing was submerged in a 80°C heat bath before the
solution was loaded into a syringe and the flow rate of the syringe pump was set to target a 30
minute retention time. To reach steady state, the pump was run for 90 minutes (3 retention
times) before product was collected in a vial containing a small amount of butylated
hydroxytoluene.



For scale-up in droplet flow, the desired length of tubing was submerged in a 80°C heat bath
before the peristaltic pump was set to flow rate slightly lower than predicted for a 30 minute
retention time. At first ethyl acetate was pumped through the system to allow manual adjustment
of the argon flow rate until a 30 minute retention time was approximated by visually measuring
the velocity of the air bubbles. Once a suitable retention time was estimated the peristaltic pump
began feeding from reaction solution. When that solution had been depleted the pumps were
switched back to ethyl acetate to push the remaining volume of reaction solution through the
reactor. During this experiment 100% of material was collected in a single vessel and then
further analyzed via NMR and GPC.

Poly(/NV-isopropylacrylamide)

A 100 mL volumetric flask was charged with 22.6 g (0.2 mol) of N-isopropylacrylamide, 98.5
mg azobisisobutyronitrile, and 254 mg (2 mmol) of 2-(2-
carboxyethylsulfanylthiocarbonylsulfanyl)propionic acid. Ethyl acetate was added until the total
solution volume reached 100 mL. Argon was then bubbled through the solution for 60 minutes.
At 100% conversion the target DP is 200 and the target M, is 22,600 g/mol. For the batch
reaction a 2 mL sample was transferred into a small vial pre-purged with Argon and equipped
with a stirbar and gas-tight septa. The vial was allowed to stir in a 100°C heat bath for five
minutes before being quenched by the addition of butylated hydroxytoluene and removal from
heat.

For flow reactions the desired length of tubing was submerged in a 100°C heat bath before the
solution was loaded into a syringe and the flow rate of the syringe pump was set to target a 5
minute retention time. To reach steady state, the pump was run for 15 minutes (3 retention
times) before product was collected in a vial containing a small amount of butylated
hydroxytoluene.

For scale-up in droplet flow, the desired length of tubing was submerged in a 100°C heat bath
before the peristaltic pump was set to a flow rate slightly lower than predicted for a 5 minute
retention time. At first ethyl acetate was pumped through the system to allow manual adjustment
of the argon flow rate until a 5 minute retention time was approximated by visually measuring
the velocity of the air bubbles. Once a suitable retention time was estimated the peristaltic
pumps began feeding from reaction solution. When those solutions had been depleted the pumps
were switched back to ethyl acetate to push the remaining volume of reaction solution through
the reactor. During this experiment 100% of material was collected in a single vessel and then
further analyzed via NMR and GPC.

Poly(V,N-dimethylacrylamide)

A single vial was charged with 6.15 mL (0.060 mol) of deinhibited N, N-dimethylacrylamide, 9.6
mg (0.030 mmol) of 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044), 35.7
mg ( 0.15 mmol) of 2-(butylthiocarbonothioylthio)propanoic acid, 19.2 mL deionized water, and
4.65 mL 1,4-dioxane. The solution was not degassed prior to reacting. At 100% conversion, the
target DP is 400 and the target M, is 39,700 g/mol. For the batch reaction a 2 mL sample was
transferred into a small vial pre-purged with Argon and equipped with a gas-tight septa. The vial



was allowed to stir in a 100°C heat bath for 1 minute before being removal from heat and
exposed to air to allow quenching.

For the preheated batch reaction, the initiator was separately dissolved at room temperature in
0.2 mL of deionized water and injected into monomer/CTA solution that had been submerged in
a 100°C heat bath for two minutes.

For flow reactions the desired length of tubing was submerged in a 100°C heat bath before the
solution was loaded into a syringe and the flow rate of the syringe pump was set to target a 1
minute retention time. To reach steady state, the pump was run for 3 minutes (3 retention times)
before product was collected in a vial open to air.

For scale-up in droplet flow, the desired length of tubing was submerged in a 100°C heat bath
before the peristaltic pump was set to a flow rate slightly lower than predicted for a 1 minute
retention time. At first the peristaltic pumps pumped deionized water through the system to
allow manual adjustment of the argon flow rate until a 1 minute retention time was approximated
by visually measuring the velocity of the air bubbles. Once a suitable retention time was
estimated the peristaltic pump began feeding from reaction solution.

Polymerization data not included in the main text

Poly(/NV-isopropylacrylamide)

CTA:
1 RAFT CTA, AIBN krn 1
HN-X0 ’ >  HN"XQ HO 2 oA
)\ EtOAc, 100°C, 5 min. )\ \g/

Reactor geometry M_(g/mol) b Conversion (%)
Batch (2 mL scale) 10900 1.24 79
Flow (0.04 in. tubing) 10800 1.26 75
Flow (0.093 in. tubing) 8900 1.28 67
Droplet (0.093 in. tubing) 9800 1.13 67

The polymerization of N-isopropylacrylamide in droplet flow achieved a narrower D than batch.
We hypothesize that this is due to the loss of control in batch at these higher temperatures. When
combined with a back-pressure regulator, the polymerization in flow is better able to maintain
control at temperatures well above the solvent’s boiling point.



Poly(:V, N-dimethylacrylamide)

X n
l RAFT CTA, VA-044 o Vr
N o LgRNN o HO \g/

| H,O, Dioxane, 100°C, 1 min. |

Reactor geometry M_ (g/mol) Conversion (%)

Batch (2 mL scale) - - 6
Pre-heated (2 mL scale) 13800 1.14 89

Flow (0.04 in. tubing) 10200 1.38 64

Flow (0.093 in. tubing) 6700 1.53 38

Droplet (0.093 in. tubing) 12100 1.26 82

For this reaction the rate of heat transfer and mixing played a large role in the conversion of the
product. These variables had a larger influence than for other reactions because of the short
reaction time, the high specific heat of water, and the need for rapid mixing to facilitate
simultaneous initiation. For these reasons it was difficult to discern if the drastically different
conversions are due to RTD effects or different rates of mixing and heat transfer in each geometry.

Sample residence time distribution visualization

Raw UV-vis data was collected from the recorder as a number of discrete data points.

Raw UV-vis data (10 min. RT, 0.04 in. tubing, 35 mPa*s)

Absorbance (R.U.)

0 2 4 6 8 10 12 14 16 18 20

Retention time (min)

The slope cannot be directly found using the first derivative because the raw data is a number of
discrete points rather than a continuous function. Instead slope of each data point is measured by
the ratio of change in y-axis and change in x-axis. The instrument makes measurements every
second so the slope is calculated from the change in absorption per every one second period.



Slope at 1 second intervals (10 min. RT, 0.04 in. tubing,

35 mPa*s)
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As seen above, the data doesn’t represent the RTD in an easy to interpret manner. This is due to
the change in absorbance per second being very small. To fix this problem multiple data points
are summed together, resulting in the change in absorbance per 5 seconds, 10 seconds or longer.

Slope at 5 second intervals (10 min. RT, 0.04 in. tubing,
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Once a good interval for averaging the slopes is determined we normalize the data on both the x
and y axis. Normalizing the x-axis requires first finding the mean retention time. For a

symmetric curve, is as simple as finding the time point that corresponds to half of the total
change in absorbance.



Raw UV-vis data (10 min. RT, 0.04 in. tubing, 35 mPa*s)

Y =0.595
X=10.27 min.

Retention time (min)

In this experiment the mean residence time was found to be 10.27 minutes. This is higher than
the 10-minute predicted residence time due to dead volume between the reactor and the detector.
In order to normalize the RTD, the X-axis was divided by the mean residence time and the Y-
axis was divided such that the total area under the curve was equal to one. This allows the direct
comparison of different RTD’s even at different residence times or using different numbers of
averaged points.
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